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INAUGURAL   ADDRESS 
By  Frank  Gill,  O.B.E.,  President. 

{Address  delivered  before  The  Institution,    2iid  November,   1922. 


The  Institution. 

My  first  dilty  must  be  to  express  my  thanks  to  the 
members  o£  this  great  Institution  for  their  confidence 
in  placing  me  in  this  chair,  in  the  past  successfully 
occupied  by  many  eminent  men  ;  and  as  representing, 
in  some  degree,  electrical  engineers  who  have  devoted 
their  energies  to  what  may  be  termed  the  light  side  of 
the  science,  I  thank  you  for  your  trust.  I  confess  to 
a  feeling,  not  so  much  of  pride  in  taking  this  office,  as 
of  doubt  whether  one  can  properly  fill  the  position. 
Fortunately,  I  have  no  responsibility  for  the  election — 
that  is  3'ours — but  on  me  devolves  the  duty  of  doing 
the  utmost  of  which  I  am  capable  to  serve  the  Institu- 
tion. That  by  itself,  however,  is  not  enough ;  the 
President  is  merely  the  spear  point  or  the  tool  face, 
and  that  which  may  be  accomplished  by  the  point 
depends  largely  on  the  body  behind  it.  By  itself  it 
can  do  little.  I  know  your  President  is  always  assured 
of  the  support  and  sympathy  of  your  Council,  but  I 
ask  more — it  is  necessary  that  the  living  interest  and 
support  of  every  member  should  be  behind  the  Council 
in  their  labours  on  your  behalf. 

As  you  are  aware,  the  Institution  is  in  point  of 
numbers  now  the  largest  engineering  Society  in  the 
British  Empire,  the  total  membership  at  the  commence- 
ment of  this  session  being  10  461  and  the  increase 
during  the  past  twelve  months  867.  The  conditions 
of,  and  qualifications  for,  membership  are  not  being 
eased  in  any  way,  but  are  rather  being  made  more 
severe  ;  membership  is  becoming  more  recognized  as 
a  qualification,  and  the  Royal  Charter  gives  an  added 
dignity  and  prestige.  I  want  to  see,  and  do  not  hesitate 
to  call  for,  ungrudging  service  to  the  Institution  from 
all  its  members,  certain  that  if  each  will  actively  realize 
that  the  Institution  is  his  Institution,  its  powers  of,  and 
opportunities  for,  useful  service  to  mankind  will  be 
greatly  enlarged.  One  of  the  grandest  things  about  the 
engineering  profession  is  its  splendid  tradition  of  service 
regardless  of  the  cost  to  the  server,  fitly  illustrated  by 
the  death  of  those  to  whose  immortal  memory  the  panels 
in  the  hall  of  this  building  stand,  reminding  all  who 
enter  of  the  simple  road  to  greatness — Whosoever  will 
be  chief  among  you  let  him  be  your  servant. 


Technical  Education. 

As  one  illustration  of  service,  the  new  Technical 
Education  Scheme  may  be  mentioned.  You  are  aware 
from  the  Council's  Report  last  May  that  the  Board  of 
Education  has  sought  the  assistance  of  the  Institution 
in  its  management  of  technical  education  in  England 
and  Wales  ;  accordingly,  a  joint  Committee,  on  which  the 
Board  of  Education  and  this  Institution  are  equally 
represented,  will  be  responsible  for  the  curriculum  in 
Electrical  Engineering  at  such  schools  as  elect  to  join 
in  the  scheme,  for  certifjnng  as  to  the  satisfactory 
nature  of  the  schools  and  for  the  final  examinations  ; 
and  the  certificates  and  diplomas  issued  to  successful 
candidates  will  be  signed  on  behalf  of  the  Institution, 
the  Board  of  Education,  and  the  school.  Many  of  our 
members  feel  strongly  on  the  question  of  Education, 
and  some  have  criticized  the  existing  state  of  affairs 
in  writings  and  verbally ;  now  is  their  opportunity. 
Apart  from  service  on  the  joint  Committee,  cases  will 
certainly  arise  where  thev  can  help  by  showing  interest 
in  those  schools  which  adopt  the  scheme,  by  gifts  of 
apparatus  and  plant,  by  facilitating  visits  of  students 
to  works,  by  finding  work  for  the  students,  and  by 
criticism  of  the  course  of  training,  so  as  to  make  it 
really  adapted  for  turning  out  men  best  equipped  for 
their  work  in  the  world. 

I  want  to  make  a  special  appeal  also  of  a  somewhat 
similar  nature  for  interest  in  the  work  of  the  schools. 
It  is  tremendously  important  that,  during  their  course 
of  study,  students  should  get  first-hand  acquaintance 
with  actual  commercial  conditions,  both  as  regards  the 
conditions  of  work  and  acquaintance  with  the  workers. 
So  we  find  that  universities  and  colleges  endeavour  to 
get  temporary  practical  work  for  their  students  during 
vacations  or  at  other  times.  It  seems  to  me  that 
managers  (it  is  becoming  an  anachronism  to  speak  of 
"  employers")  ought  to  feel  it  a  duty  to  make  temporary 
vacancies  for  such  students,  realizing  that  as  hereinafter 
they  will  require  adequately  trained  men  from  the 
schools,  so  in  the  meantime  they  also  must  do  their 
share  in  the  educational  scheme  by  providing  facilities 
impossible  to  the  schools  but  possible  to  industry.  As 
the  time  for  premium  pupils  has,  or  ought  to  have, 
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passed  away,  so  the  time  for  hesitation  in  taking  in 
such  men  for  short  periods  ought  also  to  pass  away. 
Let  the  managers  regard  the  students  as  possible  future 
workers,  and  demand  from  them  qualifications  for 
apprehending  what  they  see.  I  make  a  very  earnest 
appeal  to  all  those  members  of  the  Institution  who  are 
in  positions  enabling  them  to  influence  either  opinion 
or  practice  on  this  matter,  to  make  a  point  of  doing  what 
they  can  to  meet  this  need.  We  take  great  care  in  the 
selection  and  treatment  of  the  raw  material  to  be  worked 
up  ;  we  do  not  always  take  sufficient  pains  in  selecting 
and  training  the  raw  human  personnel  which  is  to  be 
trusted  with  the  working  of  the  raw  material. 

With  great  diffidence  may  I  also  say  a  word  to  those 
in  control  of  the  schools.  During  my  time  I  have  had 
a  considerable  number  of  men  direct  from  the  univer- 
sities and  colleges,  among  them,  I  am  glad  to  say, 
being  some  very  biilliant  engineers,  and  I  do  not 
recollect  a  single  failure.  Probably  the  method  of 
selection,  in  which  great  weight  is  attached  to  the 
opinion  of  the  professor  as  to  the  character  of  the  appli- 
cant, has  had  a  good  deal  to  do  with  the  success  experi- 
enced. But  I  do  not  remember  an  instance  of  a  student 
being  familiar  with  the  economic  aspect  of  engineering 
studies,  nor  of  one  who  had  any  idea  of  how  to  tackle 
a  problem  of  engineering  economics.  Yet  that 
question  of  economics  is  the  fundamental  problem  of 
the  engineer ;  let  him  neglect  it  and,  even  though 
brilliant,  he  becomes  something  else,  a  physicist  perhaps, 
a  mechanician  or  a  constructor,  but  not  an  engineer, 
who,  it  seems  to  me,  must  ever  link  together  the  progress 
of  science  with  the  minimum  of  human  effort,  that  is, 
with  the  most  economical  manner  of  achieving  what  is 
desired.  In  the  construction  of  plant  how  often  it 
happens  that,  when  the  engineer  has  decided  what  plant 
shall  be  installed,  the  question  as  to  whether  the  plant 
shall  or  shall  not  be  profitable  is  also  decided  ;  for  when 
the  plant  has  been  constructed  to  the  engineer's 
designs,  the  management  can  only  affect  results  by  a 
margin,  important  no  doubt,  but  the  fact  remains  that 
the  decision  as  to  what  plant  shall  be  installed  settles 
also  many  other  items  of  expense,  both  for  labour  and 
material.  I  know  that  the  time  at  the  schools  is  very 
fully  occupied,  but  I  believe  that  this  subject  of 
engineering  economics  ought  not  to  be  left  untouched. 

Electrical  Communication. 

I  have  thought  that  the  subject  to  which  I  could  most 
usefully  direct  your  attention  is  one  relating  to  the 
art  of  Electrical  Communication,  and  particularly, 
though  not  exclusively,  to  Telephony  over  Considerable 
Distances.  I  propose,  therefore,  briefly  to  review  some 
of  the  recent  advances  in  the  telephone  art  which  affect 
long-distance  communication  in  Europe,  or,  as  I  prefer 
to  call  it,  "  through  communication,"  because  distance 
is  not  necessarily  a  feature,  though  often  it  is  present. 

If  we  consider  primitive  man,  his  first  and  immediate 
need  is  for  food,  then  shelter  and  defence,  then  tools 
and  clothes  ;  but  directly  he  has  arrived  at  the  state 
in  which  his  own  and  his  immediate  neighbours'  wants 
have  been  supplied,  so  far  as  their  own  exertions  can 
supply  them,  the  need  for  communication  arises,  and 
that  even  before  the  need  for  transportation.     There  is. 


however,  no  need  to  insist  on  any  priority  as  between 
these  two  arts.  They  are  so  intimately  connected  that 
we  may,  without  any  violence  to  meaning,  define  com- 
munication as  transportation  of  intelligence.  Without 
communication  man  cannot  know  where  to  obtain  such 
of  his  requirements  as  he  himself  is  unable  to  satisfy  ; 
without  it  there  is  no  use  in  his  producing  more  than 
he  requires  for  himself,  since,  in  its  absence,  he  cannot 
know  whence  arises  a  demand  for  his  spare  produce. 
While  all  this  is  true  of  primitive  man,  it  has  applied 
much  more  intensely  since  machinery  came  to  the  aid 
of  production  in  the  complicated  system  of  trade  which 
now  serves  the  world.  That  which  fifty  years  ago  was 
regarded  as  a  luxury  to  be  enjoyed  only  by  the  few,  is 
now  a  necessity  to  the  many  ;  to-day  no  nation  stands 
alone  or  is  sufficient  for  itself  ;  more  and  more  the 
interdependence  of  nations  is  being  recognized  ;  and 
more  and  more  is  it  realized  that  no  nation  can  be 
prosperous  or  afflicted  without  a  result  being  felt  by 
other  nations.  It  were  easy  to  illustrate  this  community 
of  nations  by  taking  the  clothes  we  wear,  the  food  we 
eat ;  but  all  this  is  well  known  to  you.  It  is  sufficient 
to  say  that  to  bring  together  the  products  of  all  the 
world  to  your  doors  is  the  work  of  communication  and 
transportation,  and  that  the  efficiency  of  both  is  vital. 
Other  things  being  equal,  the  nation  best  equipped  with 
the  means  of  production,  communication  and  trans- 
portation, will  enjoy  a  great  advantage  in  the  race  for 
commercial  supremacy,  and  perhaps  also  in  the  search 
after  national  well-being.  It  follows,  therefore,  that 
a  great  responsibility  is  laid  on  those  to  whom  is  en- 
trusted the  means  of  communication,  or  who  control 
those  means,  whether  Government  department,  public 
company  or  other  agency,  and  particularly  so  because 
it  is  at  last  generally  recognized  that  competition  is  not 
an  aid  to  efficiency  in  this  business.  In  return,  there- 
fore, for  the  grant  of  facilities  to  carry  on  its  work,  each 
grantee  authority  must  ultimately  recognize  its  duty  to 
the  public  and,  if  it  realizes  this,  dare  not  adopt  either 
the  selfish  attitude  of  attempting  to  make  as  much 
profit  as  possible,  or  the  passive  attitude  of  merely 
supplying  the  service  demanded  by  the  public.  To 
discharge  its  duty  it  must  diligently  and  actively  search 
out  new  means  and  facilities  and  also  set  about  educating 
the  public  in  regard  to  their  need  for  communication. 
The  authority  is  the  custodian  of  the  knowledge  ;  it 
must  teach  the  public  what  the  public  did  not  at  first 
realize — that  efficient  communication  is  the  life  blood 
of  commerce  and  of  national  and  international  under- 
standing and  amity — and  without  effective  communi- 
cation there  would  appear  to  be  little  chance  of  success 
for  such  projects  as  the  League  of  Nations.  It  is  by 
this  campaign  of  education  that  the  well-developed 
industries  of  the  world  have  been  stimulated,  not  by 
merely  diligently  serving  the  public  demand.  The  rail- 
ways have  themselves  created  demands  for  traffic,  the 
Press  has  done  the  same,  so  has  every  great  and  success- 
ful industry,  and  so  must  the  telephone  industry  if  it 
is  not  to  fail  in  the  performance  of  its  duty. 

The  fact  that  so  much  of  the  means  of  electrical 
communication  in  Europe  is  under  Government  owner- 
ship, and  under  the  present  prevailing  custom  removed 
from   the   stimulus    of   profit-earning,    makes    it    quite 
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possible  that  Governments  may  instruct  their  Telephone 
and  Telegraph  Departments  that  they  do  their  duty 
when  they  diligently  supply  the  public  demands  for 
service  ;  and  perhaps  such  a  course  is  the  more  probable 
when  the  manj'  other  calls  for  expenditure  experienced 
by  Governments  to-day  are  considered.  But  here  a 
deliberate  choice  must  be  made :  Is  communication, 
and  ever  better  communication,  a  necessity  or  not  ? 
If  it  is,  then  the  passive  attitude  of  merely  satisfying 
public  demands  must  be  abandoned  and  an  aggressive 
attitude  take  its  place.  It  is  not  by  a  passive  attitude 
that  the  great  development  in  telephones  has  been 
built  up  in  the  United  States,  Canada,  Denmark,  Sweden 
and  Norway,  but  rather  by  a  resolute,  purposeful  and 
well-directed  campaign  of  education  of  the  public  and 
of  existing  users.  In  the  United  States  particularly 
there  has  for  years  been  an  educational  campaign  of 
a  very  high  order,  coupled  with  the  construction  of 
plant  in  advance,  without  which  it  is,  of  course,  worse 
than  useless  to  create  demand.  All  this  seems  self- 
evident  and  trite,  but  two  questions  will  test  very 
quickly  whether  in  fact  this  matter  is  quite  so  self- 
evident  and  obvious  as  it  appears.  These  questions 
are  :  (1)  Has  telephony,  during  the  46  years  it  has 
been  available,  been  of  as  much  use  to  Europe  as  it 
might  have  been  ?  (2)  Have  the  organizations.  Govern- 
ment and  otherwise,  been  permitted  to  do  what  they 
have  wished  to  do  ?  The  answer  to  both  questions  is 
most  decidedly — No  ! 

It  will  be  noticed  that  above  it  was  assumed,  for  the 
moment,  that  lack  of  profit-earning  robbed  a  Govern- 
ment of  the  stimulus  enjoyed  by  a  public  company  ; 
also  that  a  Government  department  should  not  earn 
any  more  money  than  necessary  to  be  self-supporting. 
It  seems  to  me  that  both  assumptions  are  fallacious. 
It  is  true,  of  course,  that  with  a  company  the  necessity 
for  earning  an  adequate  return  on  investment  is  a  most 
rigorous  stimulus,  but,  apart  from  profit-earning,  a 
Government  is  subject  to  a  powerful  stimulus  also. 
Only  let  it  be  realized  that  communication  means 
something  real — that  it  is  a  tool  for  the  benefit  of  the 
nation,  a  necessity — and  who  is  more  vitally  interested 
in  obtaining  the  fullest  possible  utilization  of  that 
necessity  than  a  Government  ?  Who  more  vitally  inter- 
ested or  more  impelled  to  strain  every  nerve  to  teach 
the  public  the  advantages  of  communication  and  extend 
the  use  of  it  by  every  means  possible  ?  The  stimulus  of 
profit-earning  to  produce  development  is  small  compared 
with  the  stimulus  which  conies  tc  a  public  department 
as  trustee  for  the  nation. 

But  it  seems  also  wrong  to  reason  that  a  Government 
department  should  not  earn  something  more  than  just 
enough  merely  to  pay  its  way.  It  is  undoubtedly 
healthy  for  the  esprit  de  corps  of  any  organization  that 
its  personnel  should  know  that  their  organization  is  an 
efficient  one,  in  which  they  can  take  a  justifiable  pride  ; 
and  one  of  the  ways  of  testing  the  efficiency  of  public 
concerns  is  to  associate  service  with  returns.  With  a 
staff  comprising  many  persons,  it  is  unhealthy  that  the 
idea  should  prevail  that  profit-earning  is  of  no  account. 
There  is,  however,  more  than  the  question  of  the  effect 
on  the  staff,  important  though  that  be.  Without  a 
rsurplus  of  income  over  expenses,  there  is  no  margin  for 


unforeseen  contingencies  which  must  constantly  arise  in 
such  a  flexible  business  ;  service  trials  and  research  are 
likely  to  be  adversely  acted  upon,  and  capital  will  be 
raised  with  greater  difficulty.  Further,  there  seems  no 
reason  why  a  Government  should  not  include  in  the 
rentals  a  sum  plainly  intended  to  be  a  contribution 
towards  revenue  ;  it  is  difficult  to  see  any  reason  why 
it  is  permissible,  for  the  purpose  of  raising  revenue,  to 
tax,  say,  food  but  not  telephones,  or  why  it  is  proper 
to  make  a  considerable  surplus  on  postage,  but  not  on 
telephones.  It  would  seem  that  the  correct  course  is 
for  a  Government,  if  it  operates  the  telephones  of  a 
nation,  to  raise  from  them  something  towards  the 
National  Revenue,  and  to  pay  such  a  return  on  the 
capital  invested  in  the  business  as  to  make  certain  its 
ability  to  raise  whatever  money  may  be  required  to 
extend  the  business. 

Let  us  now  pass  on  to  consider  some  of  the  alterations 
in  practice  caused  by  recent  developments  in  telephony 
as  they  affect  long-distance  or  through  communication. 

Loading. — By  this  term  is  meant  the  deliberate 
addition  of  inductance  to  the  circuit  for  the  purpose 
of  increasing  the  distance  over  which  satisfactory 
speech  is  feasible.     Such  inductance  may  be  in  the  form 
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£  Frequency,  in  kilocycles 

Fig  1. — Attenuation/frequency  characteristic  of  1  mile 
of  0-16.5  inch  open  wire  line.  Dry  weather  conditions 
assumed. 

of  evenly  distributed  inductance  effected  by  wrapping 
the  copper  conductor  with  magnetic  material,  such  as 
fine  iron  wire,  or,  and  more  commonly,  may  be  in  the 
form  of  lumped  inductances  obtained  by  inserting  in 
series  in  the  circuit  at  intervals  coils  having  the  required 
inductance  and  a  minimum  resistance.  In  was  in  1887 
that  Oliver  Heaviside  pointed  out  that  the  addition  of 
inductance  by  either  of  these  methods — inductance 
being  then  thought  harmful — would  be  beneficial  to  the 
transmission  of  speech. 

Fig.  1  shows  the  loss  for  one  mile  of  circuit  at  various 
frequencies  in  respect  of  open  wire  circuits  weighing 
435  1b.  per  mile  (4-2mmdiam.)  both  for  non-loaded  and 
for  circuits  loaded  with  0-247  henry  every  7  "88  miles 
(12-7  km)  ;  the  computations  are  made  for  the  steady 
state,  that  is,  when  the  temporary  effect  of  transients 
has  passed  off.  From  these  curves  we  may  see  that 
the  effect  of  loading  has  been  threefold  :  (1)  The 
attenuation  has  decreased,  taking  800  cycles  for  example, 
from  0-035  to  0-016  mile  of  standard  cable,  a  reduction 
in  loss,  that  is  an  improvement  in  volume  of  speech,  of 
54  per  cent.  (2)  Between  about  400  and  2  000  cycles 
the  curve  of  loss  has  a  greater  slope  for  the  loaded  line, 
indicating   that   the    various   frequencies   necessary    to 
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transmit  satisfactory  speech  are  less  uniformly  trans- 
nutted,  thus  increasing  the  frequency  distortion  and 
so  degrading  somewhat  the  quaUtj',  which  was  of  a 
very  high  order  on  the  non-loaded  Une.  (3)  At  about 
2  000  cycles  the  attenuation  of  the  loaded  line  undergoes 
a  decided  increase,  termed  the  cut  off,  so  that  high 
frequencies  are  extinguished.  In  addition  to  these 
three  effects  the  speed  of  the  circuit  has  fallen  from 
180  000  miles  per  second  for  the  unloaded  hne  to  55  000 
miles  per  second  for  the  loaded  line. 

Fig.  2  shows  the  results  of  loading  a  circuit  weighing 
20 -B  lb.  per  mile  in  drj'-core  cable  with  three  different 
types  of  coil,  each  at  a  spacing  of  6  000  feet  {1  829  m). 
From  this  we  notice  four  results  :  (1)  The  800-cycle 
attenuation  has  fallen  from  0-94  to  0-30  (taking  the 
middle  loaded  curve  as  an  example),  a  reduction  of 
68  per  cent  in  the  loss,  a  greater  reduction  than  was 
obtained  in  the  case  of  open  wire.  (2)  Between  200 
and  2  000  cycles  the  loaded  curve  is  approximately 
horizontal,  indicating  that  all  frequencies  between  those 
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Fig.   2. — .\ttenuation/(requency  characteristic  of   1   mile  of 
0-036  in.  cable  circuit. 


limits  are  almost  equally  transmitted,  so  that  the 
frequency  distortion,  previously  rather  high,  is  made 
less,  while  the  non-loaded  curve  has  a  pronoimced 
slope  ;  for  example,  the  loss  at  2  000  cycles  is  1  •  45, 
that  is,  56  per  cent  greater  than  at  800  cycles.  (3)  There 
is  the  same  cut-off  effect  as  was  noticed  on  open  wire 
lines  when  loaded.  (4)  The  frequency  of  the  cut-off 
point  also  falls  as  the  loading  increases.  An  additional 
effect  is  that  the  speed  of  the  circuit  decreases  as  the 
loading  increases. 

Figs.  3  and  4  show  the  effect  of  loading  on  the  cut-off 
frequency  and  upon  the  velocity  of  the  cable  circuits 
referred  to  in  Fig.  2. 

It  is  seen,  therefore,  that  the  addition  of  inductance 
to  circuits,  whether  open  wire  or  cable,  affords  a  means 
of  greatly  extending  the  distance  to  which  speech  is 
possible,  and  of  reducing  the  copper  required  to  transmit 
speech  over  such  distances  as  were  pre\dously  feasible. 
But  it  is  also  seen  that,  while  loading  reduces  frequency 
distortion  on  the  cable  circuit,  it  increases  this  form  of 
distortion  on  the  open  wire  circuit ;  also  that,  by 
increasing  the  voltage  in  the  circuit,  it  augments  cross- 
talk, and  it  reduces  the  speed  of  propagation  in  the 
circuit. 

So  far  as  open  lines  are  concerned,  the  reactions  on 


the  general  plant  caused  by  loading  are  that  a  higher 
class  of  construction,  including  transposition,  and  main- 
tenance is  required  to  avoid  cross-talk  and  to  keep  up 
the  insulation,  for  loaded  lines  are  much  more  susceptible 
to  reduction  in  transmission  efficiency  due  to  lowered 
insulation  than  are  non-loaded  hues.     \Vith  poor  main- 


<u  5 


o 


o 


(Z)Medium  heavy  locuJing 

I 


(3)Heavy  loading 


WTE:- 


Sp^cing'  6000  feet'  1B30  metres 
jbetti'een  loddiTi^  coils  1 


005        010        015         0-20        0-25         0-30 
Henrys  per  load 
Fig.  3. — Effect  of  loading  upon  cut-off  frequency. 

tenance  it  may  well  be  that  the  number  of  days  in  the 
year  during  which  the  improvement  due  to  loading  is 
gained  is  not  sufficient  to  pay  for  the  cost  of  loading. 
This  condition  of  constantly  maintained  high  insulation 
apphes  also  to  loaded  cable  lines,  but,  high  insulation 
being  comparatively  easy  to   achieve  in  cables,   little 
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Fig.  i. — Effect  of  loading  upon  velocity  of  propagation. 

reaction  is  caused  by  this.  The  increased  cross-talk 
caused  by  loading  has,  however,  caused  real  difficulty, 
which  has  been  overcome  by  great  advances  in  the 
cable  art,  not  only  as  regards  the  construction  of  long- 
distance cable  in  the  factory,  but  also  as  regards  the 
jointing  of  the  wires  in  the  field,  both  these  being 
intended    to    secure    such    freedom    from    unbalance 
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between  circuits  as  will  obviate  cross-talk.  It  must 
further  be  noted  that  here,  as  in  many  of  the  latest 
developments,  the  effect  of  variables  is  not  necessarily 
local  ;  that  is  to  say,  a  defect  in  one  place  may  be  felt 
a  long  way  off  in  a  section  where  no  defect  exists. 
There  was  also  at  one  time,  but  this  does  not  now  occur 
so  often,  a  necessity  for  great  care  to  guard  loading 
coils  from  becoming  magnetized;  this  has  been  avoided 
in  cable  loading-coils  by  the  use  of  compressed  magnetic 
dust  for  the  cores. 

Repeaters. — Although  the  telephone  repeater  has  been 
in  service  since  1905,  it  is  only  since  1914  that  the 
thermionic  repeater  (which  followed  the  introduction 
of  the  grid  or  third  element  by  de  Forest  into  the  two- 
element  thermionic  valve  of  Fleming)  has  been  employed, 
and  the  great  impetus  to  its  use  has  been  given  only 
during  the  last  five  years  or  so.  The  fact  that  a  three- 
electrode  vacuum  tube  acts  as  an  amplifier  of  speech 


repeater  will  "  sing."  Up  to  the  present,  this  type 
cannot  be  used  in  tandem,  consequently  its  use  is 
limited.  It  may  be  applied  either  to  open  wire  or  to 
cable  circuits.  Second,  there  is  the  repeater  which 
operates  in  two  directions  by  means  of  two  unidirec- 
tional amplifpng  units,  the  so-called  22  type  repeater. 
With  this  t>'pe  there  is  much  greater  freedom  in  locating 
the  repeater,  because  the  balance  is  not  between  the 
two  impedances  offered  by  the  lines  on  each  side  of  the 
rep;ater,  but  between  the  impedance  of  one  line  and 
that  of  a  network  made  to  simulate  the  line  impedance, 
and  the  precision  with  which  the  network  does  simulate 
its  associated  line  at  all  speech  frequencies  governs  the 
degree  of  amplification  or  gain  which  may  be  taken 
from  the  repeater.  If  the  balance  is  not  held,  circu- 
lating currents  will  cause  the  repeater  to  sing.  Repeaters 
of  this  type  are  applicable  to  open  wire  and  to  cable 
circuits.     They   may   be,    and  are  regularly,  placed   in 
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Currents  has  led  to  an  idea  that  a  telephone  repeater 
begins  and  ends  in  a  device  which  relays  the  received 
current  very  much  as  does  an  electromagnetic  relay  ; 
but  the  telephone  repeater  has  many  important  con- 
ditions besides  the  amplifying  one,  and  the  fact  that 
the  reactions  on  telephone  practice,  due  to  the  advent 
of  the  practical  telephone  repeater,  have  been  and  will 
be  of  very  special  importance  makes  it  worth  while  to 
devote  some  little  time  to  their  consideration. 

First  let  us  look  at  the  general  types  and  their  places 
in  the  system.  There  are,  so  far,  three  general  tjrpes. 
First,  the  repeater  which  operates  in  two  directions  by 
means  of  a  single  amplifying  unit,  the  so-called  21  type 
repeater  ;  this  must  be  placed  at  or  near  the  centre 
point  of  the  line  because  the  impedances  of  the  lines 
on  each  side  of  the  repeater  act  as  balances  to  each 
other,  and,  if  they  are  not  equal,  the  unbalance  will 
cause  circulating  currents  round  the  repeater,  with  the 
result  that  sustained  oscillations  will  be  set  up  and  the 


tandem,  and  as  many  as  23  have  been  used  in  tandem 
in  regular  service  on  a  single  conversation.  This  fact 
illustrates  that  the  speech  currents  are  transmitted 
with  sufficient  accuracy,  as,  otherwise,  cumulative  dis- 
tortion would  quickly  cause  degradation  of  articulation 
to  an  intolerable  extent.  Third,  there  is  the  repeater 
which  operates  in  one  direction  only,  the  speech  currents 
in  the  other  direction  being  provided  for  by  an  inde- 
pendent circuit,  the  so-called  4-wire  circuit,  in  which 
the  currents  from,  say.  East  to  West  are  taken  by  one 
circuit  of  two  wires,  with  its  unidirectional  repeaters  in 
tandem,  and  the  speech  currents  in  the  other  direction 
(from  West  to  East)  are  taken  by  another  circuit  of 
two  wires,  also  furnished  with  its  unidirectional  repeaters. 
Obviously,  if  a  special  4-wire  line  were  set  up  from 
subscriber  A  to  subscriber  B  in  which  the  circuit  started 
with  A's  transmitter  and  terminated  with  B's  receiver, 
and  the  circuit  in  the  otlier  direction  were  similarly 
treated,  there  could  not  be  any  circulating  currents  at 
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all.  Commercially,  however,  this  is  not  possible,  and  it 
is  necessary  to  use  the  regular  2-\vire  local  system,  so 
that  only  the  long  line  portion  of  the  circuit  can  be  of 
the  4  wire  t^-pe.  With  this  t\^e  of  repeater  the  circu- 
lating currents  have  to  travel  a  long  distance,  which 
gives  rise  to  great  attenuation,  before  they  can  get 
back  to  their  starting  point  for  re-amplification,  that, 
is,  singing,  and  so  a  much  greater  gain  can  be  taken 
from  4- wire  repeaters  than  from  21  or  22  types,  before 
the  singing  condition  is  approached.  While  the  4-wire 
type  can  be  employed  on  either  open  or  cable  circuits, 
the  fact  that  it  required  four  wires  makes  it  economically 
more  suited  to  cable  circuits  ;  and  since  the  gains 
obtainable  are  high  (they  can  be  made  so  high  as  to 
render  the  line  loss  zero  between  the  terminals  of  the 
4-wire  section,  which  cannot  be  achieved  by  any  other 
tN-pe)  it  is  economically  possible  to  employ  this  type  of 
circuit  in  cable  for  distances  up  to  1  000  miles — perhaps 
further — and  so  it  is  pre-eminently  suited  for  groups  of 
long-distance  lines  carrj-ing  heavy  traffic. 
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W'hichever  repeaters  are  employed  in  any  line  they 
must,  of  course,  be  located  at  the  right  positions  deter- 
mined by  engineering  considerations  alone  and  not  by 
political  ones.  It  might,  for  example,  be  correct  for  a 
line  to  run  through  Switzerland  with  no  repeater  on  it  at 
all  in  that  country,  or  for  a  line  to  run  through  Limburg 
on  which  there  would  be  a  repeater  in  Holland,  but  no 
appreciable  length  of  line  in  that  State.  In  any  such 
case  the  networks  at  the  repeater  in  one  country-  must 
conform  to  the  lines  situated  in  other  countries. 

The  fact  that  telephone  repeaters  must  be  employed 
in  tandem  renders  their  requirements  very  severe. 
Fig.  5  illustrates  the  gains  obtained  from  a  repeater  of 
22  type,  designed  for  a  loaded  cable  circuit,  taken  at 
random  and  connected  to  an  artificial  line,  the  control 
of  the  gain  being  b5'  a  potentiometer  with  fixed  steps. 
The  top  curve  shows  the  gains  from  the  two  repeaters 
in  the  two  directions.  East  and  West,  for  speech  fre- 
quencies when  the  two  potentiometers  were  set  on  the 
same  step,  the  ninth.  The  gain  shown  in  the  curve  is 
approximately  22  miles,  an  energy  amplification  of  121 


times.  Of  course  it  will  be  realized  that  this  only  shows 
what  amplification  the  repeater  can  give  ;  in  practice, 
one  would  not  expect  such  gains  when  connected  to  real 
lines.  It  will  be  seen  how  closely  alike  are  the  gains  in 
each  direction  ;  that  is,  the  speech  currents  are  amplified 
in  either  direction  with  very  nearly  identical  gains. 
When  the  potentiometers  were  set  on  the  fifth  step  the 
gains  were  reduced,  but  the  curves  of  the  gain  in  each 
direction  were  practically  indistinguishable,  and  the 
same  held  good  when  a  still  lower  gain  was  taken  by 
putting  the  potentiometer  on  the  first  step. 

It  will  be  noticed  that  these  results  were  obtained, 
not  by  any  careful  and  fractional  adjustment,  but 
merely  by  setting  the  two  potentiometers  on  similar 
steps  ;  and  it  will  also  be  seen  that  the  variation  in 
gain  produced  by  one  step  is  approximately  2  standard 
miles.  The  small  inset  diagram  indicates  some  of 
the  pieces  of  apparatus  involved,  all  of  which  have 
to  play  their  part  in  the  gain  at  speech  frequencies,  viz. 
input  transformer,  vacuum  tube,  output  transformer, 
filter,  and  three-winding  transformer  in  each  repeating 


900 

1  jvjduc^ 

S  700 
o 

S  600 
o  500 

■%^;^zy^ 

1               ^^^^-^ 

<r 

\ 

i^ 

/' 

s 

s 

^tltt^tive 

\ 

\ 

^-^ 

CD 

o  200 

^    100 

1 

]fOrE:-\          1          1                    1          1 
i    Zenrth  'joo  miles  termindted  nith 

600-ohm   resistdjice. 

0157 inch 'iO nun  ' 331  li.per 

1         i         1         1 

1 

wire  mile 

V 

0  2      0-i 


20 
O 
--20 
-40 
-60 
-60 
-100 
-120 
-HO 


Fig. 


0-6     0-8      1-0      1-2     1-4      1-6     1-8      2-0     2-2 
Frequency,  in  kilo -cycles 

Impedance/frequency  curve  of  0-157  in.  non-loaded 
open  wire  side  circuit. 


unit.  The  diagram  does  not  show  the  potentiometers 
■which  are  placed  before  the  input  transformers. 
It  will  be  realized  that  the  gain  given  out  by  the 
repeater  must,  of  course,  be  adjusted  to,  and  suitable 
for,  the  type  of  line  with  which  it  is  to  be  used  ;  also 
that  a  repeater  is  not  a  universal  article  which  can  be 
attached  to  any  line  regardless  of  its  make  up. 

When,  in  actual  service,  repeaters  are  associated  with 
lines,  several  reactions  occur  which  verj'  largelj-  modify 
previous  practice.  As  before  stated,  the  line  is  balanced 
by  an  impedance  network  which  simulates  the  line, 
but  in  order  to  keep  these  networks  practicable  it  is 
necessary'  that  the  lines  shall  be  as  free  as  possible  from 
irregularities,  other«-ise  the  networks  would  be  veiy 
expensi\e  and  perhaps  impossible.  Fig.  6  shows  im- 
pedance/frequency curves  for  an  open  wire  Une  41  km 
(25-5  miles)  long  of  copper  wires  having  a  diameter  of 
3  mm  {0-118  in.).  This  is  an  excellent  example  and 
so  regular  that  there  is  no  difficult}-  in  providing  a  net- 
work which  closely  simulates  the  line  ;  consequently, 
satisfactory    repeater    gains     can     be    obtained.     The 
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indicated  results  were  found  at  the  first  trial  and  with- 
out any  clearing  up.  Fig.  7,  however,  shows  similar 
curves  for  a  line  that  was  regarded  as  a  first-class  one 
until  tests  were  made  on  it  prior  to  using  a  repeater. 
It  is  seen  that  its  impedance  curves  are  very  irregular, 
so  that  in  its  then  state  it  was  quite  impossible  to 
employ  a  repeater.  Fig.  8  shows  a  cable  circuit  34 
miles  (54-7  km)  long,  from  which,  for  some  unknown 
reason,  the  seventh  loading  coil,  about  17  miles 
(27-4  km)  distant  from  the  place  of  this  test,  had 
been  removed.  The  impedance/frequency  curves  very 
plainly  show  how,  by  this  removal,  the  line  is  thrown 
out  of  balance  with  the  network,  and  one  can  thus 
see  that  the  removal  of  the  coil  would  at  once  render 
useless  the  line  of  which  it  forms  a  part.  The  removal 
of  a  loading  coil  is  a  noticeable  matter,  but  the  want 
of  uniformity  introduced  by  several  portions  of  a  line 
having  different  constants,  such  as  non-uniformity 
caused  by  the  haphazard  joining  up  of  lines  not  con- 
structed with  a  view  to  the  rigid  uniformity  required 
for  repeatered  lines,  acts  in  the  same  fashion. 
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Fig.  9  shows  impedance/frequency  curves  for  a 
phantom  loaded  cable  circuit  39  km  (24  miles)  long. 
It  will  be  remembered  that  a  phantom  circuit  is  one 
which  is  obtained  by  superimposing  the  phantom  on 
two  circuits  each  composed  of  two  physical  wires,  and 
it  is  not  an  easy  matter  to  obtain  a  low  unbalanced 
condition  between  the  various  capacities  which  make 
up  such  a  circuit.  In  this  figure  are  shown  the  curves 
for  the  line  and  for  a  theoretically  uniform  line,  and  it 
will  be  seen  that  the  actual  line  does  closely  approximate 
to  the  theoretically  perfect  line. 

Let  us  now  see  what  is  the  overall  result  in  trans- 
mission when  employing  a  long  line  in  which  copper 
and  repeaters  both  contribute  to  the  effective  trans- 
mission of  speech — what,  in  fact,  is  the  transmission 
afforded  over  the  whole  system.  In  Fig.  10  are  shown 
frequency/attenuation  curves  for  a  non-loaded  open 
copper  wire  line  3  400  miles  (5  472  km)  long.  The 
curves  reproduced  are  :  (A)  actual  measurements  on 
the  line  when  using  repeaters  of  a  type  designed  for 
and   suited   to   the   line  ;     (B)  computations   based   on 


using  imaginary  repeaters  giving  uniform  gains  at  all 
frequencies ;  (C)  actual  measurements  when  using 
repeaters  suitable  for  other  types  of  line  but  unsuited 
to  this  one.  The  line  included  12  repeaters  in  tandem 
and  the  results  are  somewhat  remarkable.  They  show 
(curve  A)  that  the  specially  designed  repeater  in  con- 
junction with  the  suitable  line  gives  a  fairly  uniform 
overall  loss,  approximately  10  standard  miles,  between 
the  frequencies  of  400  and  1  800.  On  the  other  hand, 
curve  B  shows  that  the  theoretical  uniform-gain  re- 
peater if  used  would  be  very  unsatisfactory,  in  that  it 
would  give  a  frequency/gain  characteristic  of  a  very 
undesirable  kind  and  one  which  would  greatly  increase 
the  frequency  distortion.  Lastly,  curve  C  shows  that 
a  repeater  suited  to  the  character  of  one  line,  if  used  with 
another  line  to  which  it  is  unsuited,  may  give  overall 
transmission  of  a  highly  unsatisfactory  nature. 

Since  it  is  not  yet  practicable  to  transmit  all  fre- 
quencies equally,  it  is  evident  that  some  sort  of  a  com- 
promise must  be  made  ;  and  if  a  line  is  composed  of 
several  sections,  on  each  of  which  a  different  compromise 
has  been  made,  the  final  through  result  may  be  less 
satisfactory  than  need  be,  solely  because  of  the  fact 
that  the  compromises  contain  no  unity  of  treatment. 

When  repeaters  are  in  operation,  they  must  maintain 
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constant  the  gains  to  be  given  out  or  there  will  be 
serious  effect  on  the  speech.  If  we  assume  a  4-wire 
circuit  between  Rotterdam  and  Milan,  500  miles  (810  km) 
long  and  having  five  repeaters  in  it,  operating  at  gains 
of  23,  30,  30,  30  and  23  standard  miles  (S.INI.)  respec- 
tively, say  an  average  of  27  •  2  each,  we  need  only  consider 
what  will  happen  if  the  gains  fall  off,  since  the  gains 
will  originally  have  been  set  to  be  as  high  as  safely 
allowable.  Assume,  then,  that  the  line  without  repeaters 
has  a  net  equivalent  of  148  S.M.  from  which  we  deduct 
the  repeater  gains,  5  X  27-2  =  136,  leaving  the  net 
loss  =  12  S.M.  Now  suppose  the  gain  at  each  repeater 
station  for  any  reason  at  all  falls  off  by  2  per  cent ; 
this  will  represent  0-54  S.M.  each,  or  2-7  S.M.  for  the 
five  stations,  and  the  net  result  will  then  be  increased 
frgm  12  to  14-7  S.M.,  an  increase  of  23  per  cent  in  the 
loss  in  the  line.  Should  the  gain  on  each  repeater  fall 
by  7-5  per  cent  the  total  additional  loss  will  be  10-1 
S.M.,  and  the  final  net  loss  will  be  increased  from  12  to 
22-1  S.M. — an  increase  of  84-5  per  cent.  In  this  case 
the  loss  would  be  so  great  that  probably  the  line  would 
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become  unworkable.  I  have  chosen  these  examples  to 
show  the  importance  of  uniformity  of  construction, 
uniformity  of  maintenance,  and  uniformity  of  operation  ; 
it  will  be  seen  afterwards  what  is  their  particular  appli- 
cation. The  examples  are  rather  understated  than 
exaggerated  ;  it  would  have  been  quite  reasonable  to 
have  taken  a  case  with  20  repeater  stations  in  tandem, 
and,  furthermore,  the  gain  given  by  a  repeater  would 
not  in  fact  be  one  definite  figure  for  all  frequencies. 

Fortunately,  the  design  of  repeaters  has  been  carried 
far  enough,  so  that,  if  correct  design  is  employed  and 
if  certain  regulations  for  operating  routine  and  main- 
tenance are  followed,  the  gains  can  be  held  steadily  ; 
but  among  those  routines  are  tests  which  determine 
when  the  useful  life  of  an  amplifying  element,  a 
vacuum  tube,  has  ceased,  and  the  required  constancy 
in  gain  can  only  be  held  if  all  repeater  stations 
are  operating  to  the  same  routine.  If  the  line  is  an 
aerial  one  and  subject  to  considerable  changes  in  tem- 
perature, the  resistance  alters  and  another  source  of 
variation   in  overall   transmission  equivalent   is   intro- 
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duced.  If  these  changes  are  serious  they  can  be 
compensated  automatically. ;  if  not  so  serious  they  can 
be  dealt  with  by  operative  routine.  The  lesson  is, 
however,  the  same  in  either  case,  and,  for  the  best 
results,  those  persons  operating  the  various  repeater 
stations  must  be  operating  to  the  same  routine,  employ- 
ing the  same  technique  and  under  the  one  control. 
Again,  when  breakdowns  occur  important  circuits 
cannot  stand  out  of  order,  but  must  immediately  be 
temporarily  re-routed  to  restore  the  service.  Such 
alteration  may  affect  the  balance  between  the  network 
and  line  at  the  repeater  station,  and  this  may  have  to 
be  dealt  with  by  altering  the  gain  of  one  repeater  (in 
which  case  alterations  will  probably  be  required  at  all 
other  repeater  stations  along  the  line),  or  by  changing 
networks.  If  it  were  possible  to  foresee  all  possible 
combinations  and  emergencies,  it  would  doubtless  be 
possible,  though  not  economical,  to  establish  routines 
covering  all  cases  requiring  attention  ;  but  obviougly 
this  is  not  possible,  and  the  only  commercial  solution 
lies  in  unity  of  control  of  the  line  from  beginning  to  end. 
It  has  been  shown  that  the  result  of  loading  the 
circuit  is  reduced  attenuation  and  somewhat  impaired 
articulation  in  open  wire  circuits,  and  reduced  attenua- 


tion and  better  articulation  in  cable  circuits.  Now  that 
the  use  of  repeaters  has  become  possible,  additional 
energy  can  be  put  into  the  line  as  required  and  the 
attenuation  can  be  reduced  by  that  means.  It  is 
therefore  no  longer  necessary  to  sacrifice  the  quality 
which  can  be  obtained  on  open  wire  circuits  by  loading 
them  in  order  to  reduce  the  attenuation — this  reduction 
can  be  effected  by  repeaters.  In  cable  circuits,  however, 
it  was  shown  that  loading  was  necessary  to  reduce  the 
frequency  distortion.  Consequently,  long,  heavy,  open 
wire  lines  are  not  now  loaded  at  all  but  are  repeatered, 
resulting  in  improved  articulation,  and  the  increased 
speed  of  propagation  avoids  echo  trouble,  which  only 
became  insistent  because  of  the  more  powerful  effects 
derived  from  repeaters.  With  cable  circuits,  on  the 
other  hand,  loading  still  obtains.  It  cannot  be  aban- 
doned since  it  is  necessary  for  the  reduction  of  frequency 
distortion,  but  the  tendency  is  towards  lighter  loading 
so  as  to  raise  the  speed  of  the  circuit,  thus  reducing  the 
echo  trouble  which,  because  of  the  reduced  speed  and 
the  great  electrical  length  of  loaded  cable  circuits, 
demands  most  careful  consideration. 

Carrier  circuits. — In  the  search  after  increased 
capacity  of  telephone  and  telegraph  circuits,  there  has 
recently  been  developed  and  put  into  commercial  service 
the  carrier  system  which  has  been  added  to  the  well- 
known  methods  of  superimposing  phantom  telephone 
and  compositing  telegraph  circuits.  In  this  new  method, 
carrier  waves  of  different  frequencies  for  each  channel 
of  communication  are  generated.  If  the  channels  are 
to  be  used  for  telephony  such  waves  have  a  frequency 
above  the  audible  limit.  By  means  of  band  filters  the 
desired  range  of  frequency  is  permitted  to  pass  into  each 
channel,  but  only  frequencies  within  that  range  ;  thus 
on  a  4-channel  telephone  carrier  circuit  the  frequencies 
might  range  in  four  or  eight  separate  bands  with  outside 
limits  of  4  000  to  27  000  cycles  per  second.  Each  carrier 
wave  is  modulated  independently  by  the  voice  currents 
to  be  transmitted  by  that  channel,  and  all  the  modulated 
carrier  waves,  or  all  of  one  of  the  side  bands  only, 
without  the  carrier  waves,  are  transmitted  over  the 
line.  Upon  reaching  the  far  end,  the  waves  are  filtered 
out,  each  into  its  proper  channel  according  to  the  carrier 
frequency  assigned  to  each  channel,  and  are  then  de- 
modulated, leaving  the  voice  current  free  to  be  farther 
transmitted  over  an  ordinary  circuit.  Because  of  the 
increased  frequency  of  the  carrier  waves,  greater  attenua- 
tion occurs  with  them  than  with  the  voice  waves,  and 
carrier  current  repeaters  must  be  equipped  more  fre- 
quently than  voice  current  repeaters  ;  also,  lor  the 
same  reason,  carrier  currents  cannot  be  transmitted 
over  ordinary  loaded  lines,  which  it  will  be  remembered 
cut  off  at  frequencies  within  the  audible  range.  Hence, 
if  loaded  carrier  circuits  are  required,  they  must  be 
specially  treated.  Special  treatment  is  also  needed  in 
the  construction  and  maintenance  of  carrier  lines  and 
equipment,  and  because  the  equipment  is  expensive 
such  lines  must  be  of  considerable  length  in  order  to 
be  economical. 

As  an  illustration  of  the  advantages  to  be  gained  by 
using  the  latest  development,  the  following  may  be 
quoted.  On  the  New  York-San  Francisco  line  the 
circuits  are  of  open  wire  from  Harrisburgh  to  San  Fran- 
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Cisco,  about  2  500  miles  (4  050  km)  direct  distance  apart. 
On  four  conductors  on  this  route  the  loads  carried  are  : — 

2  physical  telephone  circuits, 
1  phantom  telephone  circuit, 
4  earthed  telegraph  circuits,  and 
a  varying  number  of  carrier  telegraph  circuits  ranging 
from  6  to  20. 

Two  of  the  sections  on  this  route  in  detail  are  : — 

Between  Chicago    and    Omaha. — 450    miles    (729  km) 
direct  distance  apart,  four  open  wire  conductors  carry  : 

2  physical  telephone  circuits, 
1  phantom  telephone  circuit, 

4  earthed  telegraph  circuits  which  can  be  worked 
either  1  way  or  2  way  at  will, 
20  2-way  carrier  telegraph  circuits. 

27  total  circuits  on  4  wires. 
This  is  shown  in  Fig.   11. 


Chicago  Olorrell  Park) 


TfOTE:-  0-165  inch'  -t-Zmm  '435 Jb. 
per  idre  mile  'Jf?sB.W.G. 


Fig.  11. — Diagram  showing  the  load  carried  on  the  Chicago- 
Omaha  line. 


Between  Chicago  and  Pittsburg. — 450  miles   (729  km) 
apart,  eight  open  wire  conductors  carry  : 

4  physical  telephone  circuits, 

4  halves  of  phantom  telephone  circuits  (equivalent 

to  2  circuits), 
8  earthed  telegraph  circuits  which  can  be  worked 

either  1  way  or  2  way  at  will, 
37  2-way  carrier  telegraph  circuits. 

51  total  circuits  on  8  wires. 

From  another  route  we  take  the  following  : 

^  Between  New  York  and  Philadelphia. — 90  miles 
(145  km)  apart,  two  conductors  in  cable  carry,  though 
not  by  carrier  circuits  : 

1  physical  telephone  circuit, 

30  special  signalling  circuits. 

31  total  circuits  on  2  wires. 


From  Chicago  to  Omaha  or  from  Chicago  to  Pittsburg 
the  direct  distances  are  about  the  same  as  from  Paris 
to  Berlin,  from  Paris  to  Marseilles,  or  from  London  to 
Milan.  From  New  York  to  Philadelphia  is  about  the 
same  distance  as  between  London  and  Birmingham. 

At  present  there  are  in  actual  service  in  the  United 
States  the  following  miles  of  carrier  route  and  channel  : 


Carrier  telephone 
Carrier  telegraph 


Miles  of  Route 

Miles  of  Channel 

4  776 

16  576 

10  919 

78  870 

Total 


15  695 


95  446 


Cross-talk. — Applications  such  as  have  been  described 
demand  a  much  higher  degree  of  refinement,  in  order 
to  avoid  cross-talk,  than  those  which  have  previously 
obtained  in  the  construction  and  maintenance  of  long- 
distance lines.  To  obviate  that  evil,  it  is  necessary  that 
at  every  point  throughout  the  entire  length  telephone 
lines  should  have  the  two  sides  of  the  circuit  equal  in 
admittance  to  earth  and  equal  in  series  impedance,  and 
these  must  be  equal  over  the  range  of  voice  frequencies. 
This  is  a  very  severe  requirement,  but  very  good 
approximations  to  the  result  required  are  being  made. 

Fig.  12  shows  the  effective  resistance  unbalances  for 
a  non-loaded  open  wire  4-2  mm  (435  lb.  per  mile) 
phantom  circuit  in  good  condition,  and  also  with  an  un- 
balanced leak  between  one  wire  and  earth,  147  miles 
away  from  the  point  of  test.  Unbalanced  condi- 
tions may  obviously  arise  by  such  defects  as  faulty 
joints,  incorrect  transpositions,  faulty  insulation,  and 
apparatus  faulty  in  design  or  maintenance.  Further, 
cross-talk  as  an  efiect  of  unbalance  is  accentuated  by 
repeaters,  since  too  much  energy  delivered  into  a  line 
may  produce  an  intolerable  amount  of  cross-talk. 

Interference. — A  matter  which  is  assuming  more  and 
more  importance  is  that  which  in  the  communication 
art  is  termed  "  interference,"  meaning  by  that  term 
the  reactions  which  occur  between  weak-current  com- 
munication circuits  and  heavy-current  hghting,  power 
and  traction  circuits. 

The  effects  of  these  reactions  to  the  communication 
engineer  may  be  serious  and  fall  under  the  heads  of  : — 
Noise  ;  false  signals  ;  breakdown  of  the  line ;  fire 
hazard  ;    acoustic  shock  ;    electric  shock. 

Some  consideration  has  already  been  given  to  the 
question  of  balancing  the  telephone  circuits  and,  before 
looking  at  the  same  matter  in  regard  to  the  power 
lines,  perhaps  it  may  be  useful  to  give  an  idea  of  the 
relative  trouble  caused  by  different  frequencies. 

Fig.  13  shows  the  relative  interfering  effect  of  uniform 
currents  at  various  single  frequencies  in  a  telephone 
receiver.  The  interfering  effect  is  very  unequal,  and 
the  importance  of  the  wave  shape  in  power  circuits  will 
be  inferred  from  this  curve. 

On  the  power  side,  residual  and  balanced  components 
of  the  power  circuit  voltages  and  currents  may  cause 
such  trouble  as  to  be  beyond  the  ability  of  the  communi- 
cation engin-eer  to  cure.  Every  commercial  three- 
phase  system,  for  example,  which  has  not  been  properly 
transposed  is  an  unbalanced  system,  and  any  change 
in  the  separation  of  wires  or  height  from  the  ground 
will    affect   the    balance   to   earth,    which   generally   is 
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of  more  importance  than  balance  of  load  between 
phases.  This  unbalance  can  be  much  reduced  by 
transposing  the  power  lines.  Again,  even  if  well 
balanced  during  normal  OT>eration,  power  lines  are 
invariably  thrown  badly  out  of  balance  by  abnormal 
occurrences  such  as  the  opening  or  short-circuiting 
of  the  line  ;  and  sometimes  the  circuit  and  switching 
arrangements  are  such  as  needlessly  cause  unbalanced 


solution.  Let  the  engineers  of  the  two  industries 
first  get  together,  unfettered  by  any  partisan  tie,  to 
seek  the  best  methods  of  getting  rid  of  the  trouble, 
and  after  those  best  methods  have  been  found,  on  the 
basis  of  the  least  total  cost,  then,  and  only  then,  let 
the  question  of  settling  the  apportionment  of  cost  as 
between  the  interests  be  taken  up.  The  ordinary 
difficulties     of    a    complex    situation     are    frequently 


Fig.   12.- 


Unhdlance  due  to  8000-ohm  leak.,  one  wire  to  earth,  mi  miles  out 
NOTE:- 0-165 inch'-i-Zmm.'^aslb.per  wire  mUe=lf?aB.W.G.- 
I         I     'Indicdtes  ciicuit  in  ^ood  condition 


0-1     0-5     0-6     0-1     0-8     0-9      1-0      1-1      1-2      1-3      V-i      1-5      1-6     1-7      1-8      19      2-0 

Frequencj',  in  kilo-cj-cles 

-Effective  resistance  unbalance/frequency  curve  of  0-165  in.   open  %\-ire  non-loaded 

phantom  circuit. 


effects,  not  perhaps  noticed  by  the  power  engineer,  but 
very  troublesome,  if  not  worse,  to  the  communication 
engineer. 

Now  it  must  be  recognized  that  these  industries — 
involving  the  telegraph,  telephone  and  railway  signalUng 
systems  as  representative  of  the  light-energy  gioup, 
and  the  lighting,  power,  railway  and  tramway  systems 
as  representing  the  heavy  group — are  both  of  them 
necessary  to  the  well-being  of  the  world,  and  they 
must  learn  to  live  together  harmoniously  and  to  avoid 
or  mitigate  the  otherwise  serious  reactions  between  their 
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Fig.  13.- 


-Relative  interfering  effect  of  single-frequency 
currents  in  a  telephone  receiver. 


respecrive  circuits.  It  must  also  be  recognized  that 
in  grappling  with  this  difficult  problem  there  cannot 
be,  and  ought  not  to  be,  any  claim  by  either  side  for 
priority  of  protection  or  preferential  treatment.  It 
is  wrong  for  the  heavy-current  interest  to  say:  Let 
the  light-current  industry  take  care  of  itself.  And  it 
is  equally  wrong  for  the  light-current  industry  to  say  : 
The  heavy-current  business  must  be  conducted  in 
such  a  manner  that  we,  with  our  existing  arrangements, 
shall     be    undisturbed.     There    is    only    one    sensible 


rendered  more  difficult  of  solution  by  an  endeavour 
at  the  outset  to  fix  responsibihty  for  the  interference. 

Much  has  already  been  done  by  joint  study  to 
reduce  interference,  and  in  some  cases,  such  as  those 
of  electrolysis,  it  has  been  found  economical  to  the 
"  heavy  "  industry'  to  avoid  certain  defects  in  construc- 
tion which  were  first  brought  to  light  by  the  complaining 
"  hght  "  industry'.  But  in  all  cases  the  lesson  is  always 
being  pressed  home,  that  success  is  certain  to  come 
when  each  party  makes  a  real  endeavour  to  learn  the 
other's  problems  and  to  appreciate  the  efforts  made 
by  him  to  solve  them. 

Heretofore  a  long-distance  telephone  line  was  a 
relatively  simple  structure  consisting  merely  of  a  pair 
of  copper  wires,  either  open  or  in  cable  ;  this  could 
be  maintained  comparatively  easily  in  good  order  by 
independent  maintenance  units  situated  along  the 
length  of  the  line.  But  with  repeaters  and  loading, 
that  simple  structure  has  vanished,  the  plant  is  more 
complicated,  and  the  various  parts  are  interdependent 
on  each  other.  It  is  no  longer  possible  to  consider 
maintenance  of  each  part  solely  as  a  sectional  matter — 
what  is  done  at  one  place  may  cause  serious  reactions 
at  another,  and  the  line  as  a  whole  must  be  considered. 

We  can  now,  therefore,  obtain  certain  advantages 
in  the  construction  of  through  lines,  but  only  if  we 
are  willing  to  give  the  attention  necessary  to  secure 
them.  It  is  false  to  imagine  that  we  can  obtain 
the  benefits  of  the  present  knowledge  without  taking 
the  necessary  steps  to  secure  them.  The  benefits 
are  : 

Great  increase  in  the  distance  over  which  communi- 
cation can  be  given. 

Great  increase  in  the  number  of  channels  of 
communication,  telephone  and  telegraph,  which  can 
be  provided  by  one  pair  of  wires. 

Great  increase  in  the  number  of  circuits  which 
can  be  placed  in  cable,  numbers  such  that  it  would 
be  impossible  to  find  space  for  them  if  all  circuits 
were  to  be  open  wires. 
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Greatly  reduced  annual  cost  of  circuits  and  improve- 
ment in  quality  of  speech. 

Increased  security  of  service  by  reason  of  circuits 
being  in  cable. 

Increased  speed  of  service  by  reason  of  greater 
nunaber  of  circuits. 

The  principal  points  to  which  attention  must  be  given 
in  order  to  secure  the  above  advantages  are  : — ■ 

Definite  decision  as  to  the  work  each  line  is  to  do, 
that  is,  planning  in  advance. 

Definite  standards  of  performance  to  be  required  of 
the  complete  line. 

Unity  of  treatment  of  all  transmission  matter 
affecting  the  line  over  its  full  length. 

Unity  of  treatment  of  all  transmission  matters 
affected  by  the  connecting  of  the  line  to  other  lines, 
whether  trunks  or  subscribers'  lines. 

Unity  of  maintenance  control  over  complete  length 
of  the  line. 

Unity  of  control  over  repeater  gains  over  the 
complete  length  of  the  line. 

Unity  of  operating  control  over  the  whole  length 
of  the  line. 

Education  of  all  sections  of  the  telephone  staff  in 
transmission,    maintenance  and   operating  practices. 

Without  this  education  among  all  detail  members 
of  the  staff  it  is  impossible  to  obtain  the  benefits 
now  available.  It  is  not  sufficient  for  a  few  engineers 
in  any  administration  to  be  familiar  with  these 
matters  ;  they  must  be  made  part  of  the  general 
knowledge  of  all,  and  this  is  particularly  true  of 
education  in  matters  affecting  transmission  which 
must,  by  some  means  or  other,  in  the  varying  degree 
required,  be  made  to  permeate  all  classes  of  the 
staff  who  have  to  do  with  the  transmission  plant. 

The  telephone  service  has  certain  special  features, 
as  follows  : — • 

(1)  The  unskilled  public  is  an  actual  participant  in 
a  call  ;  the  matter  is  not  merely  handed  over  to  a 
skilled  operator,  although  the  skilled  operator  also 
participates. 

(2)  It  is  essentially  a  through  service,  i.e.  the  whole 
circuit  embracing  the  calling  and  the  called  persons' 
instruments  and  the  complete  line  connecting  them 
are  simultaneously  in  use  for  each  call  ;  therefore, 
all  parts  of  the  circuit  must  be  harmonious,  although 
these  parts  may  belong  to  and  be  operated  by  different 
owners. 

(3)  The  operators  at  the  various  stages  along  the 
line  have  to  co-operate  with  each  other,  and  differences 
in  the  operators'  technique  will  decrease  the  efficiency. 

(4)  It  is  a  world  service,  for  it  is  impossible  to  set 
any  limits  to  the  service,  which  must  extend  as  the 
degree  of  technical  knowledge  permits. 

Frequently  in  industry  one  cannot  obtain  an  absolute 
standard,  and  recourse  must  be  made  to  relative  com- 
parisons. It  is  so  in  telephony,  and  as  I  assume  that 
I  may  take  it  for  granted,  at  any  rate  by  those  who 
have  studied  the  matter,  that  the  telephone  systems 
of  the  United  States  are  in  advance  of  those  operating 
in   Europe,    it   is   worth   while   to   see   wherein   lie   the 


differences  (altogether  apart  from  ownership),  and 
particularly  the  differences  in  organization,  and  to 
obtain  some  idea  of  the  telephone  system  in  the  United 
States,  which  now  has  nearly  two-thirds  of  the  tele- 
phones installed  throughout  the  whole  world.  In 
that  country  there  are  at  present  over  10  000  companies 
owning  and  operating  over  14  000  000  telephone  stations. 
That  total  number  divides  into  two  broad  classes  : 
those  having  some  kind  of  connection  with  the  Bell 
System,  and  those  which  have  not.  Again,  the  first 
class  divides  into  those  known  as  Bell-owned,  and 
others  as  Bell-connecting  with  an  independent  ownership. 
We  may  tabulate  the  telephone  statistics  of  the 
United  States  thus  : — 


Bell-owned  companies 
Bell-connecting  companies 
(independent  ownership) 

Total  Bell  System     .  . 
Non-Bell-connecting  com- 
panies 

Total 


July  .list,   1922 

No.  of  No-  of  Per 

Companies  Stations  cent 

26        9  223  770  65-0 

9  289        4  520  72.5  31-8 


9  315 
879 


13  744  495 
452  597 


96-8 
3-2 


10  194      14  197  092     100-0 


In  his  Presidental  Address  in  1905  Sir  John  Gavey 
referred  to  the  growth  of  the  Bell  System  as  "  absolutely 
startling."  He  said  Jhere  had  been  an  increase  of 
1  450  000  stations  in  7  years — an  average  of  207  000 
per  year.  But  since  then  the  increase  in  the  Bell- 
owned  companies  has  been  an  average  of  410  000  per 
annum,  or  twice  the  number  which  startled  Gavey. 

Taking  the  population  of  the  United  States  at  109  mil- 
lions it  will  be  seen  that  there  is  now  one  telephone  station 
to  every  7-7  persons,  while  in  the  year  1900  there  was 
only  one  telephone  station  to  every  56  persons.  Since 
the  beginning  of  the  twentieth  century,  while  the 
population  has  increased  by  45  per  cent  and  the  volume 
of  general  business  (judged  by  the  best  data  available) 
by  100  per  cent,  the  number  of  telephone  stations  has 
increased  by  over  900  per  cent. 

Again,  if  we  judge  progress  by  capital  expenditure, 
we  find  that  the  investment  of  the  Bell-owned  companies, 
which  was  $180  700  000  in  1900,  had  increased  by 
267  per  cent  by  1911,  and  by  755  per  cent  by  1921, 
and  then  stood  at  a  total  of  11543  865  545.  say 
£346  000  000. 

As  a  method  of  trying  to  give  an  impression  of  the 
telephone  service  in  the  United  States,  it  may  be 
said  that  from  his  telephone  in  that  country  a  sub- 
scriber can  reach  out  over  nrore  than  4  000  miles  and 
can  call  practically  any  of  the  13  700  000  station.s  referred 
to,  situated  in  70  000  cities,  towns  and  villages  ;  and 
the  statistics  show  that  the  telephone  communications 
in  that  country  outnumber  the  postal  communications 
by  50  per  cent.  It  is  agreed  by  those  best  qualified  to 
judge  that  American  industry  on  its  present  scale 
could  not  function  without  the  telephone  service  as 
they  know  it  there. 

From  these  figures  it  will  be  seen  that,  while  there  are 
many  telephones  which  are  not  part  of  the  Bell  System, 
the  great  majority  (97  per  cent)  arc  part  of  that  organiza- 
tion of  companies,  and,  further,  it  may  be  stated  that 
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with  a  few  exceptions  those  companies  which  are  not 
part  of  that  system  are,  on  the  average,  a  collection 
of  small  concerns.  In  what  follows,  and  generally  in 
connection  with  the  expression  "  telephony  in  the 
United  States,"  the  Bell  System  is  referred  to. 

There  are  five  outstanding  features  in  the  organization 
of  the  Bell  System,  and  I  think  it  may  be  said  that 
these  features  are  essential  in  any  effective  organization 
for  telephony  on  an  extended  scale. 

The  five  features  are  : — ■ 

(1)  Local  operating  organizations,  thus  making  for  i 
decentralization.  These  organizations,  or  companies,  i 
possess  large  measures  of  authority.  | 

(2)  A  central  administrative  direction  and  control 
over  the  local  organizations. 

(3)  A  long-distance  organization  constructing  and 
operating  the  long  lines  by  which  the  local  organizations 
effect  intercommunication. 

(4)  Control  of  the  manufacturing  organization. 

(5)  A  central  organization  for  scientific  research, 
development  of  apparatus  and  technique  of  construction, 
maintenance  and  operation. 

In  Europe,  generally  speaking,  and  considering  the 
nations  separately,  we  find  : — 

(1)  An  organization  having  a  central  authority  with 
no  separate  local  authorities. 

(2)  A  series  of  administrative  areas  charged  with 
the  duty  of  maintaining  the  ser.vice  under  the  central 
authority. 

-  (3)  No  one  department  charged  with  the  duty  of 
through  business. 

(4)  No  control  over  manufacture. 

When  we  consider  Europe  as  a  whole  we  find  : — 

(1)  A  number,  about  40,  of  self-contained  local  oper- 
ating organizations,  each,  in  the  majority  of  cases, 
conducting  a  local  business  and  a  through  business 
within  its  area,  also  that  part  of  the  international 
through  business  which  lies   within  its  own  borders. 

(2)  No  organization  controlling  or  co-ordinating  the 
various  local  operating  organizations,  which  yet  have 
to  function  as  a  whole. 

(3)  No  means  of  keeping  the  separate  organizations 
in  touch  with  each  other,  and  no  systematic  means  of 
adjusting  differences  in  matters  of  daily  practice. 

(4)  No  organization  of  any  kind  which  handles  and 
cares  for  the  through  business  as   a  whole. 

(5)  No  common  agreement  as  to  manufacture. 

(6)  No  common  research,  standard  practice  or 
technique  of  construction,  maintenance  and  operation. 

At  the  moment  we  are  not  concerned  with  the  effect 
of  this  loose  coupling  upon  the  local  business  of  each 
country,  but  little  consideration  is  needed  to  appreciate 
its  harmful  effects  upon  the  through  business  between 
countries,  whether  the  length  of  line  over  which  such 
business  is  conducted  is  great  or  small.  There  are  in 
Europe  large  centres  of  population  within  such  distances 
of,  and  in  such  commercial  relationships  to,  each  other 
that  traffic  would  be  forthcoming  did  adequate  facilities 
but  exist.  There  is  no  engineering  difticulty,  so  far 
as  distance  is  concerned,  in  constructing  and  operating 
lines  at  commercial  rates  to  give  satisfactory  speech 
from  any  part  to  any  other  part  of  Europe,  but  at 
present   the   through  business  is   meagre   in   quantity, 


slow  and  inefficient.  Under  the  present  conditions, 
practically  the  only  way  in  which  the  nations  can 
co-operate  in  these  matters  is  that,  when  new  lines  are 
to  be  constructed  between  countries,  there  is  co-operation 
and  consultation  between  the  representatives  of  the 
countries  concerned,  and  occasionally  there  are  inter- 
national conferences.  But  these  do  not,  and  cannot, 
produce  a  unified  system.  All  that  they  can  do  at  the 
best  is  spasmodically  and  partially  to  compromise  on 
a  few  outstanding  differences  in  practice,  which 
between  whiles  grow  up  unchecked,  and  to  leave  un- 
settled such  large  questions  as  cannot  be  agreed. 

The  settling  of  arrangements,  and  particularly  the 
financial  arrangements,  for  the  construction  of  additional 
direct  lines  between  contiguous  countries  constitutes  an 
operation  difficult  enough  ;  but  when  it  is  sought  to 
construct  lines  between  non-contiguous  countries,  in 
which  cases  they  have  to  traverse  countries  not  in- 
terested in  the  traffic  desired  by  the  terminal  countries, 
the  difficulties  in  the  way  of  getting  anything  done  are 
great  indeed,  and  much  praise  is  due  to  the  energy 
and  enterprise  of  those  men  who  have  succeeded  in 
achieving  the  service  now  in  operation. 

Yet  there  is  every  indication  that,  given  facilities, 
there  is  traffic  waiting  to  be  handled  between  the  cities 
of  Europe  as  between  the  cities  of  the  United  States. 
The  opinion  of  some  of  those  well  qualified  to  judge 
is  that  the  differences  in  language  and  customs  do  not, 
as  they  would  at  first  sight  appear  to  do,  constitute  a 
serious  bar  to  international  communication  by  telephony, 
and  there  are  weighty  reasons  such  as  the  present 
necessity  of  improving  the  relationship  between  nations, 
in  addition  to  the  normal  commercial  advantages, 
which  render  it  safe  to  forecast  sufficient  through 
business  to  warrant  the  setting  up  of  a  competent 
organization  with  the  plant  necessary  to  handle  the 
traffic. 

There  is,  however,  little  likelihood  of  speedy  and 
economical  construction  and  operation  of  such  lines  as 
are  necessary  between,  say,  London  and  Stockholm, 
involving  3  or  perhaps  5  intermediate  non-interested 
countries,  London  and  Kristiania  involving  perhaps 
6  intermediate  countries,  or  London  and  Petrograd 
involving  8  intermediate  countries  ;  and  yet  there  is 
nothing  fanciful  in  the  idea  of  quick  communication 
between  such  places.  The  direct  distance  between 
Brussels  and  Athens,  or  between  Paris  and  Constanti- 
nople, is  1  300  miles — about  the  same  distance  as  between 
New  York  and  Omaha,  or  between  Chicago  and  Salt 
Lake  City,  between  which  places  calls  can  be  made 
at  any  time.  The  direct  distance  over  land  between 
London  and  Bagdad  is  about  the  same  as  between 
New  York  and  San  Francisco,  over  which  line  conversa- 
tions take  place  daily,  while  the  direct  distance  over 
land  between  London  and  Delhi  is  about  the  direct 
distance  from  Key  West  in  Florida  to  New  York, 
thence  to  San  Francisco  and  thence  to  Los  Angeles, 
in  California,  over  which  distance  calls  can  be  made 
regularly.  As  a  further  encouragement,  it  may  be 
said  that  the  New  York-Chicago  cable,  now  in  course 
of  construction,  will  have  a  gross  transmission  equivalent 
so  great  that  if  a  435  lb.  (4-2  mm)  open  wire  circuit 
were  constructed  to  that  equivalent  it  might  be  10  000 
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miles  long,  enough  to  connect  Paris  to  the  telephone 
system  at  Seattle  in  the  North-West  of  the  United 
States  and  leave  enough  to  spare  to  take  care  of  the 
cable  across  the  Bering  Strait.  Of  course,  this  illustra- 
tion is  uncommercial,  but  it  serves  to  show  that  land 
distance  is  now  no  difficulty  to  telephony. 

If  we  consider  such  business  in  the  United  States, 
we  find  that  there  are  originated  at  New  York  over 
4  000  000  long-distance  calls  per  annum,  and  it  will 
be  remembered  that  in  the  United  States  many  calls 
are  made  over  lines  of  considerable  length  belonging  to 


Europe.  And  yet  there  is  no  reason  whatever  why  the 
service  in  Europe  should  not  be  extended  in  a  some- 
what similar  fashion  ;  from  the  fact  of  its  denser  popula- 
tion and  less  distant  cities,  Europe  enjo^-s  advantages 
over  the  United  States,  and  these  should  make  for 
much  greater  development  of  the  through  business  than 
she  now  has. 

It  is  not  putting  the  matter  too  strongly  to  say  that 
through-telephony  in  Europe  under  the  present  con- 
ditions can  never  be  worth  the  name  of  a  service,  and 
that  the  alternatives  are  either  for  ever  to  be  condemned 
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the  local  companies,  and  do  not  go  over  the  long- 
distance lines.  Similarly  we  find  that  Chicago  and 
Philadelphia  each  originates  something  like  2  000  000 
long-distance  calls  per  annum,  while  such  pla,ces  as 
Boston,  Cleveland  and  Pittsburg  each  originates  about 
500  000  long-distance  calls  per  annum. 

Fig.  14  is  a  map  of  Europe  on  which  are  shown  a 
few  of  the  long-distance  circuits  in  the  United  States 
which  are  in  regular  daily  commercial  operation.  It 
would  have  been  easy  to  show  a  great  many  more, 
but  this  is  not  necessary  in  order  to  bring  home  the 
simple  fact  that  there  exists  in  that  country  a  long- 
distance  telephone   service   such   as   is   not   known   in 


to  an  ineffective,  inefficient  state  of  affairs,  or  to  find 
some  plan,  other  than  the  present  one,  for  dealing  with 
the  through  business. 

Analj-^ing  the  conditions  of  through  telephony  in 
Europe  as  a  whole,  it  is  obvious  that  each  nation, 
sovereign  though  it  may  be  within  its  own  territory,  is 
really,  from  the  telephone  point  of  view,  merely  con- 
ducting a  local  business  over  an  area  which  is  not 
very  great  ;  it  is  also  clear  that  no  one  local  authority 
can  operate  its  own  through-business  outside  its  own 
boundaries  ;  although  vitally  interested,  it  must  at  its 
boundaries  hand  over  the  conduct  of  its  business,  in 
part,  to  someone  else. 
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The  through  business  must  be  handled  as  a  complete 
unit  if  it  is  to  be  efficiently  done ;  it  cannot  be  done 
by  independent  units.  The  examples  of  recent  improve- 
ments which  I  have  referred  to  have  been  selected 
mainly  because  they  illustrate  the  unity  of  treatment 
required  by  long  lines.  The  correct  course,  therefore, 
appears  obvious,  viz.  to  depute  a  body  to  do  for  all 
European  nations  that  which  no  one  nation  can  do 
for  itself.  This  is  not  a  new  departure  ;  it  is  ahready 
practised  by  banks  and  railways  in  their  clearing 
houses — no  bank  would  now  tolerate  for  a  moment 
any  attempt  to  effect  for  itself  clearance  of  the  various 
cheques  presented  to  it  daily,  and  consequently  we 
find  that  the  banks  themselves  have  established  their 
clearing  house,  which  performs  specialized  functions 
for  all  banks,  and  thus  expedites  the  work  of  all. 

The  corporate  spheres  assigned  to  any  telephone 
authority  may  be  determined  by  political,  financial, 
legal  or  other  considerations,  and  by  reason  of  these 
spheres  and  considerations  the  authority  is  entitled 
to  receive  revenues  and  is  obligated  to  pay  the  taxes 
and  bills  arising  out  of  or  payable  in  respect  of  those 
spheres.  But  these  corporate  spheres  have,  in  reality, 
nothing  whatever  to  do  with  the  operating  areas,  which 
ought  to  be  fixed  solely  with  regard  to  obtaining  the 
most  efficient  operating  possible,  and  without  any 
regard  whatever  to  the  corporate  spheres.  If  the  two 
differ,  it  is  quite  feasible  for  the  operating  authority 
to  account  as  between  any  two  or  more  corporate  spheres 
without  sacrificing  any  operating  efficiency.  Once  the 
fact  has  been  grasped  that  there  is  no  reason  whatever 
for  the  corporate  spheres  of  influence  and  the  operating 
areas  to  be  identical,  and  that  each  requires  quite  separate 
consideration  for  its  determination,  there  will  be  no  real 
difficulty  in  arranging  operating  areas  for  efficiency 
and  apart  from  corporate  spheres. 

With  sectional,  non-unified  control  over  the  various 
portions  of  the  through  business,  it  is  not  possible 
to  design,  construct  and  operate  through-lines  of  com- 
munication in  a  manner  capable  of  meeting  the  needs 
of  the  public.  It  has  already  been  shown  in  what 
manner  conditions  in  one  part  of  the  plant  may  react 
on  conditions  at  another  part,  and  how  these  parts 
may  be  distant  from  each  other,  so  that  in  fact  what 
is  done  in  one  country  may  render  ineffective  the  efforts 
made  in  another  country.  It  ought  not  to  be  necessary 
to  labour  this  point,  but  perhaps  an  analogy  may 
help.  The  through  business  is  as  much  a  unity  as  is 
military  operation  ;  we  have  seen  the  ad%'antage  gained 
by  unity  of  command  in  warfare  and  no  one  would 
now  advocate  independent  multi-commands  such  as 
were  seen  in  1914  and  the  early  years  of  the  war.  If 
it  was  possible  for  the  nations  to  agree  on  such  unity 
of  control  for  the  purposes  of  war,  it  ought  not  to  be 
beyond  their  powers  to  agree  to  a  unity  of  control 
for  the  efficient  working  of  the  through-telephone 
business.  It  is  not  enough  for  the  separate  organiza- 
tions to  attempt  to  agree  to  a  code  of  rules  to  wliich 
each  shall  subscribe — such  an  attempt  would  only 
be  to  court  failure.  Tlie  business  is  varying,  flexible, 
and  very  much  a  living  thing  ;  it  demands  intelligent 
and  prompt  treatment  of  its  many  variations,  it  requires 
control  from  central  points  carrj-ing  with  it  the  power 


to  instruct  persons  at  great  distance  in  the  routines  and 
duties  they  are  to  perform,  and  such  control  can  only 
be  effected  by  a  living  authority  always  on  duty. 

Besides  the  engineering  considerations  which  have 
been  dealt  with,  there  are  weighty  reasons  connected 
vnth  the  matters  of  circuit  lay-out,  business  policy, 
rates  and  operating,  about  which  much  might  be  said, 
showing  the  impossibility  of  giving  an  adequate  through 
service  without  unity  of  control,  but  this  is  not  the 
place  to  deal  with  them. 

It  is  easier  to  analyse  the  conditions  and  to  state  the 
fundamental  requirements  for  efficiency,  than  it  is 
to  propound  a  scheme  for  an  effective  organization. 
Yet  some  effort  at  a  solution  must  be  attempted,  even 
though  it  is  unlikely  that  the  first  attempt  will  be 
successful.  Any  solution  must  find  some  method  of 
satisf  j-ing  the  financial  needs  of  the  business  as  well  as 
the  technical  requirements.  At  present  it  is  difficult 
enough  for  the  various  administrations  to  obtain  from 
their  Governments  the  money  required  for  the  con- 
struction of  such  plant  as  is  demanded  by  their  own 
traffic,  let  alone  for  the  fostering  of  traffic  by  the  con- 
struction of  lines  not  yet  called  for  by  public  demand, 
and  for  the  construction  of  lines  betwetn  non-contiguous 
countries,  which  lines,  although  demanded,  are  not 
required  by  the  natives  of  the  intermediate  countries 
through  which  they  pass.  In  fact,  in  spite  of  the  reality 
that  Governments  can  borrow  money  at  a  cheaper 
rate  than  can  public  companies,  it  remains  true  that 
Governments  do  find  difficulty  in  raising  the  capital 
necessary  for  the  legitimate  demands  of  telephone 
development. 

The  alternative  suggestions  which  present  them- 
selves are  : — ■ 

(1)  To  operate  all  the  through  business  both  witliin 
and  between  the  various  countries  in  Europe  by  a 
single  long-lines  company  working  under  licences  from 
the  various  Governments,  taking  the  calls  from  the 
local  originating  organizations,  and  being  entirely 
responsible  for  them  until  turned  over  to  the  local 
receiving  organization. 

Governments  would  put  the  long-lines  company  into 
a  proper  legal  position,  and  make  it  plain  that  the  com- 
pany had  the  goodwill  and  support  of  the  country, 
and  they  would  co-operate  with  the  company  in  the 
handling  of  the  traffic.  It  might  also  be  found  desirable 
to  turn  over  to  the  company,  either  on  purchase  or 
rental,  certain  lines  and  equipment  already  in  existence 
for  handhng  through  traffic. 

The  advantages  of  this  course  would  be  that  unified 
control  could  be  achieved  at  once.  The  service  would 
be  on  an  ordinary  commercial  basis,  and,  if  the  fees 
were  correct,  sufficient  money  could  be  raised  to  con- 
struct all  lines  and  equipment  called  for. 

(2)  The  second  alternative  is  for  the  various  Govern- 
ments to  form  what  would  in  effect  be  a  private  company 
or  Commission,  of  which  the  Governments  only  would 
be  the  stock-holders,  to  do  the  work  described  in  the 
first  alternative,  and  from  each  subscribing  Govern- 
ment the  Commission  would  derive  its  authority  in 
that  country.  The  Commission  being  supplied  by 
funds,  on  some  agreed  plan  of  participation  by  each 
Government,  would  be  the  sole  judges  of  the  plant  to 
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be  constructed  and  operated,  within  the  scope  of  the 
moneys  put  at  its  disposal,  and  it  would  assume  the 
ordinary  responsibilities  of  a  board  of  directors  of  a 
public  company,  carrying  out  all  the  necessary  functions 
and  periodically  reporting  results  to  those  who  supply 
the  capital.  It  might  be  that  all  plant  constructed 
in  any  country  should  belong  to  that  country,  and  that 
the  capital  to  be  provided  by  that  country  should  be 
its  proper  share  depending  upon  the  plant  within  its 
own  borders. 

In  addition,  the  Commission  could  hire  facilities, 
where  economical,  from  the  local  administrations  in 
cases  where  it  would  not  be  economical  for  the  Com- 
mission to  construct  its  own  lines.  Such  lines  could 
be  hired  on  a  permanent  or  temporary  basis.  In  the 
first  case,  they  would  be  paid  for  at  a  proper  rate  per 
year  ;  in  the  second  case,  the  local  authority's  lines 
might  be  made  use  of,  and  the  compensation  to  be 
paid  by  the  through-business  Commission  might  be  a 
proper  portion   of  the  fee  paid  by  the   public. 

The  above  is  the  merest  sketch  of  a  scheme,  but  if  it 
should  find  acceptance  I  am  ready  to  put  forward  for 
consideration  by  the  proper  authorities  a  plan  which 
I  beUeve  will  be  found  to  provide  a  basis  on  which  the 
countries  can  be  represented  on  equal  terms  and  by 
which  no  unfair  burden  is  placed  on  any  country,  and 
I  believe  that  such  a  plan  would  result  in  better  service 
and  be  self-supporting. 

(3)  The  third  alternative  is  frankly  one  of  a  tempor- 
izing nature,  being  intended  only  to  cover  a  study  of 
this  difficult  problem.  It  is  that  the  various  operating 
telephone  authorities  should  form  themselves  into  an 
association  for  the  purpose  of  studying  this  and  other 
matters.  Such  association  might  come  about  gradually 
if  necessary,  and  regular  meetings  might  be  fixed  for 
the  purpose  of  studying  a  pre-arranged  programme, 
which,  apart  from  the  larger  question  as  to  how  the 
through  business  should  be  operated,  might  include 
the  fixing  of  standards  of  measurement,  performance 
and  methods  to  be  recommended  to  all,  and  to  be 
enforceable  on  those  who  subscribe  to  the  association. 

If  I  may  venture  to  make  a  definite  suggestion,  it  is 
that  the  telephone  authorities  of  Europe — including 
the  United  IQngdom — as  telephone-operating  authorities 
rather  than  as  Government  departments — should  hold 


an  early  conference  of  all  the  telephone  authorities, 
companies  and  municipalities  as  well  as  Government 
departments,  to  study  in  detail  this  problem  and 
endeavour  to  find  a  solution.  I  am  convinced  that 
unity  of  control  over  the  through  traffic  must  obtain 
in  the  end,  but  whether  the  through  traffic  is  handled 
by  one  organization  or  by  many,  there  are  matters 
which  urgently  require  agreement  for  the  improve- 
ment of  telephony  as  an  efficient  agent  for  service  in 
Europe. 

Almost  entirely,  what  has  been  said  is  limited  to 
through  communication  by  telephony.  This  is  not 
because  there  is  nothing  to  be  said  regarding  local 
service,  but  rather  because  it  seemed  better  to  try  to 
focus  attention  on  what  at  the  moment  is  the  greatest 
telephone  problem  in  Europe,  namely  :  How  shall  the 
through  business  be  organized  ?  Fortunately,  the 
solution  of  this  problem  has  never  yet  been  seriously 
undertaken  and,  the  whole  matter  being  quite  open, 
there  are  no  standing  decisions  to  be  reconsidered. 
The  engineering  considerations  make  it  plain  that  the 
communication  which  is  possible,  both  technically 
and  commercially,  cannot  be  established  under  the 
present  disconnected  organization.  As  with  a  pro- 
gressing organism,  the  time  has  come  when  the  organiza- 
tion must,  if  it  is  to  remain  ef&cient,  change  from  uni- 
cellular to  multicellular,  and  the  various  cells  must 
take  up  special  functions  rather  than  all  functions  :  in 
that  way  only  can  the  whole  organization  make  progress. 

One  way  of  increasing  goodwill  among  nations — 
especially  necessary  to  be  encouraged  by  all  means 
possible  at  the  present  time — is  by  greater  and  ever 
greater  intercommunication  by  all  methods.  In  the 
telephone  we  have  the  most  perfect  means  of  communica- 
tion of  which  we  know,  immediate  and  perfect  human 
speech  with  all  its  tones  and  inflections,  and  the  ability 
by  interchange  of  conversation  to  remove  misunder- 
standings. If  only  we  will  use  it,  not  alone  wiU  it 
benefit  the  industry  of  the  nation,  but  we  shall  be 
making  a  definite  step  towards  reducing  the  international 
jealousies  and  fears  and  increasing  the  goodwill  without 
which  there  cannot  be  peace  on  earth. 

To  those  many  friends  for  whose  kindness  in  supplying 
data  and  discussing  the  subject  here  presented  I  am 
greatly  indebted,  I  owe  and  tender  my  grateful  thanks. 


16 


TREMAIN:    WESTERN    CENTRE:   CHAIRMAN'S   ADDRESS. 


WESTERN   CENTRE:    CHAIRMAN'S   ADDRESS 

Bv  F.    Tremain,   Member. 


{Address  delivered  at  Bristol,  9.'A  October,   1922.) 


In  the  first  place  I  desire  to  express  the  honour 
wliich  I  feel  in  being  elected  Chairman  of  tliis  Local 
Centre  of  the  Institution,  the  success  of  wliich  I  have 
very  much  at  heart.  It  is  nearly  40  years  since  I  was 
elected  a  Member  and  I  am  the  happy  possessor  of  a 
complete  set  of  the  Journal. 

As  I  was  unfortunately  prevented  from  attending 
the  Commemoration  Meetings  at  which  I  was  invited 
to  speak,  perhaps  I  may  be  allowed  to  enumerate  some 
of  the  difficulties  experienced  by  students  in  the 
early  days  soon  after  the  passing  of  the  Elementary 
Education  Act.  Especially  in  the  provinces,  there 
were  very  few  science  classes  or  laboratories  and 
practically  none  for  technical  subjects,  as  the  City  and 
Guilds  of  London  Institute  could  not  for  many  years 
find  qualified  teachers.  I,  with  another  telegraphist 
and  the  local  linesman,  a  trio  of  enthusiastic  students, 
persuaded  a  science  master  to  let  us  attend  his  ele- 
mentary class  after  we  ourselves  had  passed  that 
stage,  in  order  to  take  the  advanced  grade.  Our 
plan  was  to  use  Silvanus  P.  Thompson's  "  Electricity 
and  Magnetism,"  and  study  the  small-print  notes  at 
the  foot  of  each  page,  giving  the  mathematical  proofs, 
etc.,  whilst  the  rest  of  the  class  took  the  orcUnary 
course.  We  wTote  up  our  notes  and  the  teacher 
corrected  them  week  by  week.  The  plan  proved 
to  be  not  at  all  bad,  as  it  formulated  our  work, 
which  students  working  alone  often  find  difficult.  We 
took  ordinary  grade  telegraphy  with  the  same  teacher, 
although  he  declared  that  we  knew  more  about  it 
than  he  did,  but  again  with  the  aid  of  the  City  and 
Guilds  syllabus  he  formulated  our  work,  and  we  all 
three  passed  in  both  subjects.  We  then  worked  for 
and  took  the  ordinary  grade  in  Electric  Lighting  and 
Power,  using  Thompson's  "  D5rnamo-Electric  Machi- 
nery "  as  it  appeared,  I  think,  first  in  the  Electrical 
Review.  Finally,  some  of  us  passed  in  all  the  quah- 
f>ang  science  subjects,  and  subsequently  obtained 
Honours  certificates  in  both  Telegraphy  and  Electric 
Lighting  and   Power. 

I  was  then  appointed  a  registered  teacher  by  the 
City  and  Guilds  Institute,  but  although  we  had  a 
most  alluring  circular  printed,  promising  inspection  of 
main  lines,  etc.,  not  a  single  telegraph  clerk  would 
join  the  class.  My  partner  and  I  then  started  invent- 
ing, and  our  first  suggestion  was  a  central-battery 
telephone  signaUing  system,  for  which  we  took  out 
provisional  protection.  On  being  submitted  to  the 
Engineer-in-Chief  of  the  day  it  was,  however,  rejected 
as  useless,  it  being  then  (in  1885)  regarded  as  essential 
that  signalhng  batteries  should  be  at  the  subscriber's 
end  and  not  at  the  exchange  end  of  the  Mne.  This 
was    the    year    of    the    Inventions    Exhibition    and    I 


attended  a  class  for  teachers,  conducted  by  Prof. 
Ayrton,  at  the  City  and  Guilds  Central  Technical 
College  adjoining  the  Exhibition.  The  procedure  was 
a  lecture  in  the  morning,  followed  by  laboratory  work 
and  demonstrations  of  the  electrical  exhibits.  The 
teacher  students  included  an  Irish  priest,  a  Whitworth 
Scholar,  a  Japanese  and  two  or  three  others.  We 
drove  and  compared  an  electric  and  a  compressed- 
air  tramcar,  and  tested  an  Immisch  motor  for  efficiency 
at  various  speeds  with  a  Prony  brake  and  such 
measuring  instruments  as  we  could  arrange  for  voltage, 
current,  speed,  etc.  The  supply  was  not  very  steady 
and  we  had  rather  an  exciting  time  getting  simultaneous 
records  of  the  various  factors.  At  that  time  I  was 
greatly  interested  in  small  electric  motors  for  winding 
up  the  weights  of  Wheatstone  telegraph  apparatus  and 
had  already  submitted  a  model  to  the  Engineer-in- 
Chief  of  the  Post  Office.  The  Inventions  ExMbition 
presented  an  opportunity  for  carrying  out  tests,  and 
with  Prof.  A5rrton's  permission  we  tested  the  efficiency 
of  a  httle  Cuttriss  motor,  the  data  obtained  from 
which  proved  invaluable  later.  Subsequently  the 
weights  were  abandoned,  as  were  most  of  the  train  of 
wheels  first  in  the  Hughes  printing  instrument  and 
afterwards  in  the  Wheatstone  apparatus,  the  motor 
driving  the  small  remaining  train  of  wheels  direct. 
The  Hughes  as  thus  re-designed  is  still,  I  believe,  the 
standard  instrument  in  this  country  and  on  the  Con- 
tinent, wherever  the  instrument  is  largely  used.  Its 
final  shape  was,  however,  arrived  at  after  many  pains- 
taking experiments. 

These  experiments  were  made  two  or  three  years 
after  my  first  transfer  to  the  Engineering  Branch  in 
1887.  There  was  at  the  time  httle  or  no  development. 
Mr.  Edward  Graves  was  Engineer-in-Cliief  and  Mr. 
W.  H.  Preece  (afterwards  Sir  WiUiam  Preece)  was 
Electrician.  These  two  gentlemen  brought  me  on  to 
their  staff  and  I  remained  in  London  for  18  years. 
At  the  time  of  my  appointment  we  numbered  10, 
including  one  draughtsman,  but  the  Headquarters 
Staff  now  numbers,  I  beheve,  about  300.  The  annual 
expenditure  on  plant,  extensions  and  maintenance  was 
probably  under  £500  000,  including  the  Stores  and 
Factories  Departments  which  are  now  separated  from 
the  Engineering  Establishment.  The  Engineer-in-Chief 
of  the  British  Post  Office  to-day  is,  I  understand, 
responsible  for  an  expenditure  of  £16  000  000  annually, 
and  for  the  supervision  and  upkeep  of  plant  approach- 
ing £100  000  000  in  replacement  value. 

I  wonder  if  our  captains  of  industry  reaUze  the 
enormous  potentiaUties  of  the  well-equipped  engineer- 
ing students  who  come  to  them  from  the  technical 
colleges.     I    have    an    uneasy    feehng    that    they    are 
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better  utilized  on  the  whole  in  other  countries.  Any- 
one of  them,  if  developed  to  the  utmost,  might  prove 
a  mine  of  wealth  in  the  illimitable  field  of  electrical 
knowledge,  technically  developed.  Yet  we  hear  of 
freshmen  to  the  factory,  with  brain  and  hand  well- 
trained,  being  put  on  macloine  tools.  We  want  more 
engineering  research  and  some  industrial  psychology  if 
tliis  country  is  to  hold  its  own  in  the  apphcation  of 
electricity  to  the  service  of  man.  If  our  industriaUsts 
in  the  electrical  field  would  spend  only  1  per  cent  of 
their  net  revenue  in  research  work  and  propaganda  I 
believe  that  they  would  be  rewarded  a  thousandfold. 
Wlien  I  first  joined  the  Engineering  Branch  of  the 
Post  Office  I  was  stationed  as  examiner  at  the  Depart- 
ment's new  instrument  factory  at  Holloway,  and  was 
one  of  three  officers  who  tested  and  worked  all  tele- 
graph and  telephone  apparatus  after  it  Iiad  passed  a 
mechanical  examination  before  issue  for  service.  Every 
instrument  made  or  repaired  in  the  factory,  or  made 
by  an  outside  manufacturer,  passed  through  our  hands 
and  was  subjected  to  a  test  for  correct  resistance, 
insulation  and  capability  to  work  at  a  figure  of  merit 
which  provided  a  factor  of  safety  under  working  con- 
ditions. We  also  tested  some  of  the  material  before 
use,  including  the  conductivity,  etc.,  of  silk-  and  cotton- 
covered  wire  used  for  winding  apparatus.  On  the 
bobbins  of  the  various  relays,  etc.,  there  was  little 
margin  for  variation  of  gauge  and  insulation.  The 
smallest  wire  used  was  of  2  mils  diameter  with  a  tliick- 
ness  of  silk  covering  i  mil,  making  a  total  overall 
diameter  of  3  mils.  It  may  be  interesting  to  detail 
the  method  of  testing  wire  in  those  days.  The  wire 
was  first  gauged  over  and  under  the  silk  covering, 
and  any  doubtful  reels  were  taken  out.  The  method 
of  checking  the  overall  diameter  was  to  wind  on  a 
small  taper  brass  bobbin,  on  wliich  1  inch  was  care- 
fully marked  off  from  the  cheek  at  the  larger  end,  as 
many  turns  as  covered  the  inch,  examining  the  turns 
with  a  watchmaker's  glass.  The  average  diameter 
was  thus  ascertained,  but  before  thus  winding  the 
wire  it  was  carefully  measured  out  into  10-ft.  lengths 
and  checked  as  regards  resistance.  The  lengths  so 
measured  were  placed  in  a  box  on  the  face  of  which 
was  fitted  a  substantial  plug-switch  to  which  the  ends 
of  each  length  could  be  connected  inside.  Through  a 
window  in  the  box  could  be  observed  the  scale  of  a 
special  thermometer  on  which  a  few  divisions  were 
divided  into  tenths.  The  coils  remained  in  tlris  box 
for  several  hours  to  settle  down.  The  measurements 
of  resistance  were  made  by  a  standard  Wheatstone 
bridge  and  a  Thomson  mirror  galvanometer.  The 
object  of  the  box  and  plug-switch  was  to  protect  the 
wires  from  draughts  and  the  heat  of  the  hand  in 
changes  during  testing.  After  being  tested  for  resist- 
ance the  wire  was  measured  for  diameter,  as  explained 
above,  then  wound  on  a  small  copper  cage  and  plunged 
into  strong  sulphuric  acid  for  5  minutes,  afterwards 
passed  into  water,  soda-water  and  fresh  water  in  turn, 
dried  by  evaporation  and  weighed  in  a  chemical 
balance.  From  the  weight,  the  diameter  and  tlie 
tliickness  of  the  covering  were  deduced.  The  con- 
ductivity was  generally  found  to  be  a  point  or  two 
over  104  per  cent  of  that  of  pure  copper,  according  to 
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Matthiessen's  standard.  All  these  various  processes 
were  carried  out  to  a  degree  of  accuracy  well  within 
one-tenth  of  1  per  cent,  and  as  they  were  not  likely 
to  operate  all  the  same  way  the  result  was  considered 
to  be  accurate  witliin  0  •  05  per  cent.  This  will  appear  to 
be  a  very  elaborate  process  for  such  small  quantities  of 
wire.  It  must  be  remembered,  however,  that  in  tele- 
graph relays  space  is  hmited  and  the  electromagnets 
have  to  change  their  polarity  with  great  rapidity  when 
working  at,  say,  400  words  per  minute.  The  purest 
iron  core  and  the  finest  copper  obtainable  were  there- 
fore necessary  if  the  relays  were  to  respond  to  the 
specified  figure  of  merit.  It  must  also  be  remembered 
that  in  those  days  electrolytic  copper  was  not  so 
readily  obtained  commercially.  I  will  mention  one 
otlier  instrument-factory  experience,  from  which  per- 
haps a  more  useful  lesson  may  be  drawn.  There 
passed  through  the  factory  annually  many  thousands 
of  instruments  singly  and  assembled  in  sets,  such  as 
repeater  boards,  and  amongst  the  former  some  hundreds 
of  Wheatstone  transmitters.  One  part  of  the  gear  is 
a  rocking  lever  locked  in  its  position  (right  or  left)  by 
a  jockey  roller.  In  this  way  is  secured  the  reversal 
of  current  wliich,  controlled  by  the  punched  slip,  sends 
the  signals  to  the  line.  When  no  sUp  is  used,  equally- 
spaced  reversed  currents  are  sent,  and  at  600  words 
per  minute  (the  highest  speed  which  has  been  obtained) 
these  reversals  take  place  at  the  rate  of  240  per  second, 
thus  giving  the  note  C  below  the  stave  in  the  treble 
clef.  It  can  be  imagined,  therefore,  that  this  lever 
and  its  jockey  wheel  performed  a  very  important 
function.  The  lever  was  specified  to  be  17  mils  at 
the  root  and  12  mils  at  the  tip,  for  the  purpose  of 
checking  which  a  template  was  provided.  .  I  had  on 
one  occasion  a  dozen  of  these  on  the  bench  and  I 
remarked  to  my  colleague  that,  as  I  had  been  gauging 
these  for  six  months  or  more  and  had  never  found 
one  wrong,  I  thought  we  might  well  trust  this  to  the 
mechanical  examiners  who  had  previously  checked  the 
dimensions  by  a  similar  gauge.  To  my  amazement, 
before  I  had  examined  the  12  instruments  the  upper 
end  of  one  of  the  levers  proved  to  be  too  tliick  for  the 
gauge.  The  examining  mechanic  when  called  in  was 
incredulous  and  thought  my  gauge  must  have  been 
mutilated,  but  it  was  proved  to  his  satisfaction  that 
Ms  gauge  allowed  too  great  a  tolerance.  I  need  hardly 
say  that  the  check  was  not  abandoned. 

An  interesting  experiment  in  testing  the  strength 
of  material  for  submarine  cables  illustrates  the  great 
care  necessary  in  drafting  specifications.  I  was  engaged 
in  a  famous  Thames-side  cable  factory  supervising 
the  manufacture  of  a  submarine  cable.  The  material 
before  being  presented  to  me  was  tested  on  receipt 
from  the  manufacturers  by  the  cable  makers'  repre- 
sentatives, and  on  one  occasion  I  was  called  to  see 
a  large  quantity  of  galvanized  iron  sheathing  wire 
0-280  inch  in  diameter  whicli  was  said  to  be  failing 
under  a  minimum  breaking  load  of  3  500  lb.  As  there 
were  six  or  ei'ght  barge  loads  in  the  delivery  and  the 
wire  was  said  to  be  quite  useless  for  any  other  pur- 
pose, the  makers'  representative  was  in  some  distress, 
and  there  was,  of  course,  the  danger  of  the  sheathing 
process  being  held  up  for  a  considerable  time  if  new 

2 


18 


TREMAIN  :   WESTERN    CENTRE:    CHAIRMAN'S   ADDRESS. 


wire  had  to  be  manufactured.  I  inquired  how  it 
gauged  and  was  told  that  it  varied  a  little  but  was 
■ivithin  the  hmits  of  3  per  cent  laid  down  in  the  speci- 
fication wliich,  however,  stipulated  the  minimum 
breaking  strain  for  wire  of  the  exact  diameter.  I 
agreed  to  accept  a  slightly  lower  breaking  strain  if  the 
gauge  were  low,  but  within  the  specified  hmits,  stipu- 
lating, however,  that  test-pieces  from  coils  which 
gauged  higher  than  the  mean  should  carry  a  propor- 
tionately higher  load  before  breaking.  We  carefully 
re-examined  selected  coils  with  quite  satisfactory 
results  and  the  whole  consignment  was  passed.  I  need 
hardly  say  that  the  specification  was  amended  for 
future  jobs  to  provide  for  tliis  contingency.  The 
material  was,  as  a  matter  of  fact,  excellent  and  quite 
up  to  specification. 

The  manufacture  and  laying  of  the  first  London- 
Birmingham  cable  provided  me  with  an  opportunity 
of  testing  air-space  cable  both  at  the  factory  and  on 
the  road.  In  this  length  (117  miles)  over  570  tons  of 
copper  and  1  600  tons  of  lead  were  used.  The  cable 
consisted  of  76  -wires  which  in  the  first  sections  were 
laid  up  very  loosely  in  four-wire  quad  formation  so 
as  to  obtain  a  minimum  specific  inductive  capacity 
between  the  diagonal  wires.  After  some  miles  of  the 
cable  had  been  drawn  into  the  pipes  and  jointed,  a 
test  was  made  which  proved  that  there  was  consider- 
able cross-talk  between  diagonal  pairs  of  wires.  By 
an  elaborate  system  of  crosses  at  test-pillars  this  cross- 
talk was  eliminated,  but  the  remainder  of  the  cable 
was  made  up  in  38  pairs  and  these  pairs  were  given  a 
variable  lay  so  that  no  two  pairs  should  be  similar 
unless  three  pairs  having  a  different  lay  intervened. 
On  the  completion  of  the  cable  between  London  and 
Leamington  I  was  deputed  to  carry  out  a  very 
exhaustive  test,  and  to  equip  the  cable  completely. 
One  half  was  to  be  equipped  with  various  telegraph 
systems  including  duplex,  quadruplex  and  Wheatstone 
automatic  on  loops  and  superimposed  ;  and  the  other 
half  with  telephone  sets.  Although  the  cable  was  not 
intended  for  telephone  purposes  it  was  thought  well 
to  try  what  could  be  done.  All  the  circuits  so  pro- 
vided were  worked  simultaneously  without  difficulty, 
and  the  efficiency  of  the  cable  was  thus  proved.  The 
test  for  capacity,  resistance  and  telephone  overhearing 
involved  more  than  6  000  recorded  observations,  and 
the  equipment  of  the  telegraph  and  telephone  circmts 
involved  the  use  of  a  very  large  quantity  of  apparatus, 
including  25  telephone  circuits  for  listening-in  at 
different  parts  of  the  cable  and  12  such  circuits  for 
conversations  wliich  might  be  overheard  by  cross-talk. 

As  was  mentioned  m  Sir  William  Noble's  recent 
paper  *  and  my  remarks  in  the  discussion  thereon,  I 
initiated  the  first  loading  experiments  in  this  country 
early  in  1901.  The  plant  and  apparatus  used  had  to 
be  improvised,  and  consisted  amongst  other  tilings  of 
40  drums  of  4-pair  20-lb.  telephone  distribution  cable 
in  ^-mile  lengths  ;  about  200  telephone  induction  coils 
used  for  loading ;  various  telegraph  switches  for 
changing  the  coils  ;  telephone  transformers  used  as 
bridge  leaks  across  a  speaking  pair  and  for  phantoming 
in  the  ordinary  way  ;  and,  of  course,  a  Wheatstone 
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bridge,  Thomson  reflecting  galvanometer  and,  later, 
a  secohmmeter.  The  cable  enabled  a  loaded  and 
unloaded  circuit  to  be  made  up,  identical  as  regards 
the  factors  K,  R  and  L,  and  each  40  miles  long  with 
access  to  the  circuits  at  every  i-  mile.  It  was  at  these 
160  points  that  the  switches  were  required  and  each 
was  a  double-pole  two-way  switch.  The  most  useful 
improvised  loading  coil  was  found  to  be  the  secondary 
winding  of  the  25/1  induction  coil,  the  inductance  of 
which  was  70  mH.  With  two  of  these  coils  at  each 
point,  connected  to  the  cable  by  switches  so  that 
either,  neither,  or  two  in  parallel  could  be  used,  good 
results  were  obtained  \s'ith  two  in  parallel,  giving,  of 
course,   35  mH  per  point. 

Bobbins  of  this  size  were  next  specially  wound  with 
two  twisted  pairs  of  11-mil  \vire  so  as  to  get  a  greater 
range  of  inductance,  viz.  from  10  to  40  mH  in  each 
\v-ire  of  a  loop  at  each  point ;  the  coils  having  a  total, 
in  series,  of  80  mH.  With  37  of  these  coils  inserted 
in  38j  miles  of  the  distribution  cable,  excellent 
speech  was  obtained.  This  cable  having  served  its 
purpose  was  dismantled  and  returned  to  the  store. 
The  coils  were  used  for  trials  on  the  London-Leaming- 
ton section  of  the  Birmingham  cable  and,  as  the  cable 
had  not  been  jointed  through  to  Birmingham,  a  short 
completed  section  between  Leamington  and  Warwick 
was  next  utilized  as  an  experimental  length.  Test- 
pillars  gave  access  to  the  cable  at  2|-mile  points  at 
which  tents  were  erected  for  coils,  switches,  etc.,  the 
cable  being  looped  to  and  fro  at  the  ends  to  make  up 
a  circuit  of  about  120  miles  of  150-lb.  conductor  cable 
which  could  be  extended  at  the  ends  to  140  miles. 
Adjustable  inductances  were  made,  giving  a  range  of 
5  to  62  mH  without  an  iron  core,  and  up  to  160  mH 
with  a  core.  This  core  consisted  of  50  of  the  smallest, 
soft  charcoal  iron  wire  procurable,  shghtly  stranded 
and  covered  with  silk,  and  cut  up  into  suitable  lengths 
for  the  coils.  Four  of  these  laminated  cores  were  used 
to  obtain  the  maximum  figure.  The  coil  windings  con- 
sisted of  four  sets  of  1,  3  and  9  layers  brought  out  to 
terminals  and  so  wound  and  connected  as  to  result  in 
a  capacity  of  0-002  fiP  between  the  A  and  B  halves 
when  all  in  use.  The  variations  of  inductance  were 
obtained  by  joining  these  windings  in  series  or  opposi- 
tion, e.g.  (A  -H  B  -f-  C),  or  (A  -f  B  -  C)  or  (B  -f  C  -  A), 
etc.,  by  means  of  switches,  as  well  as  by  the  insertion 
of  I  to  4  cores  of  iron.  The  coils  were  mounted  in 
sets  of  5  on  a  board  with  a  protective  cover  and  used 
in  each  tent.  This  proved  to  be  an  extremely  useful 
arrangement  and  with  it  the  best  loading  for  all  types 
of  cable  was  ultimately  determined  experimentally. 
Cable  circuits  up  to  200  miles  in  length  were  spoken 
through  with  aerial-hne  extensions  of  several  hundred 
miles.  The  improvement  due  to  loading,  in  terms  of 
length,  was  found  to  be  from  2|  to  3  to   1. 

I  -will  mention  one  more  improvised  arrangement 
involving  the  use  of  some  336  tumbler  switches, 
fixed  on  a  board  in  sets  of  56  and  arranged  in  7  rows 
of  8.  Each  row  of  8  was  used  to  short-circuit  or  bring 
into  use  the  inductances  inserted  in  four  pairs  of  wires. 
The  56  circuits  were  operated  by  means  of  a  lath  of 
wood  and  could  be  altered  in  a  second  or  two,  and  as 
this  was  done  at  any  one,  or  all,  of  six  stations,  the 
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difference  in  the  loaded  and  unloaded  cable  could  be 
observed  as  often  as  desired.  If  alternate  stations 
operated,  the  difference  between  2^  and  5  mile  loading 
could  be  observed.  This  also  proved  to  be  a  perfectly 
satisfactory  arrangement,  as  almost  every  conceivable 
combination  could  be  arranged  by  varying  the 
inductance  values. 

Based  on  the  results  obtained,  standard  loading  coils 
were  designed,  but  these  have  since  been  superseded 
by  the  hedgehog  type  of  coil  now  being  installed  on  the 
London-Bnstol-Newport  route  and  elsewhere.  The  cast- 
iron  pots  containing  these  coils  weigh  from  J  to  1 J  tons. 

I  shall  only  mention  one  other  early  difficulty  neces- 
sitating improvization  which  may  be  interesting.  Before 
the  invention  of  the  insulation-testing  set  known  as 
the  "  Megger,"  I  designed  one  with  a  horizontal  pivoted 
galvanometer  for  use  on  the  road.  The  trouble  was 
to  get  the  necessary  voltage.  On  one  occasion  I  cut 
about  10  cylindrical  slices  from  each  of  20  circular 
dry  cells,  and  joining  them  in  series  found  I  could  get 
a  perfectly  good  test  up  to  5  000  or  more  megohms 
per  mile.  We  therefore  had  3  000  small  dry  cells  made 
and  fitted  in  boxes  in  sets  of  50,  brought  out  tappings 
to  4  terminals  through  safety  resistances,  and  by  using 
six  of  these  boxes  obtained  the  400  volts  necessary  for 
a  satisfactory  test  of  dry-core  cable  during  under- 
ground construction.  Until  the  Megger  came  into 
general  use  these  served  the  purpose  quite  well. 

As  an  outcome  of  the  experiments  with  the  Birming- 
ham cable,  single-screened  conductors  were  incor- 
porated in  the  design  of  the  cable,  extending  it  through 
Warrington,  Preston  and  Carlisle  to  Glasgow,  with  a 
branch  from  Warrington  to  Leeds  and  Newcastle-on- 
Tyne.  Similar  conductors  were  included  in  the  West 
of  England  underground  cable  which  extends  from 
London  through  Bristol,  Exeter  and  Penzance  to 
Porthcurnow,  for  the  Eastern  Cable  Company's  service. 
The  largest  cable  on  this  latter  route,  a  sample  of 
which  is  available  here  for  inspection,  is  3j  inches  in 
diameter  and  contains  32  pairs  of  wires  and  72  screened 
conductors,  the  total  weight  of  copper  per  mile  being 
9  tons,  and  of  lead  20  tons.  I  beheve  that  my  esti- 
mate for  this  London-Porthcurnow  cable,  including 
pipework,  drawing-in  and  jointing  and  testing  equip- 
ment, was  £328  000.  The  cable  in  the  western  sections 
of  course  became  progressively  smaller  until  at  Land's 
End  it  was  only  about  1  inchm  diameter.  A  comparison 
of  this  sample  with  one  of  the  new  London-Bristol 
cable  now  in  course  of  completion  illustrates  the  very 
great  advance  which  has  been  made. 

In  the  former  cable  105  circuits  (telephone  and  tele- 
graph) are  provided  by  means  of  9  tons  of  copper  per 
miie,  apart  from  superimposing,  while  in  the  latter  cable 
308  pairs  of  wires  are  provided  by  means  of  5i  tons  of 
copper  per  mile,  and  the  facilities  for  superimposing  are 
much  larger,  as  154  circuits,  apart  from  superimposing, 
would  be  provided  with  the  4-wire  repeaters  mentioned  in 
Sir  Wilham  Noble's  paper.  There  are  no  screened  con- 
ductors, such  screening  of  telegraphs  as  is  necessary 
to-day  being  provided  by  using  one  wire  of  a  loop 
ind  eartliing  the  other  as  a  screen.  Part  of  this  cable 
will  be  extended  to  South  Wales,  and  the  cable  and  loading 
pots  are,  I  observe,  in  position  in  the  Bristol  section. 


The  progress  thus  made  in  the  17  years  since  I  left 
London  for  Newcastle-on-Tyne,  on  being  appointed 
Superintending  Engineer,  is  certainly  very  remarkable. 
Not  only  has  loading  increased  the  efficiency  of  tele- 
phone cables  nearly  three-fold,  as  I  demonstrated,  but 
by  the  use  of  thermionic  valves  in  telephone  repeaters 
a  further  four-fold  improvement,  at  least,  has  been 
effected. 

The  improvement  due  to  loading  is  perhaps  com- 
parable with  that  brought  about  in  electric  Ughting 
by  the  substitution  of  metal  for  carbon  filaments  in 
lamps  ;  but  the  further  improvement  brought  about 
by  the  telephone  repeater  marks,  I  venture  to  say,  a 
much  greater  relative  advance  in  communication  by 
telephone  than  that  resulting  from  the  use  of  the  gas- 
filled  lamp  in  electric  lighting. 

It  appears  to  follow,  therefore,  that  supply  engineers 
have  some  leeway  to  make  up,  if  they  are  to  progress 
as  much  in  their  art  as  telephone  engineers  have  in 
theirs.  Until  they  obtain  a  24-hour  load  for  their 
generating  stations  the  capital  expended  on  their 
generating  plant,  substations,  mains,  networks  and 
equipment,  cannot  possibly  earn  a  full  and  adequate 
return  so  as  to  bring  down  the  cost  of  energy  to  a 
competitive  figure. 

I  was  pleased  recently  to  see  in  a  Bristol  newspaper 
a  reference  to  a  suggestion  which  I  have  been  making 
to  supply  engineers  for  several  years.  I  refer  to  the 
supply  of  hot  water  for  domestic  purposes,  by  the  use 
of  immersion  heaters  operated  at  night  when  so  much 
generating  and  other  plant  is  to  a  large  extent  idle. 
Tliis  question  of  thermal  storage  is,  I  think,  well 
worthy  of  industrial  research.  There  are  probably  in 
Bristol  alone,  for  instance,  80  000  30-gallon  hot-water 
tanks  put  out  of  use  by  the  very  extensive  substitu- 
tion of  gas  and  electric  cookers  for  the  kitchen  range. 
I  suggest  that  if  these  were  recovered  and  converted 
into  lagged  tanks,  or  otherwise  insulated  to  prevent 
loss  of  heat  and  fitted  with  heating  elements  and  such 
a  valve  as  is  fitted  in  gas  and  electric  steam  radiators 
for  turning  down  the  gas  or  cutting  off  the  current 
when  a  temperature  approacliing  boihng  point  is 
reached,  an  extremely  valuable  storage  of  energy 
would  be  provided.  The  electrical  energy  stored  by 
2i  milUon  gallons  of  water  raised  150  degrees  F.  in 
temperature  is,  I  suggest,  not  to  be  despised.  To 
compete  with  gas  for  heating  water,  electrical  energ>' 
would  probably  have  to  be  supphed  at  Jd.  per  unit. 
It  might  be  worth  |d.  per  unit  in  view  of  the  immunity 
which  electricity  provides  from  fire  risks,  but  the  fact 
that  it  can  be  controlled  from  a  distance  is  an  im- 
mense advantage,  as  is  also  the  fact  that  it  can  be 
turned  completely  off,  whereas  gas  controlled  by  means 
of  a  thermostat  is  only  turned  down. 

My  suggestion  is  that  a  simple  vibrating  relay  should 
be  devised  to  cut  the  heaters  into  circuit,  one  for  each 
tank,  at  the  will  of  the  switchboard  attendants,  dis- 
trict by  district.  This  could  probably  be  done  by 
superimposing  on  the  supply  network  a  signalling 
current,  which  would  possibly  be  sent  to  certain  areas 
in  turn,  so  as  to  spread  the  supply  for  tliis  purpose 
over  the  slack  hours.  In  fact,  if  this  plan  is  feasible, 
energy  for  tliis  purpose  could  be  supphed  at  any  time 
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of  the  day  or  night  when  there  was  a  sufficient  surplus. 
The  thermostat  would  cut  out  individual  tanks  when 
they  were  suf&ciently  heated.  For  bringing  tlus  stored 
hot  water  up  to  boding  point,  necessitating  the  addi- 
tion of  cold  water  and  so  conserving  the  supply,  I 
would  suggest  the  use  of  small  superheaters  on  each 
hot-water  tap  in  a  house. 

As  regards  the  insulation  of  the  tanks,  it  might  be 
practicable,  now  that  aluminium  is  getting  cheaper 
and  more  plentiful,  to  provide  an  inner  lining  on 
the  Thermos  principle  to  existing  tanks,  exhausting 
sufficiently  the  space  between  the  inner  and  outer 
w-aUs. 

A  recommendation  for  this  system,  if  it  can  be 
successfully  introduced,  would  be  the  fact  that  if  hot 
water  is  not  used  due  to  a  day's  absence  from  home, 
only  the  small  leakage  of  heat  would  be  .made  up  and 
charged  for,  whilst  for  prolonged  absence  the  supply 
should,  of  course,  be  cut  off  at  the  main  switch. 

Another  utihty  suggestion  wliich  might  be  worthy  of 
industrial  research  and  exploitation  is  the  following. 
We  ha^-e  heard  of  the  superimposing  of  telephonic 
speech  (with  the  necessarj'  calling  facihties  by  ringing 
bells,  etc.)  on  transmission  lines  operated  at  30  000  or 
even  110  000  volts.  Of  course  on  underground  power 
cables  of  any  length,  or  on  networks,  such  speech 
could  not  be  superimposed.  The  electrostatic  capacity 
of  such  cables  is  too  high  ;  but  signals  of  a  moderate 
periodicit\r  probably  could  be,  and  there  are  buzzers 
on  the  market  which  operate  at  the  supply  frequency 
and  are  intended  to  take  the  place  of  house  bells  and 
their  batteries. 

The  supply  frequency  would,  however,  probably  be 
too  low  for  my  purpose.  My  requirement  is  a  note 
wiiich  wnll  awake  people  from  a  dead  sleep,  say  C  in 
the  middle  of  the  treble  clef  which  is,  I  believe, 
equivalent  to  512  periods  per  second.  Now,  if  a  buzzer 
could  be  designed  which  would  operate  at  this  fre- 
quency only,  I  would  suggest  its  use  for  waking  people 
up,  in  preference  to  alarm  clocks.  If  such  a  signal 
could  be  made  to  operate  at  several  frequencies,  a 
little  above  and  a  httle  below  tliis,  so  much 
the  better.  These  frequencies  could  then  be  sent  over 
the  network  at,  say,  i-hour  intervals  from  6  a.m.  to 
8  a.m.  and  the  renter  would  be  supphed  with  a  small 
instrument  on  which  he  would  plug  in,  or  turn  a  pointer 
on  a  dial  to  the  time  at  which  he  wished  to  be  called. 
If  in  a  city  the  size  of  Bristol  50  000  renters  of  this 
service  could  be  obtained  at,  saj',  10s.  a  year,  an 
acceptable  additional  revenue  would  accrue  to  the 
supply  company  for  a  small  expenditure  of  energj'. 
I  venture  to  offer  these  suggestions  to  the  supply 
authorities  for  what  they  are  worth. 


I  will  conclude  with  something  in  the  nature  of'a 
vision.  When  I  was  in  the  North  of  England  <1 
erected  for  telephone  purposes  trunk  lines  of  H  poles 
braced  with  iron  rods  and  from  40  ft.  to  GO  ft.  in 
height.  One  Hne  ran  from  Shap,  through  Penrith, 
CarLsle  and  Gretna  into  Scotland,  and  on  the  East 
Coast  a  second  hne  ran  from  Northallerton  tlirough 
Bishop  Auckland  and  Newcastle  over  the  Cheviots  to 
Jedburgh ;  South  and  north  in  other  districts  they 
proceeded  into  Lancashire  and  Yorkshire  respectively, 
and  both  into  Scotland.  Now  Professor  Robertson,  * 
in  his  Chairman's  address  *  to  this  Centre  in  1916,  spoke 
of  various  ways  of  getting  cheap  power,  and  he  sug- 
gested that  the  Clyde  might  be  dammed.  If  the  great 
tidal  energj"  of  this  river  could  be  conserved,  converted, 
and  sent  down  over  these  lines — which  I  suppose  the 
Post  Office  ^vill  not  require  when  they  can  provide 
trunk  telephones  underground — it  should  be  possible 
to  supply  energy  without  undue  expense  to  Manchester 
and  Lancashire  in  general,  as  well  as  to  the  East  Coast 
and  Yorkshire.  There  are  also  the  poles  and  the  hues 
to  every  town  and  village  in  the  countpj-,  and  my 
dream  is  that  nejirly  all  overhead  plant  of  this  kind 
will  in  the  future  be  used  for  power  transmission. 
!Much  tliicker  conductors  would  have  to  be  employed 
in  some  cases,  but  only  a  few  of  them,  and  the  total 
weight  and  strain  on  the  poles  would  probably  be 
much  less  than  at  present.  The  Shap-Carhsle  line 
probably  carried  4  tons  of  copper  to  the  mile.  On 
the  minor  cross-country  hnes,  energy  for  fighting  and 
power  could  be  conveyed  to  every  town  and  village. 
Over  these  minor  lines  it  would  no  doubt  be  possible 
to  provide  the  telephone  service  by  means  of  the  high- 
frequency  carrier  currents  to  which  I  have  already 
referred,  or  by  means  of  telephone  cables  suspended 
on  the  poles  when  these  are  used  for  power  transmis- 
sion. Tliis  double  utifit\"  should  cheapen  both  services 
and  might  lead  to  the  re-population  of  our  rural  dis- 
tricts, reviving  their  industries  and  greatly  increasing 
the  amenities  of  country  fife. 

Main  fines  all  over  the  country,  having  probably 
a  route  mileage  approximating  to  12  000  miles,  will 
ultimately  become  available  for  other  than  their  original 
purpose.  May  my  dream  come  true,  for  the  turn  of 
the  tide  of  population,  at  least  in  part,  back  from  our 
great  centres  to  the  smaller  towns  and  villages  would 
undoubtedly  help  towards  "  the  greatest  happiness  to 
the  greatest  number."  Tfie  increased  modern  facilities 
for  travel  will  also  help  to  secure  this,  but  not  to  nearly 
so  great  an  extent  as  the  widespread  provision  of  cheap 
electrical  energ\-  for  light  and  power  and  the  revivjd 
of  rural  industries, 
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DUNDEE   SUB-CENTRE:    CHAIRMAN'S   ADDRESS 
By  R.  D.  Archibald,  Member. 

(Address  delivered  at  Dundee,   lOlh  October,   1922.) 


In  surveying  the  progress  wliich  has  been  made  in 
the  design  of  electrical  macliinery  during  the  last  20 
years,  it  is  interesting  to  note  some  remarks  made  by 
Mr.  Swinburne  in  his  Inaugural  Address  as  President 
in  December  1902  on  the  subject  of  "  Some  Limits  in 
Heavy  Electrical  Engineering."  *  Toucliing  on  problems 
generally,  he  says  : — 

"  It  may  be  well,  therefore,  to  try  and  look  over  some 
of  the  branches  of  our  great  and  diverse  industry,  and 
see  what  obstacles  are  now  opposing  us,  and  what  are 
likely  to  oppose  us  shortly,  and  whether  the  obstacles 
are  insuperable  or  not.  This  sort  of  prophecy  is  much 
more  difficult  than  the  other,  for  there  can  be  no  credit 
twenty  years  hence  in  having  said  something  that  could 
not  be  done,  even  if  it  has  not,  wliile  if  it  has  been 
accomplished  the  position  is  still  more  difficult.  Negative 
prophecy  is  thus  unattractive.  But  the  discussion  of 
our  hmits  not  only  may  have  a  beneficial  effect  in  making 
us  more  modest,  but  may  be  a  much  greater  benefit  if 
by  focusing  our  attention  on  a  hmit  of  any  development 
we  find  either  that  the  obstacle  is  theoretically  insur- 
mountable, in  which  case  we  must  go  round  it,  or  that 
it  has  to  be  scaled  in  a  particular  way." 

Speaking  of  efficiency  and  output  of  dynamos,  he 
says  : — 

"  We  are  not  hkely  to  make  much  advance  in  dynamos 
now,  as  we  are  hmited  on  one  hand  by  the  hysteresis 
loss  in  iron,  which  prevents  our  using  liigher  inductions 
in  armatures,  and  low  permeabiUty  wliich  hmits  our 
field  and  armature  tooth  inductions.  It  does  not  seem 
likely  we  will  now  find  iron  much  better  in  either  respect. 
Nor  are  we  likely  to  find  a  better  available  conductor 
than  pure  copper.  As  insulator  we  have  mica.  It 
looks,  therefore,  as  if  we  were  witlun  sight  of  our  hmits 
in  dynamo  and  motor  designs." 

Mr.  Swinburne  went  on  to  describe  a  type  of  dynamo 
in  which  the  field  was  made  to  rotate  faster  than  the 
poles,  whereby  the  E.M.F.,  and  tlierefore  the  output  of 
a  geneiator  of  given  size  and  speed,  could  be  increased. 
He  suggested  the  application  to  traction  motors  of 
the  inverse  of  tlus  principle,  whereby  the  same  output 
could  be  obtained  from  a  given  size  of  motor  at  a  lower 
speed.  The  principle  is  virtually  contained  in  the 
Hunt  and  Greedy  cascade  induction  motors  now  in 
common  use,  but  as  far  as  generators  are  concerned  it 
never  seems  to  have  received  much  attention.  Possibly 
it  may  be  more  developed  in  the  future,  but  the  need 
for  such  a  comphcation  has  largely  disappeared  since 
the  introduction  of  the  turbo-alternator. 

In  the  hght  of  Mr.  Swinburne's  remarks,  let  us  now 
rapidly    review    the    developments    which    have    taken 
place  in  the  last  20  years  and  again  glance  at  the  limits 
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or    obstacles   to    further   development   with   which   we 
are  faced. 

In  the  development  of  anything  new,  whatever  it 
may  be,  we  always  find  that  its  design  is  founded  on, 
and  resembles  some  implement,  machine,  or  even  animal 
which  performed  the  same  function  before.  The 
dynamo  was  evolved  from  the  physics  department  and 
retained  the  stamp  of  the  physics  laboratory  for  some 
time  before  the  engineer  took  the  matter  in  hand  and 
turned  out  the  dynamo  as  we  know  it  to-day. 

Twenty  years  ago  this  change  had  already  practically 
taken  place,  for,  although  Gramme-ring  and  smooth- 
core  armatures  were  still  being  made,  they  were  chiefly 
for  spares  or  for  such  purposes  as  organ-blowing  where 
the  hum  caused  by  the  toothed  armature  was  objection- 
able. The  bipolar  type  of  field  magnet  was  still  fingering 
in  sizes  in  wliich  it  ought  to  have  disappeared,  in  spite 
of  the  arguments  advanced  in  favour  of  four-pole  designs. 
The  reasons  adduced  for  the  extra  long  life  of  the  bipolar 
macliine  in  tliis  country  was  that  we  employed  higher 
speeds  than  they  did  on  the  Gontinent.  But  it  was  soon 
reahzed  how  wasteful  in  material  the  bipolar  type 
was,  compared  with  the  four-pole  macliine,  and  nowadays 
we  find  the  bipolar  magnet  only  in  small  macliines  or 
in  larger  macliines  only  where  abnormal  circumstances 
combine  to  make  it  more  expedient,  as  in  certain  turbo- 
alternators  and  railway  motors. 

The  interpole  macliine  had  not  yet  made  its  appearance 
20  years  ago,  altliough  the  idea  was  by  no  means  a  new 
one.  At  that  time  the  load  at  wliich  a  machine  sparked 
was,  as  often  as  the  temperature-rise,  the  hmit  to  its 
output,  and  the  introduction  of  interpoles  had  the 
effect  of  raising  the  sparking  hmit  and  making  us  pay 
much  more  attention  to  the  question  of  keeping  the 
maclune  cool. 

Alternators  of  the  Ferranti  aiid  Mordey  tT,-pes  were 
still  in  use,  though  rapidly  beconfing  obsolete,  and  the 
medium-speed  alternator  wlfich  was  taldng  their  place 
was  little  different  from  the  present-day  type.  The 
large  low-speed  type  was  becoming  even  larger,  but  in 
a  few  years  its  days  were  numbered  as  far  as  steam 
engines  were  concerned  and  tlie  turbo-alteniator  very 
quickly  took  its  place.  The  behaviour  of  the  rotary 
converter  on  50-cycle  circuits  created  doubts  in  the 
minds  of  some  as  to  the  ^v•isdom  of  employing  such  liigh 
frequencies,  but  it  can  now  be  trusted  to  run  automati- 
cally in  many  places.  Developments  have  chiefly 
been  in  connection  with  the  regulation  of  the  voltage 
and  automatic  starting.  Induction  motors  were  largely 
of  the  open-slot  tj-pe,  following  American  practice.  The 
open  slots  permitted  coils  to  be  woujid  on  formers,  and 
barrel  windings  to  be  placed  in  the  slots  in  the  same  way 
as  in  d.c.  armatui-es.     The  closed  or  semi-closed  slot 
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necessitated  hand  ivinding,  wliich  increased  the  cost 
of  labour  considerably,  but  since  more  iron  was  exposed 
to  the  air-gap  the  macliine  could  be  made  smaller  and 
material  was  saved.  In  America,  labour  was  dear  and 
material  cheap  so  that  the  open-slot  tj-pe  flourished. 
The  winding  difi&culties  in  the  smaller  sizes  were  soon 
got  over,  however,  by  the  use  of  a  slot-opening  just  suffi- 
cient to  let  the  conductors  of  a  coil  in  singly,  and  in  the 
larger  sizes,  in  which  bar  windings  are  used,  by  quick 
methods  of  soldering  the  connections  of  the  bars  wliich 
were  pushed  through  the  slots  and  then  joined  together. 
A  great  many  inventions  were  brought  out  to  get 
over  the  difficult^'  of  starting  the  squirrel-cage  type, 
but  hardly  any  of  these  have  survived,  and  with  the 
simple  induction  motor  we  are  not  much  further  on  in 
that  respect. 

No  radical  change  has  taken  place  in  the  design  of 
transformers.  Some  special  types  have  dropped  out 
and,  excluding  the  progress  in  methods  of  cooling  and 
insulating  for  high  pressures,  there  is  little  to  record. 
The  gradual  increase  in  the  iron  losses  due  to  ageing 
was  a  trouble  which  has  since  been  got  over  by  the 
manufacturers. 

Hopes  of  long-distance  traction  by  single-phase 
commutator  motors  existed  in  those  days  just  as  to-day, 
but  developments  have  not  been  in  proportion  to  the 
hopes,  though  the  single-phase  motor  has  been  much 
improved  as  far  as  sparking  hmits  and  outputs  are 
concerned. 

It  would  appear,  therefore,  that  there  has  beenn  o 
radical  departure  in  the  general  design  of  electrical 
machinery  during  the  last  20  vears,  and  on  comparing 
the  appearance  of  an  old  machine  with  a  present-day 
one  the  chief  thing  noticeable  is  the  tendency  to  enclose 
the  working  parts  in  a  dust-proof — or  is  it  a  fool-proof — 
case.  Tliis  is  a  sure  sign  that  no  minor  troubles,  and 
also  no  radical  changes  in  design,  are  expected. 

Before  reviewing  the  limitations  which  confront  us 
at  the  present  time,  let  us  refresh  our  memories  by 
examining  in  what  way  the  output  of  an  electrical 
machine  is  limited.  We  shall  take  as  an  example  a 
medium-speed  alternator  of  low  voltage.  The  output 
is  proportional  to  the  terminal  E.M.F.  multiphed  by 
the  current  dehvered.  The  E.M.F.  is  of  course  fixed 
by  the  voltage  of  the  supply  to  winch  the  alternator 
is  to  be  connected,  but  we  shall  leave  out  all  limitations 
external  to  the  machine  and  consider  only  those  set 
by  the  material  of  the  machine  itself.  We  can  increase 
the  output  by  increasing  either  the  E.M.F.  or  the  cur- 
rent, and  shall  first  consider  the  effect  of  increasing 
the  E.M.F. 

We  can  increase  the  E.M.F.  by  raising  the  speed  of 
the  machine.  This  increases  the  frequency  of  the 
alternations  in  the  teeth  and  armature  core,  and  there- 
fore raises  the  temperature  of  the  armature.  It  also 
increases  the  centrifugal  stresses  in  the  rotor.  After 
a  certain  speed  has  been  reached,  either  the  temperature 
of  the  armature  or  the  stresses  in  the  rotor  will  set  a 
limit  to  any  further  increase  of  speed.  We  could 
get  over  the  difficulty  by  designing  the  machine  with 
fewer  poles  so  as  to  reduce  the  frequency  of  the  alterna- 
tions, and  with  a  smaller  diameter  so  as  to  reduce  the 
centrifugal  stresses,  but  on  further  increasing  the  speed 


we  should  eventually  be  faced  with  the  same  problem, 
and  finally  arrive  at  the  two-pole  turbo-alternator 
in  which  we  cannot  make  the  poles  any  less  or  the 
speed  any  higher.  Our  only  way  out  of  the  difficulty 
now  is  to  use  a  stronger  material  for  the  rotor,  and  iron 
in  winch  the  hysteresis  and  eddy-current  losses  in  the 
teeth  and  armature  core  are  less.  But  we  can  also 
increase  the  E.M.F.  by  strengthening  the  field.  By 
doing  so  we  increase  the  flux  density  in  the  armature. 
After  a  certain  stage  the  magnetic  circuit  becomes 
saturated  and  an  abnormal  amount  of  energy  has  to 
be  expended  to  get  any  further  increase  in  the  field  and 
E.M.F.  We  canincrease  the  axial  length  of  the  machine 
to  get  over  these  difficulties,  but  we  cannot  for  mechanical 
reasons  do  tliis  indefinitely,  and  we  are  soon  up  against 
the  same  trouble  as  before.  Our  only  hope  now  is  to 
find  an  iron  with  lower  hysteresis  and  eddy-current 
losses  and  with  a  higher  point  of  saturation. 

This  exhausts  our  methods  of  increasing  the  E.M.F., 
so  let  us  now  see  how  we  can-get  more  out  of  the  machine 
by  increasing  the  current.  This  will  increase  the  copper 
losses  in  the  winding  and  introduce  further  armature 
reaction.  The  former  will  raise  the  temperature  of  the 
armature  and  the  latter  will  eventually  bring  down  the 
E.M.F.,  so  that  the  output  is  no  further  increased.  We 
can  neutralize  the  armature  reaction  by  windings  on 
the  poles,  and  we  can  increase  the  section  of  the  copper 
by  widening  the  slot.  But  this  would  entail  an  armature 
of  larger  diameter,  which  is  already  limited  by  the  speed. 
We  can  deepen  the  slots,  but  by  deepening  them  we 
increase  the  eddy  currents,  the  reactance  voltage,  and 
the  tooth  losses,  so  that  the  other  limits  will  soon  drive 
us  back  to  the  limit  of  conductivity  of  copper. 

If  we  add  a  commutator  we  introduce,  due  to  sparking, 
new  limits  to  the  current,  and,  owing  to  the  flasliing-over 
which  occurs  when  a  certain  voltage  between  segments 
has  been  reached,  to  the  E.M.F.  The  sparking  limit 
can  be  raised  by  the  use  of  interpoles,  and  the  flasliing- 
over  point  by  the  use  of  more  segments,  but  there  is 
a  limit  to  the  practical  width  of  a  segment,  so  that 
the  use  of  a  commutator  sets  an  absolute  hmit  on  the 
voltage  wluch  a  d.c.  machine  can  give.  I  have  said 
nothing  about  the  voltage  being  limited  by  the  strength 
of  the  insulation,  for  the  other  hmits  occur  in  a  low- 
voltage  machine  long  before  the  insulation  question 
becomes  of  serious  importance. 

The  position  of  affairs  to-day  is  that  we  are  face  to 
face  ^\^th  the  limitations  due  to  iron  losses  and  satura- 
tion, and  the  resisti\'ity  of  copper.  Some  progress 
has  been  made  in  reducing  hysteresis  and  eddy-current 
losses  by  alloying  iron  with  sihcon  ;  but  we  have  dis- 
covered no  better  magnetic  substance  than  iron,  nor 
better  conductor  than  copper.  We  may  expect,  there- 
fore, that  these  limits  will  receive  much  more  attention 
during  the  next  20  years  than  they  have  during  the 
past.  The  Sayers  dynamo  recently  described  in  the 
electrical  Press  is  merely  a  further  attempt  to  get  round 
these  obstacles  by  cutting  out  the  armature-core  losses 
and  short-circuiting  the  idle  parts  of  the  armature 
coils,  or  practically  doing  away  with  end  connections. 

This  is  not  the  first  attempt  in  this  direction.  Disc- 
type machines  have  been  made  on  this  principle  for 
direct   and    alternating   currents,    but   there   are   many 
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objections  to  the  disc  construction,  one  of  the  most 
important  being  its  weakness  laterally,  so  that  short- 
circuits  are  very  apt  to  destroy  the  winding.  It  will 
be  interesting  to  see  to  what  extent  centrifugal  stresses 
will  limit  the  speed  and  output  of  this  machine. 

If  the  dynamo  of  the  future  is  going  to  avoid  core 
losses,  we  shall  have  to  face  the  problem  of  saturation 
and  conductivity.  We  must  bear  in  mind  that  these 
two  factors  contribute  largely  to  the  foundation  of  the 
heavy  electrical  industry.  Were  it  not  for  the  fact 
that  iron  is  so  much  more  permeable  than  other  magnetic 
substances,  and  copper  such  a  good  conductor,  electrical 
engineering  would  probably  be  by  this  time  past  its 
zenith.  Certainly  it  looks  as  if  further  expansion  of 
tramway  systems  is  going  to  be  very  much  curtailed. 
The  trouble  is  that  the  weight  efficiency  of  the  internal 
combustion  engine  has  improved  a  great  deal  and  that 
of  the  electric  motor  very  little. 

Is  the  case  quite  as  hopeless  as  Mr,  Swinburne  thought 
20  years  ago  ?  The  applied  physics  department  is  a 
new  creation  since  those  days  and  is  busy  on  those 
problems  at  the  present  time.  The  exact  conditions 
wliich  render  a  body  magnetic  are  not  yet  fully  under- 
stood. We  find  that  the  alloys  of  some  non-magnetic 
substances  form  magnetic  ones  and  that  alloys  of  some 
magnetic  ones  form  non-magnetic  ones  ;  also  that  slight 
impurities  affect  the  magnetic  condition  very  greatly. 
It  is  too  soon  to  say  that  anything  is  going  to  come  of 
this,  but  further  research  along  these  lines  will  tell  us 
before  very  long  whether  saturation  is  an  obstacle 
which  we  must  get  round  or  can  surmount. 

When  it  comes  to  conductivity  the  alloys  give  us  no 
help  ;  for  by  alloying  two  metals  we  always  increase 
the  resistance.  Experiments  with  metals  at  extremely 
low  temperatures  show  that  it  is  possible  to  make  a 
conductor  have  practically  zero  resistance.  It  is  hardly 
likely  that  this  will  find  any  practical  application  at 
present,  though  it  does  not  seem  beyond  the  bounds  of 
possibility  that  it  may  some  day  be  made  use  of  in 
turbo-generators  if  the  heat-insulation  problem  is  not 
too  difficult  and  the  energy  were  transmitted  to  the 
external  circuit  by  mutual  induction  to  prevent  heat 
being  drawn  from  the  mains. 

The  important  point  about  these  experiments  is  that 
they  will  probably  lead  us  to  the  solution  of  the  problem 
of  what  really  is  the  cause  of  resistance.  Then  we 
shall  know  whether  it  is  necessary  to  go  to  these  low 
temperatures  to  get  better  conductivity.  If  so,  and 
we  can  find  notliing  better  than  our  present  iron,  the 
prophecy  of  Mr.  Swinburne  will  probably  be  good  for 
another  20  years,  if  not  more. 

I  shall  conclude  by  suggesting  a  problem  towards 
which  it  might  be  advantageous  for  station  engineers 
or  manufacturers  of  generating  plant  to  turn  their 
attention. 

Every  effort  is  being  made  at  present  to  obtain  more 
effective  means  of  cooling  in  turbo-alternators  and  this 
is  a  most  praiseworthy  object  to  have  in  view.  But 
little  heed  is  paid  to  the  considerable  difference  wliich 
is  made  by  introducing  the  cooLng  medium  at  a  low 
temperature.  For  example,  let  the  temperature  of  the 
cooling  air  of  a  fully-loaded  turbo-alternator  he  t^  at 
the  inlet  and  <£  a-t  the  outlet,  and  let  the  temperature 


of  the  windings  of  the  alternator  be  fg.  Then  %  is 
greater  than  to,  and  U  than  t^.  The  rise  of  temperature 
of  the  alternator  windings  is  ts  —  t^,  and  this  is  practically 
the  same  on  a  cold  winter  day  when  t^  is  low,  as  on 
a  hot  summer  day  when  ii  is  liigh.  The  consequence  is 
that  the  alternator  may  have  a  considerable  overload 
capacity  on  a  very  cold  day,  and  little  or  no  overload 
capacity  on  a  very  hot  summer  day. 

Let  the  output  of  the  turbine  be  100  and  the  losses 
in  the  alternator  be  5,  so  that  the  output  of  the  alternator 
is  95  and  its  efficiency  95  per  cent.  Let  t^  =  60°  P., 
and  <3  =  150°  F.  at  full  load,  so  that  the  temperature- 
rise  t3  —  ti=  90  degrees  F. 

Now  suppose  that  there  are  12  degrees  of  frost  so 
that  *!  becomes  20°  F.  The  rise  of  temperature  bemg 
the  same  as  before,  t^  becomes  110°  F.  and  we  are  left 
with  a  margin  of  40  degrees  F.  to  work  on.  On  the 
assumption  that  the  temperature  of  the  winding  rises 
in  proportion  to  the  losses,  we  could  increase  the  armature 
current  in  the  ratio  of  -^(130/90)  or  20  per  cent,  and 
bring  /j  back  to  150°  F.  The  capacity  of  the  turbo- 
alternator  is  therefore  20  per  cent  greater  than  when 
the  air  temperature  is  60°  F. 

Suppose  now  we  artificially  produce  the  cold  by 
refrigerating  the  coohng  air  from  60°  F.  down  to  20°  F., 
and  for  simplicity  let  us  suppose  that  to  is  60°  F.,  so 
that  the  cooling  air  enters  the  alternator  at  20°  F.  and 
comes  out  at  60°  F.,  In  passing  through  the  alternatot 
the  air  receives  an  amount  of  heat  practically  equal  to 
the  losses  =■■  5.  This,  then,  is  the  amount  of  heat  we 
have  to  extract  from  the  air  to  bring  it  down  to  20°  F. 
again.  (If  to  is  less  than  the  atmospheric  temperature 
we  should  gain  a  little  by  using  the  same  air  over  again.) 
To  get  cold  air  at  20°  F.  we  might  have  to  refrigerate 
down  to  —  10°  F.  Now  the  coefficient  of  performance 
of  a  refrigerator  working  between  the  limits  of  60°  F. 
and  —10°  F.  is  theoretically  6-4.  Refrigerators  can 
get  witliin  70  per  cent,  of  the  theoretical  figures,  but 
allowing  for  motor  losses,  etc.,  suppose  that  we  take  the 
figure  as  4.  This  means  that  for  every  5  units  of  heat 
extracted  from  the  air  only  ^  or  Ij  units  of  work  need 
be  done.  This  work  must  be  added  to  the  losses, 
which  will  now  be  6|  at  full  load.  We  can,  however, 
increase  the  load  by  20  per  cent  or  from  95  to  114,  and 
if  we  assume  the  copper  loss  at  full  load  to  be  1-5 
the  extra  copper  loss  at  20  per  cent  overload  will  be 
{(1-2)2  X  1-5  -  1-5}  =  0-65.  The  total  losses  are 
now  6  -25  -|-  0  -65,  that  is,  say,  7,  and  the  efficiency  is 

114 

— ^94-2  per  cent. 

114  -f-7 

Hence  with  a  small  loss  in  efficiency  the  capacity  of  the 
station  is  increased  by  20  per  cent  if  the  steam  turbines 
and  the  boilers  ^e  able  to  supply  the  power.  The  cost 
of  the  refrigerator  and  the  loss  of  efficiency  would 
have  to  be  set  off  against  the  cost  of  extra  generating 
plant,  but  circumstances  might  arise  where  it  would  be 
useful  to  consider  this  point,  and  a  liaison  between  tlie 
station  engineer  and  tlie  refrigerating  engineer  might 
elicit  a  number  of  things  which  neither  had  thought 
of  before. 

I  suggest  that  this  is  a  matter  which  might  be  explored 
to  see  whether  any  advantage  could  be  gained. 
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THE 


Historical. 

In  the  short  time  at  my  disposal  it  is  quite  impossible 
to  give  an  adequate  conception  of  the  most  interesting 
story  which  lies  beliind  the  development  of  telephony 
in  this  country.  It  is  full  of  romance  and  it  is  perhaps 
astonishing  that,  so  far,  it  has  escaped  more  than  very 
casual  attention  in  hterature. 

On  Wednesday,  2nd  August,  1922,  there  passed 
from  this  life  an  inventor  who,  unhke  many  other 
such  workers,  lived  long  enough  to  witness  the  world- 
wide apphcation  of  the  fruits  of  his  labour  in  the  interests 
of  humanity.  I  refer  to  Alexander  Graham  Bell,  the 
inventor  of  the  telephone. 

Graham  Bell  really  invented  the  telephone  at  Boston, 
Mass.,  on  2nd  June,  1875,  being  assisted  by  Thomas  A. 
Watson,  an  assistant  in  the  electrical  workshop  of 
Charles  Wilhams,  wliither  many  would-be  inventors 
resorted  for  assistance  in  giving  practical  form  to  their 
ideas,  and  in  the  3'ears  wlrich  since  have  elapsed  to  the 
day  of  his  death,  at  the  ripe  age  of  75,  he  followed 
the  development  of  his  invention  into  an  enormous 
industry  and  one  which  now  furnishes  a  means  of 
communication  employed  in  every  civihzed  country  in 
the  world. 

The  telephone  is  now  so  commonplace  that  one  loses 
all  wonder  at  its  performance  and  is  apt  to  forget  what 
a  really  wonderful  devdce  it  is  ;  in  fact,  nowadays  if 
it  fails  to  give  such  constant  service  as  is  rendered,  for 
example,  by  the  domestic  water  tap,  it  is  frequently 
condemned  in  no  gentle  terms.  Yet  it  is  extremely 
doubtful  whether  the  announcement  of  any  invention 
either  before  or  since  has  been  received  with  such  in- 
creduhty  or  has  excited  such  intense  interest  as  that 
of  the  telephone.  Mr.  J.  E.  Kngsburv',  in  an  address 
dehvered  at  one  of  the  meetings  commemorating  the 
fiftieth  anniversary  of  the  Institution,*  refers  to  liis 
vivid  recollection  of  the  feehng  of  awe  wliich  came  over 
him  on  the  occasion  of  his  first  experience  of  telephonic 
speech  in  1878.  Incidentally,  telephone  engineers 
might  not  be  displeased  if  the  telephone  engendered 
some  of  that  same  feehng  of  awe  amongst  telephone 
users  to-day  and  engendered  a  httle  more  reverence 
for  the  instrument  than  is  sometimes  accorded  it. 

Telegraphy  was  the  first  real  praatical  apphcation 
of  electrical  science  to  the  needs  of  mankind,  and  it  was 
to  forward  the  interests  of  electrical  and  telegraphic 
science  that  our  Institution  was  inaugurated  in  1871 
as  the  Society  of  Telegraph  Engineers.  In  1878  the 
telephone  was  introduced  into  this  country  in  com- 
mercial form  ;  other  branches  of  the  electrical  profession 
began  to  develop  at  about  the  same  time  and,  along  with 
telephony,  grew  into  lusty  branches  before  many  years 
*  Journal  I.E.E.,  1922,  vol.  60,  p.  428. 


had  passed.  Although,  in  view  of  the  ruhng  of  the 
Court  in  the  case  of  the  Attornev-General  versus  the 
Edison  Telephone  Company,  on  20th  December,  1880, 
that  the  telephone  was  a  telegraph  wthin  the  meaning 
of  the  Telegraph  Acts  of  1863  and  1869,  the  designation 
"  Society  of  Telegraph  Engineers  "  might  have  sufficed 
to  embrace  the  telephone  also,  yet  the  development 
of  the  sister  branches  of  electrical  science  was  so  vigorous 
that  the  old  title  became  inadequate  to  indicate  the 
objective  and  scope  of  the  Society,  and,  consequently, 
in  1881  it  was  altered  to  "  The  Society  of  Telegraph 
Engineers  and  Electricians,"  only  to  be  changed  again 
when  the  present  title  "  The  Institution  of  Electrical 
Engineers  "  was  adopted  in  1883. 

For  some  time  the  telegraph  and  the  telephone 
remained  in  the  background,  and  it  was  not  often  that 
the  dehberations  of  the  Institution  were  directed 
towards  the  subject  of  telephony.  So  scanty  indeed 
at  one  time  were  the  hterary  contributions  on  telephony 
to  the  Institution  and  also  to  the  technical  Press,  that 
it  might  not  unreasonably  have  been  concluded  that 
the  subject  did  not  present  a  sufficiently  wide  field 
for  exploration  by  the  potential  author.  It  was  not, 
however,  for  this  reason  that  telephone  subjects  were 
not  more  frequently  treated. 

Wliile  the  principal  telephone  patents  were  in  force 
the  United  Telephone  Company  was  compelled  very 
jealously  to  guard  its  rights  and,  while  actively  engaged 
in  its  numerous  legal  disputes,  adopted  a  liiglily  con- 
servative attitude.  Pubhcation  of  its  pohcy  and 
methods  of  working  were  absolutely  banned  ;  at  one 
time  its  officers  were  not  permitted  to  read  papers 
before  the  Institution  and  they  were  forbidden  even 
to  attend  its  meetings.  Consequently,  commensurate 
with  the  importance  of  telephony,  there  was  a  dearth  of 
literature  on  the  subject  during  the  period  in  question, 
and  it  was  a  long  time  before  the  atmosphere  created 
by  the  stringent  secrecy  and  exclusiveness  of  the  United 
Telephone  Co.  was  dissipated. 

The  Post  Of&ce  also  has  always  been  essentially 
conservative  so  far  as  pubhcity  is  concerned,  and  has 
never  encouraged  advertisement  either  of  its  pohcy  or 
of  its  engineering  and  scientific  achievements,  although 
it  has  always  been  ready  to  furnish  information  and 
tender  advice  to  interested  parties.  In  comparatively 
late  years  only  has  telephony  begun  to  take  its  rightful 
place  in  the  proceedings  of  Institutions  which  exist 
for  the  advancement  of  engineering  science. 

The  condition  of  the  telephone  system  and  the  effi- 
ciency of  the  telephone  service  in  tliis  country  have 
together  been  a  source  of  keen  discussion  and  the 
subject  of  no  httle  criticism  ever  since  the  telephone 
became    estabhshed    as    a    practical    proposition.     In 
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1878,  people  were  amazed  and  almost  incredulous  at 
the  idea  of  carrying  on,  by  electrical  means,  conversa- 
tion between  points  far  distant  one  from  another,  and 
yet,  in  spite  of  the  fact  that  telephone  development  in 
the  United  Kingdom  has  never  been  considered  to  be 
comparable  with  that  wliich  has  occurred  elsewhere, 
and  particularly  in  America,  progress  was  so  rapid 
that  in  the  space  of  a  few  years  the  old  adage  "  fami- 
liarity breeds  contempt  "  was  once  more  exemphfied, 
loudly  voiced  complaints  being  made  that  the  telephone 
service  was  woefully  inefiScient,  that  speech  was  inter- 
fered with  by  extraneous  noises,  that  sometimes  con- 
versation was  interrupted,  and  that  delays  were  experi- 
enced in  estabhsliing  connections.  Since  that  time 
vast  developments  and  great  improvements  have 
taken  place  and  yet  similar  and  no  less  vehement 
outbursts  of  complaint  are  still  not  uncommon. 

The  master  telephone  patents  did  not  expire  until 
1890  and  1891,  and  the  United  Telephone  Co.  which 
owned  them  during  the  greater  part  of  the  time  they 
were  in  force  farmed  them  out  to  other  companies  to 
exploit  the  provinces,  and  itself  undertook  the  tele- 
phoning of  London.  To  this  Company  fell  the  lot 
of  guarding  the  patent  rights  which  it  held  for  the 
whole  of  the  country,  and  so  numerous  were  the  infringe- 
ments that  it  was  found  necessary  to  devote  no  little 
energy  to  tliis  end,  a  fact  which  to  some  extent  perhaps 
detracted  from  the  main  purpose  for  wliich  the  Company 
existed,  namely,  the  provision  of  telephone  inter- 
communication. 

During,  and  for  a  httle  time  after,  the  period  in  which 
the  several  subsidiary  companies  wliich  had  been 
formed  were  consolidated  as  the  National  Telephone  Co., 
there  was  much  organized  agitation  advocating  treat- 
ment of  the  telephone  question  in  different  ways.  The 
Government  was  greatly  perplexed  by  the  situation  and 
the  Company  was  kept  in  a  state  of  suspense  and  doubt 
as  to  the  outcome. 

All  this  was  not  good  for  the  telephone  service,  and 
the  competition  recommended  by  the  Select  Committee 
of  1898  eventually  established  by  venture  into  the  tele- 
phone field  of  certain  municipaUties,  after  prolonged 
agitation  by  them  to  be  licensed  to  institute  local 
telephone  service,  did  not  mend  matters.  On  5th  April, 
1896,  the  Post  Office  acquired  the  telephone  trunk-hne 
system  of  the  National  Telephone  Co.  in  order  that 
the  revenue  which  it  was  alleged  the  long-distance 
telephone  service  withdrew  from  the  telegraphs  might 
revert  to  the  Government  and  in  order  that  facilities 
for  inter-town  communication  might  be  available  to 
prospective  competitors  of  the  National  Telephone  Co. 
The  Post  Office  also  entered  seriously  into  the  telephone 
business  at  about  this  time  and  in  1902  inaugurated  its 
London  telephone  system.  Recognizing  the  futihty 
and  serious  disadvantages  in  the  pubhc  interest  of 
competition  between  rival  telephone  administrations, 
and  in  spite  of  the  recommendations  of  the  Select  Com- 
mittee of  1898,  they  wisely  arranged  in  opening  their 
telephone  service  to  co-operate  rather  than  compete, 
in  the  strict  business  sense  of  the  term,  with  the  National 
Telephone  Co.  for  the  remainder  of  that  Company's 
license,  and  the  metropolitan  area  was  therefore  saved 
from    the    throes    of    competition    and    the    somewhat 


undignified  proceedings  wliich  occurred  in  some  pro- 
vincial towns. 

During  the  ten  years  1902-1912,  a  most  important 
and  eventful  period  in  the  history  of  the  telephone 
in  tliis  country  both  commercially  and  technically, 
IMr.  Frank  Gill,  our  President,  occupied  the  position 
of  Engineer-in-Chief  to  the  National  Telephone  Co. 

The  election  in  this  country  of  Mr.  Gill  as  President 
of  this  Institution  has  been  paralleled  in  America, 
where  a  similar  honour  has  this  year  been  paid  to 
telephony  by  the  election  to  the  Presidential  chair  of 
the  American  Institute  of  Electrical  Engineers  of  Dr. 
Frank  B.  Jewett,  formerly  Cliief  Engineer  and  now 
Vice-President  of  the  Western  Electric  Co.,  the  manu- 
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Fig.    1. — Comparison  of  telephone  development  in  the 
United  Kingdom  and  the  U.S.A. 

facturing  and  engineering  section  of  that  vast  adminis- 
tration the  American  Telephone  and  Telegraph  Co. 

The  Telephone  Agreement  dated  2nd  February,  1905, 
entered  into  between  the  Postmaster-General  and  the 
National  Telephone  Co..  which  provided  for  purchase 
by  the  State  of  the  Company's  system,  was  the  first 
tangible  indication  of  the  ultimate  unification  of  the 
telephone  system  of  the  United  Kingdom,  but  the 
agreement  did  not  take  practical  effect  until  1st  January, 
1912. 

The  total  stafif  of  the  National  Telephone  Co.  trans- 
ferred to  the  Post  Office  at  tliis  time  numbered 
approximately  18  000.  Of  tliis  number  about  7  000 
were  engaged  almost  exclusively  upon  engineering 
work  and,   when  added  to  the  existing  forces  of  the 
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Post  Office  Engineering  Department  wliicli  numbered 
roughly  9  000,  brought  the  total  up  to  16  000. 

Within  two  years  the  staff  had  increased  considerably 
and  a  good  deal  of  work  had  been  accomplished  towards 
the  unification  of  the  system.  Comprehensive  schemes 
for  the  replacement  of  obsolete  plant  and  the  installation 
of  new  plant  on  a  generous  basis  to  meet  anticipated 
development  were  in  full  swing  when,  unfortunately, 
the  Great  War  intervened  and  put  a  stop  for  more  than 
five  years  to  all  but  imperatively  necessary  work. 

During  tliis  period  some  13  000,  corresponding  to 
more  than  50  per  cent,  of  the  engineering  staff  of  the 
Post    Office,    upon    whom    devolved    the    maintenance 
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Fig.  2. — Comparison  of  the  number  cf  population  per  tele- 
phone station  in  the  United  Kingdom  and  the  U.S.A. 

of  the  telephone  service,  were  liberated  for  war  purposes 
exclusively,  and  the  remainder,  in  addition  to  carrying 
on  the  home  telephone  service  under  most  tr\-ing  condi- 
tions, also  undertook  services  for  the  armed  forces  and 
associated  with  the  Home  Defences,  services  wliich  have 
never  been  and  never  can  be  adequately  realized  by  the 
uninitiated. 

Since  the  armistice  was  declared,  the  telephone  service 
has  been  carried  on  under  difficulties  no  less  than  those 
which  had  to  be  contended  with  during  the  war.  High, 
uncertain,  and  fluctuating  prices,  depletion  of  liighly 
skilled  staif,  and  shortage  of  the  widely  varj-ing  classes 
of  materials  and  plant  employed  in  telephony,  have 
seriously  delayed  progress  wth  the  schemes  which 
were  in  contemplation  at  the  outbreak  of  war.     Conse- 


quently, in  many  cases  service  has  had  to  be  and  is  still 
being  carried  on  with  plant  that  is  obsolete  and  even 
past  its  physical  life. 

CoMMERci.\L  Development. 

Development  of  the  telephone  in  the  United  States 
since  about  1900  has  been  phenomenal,  until  at  the 
present  moment  there  is  one  telephone  station  to 
approximately  every  8  of  the  population,  which  totals 
approximately  105  milMons.  The  development  in 
the  United  ICingdom,  with  a  population  of  47  milHons, 
has  never  attained  to  more  than  one  telephone  station 
per  49  of  the  population.  The  telephone  development 
in  the  United  States  and  in  tliis  country  is  compared 
graplucally  in  Figs.   1  and  2. 

It  may  be  that  the  comparatively  slow  growth  of 
the  telephone  in  the  United  Ivingdom  is  but  a  natural 
lag  due  to  inherent  British  conservatism,  and  that 
in  the  near  future  the  growth  of  the  system  on  this 
side  of  the  Atlantic  may  compare  favourably  with  that 
which  has  taken  place  in  America.  Telephone  develop- 
ment in  tliis  country  will,  however,  depend  primarily 
upon  a  return  of  commercial  prosperity,  and  also  upon 
a  better  appreciation  on  the  part  of  the  British  pubhc 
of  the  facihties  afforded  by  a  liberal  provision  of  tele- 
phones in  business  houses  and  private  residences. 

I  should  hke  to  take  this  opportunity  of  directing 
attention  to  the  benefits  to  be  derived  by  any  com- 
munity from  extended  use  of  the  telephone.  It  will 
be   obvious   that   the   facihties   afforded   by   telephone 


■90  '92    '94  '96  "98   '00  '02   'Oi  '06  -"OS  '10    '12   'M    '16   '18    '20  '22 

Year 
Fig.  3. — Telephone  development  in  the  United  Kingdom. 

intercommunication  service  are  increased  with  every 
subscriber  added.  I  need  not  enlarge  upon  the  advan- 
tages of  telephone  communication,  but  I  venture  to 
express  the  opinion  that  a  large  increase  in  the  number 
of  telephone  subscribers  would  be  highly  beneficial  to 
the  commercial  and  industrial  as  well  as  the  social  hfe 
of  the  Kingdom.  I  have  reason  to  beheve  that  one  of 
the  causes  why  the  telephone  service  does  not  develop 
satisfactorilv  is  that  many  people  refrain  from  becoming 
subscribers  because  the  majority  of  those  with  whom 
they  would  desire  communication  are  themselves  non- 
subscribers. 

So  long  as  this  conservative  and  somewhat  illogical 
attitude  continues  it  seems  obvious  that  the  telephone 
system  cannot  develop  as  it  should,  and  the  extended 
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facilities   wliich   would    follow    from   a   more   universal 
use  of  the  telephone  cannot  therefore  be  secured. 

The  growth  in  telephone  stations  in  the  United 
Kingdom  is  illustrated  in  graphical  form  in  Fig.  3.  I 
have  included  this  curve,  which  is  .similar  to  that  shown 
in  Fig.  1  except  that  it  is  drawn  to  a  larger  scale,  in 
order  to  illustrate  more  particularly  the  effect  of  the 
war  on  telephone  development  in  the  United  Kingdom. 
The  unprecedented  depression  in  the  curve  during 
the  war  period  will  be  observed,  as  also  the  surprising 
fact  that  the  loss  sustained  during  the  4  years  of  war 
has  almost  but  not  quite  been  regained  after  a  further 
4  years,  in  spite  of  the  difficulties  wliich  have  been 
experienced. 

Telephone  Switching. 

The  mere  transmission  telephonically  of  a  communica- 
tion between  two  iixed  points  is  a  matter  which  presents 
no  great  difficultv,  and  nowadays  can  be  accomplished 
with  little  risk  of  interruption,  but  the  introduction 
of  the  essential  facilities  for  signaHing  and  switching 
increases  considerably  the  possibihty  of  the  occurrence 
of  faults. 

In  the  United  Kingdom  there  are  at  the  present 
moment  upwards  of  a  million  telephone  stations  any 
one  of  which,  with  some  comparatively  few  exceptions, 
may  require  connection  with  any  other.  When  one 
considers  for  a  moment  the  various  operations  and 
the  numerous  pieces  of  electro-mechanism  possibly 
involved  in  the  estabUshment  of  such  a  connection, 
and  the  combinations  which  are  possible,  the  immensity 
of  the  system  and  its  complexities  may  be  more  readily 
appreciated. 

As  is  well  known,  attempts  have  been  made  in 
various  ways  to  dissociate,  as  far  as  possible,  signalhng 
devices  from  the  speaking  circuit  and,  so  far  as  is  com- 
mensurate with  efficient  and  economical  practice,  tliis 
has  been  effected. 

The  earliest  switching  appUances,  from  which  the 
present-day  manual  switchboards  have  been  evolved, 
were  of  a  crude  character.  As  early  as  1879  there 
were  two  distinct  types  in  use  in  this  country  ;  the 
one  employed  by  the  company  formed  to  exploit  the 
Bell  patents  depended  upon  flexible  cords  for  estabUsh- 
ing  connection  between  one  subscriber  and  another  ; 
the  other,  adopted  by  the  Edison  Telephone  Co.  which 
worked  the  Edison  patents  in  competition  with  the 
previously  mentioned  and  original  Company,  being  an 
adaptation  of  the  Umschalter  switch  much  used  at  one 
time  for  telegraph  switching.  Thus  the  vexed  question 
of  the  cordless  versus  the  cord  switchboard  arose  at 
an  early  date  in  the  history  of  telephony,  but  the  latter 
eventually  proved  its  superiority,  in  spite  of  the  trouble 
arising  from  the  early  type  of  flexible  cord,  and  the 
cordless  type  of  board  was  abandoned. 

The  rapid  development  of  the  telephone  soon  created, 
at  the  larger  exchanges,  serious  difficulties  in  switcliing, 
which  were  eventually  surmounted  by  the  invention  of 
the  multiple. 

It  is  not  generally  known  that,  although  tlie  multiple 
was  invented  and  eventually  perfected  in  America,  it 
was  devised  independently  in  this  country,  much  about 
the  same  time,  by  Mr.  F.  B.  O.  Hawes   of  the  United 


Telephone  Co.,  and  two  switchboards  constructed  under 
his  direction  were  eventually  brought  into  operation 
in  London. 

Unfortunately,  Mr.  Hawes  did  not  benefit  by  his 
invention,  being  forestalled  by  the  patenting  of  the 
American  product  in  this  country ;  consequently, 
multiple  boards  being  essential  here,  they  were  for  the 
most  part  supplied  by  the  Western  Electric  Co.  who 
acquired  the  patent  rights,  The  first  Western  Electric 
multiple  switchboard  to  be  installed  in  this  country 
was  brought  into  service  at  Liverpool  in  1884. 

Early  signalling  was  by  means  of  batteries  and 
ordinary  trembler  bells,  which  soon  gave  place,  however, 
to  magneto  ringing,  and  the  magneto  system,  apart 
from  the  call-wire  system  which  was  soon  abandoned, 
held  sway  generally  for  a  lengthy  period,  and,  owing 
largely  to  the  effect  of  the  war,  is  still  in  considerable 
use  although  now  regarded  as  obsolescent. 

From  the  very  inception  of  telephone  switching  in 
1878,  engineers  have  consistently  striven  to  reduce 
manual  labour  in  operating  by  the  introduction  of 
automatic  appHances,  with  the  object  of  minimizing 
the  mental  and  physical  effort  of  the  operator,  and  of 
increasing  the  speed  of  operation  and  the  number  of 
calls  wliich  can  be  handled  in  a  given  period. 

One  might  trace  at  some  length  the  measures  which 
have  been  introduced  from  time  to  time  in  the  adoption 
of  automatic  devices  as  aids  to  manual  operating,  but 
it  will  perhaps  sulfice  to  mention  only  the  step  in  this 
direction  which  was  taken  in  the  substitution  of  tlie 
common  battery  or  relay  system,  as  it  was  first  termed, 
for  the  magneto  system  which  it  largely  displaced. 
It  is  true  that  the  prime  purpose  for  which  the  common 
battery  system  was  devised  was  to  enable  the  primary 
batteries,  previously  necessary  at  the  subscriber's 
station,  to  be  dispensed  with  and  current  to  be  supplied 
to  the  transmitters  from  a  centrally  situated  battery, 
but  it  is  also  true  that  by  means  of  the  relays  and  lamp 
signals,  which  form  one  of  the  sahent  features  of  the 
common  battery  system,  the  operating  facilities  were 
greatly  improved,  principally  inasmuch  as  the  operator 
was  saved  the  labour  of  replacing  by  hand  the  shutters 
of  electro-mechanical  indicators. 

The  common  battery  system  remains  to-day  very 
much  what  it  was  when  first  introduced  in  1900,  no 
drastic  alterations  either  of  the  circuits  or  the  mode 
of  operation  having  been' made.  It  reahzed  expecta- 
tions and  a  high  standard  of  service  was  quickly  reached, 
but  it  soon  became  apparent  that  there  was  Httle  hkch- 
hood  of  any  further  material  advance  being  made  in 
telephone  switching  by  this  method,  and  consequently 
attention  was  turned  to  the  possibiHties  of  switching 
by  machinery  and  the  elimination,  partially  or  entirely, 
of  the  manual  element. 

The  introduction  of  full  automatic  switching  whereby 
human  intervention  at  the  excliange  is  rendered  un- 
necessary was  not  actually  a  natural  development  of 
the  application  of  automatic  apphances  to  the  manual 
system.  There  were  reasons  why  this  could  not  be  so. 
So-called  automatic  telephony  was  an  invention  which 
involved  the  employment  of  apparatus  entirely  distinct 
and  different  in  principle  and  design  from  that  employed 
in    manual    working,    and    was  developed   quite   inde- 
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pendently  of  the  manual  system  wliich  continued 
to    be   improved    concurrently. 

The  removal  of  certain  disabihties  from  wliich  the 
automatic  system  suffered  at  first  were  essential  before 
its  adoption  as  a  switching  medium  in  tliis  countrv' 
was  desirable,  and  it  was  not  introduced  here  until 
its  abihty  to  fulfil  the  necessary  functions  satisfactorily 
had  been  demonstrated. 

The  period  in  which  the  automatic  system  was  being 
developed  in  America  was  not  a  propitious  one  for 
its  trial  here.  Because  of  its  early  expiring  license 
the  National  Telephone  Co.  was  disinchned  to  incur 
capital  expenditure  from  which  the  financial  return 
was  doubtful,  and  it  was  therefore  left  to  the  British 
Post  Office  to  conduct  the  first  experiments  in  automatic 


(3)  Whether  the  British  public  would  receive  favour- 
ably the  automatic  system. 

(4)  The  relative  costs  of  machine  and  manual 
switching. 

(5)  The  relative  merits  of  the  different  systems  on 
the  market. 

The  first  exchange  to  be  opened  was  of  the  Strowger 
type,  but  since  this  system  assumed  practical  form,  a 
number  of  other  systems  have  been  developed,  and  the 
experiments  conducted  by  the  Post  Office  have  included 
trials  in  actual  service  of  five  different  systems  in  all, 
to  which  it  is  expected  another  will  shortly  be  added. 

A  complete  list  of  the  automatic  exchanges  aheady 
opened  and  immediately  in  contemplation  by  the 
British  Post  Office  is  appended. 


Automatic  Telephone  Exchanges  Established  by  the  British  Post  Office:    1912-1922. 


Type  of  equipment 

Date  opened 

Capacity 

E.xcliange 

Of  present 

equipment 

Ultimate 

(1922) 

1 

Epsom 

Automatic  Telephone  Manufacturing  Co. 

18  May,  1912 

600 

1500 

2 

Official 

ditto 

13  July,  1912 

900 

1500 

3 

Hereford 

Lorimer 

1  Aug.,  1914 

500 

900 

4 

Darlington    . . 

Western  Electric  Co.  rotary 

10  Oct.,  1914 

800 

2  260 

5 

Accrington    . . 

Automatic  Telephone  Manufacturing  Co. 

13  Mar.,  1915 

700 

1500 

6 

Portsmouth  . . 

ditto 

29  April,  1915 

5  000 

7  000 

7 

Chepstow 

ditto 

7  July,  1915 

75 

100 

8 

Newport 

ditto 

14  Aug.,  1915 

1  800 

3  500 

9 

Paisley  .... 

ditto 

15  July,  1916 

1600 

2  150 

10 

Dudley 

Western  Electric  Co.  rotary 

9  Sept.,  1916 

500 

1  600 

11 

Blackburn     .  . 

Automatic  Telephone  Manufacturing  Co. 

14  Oct.,  1916 

2  200 

4  400 

12 

Leeds     

. 

ditto 

18  May,  1918 

9  600 

15  000 

13 

Grimsby 

Siemens 

14  Sept.,  1918 

1860 

4  000 

14 

Stockport 

ditto 

23  Aug.,  1919 

1  300 

2  260 

15 

Ramsey  (Hunts) 

Siemens  (Village) 

24  Oct.,  1921 

40 

50 

16 

Hurley  . . 

ditto 

20  Dec,  1921 

25 

50 

17 

Fleetwood     . . 

Relay  Automatic  Telephone  Co. 

15  July,  1922 

480 

700 

Automatic  Telephone  Exchanges  on  Order  by  the  British  Post  Office  :    October  1922. 


Exchange 

Type  of  equipment 

Capacity 

Initial 

Ultimate 

1 

2 
3 

4 

Dundee 

Southampton  .  . 
Swansea 
Marton  (Yorks) 

North  Electric 

Siemens 

Siemens 

Automatic  Telephone  Manufacturing  Co. 

3  500 

3  500 

3  200 

80 

5  000 

5  500 

6  800 
230 

switching  in  this  country.  These  experiments  were 
commenced  in  1912  and  were  undertaken  in  order  to 
ascertain  : 

(1)  Whether  automatic  apparatus  would  fulfil  satis- 
factorily the  necessary  switching  functions. 

(2)  To  what  extent,  if  any,  the  British  climate  would 
affect  prejudicially  the  operation  of  machine  switches. 


The  first  three  of  the  five  questions  previously 
enumerated  have  now  been  answered  favourably  to 
the  automatic  system,  and  it  now  remains  to  dispose 
of  questions  (4)  and  (5). 

Time  will  not  permit  of  discussion  of  the  relative 
advantages  of  the  automatic  and  manual  systems  of 
switching,  nor  of  consideration  of  the  several  factors 
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which  are  involved  in  determining  the  economics  of 
the  question.  It  is  impossible  to  enunciate  any  rule 
for  guidance  in  the  choice  of  a  system,  either  as  between 
automatic  and  manual  or  as  between  the  different 
automatic  systems,  and  it  is  necessary  that  each  case 
should  receive  consideration  according  to  its  distinctive 
merits. 

Hitherto  the  policy  adopted  by  the  British  Post 
Office  has  been  confined  to  the  application  of  automatic 
working  to  individual  exchanges  situated  in  various 
parts  of  the  country,  and  in  no  case  has  a  self-contained 
area  including  a  number  of  exchanges  been  dealt  with 
as  a  whole.  Plans  are,  however,  now  in  hand  for 
the  establishment  of  automatic  working  in  a  number 
of  multi-exchange  areas  wherein  the  whole  of  the  local 
traffic  between  exchanges  situated  therein  will  be 
dealt  with  exclusively  by  machine  switching. 

The  problem  of  providing  switcliing  facilities  by 
automatic  means  in  an  area  containing  several  exchanges 
possesses  many  points  of  difference  from  the  old  problem 
in  which  manual  switching  only  was  concerned,  and  if, 
as  seems  highly  probable,  machine  switching  is  intro- 
duced on  an  extensive  scale  the  local  telephone  exchange 
systems  of  large  commercial  and  industrial  centres  will 
differ  in  many  essentials,  other  than  the  purely  auto- 
matic one,  from  those  to  which  we  have  become  accus- 
tomed. Our  previous  conceptions  and  notions  con- 
cerning the  lay-out  of  large  telephone  systems  will  in 
that  case  need  considerable  adjustment. 

With  full  automatic  working  in  a  local  area,  com- 
munication between  subscribers  connected  to  different 
exchanges  may  be  effected  as  rapidly  as  between  one 
set  of  switches  and  another  situated  in  the  same  ex- 
change, and  the  disadvantages  which  attach  to  junction 
working  in  a  manually  operated  group  of  exchanges 
are  therefore  removed.  Moreover,  by  reason  of  the 
rapidity  of  operation  of  automatic  switches,  a  group 
of  junction  circuits  may  be  worked  at  maximum 
efficiency. 

These  factors  operate  in  the  direction  of  increasing 
the  number  of  exchanges  and  reducing  the  number  of 
junctions  which  would  apply  with  a  manual  system. 
As  in  a  given  area  the  number  of  exchanges  may  be 
increased,  so  the  areas  served  by  each  exchange  will  be 
reduced  in  e-xtent  and  the  average  length  and,  conse- 
quently, the  cost  of  subscribers'  lines  are  thereby 
reduced.  Thus  there  are  possibilities  of  effecting 
large  savings  in  cost  of  line  plant,  a  very  heavy  item 
in  the  capital  investment  of  any  telephone  system, 
by  the  establishment  of  macliine  switching. 

Automatic  working  possesses  certain  attractive 
features  which  commend  it  also  for  the  supply  of  service 
in  remote  and  sparsely  populated  districts.  In  country 
villages,  where  the  number  of  subscribers  is  small 
and  the  traffic  light,  it  is  not  reasonable  to  expect 
from  the  manual  system  the  same  standard  of  service 
as  is  applicable  in  an  e-xchange  where  the  number  of 
subscribers  is  sufficient  to  justify  unbroken  attendance 
at  the  switchboard  ;  and  night  service  which,  at  some 
small  country  exchanges,  is  not  at  present  available, 
is  also  a  problem. 

The  employment  of  the  automatic  system  at  such 
places    entirely    removes    those    disabilities    wliich   are 


almost  inseparable  from  a  manually  operated  system, 
but,  unfortunately,  other  difficulties  of  a  technical 
and  economic  character  are  introduced  which  up  to 
the  present  time  have  not  been  surmounted,  despite 
the  close  attention  already  bestowed  upon  the  question. 
WTien  the  special  problems  pertaining  to  the  village 
automatic  exchange  have  been  solved,  as  perhaps  they 
may  be  in  the  near  future,  developments  in  the  applica- 
tion of  automatic  working  to  such  cases  will,  no  doubt, 
proceed  rapidly. 

Long-distance  Communication. 

There  is  something  enthralling  in  accomplishing 
the  interchange  of  speech  over  long  distances  and, 
ever  since  the  telephone  was  first  invented  in  1876, 
endeavours  have  constantly  been  made  to  extend 
still  further  the  distance  over  which  telephonic  speech 
might  be  satisfactorily  conducted. 

From  a  practical  point  of  view  the  possibilities  of 
long-distance  communication  within  this  country  are 
definitely  restricted  by  reason  of  its  very  limited  boun- 
daries, but  in  America,  where  the  telephone  flourishes 
more  than  in  any  other  country  in  the  world  owing 
to  the  vast  size  of  the  continent,  there  are  ample  oppor- 
tunities for  development  in  long-distance  service,  and 
it  is  in  America  naturally  where  long-distance,  as  well 
as  short-distance,  ser^'ice  has  been  developed  with 
great  enterprise. 

The  longest  distance  across  which  telephone  speech 
has,  so  far,  been  transmitted  successfully  is  between 
Catalina  Island  in  the  Pacific  Ocean  and  Cuba,  a  dis- 
tance of  something  in  excess  of  5  500  miles.  This  dis- 
tance included  a  length  of  30  miles  between  CataUna 
Island  and  Los  Angeles  on  the  mainland  bridged  by 
a  radio  telephone  connection  ;  and  between  the  Island 
of  Cuba  and  the  United  States,  the  longest  deep-sea 
telephone  cable  in  use  formed  another  link  in  the  chain. 

Up  to  the  early  nineties  even  the  relatively  low 
specific  inductive  capacity  of  the  composite  dielectric  of 
the  dry-core  or  paper-core  cable  was  sufficient  to  render 
circuits  carried  in  such  cables  greatly  inferior  in  trans- 
mission value  to  the  cheaper  type  of  circuit  comprised 
of  bare  overhead  wires  supported  on  poles,  and  conse- 
quently the  latter  form  of  conductor  weighing  up  to 
as  much  as  800  lb.  per  mde  was  employed,  to  the  exclusion 
of  underground  conductors  except  where  the  latter  were 
absolutely  unavoidable. 

Although  the  hmiting  distance  of  speech  over  con- 
ductors of  various  types  was  fairly  well  known,  and 
though  the  reason  which  hmited  that  distance  was 
partially  but  imperfectly  understood,  it  was  not  until 
the  theoretical  works  of  Oliver  Heaviside,  published 
in  tliis  country  so  far  back  as  1887,  were  investigated 
and  put  into  practical  form  and  application  by  Dr. 
M.  I.  Pupin  of  New  York  in  1899  that  the  phenomena 
which  accompanied  the  electrical  transmission  of  speech 
came  to  be  properly  understood  and  a  complete  know- 
ledge of  the  subject  of  telephonic  transmission  was 
built  up. 

The  application  of  Pupin 's  work  in  the  form  of  an 
inductance  coil  for  the  nuUification  of  distortion  and 
improvement  in  transmission,  now  known  as  hnc  loading, 
and  its  results  are  already  matters  of  past  history  and 
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have  become  common  practice.  The  application  of 
line  loading  resulted  almost  immediately  in  extension 
of  the  use  of  underground  conductors  for  longer  dis- 
tances, but  the  effect  of  loading  in  tliis  country  was, 
perhaps,  more  particularly  in  securing  economy  in 
underground  line  construction  by  a  diminution  in  the 
gauge  of  wire  required. 

The  benefits  derived  from  the  apphcation  of  loading 
to  subterranean  conductors  were  insufficient  to  permit 
of  the  substitution  of  open  by  underground  wires  for 
long-distance  circuits,  even  in  tliis  country.  It  is 
in  fact  only  within  the  past  year  or  two  that  com- 
munication by  telephone  over  conductors  exclusively 
underground  from  end  to  end  of  the  country  has  been 
rendered  possible  by  the  introduction  of  the  telephone 
repeater,  a  device  wliich  has  been  the  dream  of  telephone 
engineers  ever  since  the  telephone  was  invented. 

The  apphcation  of  the  thermionic  valve  in  the  pro- 
duction of  tlie  modern  telephone  repeater  is  too  well 
known  to  need  further  mention. 

The  long-distance  telephone  lines  of  this  country 
are  now  steadily  trending  towards  a  comprehensive 
system  of  conductors  of  comparatively  hght  gauge, 
laid  exclusively  underground,  loaded  at  intervals  of 
approximately  2  000  yards,  linking  up  a  series  of  repeater 
stations  situated  approximately  50  mdes  apart.  Thus 
the  one-time  simple  metalhc  loop  between  one  centre 
and  another  is  changing  its  form  and  becoming,  as  it 
were,  more  and  more  assimilated  with  the  speaking 
apparatus.  Although  there  are  difficulties  in  the  way, 
some  known  and  some  perhaps  unlaiown,  of  which 
therefore  it  is  yet  too  early  to  speak,  there  is  Uttle 
doubt  that  they  will  be  surmounted  in  due  course 
and  that  a  long-distance  telephone  system  immune  from 
the  interruptions  and  disturbances  due  to  climatic 
and  other  influences,  which  are  inseparable  even  from 
the  best-constructed  overhead  S5'Stems,  will  be  secured. 

Line  Plant. 

Since  the  resuscitation  of  Heaviside's  theoretical 
work  brought  about  by  the  investigations  of  Pupin,  a 
fresh  light  has  been  thrown  upon  the  functions  of  the 
line  in  the  transmission  of  speech,  and  in  very  quick 
time  an  entirely  new  branch  of  telephonic  science 
came  into  being  under  the  term  "  telephonic  trans- 
mission." 

The  result  was  what  amounted  to  a  revolution  in 
underground  line  practice.  The  20-lb.  conductors 
universally  used  for  subscribers'  circuits  soon  gave 
place  largely  to  wires  of  10  lb.  per  mile,  to  be  followed 
later  by  6|  lb.,  and  mechanical  considerations  chiefly 
hmit  the  use  in  certain  circumstances  of  conductors  of 
still  lighter  gauge. 

It  became  possible  to  design  lines  specificalty  accord- 
ing to  the  particular  functions  wliich  they  would  be 
called  upon  to  perform,  and  the  altered  aspect  introduced 
many  complexities  in  the  design  of  economical  cable 
systems.  The  problem  is  still  further  comphcated  by 
the  provision  which  must  be  made  fur  that  unknown 
quantity,  future  development. 

The  considerations  which  are  involved  in  the  dis- 
tribution of  telephone  lines  are  totally  dissimilar  from 
those  which  apply  in  the  distribution  of  gas,  water  and 
electrical  energy.     With  the  latter,  one  main  frequently 


serves  a  large  number  of  consumers  and,  within  certain 
Limits,  overloading  may  be  resorted  to  without  serious 
results ;  whereas  for  each  telephone  subscriber  an 
independent  pair  of  ^\^res  must  be  pro\'ided  and  main- 
tained in  a  satisfactory  state  of  insulation  between 
each  subscriber's  station  and  the  exchange.  Conse- 
quently, a  telephone  Une  system  has  no  flexibihty  apart 
from  the  special  provision  of  spare  conductors.  Further- 
more, water,  gas  and  electricity  supply  are  regarded 
as  necessary-,  whereas  in  this  country  telephone  service 
is  not,  and  arrangements  may  therefore  be  made  without 
risk  for  supply  of  the  former  into  all  premises.  Tele- 
phone service  is  not  by  any  means  universal,  and 
fluctuations  are  constantly  occurring  wliich  it  is  difficult 
to  cater  for  at  short  notice  and  reasonable  cost.  Conse- 
quently, flexibihty  is  secured  by  completing  distribution, 
wherever  possible,  by  means  of  overhead  wires  radiating 
from  distributing  points  to  wliich  a  predetermined 
number  of  spare  pairs  of  wires  over  and  above  the 
initial  number  of  working  circuits  is  provided. 

In  the  construction  of  telephone  hues  the  most 
notable  advance  made  in  telephone  lustory  has  been 
undoubtedly  the  production  of  the  dry-core  cable. 

Although  the  telephone  dry-core  cable  originated  in 
the  United  States,  it  is  interesting  to  remember  that  as 
early  as  1843  Wilham  Fothergill  Cook  invented,  for 
telegraph  purposes,  a  system  of  cable  which  was  in 
effect  "  dry  core."  Metalhc  conductors  insulated  with 
a  fibrous  material  were  enclosed  in  an  iron  tube  charged 
■with  air  at  a  maintained  pressure  of  about  3  lb.  per 
square  inch  for  the  purpose  of  excluding  moisture. 
The  point  of  difference  between  the  modern  paper-core 
cable  and  Cook's  system  was  that  whereas  in  the  former 
dry  air  is  utiUzed  as  the  staple  insulating  medium, 
the  paper  being  introduced  merely  to  maintain  the 
wires  in  separation,  in  Cook's  system  the  insulation 
was  in  reahty  dependent  upon  the  permanent  covering 
which  enveloped  the  wires,  but  that  covering  was  never- 
theless rendered  effective  as  an  insulator  by  the  presence 
of  dry  air. 

A  problem  which  has  always  presented  particular 
difficulties  is  the  effective  termination  of  dry-core 
cable.  Even  to-day,  after  more  than  30  years'  experi- 
ence, the  means  available  for  termination  cannot  be 
regarded  as  satisfactory  and  I  commend  the  matter 
to  those  most  intimatelv  concerned  for  investigation, 
in  the  behef  that  a  satisfactory  solution  would  be  amply 
repaid. 

Conclusion. 

In  this  necessarily  short  dissertation  I  have  attempted 
to  give  a  resume  of  the  circumstances  in  which  the 
telephone  has  been  developed  in  this  country  from 
its  establishment  as  a  commercial  project  up  to  the 
present  day,  and  to  indicate  very  broadly  its  immediate 
possibihties. 

Time  has  not  permitted  even  casual  mention  of  the 
many  troubles  which  the  telephone  has  experienced, 
but  it  will  no  doubt  be  apparent  that  the  varied  tribula- 
tions and  vicissitudes  through  which  it  has  passed 
have  rendered  its  life  a  most  eventful  one. 

It  is  now  confidently  anticipated  that  its  troubles, 
if  not  ended,  are  at  least  moderated  sufficiently  to 
admit  of  a  development  which  will  be  creditable  to 
the  country. 
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By  B.  Welbourn,  Member. 

{Address  delivered  at  Liverpool,   Gth  November,    1922.) 


During  the  year  it  has  been  my  privilege  to  pay  a 
second  visit  to  Canada  and  the  United  States,  and  to 
see  for  myself  the  immense  progress  wliich  has  taken 
place  in  all  things  electrical  during  the  past  15  years. 

Telephony. 
The  first  thing  that  impressed  me  was  the  extensive 
use  of  the  telephone  both  for  short  and  long-distance 
work.  Owing  to  the  high  price  of  labour  and  the  shortage 
of  domestic  servants,  the  telephone  is  a  necessity  in 
the  majority  of  homes.  The  lady  of  the  house  has  much 
of  the  housework  to  do  and  necessarily  gives  her  orders 
to  the  tradesmen  by  telephone.  In  the  hotels  there  is 
not  entire  privacy,  as  even  in  the  bedroom  there  is 
usually  a  telephone. 

There  are  now  approximately  14  300  000  telephone 
stations  in  the  United  States.  Of  these,  about  850  000 
are  on  the  Strowger  system  as  made  in  Liverpool,  and 
about  40  000  are  of  other  types.  The  annual  growth  of 
all  stations  is  6  per  cent,  but  it  is  significant  that  the 
annual  growth  of  automatic  stations  is  approximately 
10  per  cent.  The  telephone  companies,  of  which  the 
Bell  System  is  by  far  the  largest,  make  it  easy  for  people 
to  telephone  or  telegraph,  and  the  use  of  both  methods 
has  become  almost  a  habit.  As  illustrating  the  extent 
of  the  use  of  the  telephone,  I  was  told  in  Chicago  that 
there  is  one  telephone  to  every  five  people,  while  in 
Los  Angeles,  Cahfornia,  with  700  000  people,  there 
are  over  170  000  telephones,  i.e.  one  to  every  four 
people,  and  telephones  are  there  being  connected  up 
at  the  rate  of  290  per  working  day  with  no  sign  of 
finahty  ahead.  To  many  Liverpool  engineers  a  very 
interesting  feature  of  this  will  be  that  the  whole  system 
in  Los  Angeles  is  being  converted  to  the  Strowger 
automatic  system  as  quickly  as  the  plant  can  be  delivered 
from  Chicago.  It  was  also  interesting  to  learn  that  two 
exchanges  are  being  equipped  in  New  York  with  auto- 
matic telephones. 

Long-distance  telephony  has  made  considerable  pro- 
gress, and  it  is  now  possible  to  telephone  from  Catahna 
Island,  off  the  Pacific  Coast,  to  Havana  in  the  island  of 
Cuba.  This  telephone  transmission  is  of  more  than 
ordinary  interest,  as  wireless  telephony  is  used  between 
Catahna  Island  and  the  Californian  coast  and  is  there 
joined  in  series  with  the  land  line  to  the  Atlantic  coast 
whence  messages  pass  over  the  loaded  submarine  cable 
to  Cuba — a  distance  of  approximately  4  000  miles.  I 
understand  that,  for  this  purpose,  both  the  physical  and 
phantom  circuits  are  used  over  the  land  trunk  lines. 

Very  severe  gales  with  snow  are  experienced  in  the 
Eastern  States,  and  the  consequent  disorganization  of 
service  in  the  winter  is  having  the  same  effect  as  in 
England,    namely,    the    placing    of    main    transmission 


circuits  underground  with  paper-insulated  lead-sheathed 
cables  to  which  Pupin  loading  coils  and  thermionic 
valve  repeaters  are  attached,  wliile  experiments  have 
shown  that  it  is  now  possible  to  telephone  experimentally 
over  15  000  miles  of  such  loaded  underground  circuits, 
although  the  present  commercial  hmit  is  about  1  000 
miles. 

One  very  noticeable  feature  in  telephone  work  in 
America  is  the  free  way  in  wliich  lead-sheathed  cables 
are  used  overhead.  In  these  cases  the  lead  sheath  is 
alloyed  with  1  per  cent  of  antimony  to  harden  it  and 
to  improve  the  crystalline  structure,  and  the  cable  is 
then  suspended  from  a  messenger  wire  by  short  sup- 
ports at  frequent  intervals. 

Among  the  interesting  tilings  shown  to  me  were  the 
first  coil  of  wire  through  which  the  late  Dr.  Alexander 
Graham  Bell  sent  his  first  telephone  message,  and  the 
loud-speaking  telephones  used  by  President  Harding 
when  addressing  a  crowd  of  100  000  people  at  the 
Unknown  Soldier's  funeral  at  Arhngton  Cemetery. 
Simultaneously,  by  means  of  special  arrangements,  he 
addressed  audiences  of  similar  size  at  San  Francisco 
and  New  York.  There  appears  to  be  no  real  technical 
difficulty  in  speaking  simultaneously  to  audiences 
wherever  there  are  telephone  exchanges. 

Broadcasting. 

Owing  to  the  early  lack  of  control  in  broadcasting 
stations,  of  which  there  are  about  500,  affairs  seem  to 
be  in  a  chaotic  state  in  the  United  States,  and  admiration 
was  expressed  for  the  leisurely  but  orderly  way  in  which 
the  matter  is  being  tackled  in  this  country. 

It  is  estimated  that  there  are  about  2  000  000  wireless 
telephone  reception  sets  in  the  United  States,  of  which 
one  half  have  been  made  by  manufacturers  and  one  half 
by  amateurs.  The  manufacture  appears  to  have  out- 
grown the  demand  and  the  makers  were  said  to  be 
loaded  up  with  unsaleable  stock.  Whether  this  was  due 
to  a  seasonal  slackness  of  demand,  or  to  the  interest  in 
wireless  telephony  dying  out,  remains  to  be  seen.  It 
seems  significant,  however,  that  a  good  deal  of  second- 
hand wireless  apparatus  is  being  offered  for  sale. 

In  New  York  I  had  the  pleasure  of  being  present 
when  Senator  Marconi  received  the  Franklin  Medal  of 
Honour  and  of  hearing  his  address  to  the  joint  meeting 
of  the  American  Institute  of  Electrical  Engineers  and 
the  Institute  of  Radio  Engineers.  He  dealt  with  the 
position  of  wireless  telegrapliy  and  telephony  generally, 
and  gave  a  good  deal  of  information  regarding  his 
resumed  experiments  with  15-m  wave-length  telephony, 
with  wliich  he  can  now  get  commercial  speech  over 
a  distance  of  120  miles,  together  with  very  close  direc- 
tion. It  would  seem  that  the  use  of  such  a  system,  which 
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is  outside  the  ordinary  commercial  range  of  wave- 
lengths, should  have  considerable  possibilities  for 
ship-to-ship  and  ship-to-shore  work  and  also  in  public 
utihty  work,  as  considerable  secrecy  can  be  obtained. 
The  advantages  of  sliip-to-ship  and  ship-to-shore  work 
under  foggj-  conditions  seem  to  be  too  obvious  to  need 
argument. 

Electricity  Supply. 

I  hope  to  say  sometlaing  here  wliich  will  encourage 
and  stimulate  electricity'  supply  engineers  to  further 
efEorts  in  promoting  the  use  of  electricity  in  this 
country. 

To  show  the  extent  to  which  electricity  is  used  for 
hghting  in  the  United  States  and  in  Canada,  I  would 
mention  that  in  the  month  succeeding  my  departure 
from  Liverpool  I  saw  only  a  single  gas  flare  used  for 
illuminating  purposes ;  that  was  in  connection  with 
some  suburban  street  lighting  about  10  miles  from 
Chicago.  I  did  not,  I  tliink,  see  it  again  during  the 
succeeding  25  days,  except  in  the  streets  of  Pittsburgh, 
Pa.,  where  there  is  ample  natural  gas,  and  until  I  saw 
it  from  the  Elevated  Railway  in  New  York  through  an 
open  window  of  some  old  property. 

The  New  York  Edison  Company  alone  has  600  000 
kW  of  plant  installed,  and  in  Cliicago  the  Commonwealth 
Edison  Company  has  626  450  kW,  of  which  230  000  kW 
is  in  the  Fisk-street  station.  The  maximum  demand 
in  this  city  was  well  over  500  000  k\V  in  Decemer  1921. 
With  a  population  of  2  700  000  people  there  are  536  982 
consumers,  of  whom  425  200  are  residence  consumers, 
and  the  total  number  of  kilowatt-hours  developed  by 
the  company  in  1921  was  1  928  271  940,  i.e.  714  k\\Ti 
per  head  of  population.  The  number  of  new  con- 
sumers added  in  1921  was  62  287,  and  a  car-load  of 
meters  alone  is  required  per  week  to  keep  pace  with 
the  new  service  work.  The  total  capital  investment  is 
$136  310  574,  say,  £30  000  000. 

Let  us  compare  these  figures  \\-ith  those  for  Greater 
London  with  a  population  of  8j  million  people.  Taking 
first  of  all  tlie  company  and  municipal  undertakings, 
thus  for  the  most  part  excluding  all  railway  load,  from 
the  period  1919-1920  to  1920-1921  the  total  increase 
in  the  number  of  consumers  was  in  round  figures  25  000, 
bringing  the  total  up  to  approximately  340  000.  During 
the  same  period  the  increase  in  the  plant  installed  was 
about  12  000  kW.  There  was  an  increase  of  nearly 
40  000  000  in  the  kWh  sold,  bringing  the  total  up  to 
nearly  700  000  000.  The  total  capital  investment  now 
stands  at  about  £38  000  000,  exclusive  of  the  amount 
specially  invested  in  power  houses  for  transportation 
supphes. 

To  the  above  figures  we  can  add  approximately 
560  000  000  kWh  for  the  total  units  used  for  transporta- 
tion, bringing  the  approximate  total  units  for  the  last 
complete  year  to  nearly  1  300  000  000,  that  is,  about 
155  per  head  of  population.  Comparing  tliis  with  the 
714  kWTi  per  head  of  population  at  Cliicago,  it  will  be 
reaUzed  at  once  what  an  immense  amount  of  leeway 
has  to  be  made  up  in  the  capital  city  of  our  country 
alone  before  the  use  of  electricity  reaches  the  state  of 
development  attained  by  our  American  cousins. 

At  the  risk  of  wearying  you,  I  want  to  drive  the  point 


home  by  giving  you  data  for  the  whole  of  the  State  of 
Cahfornia  and  a  few  other  places  for  1921. 

Number  of  consumers  in  California          ..  843  011 

Connected  load,  in  h.p.      . .          . .          . .  2  959  413 

Employees 20  300 

Pay-roil        $31  227  496 

Taxes            $6  049  577 

Miles  of  wre            127  382 

Oil  consumed — barrels  (no  coal  or  wood)  2  840  395 

Total  investment §448  669  330 

Total  kWai  generated         4  000  479  010 

Total  kWh  sales 2  662  653  511 

Power  plant  capacity         .  .          . .          . .  1  463  009 

Total  population  of  States             .  .          .  .  3  426  536 

No   of  kWTi  per  head  of  population     .  .  777 

In  California,  where  the  electricity  supply  is  regulated 
by  the  Railroad  Commission  very  much  in  the  same 
way  that  it  is  governed  in  tliis  country  by  the  Electricity 
Commissioners,  there  is  very  httle,  if  any,  over-lapping 
of  territory  on  the  part  of  the  electricity  supply 
authorities.  They  seem  to  work  together  harmoniously 
and  to  have  made  many  voluntary  arrangements  for 
the  purpose  of  interchange  of  power.  Practically  100 
per  cent  of  the  houses  in  California  are  hghted  by 
electricity  exclusively,  and,  generally  speaking,  it  may 
be  said  that  the  development  of  California  depends 
very  largely  on  electric  power. 

I  should  hke  to  illustrate  my  meaning  by  giving  a 
few  particulars  to  show  the  way  in  wliich  the  electrical 
habit  has  been  cultivated  in  this  State.  The  Southern 
Cahfornia  Edison  Company  has  380  000  h.p.  installed, 
chiefly  in  hydro-electric  stations,  and  has  so  much  faith 
in  the  future  that  it  is  proceeding  with  the  development 
of  an  additional  1  220  000  h.p.  The  present  output  is 
distributed  over  their  area  of  56  873  square  miles,  with 
a  population  of  1  500  000  people  by  means  of  a  network 
of  over  10  000  miles  of  transmission  and  distribution 
lines.  It  supphes  energy  for  312  communities,  furnishes 
power  for  2  000  miles  of  interurban  electric  railways 
and  for  the  irrigation  of  1  000  000  acres  of  land.  They 
directly  supply  276  000  consumers,  while  other  Southern 
Cahfomian  systems  supply  240  000  consumers,  thus 
making  a  total  of  516  000. 

Further  north  in  the  same  State  the  Pacific  Gas  and 
Electric  Company  transmits  and  distributes  over  an 
area  of  58  481  square  miles  ^vith  a  population  of  1  715  959 
and  285  206  consumers,  some  of  whom  are  distribution 
companies.  To  deal  with  this  load,  the  compan^^  has  a 
total  installed  capacity  of  481  836  h.p.,  of  which  421  750 
h.p.  is  h)-dro-electric,  and  approximately  60  000  h.p.  is 
steam-generated  in  oil-fired  stations.  Their  supply  is 
distributed  over  9  971  miles  of  overhead  hnes. 

Turning  to  our  own  Empire,  we  find  rapid  develop- 
ment in  Canada.  Apart  from  the  great  systems  in  Quebec 
centring  around  Montreal,  etc.,  and  those  in  British 
Columbia  controlled  by  the  British  Columbia  Electric 
Railway  Company,  etc.,  there  is  the  large  Government 
and  municipal  partnership  scheme  called  the  Hydro- 
Electric  Commission  of  Ontario,  wliich  owns  and  makes 
use  of  generating  plant  at  Niagara  to  the  extent  of 
427  000  h.p.,  and  other  sources  of  power,  is  covering 
the  whole    province   with   a   network    of    110  000- volt 
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and  other  lines  and  serves  a  population  of  1  667  165. 
The  Commission  had  268  743  consumers  on  31st  October, 
1921,  with  a  maximum  demand  in  June,  1922,  of 
360  268  h.p.,  and  I  saw  for  myself  a  great  deal  of  the  use 
wliich  is  made  of  the  power  from  Niagara  in  the  Com- 
mission's area  from  wayside  farms  to  large  undertakings 
such  as  that  at  Toronto.  The  Commission  has  succeeded 
in  reducing  very  materially  the  cost  of  electricity  to 
the  consumer  in  Ontario,  with  the  result  that  its  use  is 
extending  rapidly.  For  instance,  the  Toronto  under- 
taking had  12  000  consumers  10  years  ago,  whereas  it 
now  has  80  000.  In  Toronto  the  domestic  consumption 
in  kWh  per  consumer  per  month  was  27  in  1914,  whereas 
in  1921  it  was  48,  an  increase  of  78  per  cent ;  the  whole- 
sale rates  per  kWli  per  annum  have  been  reduced  from 
$18.50  in  1912  to  $17.00  in  1921,  a  decrease  of  8  per  cent, 
while  the  net  cost  per  kWli  for  the  domestic  consumer 
has  been  reduced  from  4'4  cents  in  1913  to  2'2  cents 
in  1921,  a  decrease  of  50  per  cent. 

The  question  that  I  asked  myself  is  :  How  is  it  that 
this  great  business  is  done  ?  In  the  first  place  one 
would  expect  that  the  electricity  supply  rates  for  power 
and  domestic  users  must  be  considerably  lower  than 
in  this  country.  With  the  exception  of  the  Ontario 
scheme  just  referred  to,  I  do  not  tliink  that  this  is 
the  case,  but  members  will  reahze  that  it  is  difficult 
to  make  a  direct  comparison  owing  to  the  different 
money  values  obtaining  in  North  America  and  in  this 
country.  I  think  that  the  real  explanation  Hes  in 
the  fact  that  the  use  of  electricity  is  a  habit  with 
most  people  in  the  United  States  and  Canada.  It 
has  to  be  remembered  that  the  United  States  and 
Canada  are  largely  new  countries  where  gas  had  not 
become  well  estabhshed  when  electric  lighting  first 
became  available,  and  that  the  growth  of  most  of  the 
cities  has  been  coincident  with  the  electrical  era.  In 
many  places  both  the  gas  and  electrical  interests  are 
under  the  control  of  one  company  with  men  in  high 
position  who  have  rightly  relegated  gas  to  its  proper 
function  of  heating  purposes  and  reserved  electricity 
for  power  and  lighting.  The  advent  of  electric  light 
into  the  home  has  been  followed  up  by  very  active 
propaganda  by  salesmen  of  electrical  accessories,  wliile 
the  companies  have  extensive  showrooms  in  which 
prospective  consumers  can  see  apparatus  in  actual 
use  before  they  commit  themselves  to  a  purchase. 
For  instance,  in  Chicago  the  whole  ground  floor  of  the 
Commonwealth  Edison  Company's  large  building  is 
used  for  showrooms.  In  these  showTooms  I  saw,  among 
other  things,  an  excellent  demonstration  of  a  washing 
machine  driven  by  an  electrical  motor,  not  as  a  special 
demonstration  but  as  part  of  the  day-by-day  routine. 

I  do  not  wish  to  create  the  impression  that  the  electric 
supply  authorities  in  this  country  are  unprogressive, 
but  the  figures  that  I  have  given  show  what  an  immensely 
greater  business  awaits  them.  Apart  from  railway 
electrification,  which  is  only  developing  slowly,  I  would 
urge  that  much  greater  attention  should  be  paid  to 
securing  the  immense  domestic  load  which  may  be 
as  great  as  all  the  industrial  business  and  less  subject 
to  trade  fluctuations.  Tliis  load  is  not  to  be  secured 
by  merely  cutting  the  price  of  electricity,  but  it  will 
require  vigorous  propaganda  and  salesmanship  in   the 
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best  sense  of  the  word,  the  removal  of  all  unnecessary 
restrictions,  and  arrangements  to  enable  people  to 
secure  the  apparatus  without  wliich  they  cannot  use 
electricity.  We  are  apt  to  forget  that  it  is  a  feature  of 
electi'ical  appliances  that  their  cost  is  frequently  high 
compared  with  the  value  of  the  electricity  wliich  they 
consume  in  a  year.  To  meet  these  points  and  to  enable 
the  electric  supply  undertakings  to  get  some  of  the 
money  which  they  now  give  to  the  gas  companies  and 
local  merchants  we  must  have  : 

{a)  A  reasonable  but  not  necessarily  a  very  "  cut  "  rate 

for  electricity. 
(6)  A   system   of  hire  or  hire-purchase   of  the   more 

expensive  pieces  of  apparatus. 

(c)  In  many  cases,  liire-purchase  wiring  of  houses. 

(d)  A  liberal  practice  in  regard  to 

(1)  Laying  of  mains. 

(2)  Showrooms. 

(3)  Demonstration  of  apparatus. 

(4)  Giving    to    the    public    what    is   generally 

known  to-day  as  "  service." 

On  the  power  side  of  the  business  in  America  most 
factories  and  the  street,  elevated,  tube  and  high-speed 
interurban  railways  are  run  electrically,  and  there 
can  be  no  doubt  that  with  these  already  large  loads 
a  much  bigger  load  awaits  connection  when  the 
electrification  of  main-hne  railways  really  goes  ahead. 
I  hope  that  the  electricity  supply  authorities  in  this 
country  will  see  to  it  that  they  secure  the  supply  of 
electricity  to  the  railways  as  and  when  the  electrification 
of  main  and  suburban  lines  is  proceeded  with,  so  that 
there  will  be  no  waste  of  capital,  and  so  that  the  load 
factor  of  the  supply  authorities'  power  stations  will  be 
improved.  Immense  loads  are  provided  for  the  supply 
authorities  by  the  local  and  express  lift  or  elevator 
systems  which  are  used  in  every  important  office  building, 
and  there  would  seem  to  be  much  room  for  improvement 
in  this  direction  in  our  own  country.  At  night,  large 
blocks  of  power  are  used  by  the  electrical  sign  advertise- 
ments, and  no  one  who  has  seen  the  "  White  Way  " 
in  New  York  is  ever  likely  to  forget  it.  Despite  the 
big  power  loads  referred  to,  I  was  very  much  impressed 
everywhere  with  the  steadiness  of  the  pressure  supphed 
to  the  consumers'  terminals.  The  quality  of  the  street 
Hghting  is  also  for  the  most  part  quite  good  and,  in 
many  important  streets,  the  light  on  the  road  surface 
is  equal  to  that  in  Portland-street,  Manchester. 

A  question  which  is  often  raised,  and  which  is  some- 
times difficult  to  decide,  is  whether  it  is  better  to  place 
a  generating  station  near  the  centre  of  gravity  of  the 
load  or  at  some  distance  away  and  to  give  the  supply 
through  underground  or  overhead  mains  or,  alternatively, 
to  take  a  supply  from  an  outside  source,  with  a  station 
at  a  considerable  distance.  In  one  area  where  hydro- 
electric power  is  used  extensively,  some  interesting 
data  and  costs  were  placed  at  my  disposal.  The  total 
cost  per  kWh  at  tlie  power  station  busbars,  including 
all  capital  charges,  depreciation,  etc.,  was  02  cent, 
whereas  0-35  cent  per  unit  have  to  be  added  to  this  to 
cover  all  the  transmission  charges  over  a  250-mile  line 
to  the  point  of  deliverj^  making  a  total  of  055  cent, 
so  that  the  cost  of  transmission  is  mucli  more  important 
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than  the  cost  of  generation.  In  this  connection  I  was 
surprised  to  find  that  the  power  available  from  some 
hydro-electric  systems  fluctuates  more  than  one  had 
imagined  it  to  do.  In  the  area  in  question  in  the  past 
25  years  the  rainfall  has  varied  from  10-25  to  4945 
inches  per  annum,  and  most  of  this  rainfall  occurs  in 
only  three  months  of  the  year.  It  follows  from  this 
that  steam  stations  have  to  be  employed  on  some 
parts  of  the  system  and,  in  one  case,  30  per  cent  of  the 
units  sold  last  year  were  derived  from  the  steam  plant. 
The  steam  stations  in  Cahfornia  are  usually  supphed 
with  oil  fuel,  the  price  of  which  fluctuates  considerably. 
Were  it  not  for  this  latter  factor  and  the  feared  exhaustion 
of  oil  supphes,  it  is  not  unhkely  that  more  use  would 
be  made  of  steam  stations,  especially  as,  at  the  average 
prices  of  oil,  the  total  cost  of  generation  on  the  Pacific 
Coast  is  just  about  the  same  as  the  cost  of  hydro- 
electric power  dehvered  over  such  long  Unes  as  the  one 
referred  to. 

In  view  of  the  great  discussion  in  this  country  since 
1914  on  hnking-up,  etc.,  I  shall  naturally  be  expected 
to  say  something  about  the  security  of  supply. 

(a)  A  great  deal  of  interconnection  or  hnking-up  of 
power  systems  and  stations  has  been  carried  out  volun- 
tarily. Probably  the  outstanding  example  of  the  value 
of  hberal  linking-up  was  illustrated  in  the  spring  of 
this  year,  when  approximately  160  000  h.p.  of  generating 
plant  broke  down  in  one  week  in  the  various  stations 
at  Niagara,  and  yet  the  interruption  of  supply  to  con- 
sumers was  negligible.  An  ounce  of  practice  is  worth 
pounds  of  theory. 

(6)  In  big  cities  like  New  York,  Chicago,  San  Fran- 
cisco and  others  which  have  local  steam  stations  and 
distribution  by  means  of  underground  cables,  the 
continuity  of  supply  is,  I  believe,  good.  In  other 
cities  which  are  dependent  for  supply  on  overhead 
transmission  lines  and  overhead  distribution  networks, 
the  supply  is  not  by  any  means  so  good,  particularly 
in  those  districts  where  the  overhead  lines  are  much 
affected  by  lightning  and  snowstorms.  The  effects  of 
snowstorms  and  gales  were  particularly  felt  last  winter 
in  Massachusetts,  Ontario,  etc.,  as  reported  in  the  Press 
at  the  time. 

Tr.^n'smission  and  Cables. 
So  far  as  power  cables  are  concerned,  there  is  a  good 
deal  of  experience  in  the  United  States  with  24  000-  and 
13  200-volt,  3-core  cables,  and  the  records  in  the  tech- 
nical Press  disclose  that  a  good  deal  of  it  has  not  been 
happy.  The  troubles  with  underground  cables  appear 
to  have  been  due  both  to  defective  manufacture  and 
jointing  and  to  overloading,  partly  under  war  condi- 
tions. In  this  connection,  it  has  to  be  remembered 
that  American  engineers  have  mainly  had  to  specialize 
in  the  development  of  overhead  transmission  lines, 
and  the  question  of  cables  has  been  of  minor  importance. 
They  are,  however,  now  becoming  much  more  important, 
and  a  great  deal  of  attention  is  bemg  concentrated  on 
the  development  of  3-core,  liigh-voltage  cables,  including 


those  for  a  working  pressure  of  33  000  volts.  The  necessity 
for  this  arises  out  of  the  big  loads  to  be  transmitted 
and  because  of  the  attitude  of  the  fire  nisurance  com- 
panies towards  overhead  wires,  especially  as  so  many 
of  the  residences  are  built  of  wood,  and  because  of  the 
hindrance  caused  by  wires  to  the  fire  br  gades  before 
they  can  get  to  work.  From  this  it  would  seem  that 
the  use  of  underground  cables  will  rapidly  spread  in 
the  residential  areas.  The  long  transmission  Lnes  are 
a  conspicuous  feature  of  the  electricity  supply  business 
in  the  United  States  and  Canada,  and  in  some  places, 
owing  to  the  absence  of  coal  and  oil,  electricity  must 
either  be  transmitted  by  them  or  not  at  all.  They 
therefore  have  to  be  used,  with  their  known  suscepti- 
bihty  to  hghtning  and  storms.  Troubles  frcm  these 
causes  vary  very  much  in  different  parts  of  the  country. 
They  are  particularly  bad  in  the  Eastern  and  iSIiddle 
West  States,  whereas  on  the  Pacific  Coast  there  is  a 
noticeable  absence  of  forked  hghtning  and  of  snow,  with 
the  result  that  higher  voltages  are  permissible  there 
than  elsewhere.  It  is  right  to  add  that  there  is  abundant 
evidence  that  lightning  troubles  can  be  mitigated  by 
the  use  of  electrolytic  and  oxide-film  arresters. 

Transmission  Pressures. 

The  Great  Western  Power  Company  in  California  is 
successfully  operating  at  165  000  volts  a.c,  while  the 
Southern  Cahfornia  Edison  Company  will,  next  year, 
bring  into  use  a  240-mile  reconstructed  line  at  220  000 
volts,  and  the  Pacific  Gas  and  Electric  Company  has 
just  brought  into  use  at  125  000  volts  the  Pit  River- 
Vacaville  250-miIe  line  wliich  is  designed  for  ultimate 
use  at  220  000  volts.  A  great  deal  of  the  success  or 
otherwise  of  transmission  hnes  depends  on  the  sus- 
pension-type insulators.  It  is  notorious  that  these 
insulators  were  exceedingly  unrehable  until  about  five 
years  ago  and,  in  the  interests  of  electricity  supply 
generally,  it  is  very  satisfactory  to  know  that  makers 
in  the  United  States  and  Canada,  as  well  as  one  well- 
known  firm  in  this  country,  have  very  seriously  tackled 
the  problem  of  manufacture  and  have  developed  products 
which  can  be  used  with  confidence.  In  this  connection 
I  should  like  to  say  that  it  is  my  belief  that  insulators 
built  to  the  new  B.E.S.A.  Specification  No.  137  (1922) 
can  be  depended  on  for  satisfactory  service,  but  that 
when  next  the  Specification  is  revised  a  high-frequency 
test  should  be  added.  In  order  to  get  the  best  practical 
result  from  such  a  test,  it  seems  desirable  that  the 
wave  trains  should  be  damped  so  as  to  simulate  as 
closely  as  possible  those  produced  by  lightning. 

General. 

I  wish  to  take  this  opportunity  of  acknowledging  the 
hospitality  extended  to  me  by  many  engine  rs  in  the 
States  and  Canada,  and  to  express  my  appreciation  of 
the  handsome  way  in  which  they  placed  information  at 
my  disposal. 
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By  W.  B.  WooDHOUSE,  Member. 

{Address  delivered  at  Leeds,  1th  November,    1922.) 


I  have  to  thank  vou  for  the  honour  you  have  done 
me  in  again  electing  me  as  your  Chairman,  and  I  hope 
that  mv  year  of  office  \\'ill  see  not  only  a  continuance  of 
the  growth  of  this  Centre  and  of  the  Institution  as  a 
whole,  but  also  a  marked  improvement  in  the  general 
prosperity  of  the  country. 

In  choosing  a  subject  for  my  address  I  felt  that  I 
might  be  forgiven  if  I  confined  my  remarks  to  matters 
connected  with  the  electricity  supply  industry  in  which 
I  am  engaged.  My  address  in  1913  *  dealt  with  one 
particular  problem  in  connection  with  electricity  supply, 
namely,  the  conservation  of  coal  and  the  possibility  of  a 
general  adoption  of  distillation  processes  and  the  pro- 
duction of  oils,  gas  and  ammonia  from  coal,  the  raw 
material  of  our  industry. 

All  our  elaborate  supply  systems  are  merely  a  means 
of  distributing  the  heat  energy  of  coal,  and  the  proper 
treatment  of  coal  is  no  less  important  to-day  than 
fomerly.  The  commercial  problem  is  so  to  treat  coal 
as  to  obtain  the  greatest  difference  between  the  selling 
price  of  the  coal  products  and  the  cost  of  the  treat- 
ment. 

The  disadvantages  of  all  the  processes  of  distillation 
which  have  been  tried  are,  broadly  speaking,  two  in 
number.  First,  there  is  the  cost  of  the  process  (wages, 
maintenance  and  capital  charges!,  and  secondly,  the 
loss  of  heat,  or  the  low  heat  efficiency  of  the  process. 
Much  work  has  been  done  since  I  discussed  this  matter 
in  1913  and  progress  has  been  made,  though  commercial 
success  has  not  vet  been  achieved. 

If  the  growing  demand  for  fuel  oils  for  internal 
combustion  engines  can  be  met  from  our  national  coal 
resources,  the  present  steady  growth  of  the  use  of  oil 
for  marine  purposes  may  be  regarded  with  equanimity  ; 
if  not,  the  national  wealth  of  coal  cannot  so  readily  be 
used  to  pay  the  nation's  debts,  and  the  country  must 
suffer. 

The  electricity  supply  industry  is  particularly  fitted  to 
take  a  part  in  the  solution  of  this  problem  ;  coal  is  dealt 
with  in  large  quantities,  and  the  process  of  electrical 
power  production  is  a  continous  one — conditions  which 
are  essential  to  any  economical  process  of  distillation. 
I  hope  that  an  increasing  number  of  those  engaged  in 
electricity  supply  will  devote  their  attention  to  this 
subject  and  will  make  themselves  familiar  with  gas- 
works and  coke-oven  practice  as  well  as  with  the 
interesting  research  work  into  the  structure  and  composi- 
tion of  our  coals  which  is  taking  place. 

Our  present  practice  of  producing  power  from   coal 

hy  the  agencv  of  steam  and  the  use  of  boilers  and  turbines 

shows   a   substantial   improvement   on    the   practice   of 

10  years  ago  ;   larger  turbines  and  higher  steam  pressures 

•  Journal  I.E.E.,   1914,  vof.   52,  p.  30. 


are  responsible  for  definite  savmgs,  and  boiler-house 
practice  also  has  improved. 

The  limits  of  the  efficient  use  of  steam  in  turbines  have 
not  yet  been  reached,  but  for  the  moment  the  greatest 
possibility  of  improvement  seems  to  he  in  the  boiler 
house.  Recent  developments  in  the  use  of  powdered 
fuel  are  of  particular  interest. 

It  has  always  seemed  to  me  a  little  unfortunate  that  the 
efficiency  of  a  steam-raising  de\'ice  consisting  of  a  furnace, 
a  means  of  releasing  heat  energy,  and  a  boiler,  a  means  of 
absorbing  heat  energy,  should  not  be  considered  in  two 
parts,  separately.  If  this  were  done  there  is  httle  doubt 
that  more  attention  would  be  directed  to  the  furnace  than 
has  been  the  case  in  the  past,  and  as  a  consequence  its 
efficiency  would  be  improved. 

Intimately  bound  up  with  that  of  the  economical 
production  of  power  is  the  problem  of  the  working  of 
interconnected  stations,  a  problem  which,  I  think,  will 
be  solved  in  large  part  by  a  moderate  amount  of  study. 
For  many  years  we  are  likely  to  continue  the  use  of  some 
smaller  stations  during  factory  hours,  on  account  of  the 
plant  already  installed  and  of  their  geographical  position. 

To  ensure  the  economical  use  of  such  a  station  as  part 
of  an  interconnected  system,  the  establishment  of  a 
controlling  engineer  \vith  autocratic  powers  is  regarded 
by  some  as  essential.  It  should  not  be  overlooked, 
however,  that  private  steam  plants  exist  in  manv  cases 
because  of  the  needs  of  their  o^v•ners  for  steam  for  other 
purposes,  and  that  we  must  provide  for  the  inter- 
connection of  these  plants  as  well  as  for  the  public  stations. 
Consequently,  a  single  control  in  all  cases  seems  likely 
to  be  difficult  of  attainment.  I  am  disposed  to  think 
that  the  control  necessary  for  economy  and  reliability 
may  be  equally  well  obtained  by  the  influence  of  tariffs 
based  on  a  closer  study  of  the  costs  of  working,  and  that 
it  will  be  unwise  to  assume  that  a  dictatorship  is  the 
only  solution. 

The  cost  of  operating  any  steam  plant  under  normal 
conditions  may  be  analysed  very  simply,  and  the  most 
economical  method  of  interworking  readily  arrived 
at.  A  study  of  the  problem  should  enable  the  pro\'ision 
for  emergency  conditions  also  to  become  clearer  and 
more  obvious,  and  it  should  not  be  difficult  by  considera- 
tion and  classification  to  provide  for  security  as  well  as 
economy,  even  though  the  generating  stations  remain 
under  separate  control. 

Interconnected  working  need  not,  therefore,  wait 
upon  the  creation  of  some  controlling  organization, 
more  particularly  as  the  possibility  of  the  use  of  high- 
pressure  direct  current  (the  adoption  of  which  would 
remove  many  present  difficulties)  seems  within  sight. 

The  power-supply  engineer  is  frequently  confronted 
with  cases  where  power  users,  because  of  their  require- 
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ments  for  steam  for  other  purposes,  are  disposed  to 
install  exhaust  or  pass-out  steam  turbines.  These 
cases  will  repay  the  most  careful  study. 

The  exhaust-steam  turbine  is  sinking  into  a  position 
of  relative  unimportance,  although  at  one  time  it  was  a 
powerful  buttress  of  the  reciprocating  winding  engine 
for  colliery  purposes.  A  study  of  the  limitations  of 
this  combmation  shows  that  it  must  eventually  dis- 
appear, except  in  very  special  cases,  in  any  district  where 
a  public  supply  system  is  operating  from  large  generating 
stations. 

Another  problem  is  introduced  by  the  pass-out 
turbine,  the  limitations  of  wliich  are  naturally  rather 
less  known  than  the  virtues  claimed  for  it  by  the  makers. 
There  are  definite  economic  limitations  to  the  use  of 
this  type  of  machine,  wloich  will  repay  study  and  which 
indicate  that  the  public  supply  undertakmg  need  not 
despair  of  supplj-ing  all  the  power  requirements  of  works 
where  a  large  amount  of  steam  is  required  at  low  pressure 
for  process  work. 

As  to  the  transmission  and  distribution  of  energy, 
definite  progress  has  been  made  as  the  result  of  research 
and  experience  ;  from  the  greater  attention  paid  to  this 
subject  a  much  clearer  knowledge  is  being  obtained  of 
the  technical  and  commercial  conditions  to  be  observed. 
The  construction  and  use  of  cables  for  pressures  above 
30  000  volts,  the  rating  of  cables,  and  the  continued 
testing  of  their  state  are  all  problems  of  great  interest 
which  deserve  the  closest  attention  of  the  electrical 
industry. 

As  to  methods  of  distribution,  the  necessity  for  reducing 
the  cost  is  urgent.  Much  good  would  be  done,  I  think, 
by  a  free  discussion  of  present  methods,  with  the  object 
of  eliminating  unnecessary  work  and  cheapening  the 
remainder. 

Many  undertakings  have  not  for  many  years  altered 
their  practice  in  the  method  of  laying  mains  and  making 
joints,  and  there  are  other  details  of  practice  wliich 
would  repay  consideration. 

Overhead  line  construction  is  also  in  a  state  of  change. 
New  regulations  governing  their  construction  in  this 
country  will  be  forthcoming  at  an  early  date  and  the 
satisfaction  of  these  regulations  at  minimum  cost  is 
a  matter  of  great  importance,  particularly  in  districts 
where  the  demand  for  electricity  is  not  dense.  Such 
problems  as  the  design  of  supporting  poles  or  towers 
and  their  foundations,  the  properties  and  behaviour  of 
conductors,  copper  and  other  metals,  and  of  insulators 
of  porcelain  and  other  materials,  will  well  repaj'  attention. 
The  design  of  service  lines  for  distribution  at  the  pressure 
of  use,  and  the  many  problems  arising  from  supply 
in  rural  districts,  should  all  receive  attention. 

In  connection  with  all  these  problems  the  records  of 
other  people's  work  to  be  found  in  the  technical  Press 
and  in  such  publications  as  Science  Abstracts  are  of 
great  value  for  reference,  but  something  more  is  wanted. 
It  would,  I  think,  be  of  assistance  to  many  of  us  if  in  each 
principal  section  of  electrical  engineering  the  Institution 
could  arrange  for  the  publication  of  an  annual  summary 
of  new  developments  and  problems,  such  summary 
to  be  prepared  by  someone  not  only  famihar  vnth. 
published  results  but  in  touch  with  the  work  being  done 
by  such  bodies  as  the  British  Engineering  Standards 


Association,  the  British  Electrical  and  Allied  Industries 
Research  Association  and  the  like.  Such  a  summary 
would,  I  think,  be  of  particular  value  to  the  younger 
members.  The  practice  of  electricity  supply,  though 
still  changing,  is  in  many  respects  becoming  stereotyped, 
and  there  is  a  tendency  for  the  young  engineer  introduced 
to  a  large  and  complicated  supply  organization  to  assume 
that  existing  practice  is  the  final  development.  It  would 
be  unfortunate  if  this  point  of  view  were  to  lead  our 
younger  members  to  neglect  their  inventive  faculties, 
and  I  feel  that  an  annua!  summary  such  as  I  have  referred 
to  would  prove  a  beneficial  stimulus. 

Finally,  I  should  like  to  refer  to  the  question  of  the 
relationship  of  supply  undertakings  to  the  public,  and 
the  necessity  for  making  clear  to  the  pubhc  the  reasons 
for  what  are  often  regarded  as  being  extraordinary 
tariffs.  It  is  difiicult  for  many  non-technical  people 
to  understand  why  a  power  supply  and  a  lighting  supply 
should  differ  to  such  a  great  extent  in  price,  and  the 
feeling  that  its  mystery  is  probably  a  cloak  for  unfair 
discrimination  is  very  likely  to  follow.  We  have  seen 
recently  an  agitation  against  the  "  therm  "  basis  of 
charging  for  gas,  an  agitation  based  largely  on  suspicion 
generated  in  the  public  mind  because  of  its  unfamiliarity. 
To  any  engineer  who  has  considered  the  matter,  the 
method  of  charging  is  fully  justifiable,  and  I  have 
noticed  with  pleasure  the  almost  complete  abstention 
on  the  part  of  the  electrical  industry  from  the  campaign 
against  the  gas  companies.  One  should,  however,  learn 
a  lesson  from  the  gas  engineers'  tribulations  and 
endeavour  to  make  clear  to  the  public  beforehand  why 
any  particular  form  of  tariff  is  adopted,  so  that  public 
confidence  may  not  be  lost. 

This  problem  of  equitable  tariffs  becomes  of  more 
importance  as  a  supply  is  given  over  wider  and  less 
thickly  populated  areas.  The  Hopkinson  basis  of 
charges  was  a  sufficient  approximation  for  supply  in 
a  densely  populated  area,  but  no  tariff  based  only  on  a 
demand  charge  plus  a  unit  charge  can  equitably  be  made 
to  fit  all  the  circumstances  in  an  area  including  town  and 
country  districts.  It  is  necessary  to  declare  frankly 
that  the  cost  of  distribution  must  make  the  charges 
for  electricity  higher  in  rural  districts,  and  I  think  that 
the  whole  industry  would  be  helped  by  a  general  dis- 
cussion of  this  subject. 

The  work  of  the  Institution  and  the  Electrical  Develop- 
ment Association  in  this  respect  is  helpful,  and  we  are, 
as  an  industry,  fortunate  in  having  the  Electricity  Com- 
missioners to  stand  between  us  and  an  uninstructed  agita- 
tion such  as  has  been  directed  against  the  gas  industry. 

Progress  in  supply,  whether  under  the  management 
of  a  company  or  a  municipality,  can  only  be  maintained 
subject  to  the  essential  economic  condition  of  a  fair 
return  on  capital  and  a  reasonable  margin  to  permit 
developments  to  be  made  by  research  or  enterprise,  so 
that  the  industry  may  be  kept  in  the  forefront  of  progress 
and  be  active  and  healthy  enough  to  meet  changed 
conditions  in  the  interests  of  all  concerned. 

I  believe  that  any  concerted  action  of  the  industry 
has  been  much  retarded  by  the  antagonism  which  has 
existed  in  the  past  between  various  sections.  I  am 
glad  to  think  that  the  work  of  the  Electricity 
Commissioners    in    the    co-ordination    of    supply,    the 
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avoidance  or  adjustment  of  overlapping  powers,  and  the 
general  and  wide  supervision  which  they  have  of 
the  developments  of  electricity  supply,  has  already  done 
good,  and  that  the  settlement  at  an  early  date  of  the 
respective  spheres  of  operation  and  the  association 
together  of  electricity  undertakings  will  permit  both 
municipal  and  company  engineers  to  co-operate  as  never 
before,  without  feeUng  that  political  advantage  will 
be  taken  of  their  mutual  confidence. 


Many  of  these  problems  are  in  particular  for  the 
younger  men  of  our  industry  to  solve  ;  their  solution 
is  necessary  not  only  for  the  prosperity  of  the  electricity 
supply  industry,  but  in  the  interests  of  the  country  as 
a  whole. 

In  recent  years  the  industry  has  been  relatively 
prosperous  ;  it  can  only  remain  so  by  an  appreciation 
of  national  needs,  by  hard  work  and  by  close  co-operation 
on  the  part  of  all  concerned. 


EAST   MIDLAND   SUB-CENTRE:    CHAIRMAN'S   ADDRESS 

By  William  Pearson,  Associate  Member. 

(Extract  from  Address  delivered  at  Loughborough,    10/A  October,   1922.) 


The  changes  which  take  place  gradually  among  our 
daily  associations  tend  to  pass  unnoticed,  and  it  is 
well  sometimes  to  attempt  to  reahze  the  changes  over 
a  considerable  period  to  determine  whether  the  altered 
circumstances  necessitate  a  new  attitude  towards 
them.  As  a  rule  these  scarcely  perceived  changes  of 
conditions  will  have  resulted  in  an  unconscious  adjust- 
ment, but  one  inadequate  to  make  the  best  of  the  new 
situation. 

The  genius  of  the  British  people  is  individuahstic, 
and  this  quaUty,  with  the  self-rehance  and  mitiative 
associated  with  it,  was  entirely  advantageous  while 
the  electrical  industry  was  in  the  e.xperimental  stage. 
But  when  an  industry  reaches  the  stage  of  quantity 
production  of  articles  of  established  types,  the  advan- 
tage tends  to  he  with  the  large  manufacturing  corpora- 
tions wliich  are  characteristic  of  other  countries.  The 
remedy  may  be  in  similar  large  aggregations  of  capital 
and  manufacturing  plant,  but  (despite  some  successful 
examples  of  this  kind)  I  beheve  that  the  engineering 
industry  of  this  country  will  continue  to  be  largely  in  the 
hands  of  companies  of  smaller  size.  The  alternative  is  to 
be  found  in  co-operative  action  to  secure  for  the  common 
good  those  advantages  which  cannot  be  efficiently 
attained  by  the  isolated  efforts  of  individual  firms. 
There  is  also  a  large  sphere  in  which  the  user  could 
and  should  co-operate  with  the  manufacturer  for  the 
good  of  the  industry  as  a  whole.  It  is  with  the  idea 
that  such  co-operation  should  be  more  dehberately 
encouraged  that  I  am  taking  this  opportunity  to  call 
attention  to  some  of  the  forms  of  co-operation  wliich 
have  already  emerged. 

Co-operation  is  the  chief  condition  of  progress  in 
human  society.  The  stimulus  of  competition  is  valuable 
only  in  so  far  as  it  leads  to  co-operation,  and  apart 
from  this  result  its  benefits  are  short-lived.  Un- 
restricted competition  results  in  the  inefficient  use  of 
the   abihty   employed  in   the  industry  as   a  whole,   in 


crippled  financial  resources,  and  in  deterioration  of 
the  product.  In  the  world  of  sport  everyone  reahzes 
that  combination  is  the  first  essential,  and  there  is 
no  doubt  that  if,  in  industry,  means  could  be  found 
to  secure  whole-hearted  co-operation  between  labour, 
capital  and  management,  production  would  be  enor- 
mously increased.  Much  might  be  said  -with  regard 
to  the  efforts  made  during  the  past  few  years  to  secure 
such  co-operation,  but  I  propose  to  hmit  my  remarks 
to  the  benefits  resulting  from  co-operation  between  the 
manufacturers  engaged  in  the  engineering  industry 
and  those  who  represent  the  purchaser  of  the  product. 
This  Institution  has  taken  a  leading  part  in  one 
matter,  not  of  a  technical  character,  which  will  serve 
as  an  illustration — I  refer  to  General  Conditions  of 
Contract.  In  the  past,  some  of  those  acting  on  behalf 
of  purchasers  regarded  the  contractor  not  as  an  ally 
in  securing  the  achievement  of  the  purpose  of  the 
contract,  but  as  an  opponent  to  be  taken  at  a  dis- 
advantage by  the  aid  of  very  one-sided  General  Con- 
ditions. The  position  became  so  intolerable  that  in 
1911  a  number  of  manufacturers  came  together  and 
agreed  to  insist  upon  three  protective  clauses  being 
inserted  in  all  contracts.  Out  of  such  action  developed 
the  British  Electrical  and  AlUed  Manufacturers'  Asso- 
ciation, which  has  since  standardized  sets  of  general 
conditions  applicable  to  all  kinds  of  contracts  and  fair 
to  both  parties.  But  the  work  of  the  Institution 
in  producing  its  more  elaborated  Model  General  Condi- 
tions of  Contract  in  1912  (with  subsequent  revisions) 
owes  its  value  to  the  fact  that  it  represents  collabora- 
tion between  all  the  interested  parties.  The  use  of 
these  conditions  not  only  removes  the  cause  of  much 
friction,  but  also  saves  the  almost  incredible  amount  of 
time  which  previously  was  wasted  in  the  study  of  con- 
ditions that  differed  in  almost  every  contract.  In 
this  matter  the  engineers  appear  to  be  pioneers,  and 
the  Federation  of  British  Industries,  which  is  at  present 
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investigating  the  possibility  of  producing  general  con- 
ditions applicable  to  industry  generally,  will  probably 
find  their  best  model  in  the  I.E.E.  Model  General 
Conditions  of  Contract. 

The  revision  of  the  I.E.E.  Wiring  Rules,  which  is  at 
present  in  progress,  is  another  example  of  an  important 
matter  in  which  all  the  organizations  interested  are 
participating. 

Other  collaborations  of  similar  type  but  more  hmited 
scope  are  those  between  the  Incorporated  Municipal 
Electrical  Association  and  the  British  Electrical  and 
Allied  Manufacturers'  Association,  deahng  with  standard 
schedules  of  guarantee  and  performance,  etc,  m  relation 
to  turbo-generator  and  condensing-plant  contracts. 

In  passing,  it  should  be  noted  that  the  Institutions 
themselves  represent  a  form  of  co-operation  between 
individual  engineers,  and  that  the  need  for  further 
co-operation  has  led  to  the  proposal  of  a  Joint  Council 
for  the  four  premier  Institutions,  and  to  an  endeavour 
to  form  an  Association  of  British  Engineering  Societies 
to  co-ordinate  the  work  of  a  large  number  of  other 
technical  organizations. 

The  function  of  the  engineer  may  be  defined  as 
"  the  economy  of  human  effort,"  and  in  support  of 
this  one  need  only  mention  transport  by  land  and 
sea,  or  the  apphcation  of  power  to  all  kinds  of  manu- 
facture. Yet  it  is  probable  that  the  number  of  non- 
producers  in  engineering  is  at  least  as  large  propor- 
tionately as  in  other  industries.  There  seems  to  be 
no  immediate  prospect  of  any  serious  reduction  in  the 
large  army  of  workers  engaged  in  the  distribution 
of  goods  made  by  other  people,  but  a  small  effort  in 
tliis  direction  is  the  co-operative  publicity  work  wliich  is 
the  function  of  the  British  Electrical  Development  Asso- 
ciation, a  development  of  the  Heating  and  Cooking  Com- 


mittee of  this  Institution,  and  the  result  of  the  ccllabora- 
tion  of  seven  other  Associations  with  the  Institution. 

The  most  important  of  these  endeavours  to  secure 
efficiency  in  the  industry  by  the  combined  eflbrts  of  all 
interested  parties  relate,  however,  to  research  and 
standard. zation,  and  I  wish  to  direct  your  attention 
particularly  to  these  subjects. 

(Mr.  Pearson  then  referred  to  the  research  work 
fostered  by  the  Committee  of  the  Privy  Council  for 
Scientific  and  Industrial  Reseaich,  and  described  in 
detail  the  organization  and  work  of  the  Bntish  Electrical 
and  Allied  Industries  Research  Association.  He  also 
described  the  or  g  n,  purpose  and  methods  of  the 
organizations  concerned  with  standard.zation,  i.e.  the 
British  Engineering  Standards  Association  and  the  Inter- 
national Electrotechnical  Commission.  He  quoted 
the  official  B.E.S.A.  statement  that  "  Industrial 
standardization  has  for  its  main  objects  the  elimination 
of  the  waste  of  time  and  material  involved  in  the  pro- 
duction of  a  mult  plicity  of  sizes  and  qualities  for  one 
and  the  same  purpose,  the  fixing  of  d.mensions  of 
component  parts  where  interchangeabihty  is  essential, 
the  setting  up  of  standards  of  performance  whereby 
comparsons  can  be  made  with  equity,  and  the  defining 
of  attainable  quality  of  material."  He  indicated 
various  kinds  of  standardization  fulfilling  these  diflerent 
objects,  and  then  made  special  reference  to  the  Rating 
of  Electrical  Machinery,  describing  the  recent  revision 
of  British  Standard  Spec.fication  No.  72  as  being  the 
most  important  in  relation  to  electrical  engineering. 
He  showed  how  the  several  Specifications  shortly  to  be 
issued  would  adequately  meet  the  needs  of  the  industry, 
which  the  superseded  document  fa  led  to  do,  and  urged 
it  as  a  duty  to  make  the  fullest  possible  use  of  these 
Specifications  when  ava.lable.) 
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THE   PRODUCTION  OF   NOISE  AND  VIBRATION  BY  CERTAIN  SQUIRREL- 
CAGE   INDUCTION   MOTORS.* 

By  F.  T.  Ch.^pman,  D.Sc,  Member. 


(Paper  received  3rd  April,   192-\) 


Summary. 


A  suggestion  is  made  that  the  higli-pitched  notes 
emitted  bv  some  induction  motors  are  due  to  a  side- 
pull  arising  from  an  unsyrametrical  field  which  may 
be  produced  when  certain  numbers  of  rotor  slots 
are  used. 

A  simple  case  is  first  considered  and  the  dissymmetry 
shown. 

and  (4)  The  forces  produced  are  indicated  and  their 
effects  considered. 
(5)  The  field  is  analysed  and  found  to  include  pairs  of 
components,  such  that  in  each  pair  the  numbers  of 
poles  differ  by  two.  The  interferences  between  such 
pairs  of  fields  produce  the  effects  observed. 

An  elementary  investigation  is  made  which  gives  an 
expression  for  the  frequency  of  the  note  produced. 

Illustrative  examples  are  considered. 

(8)  The  principle  is  extended. 

(9)  A  more  general  investigation  is  made. 

(10)  A  rule  is  developed  for  determining  what  numbers  of 

rotor  slots  should   be  avoided 

(11)  Some  experimental  results  are  given. 


(1) 

(2) 
(3) 


(6) 

(7) 


(1.) 

Induction  motors  with  squirrel-cage  rotors  usually 
have  excelleut  characteristics  as  regards  efificiency, 
power  factor  and  robustness,  while  a  high  starting 
torque  IS  not  expected  of  them,  in  general.  The  rotor 
is  extremely  simple,  but  in  spite  of  tli.s  simplicity  it 
preseuts  one  or  two  minor,  though  intricate,  problems 
in  connection  with  the  choice  of  the  number  of  slots. 
In  order  to  secure  a  high  power  factor  at  full  load  and 
a  large  pull-out  torque  it  is  desirable  to  employ  a  large 
number  of  slots  per  pole,  say  10  or  more,  but  such  a 
rotor  may  e-xhib.t  a  tendency  to  crawl  at  or  about 
certa.n  sub-multiples  of  synchronous  speed,  viz.  in 
the  case  of  a  tliree-phase  motor,  l/7th,  1/1 3th,  etc.,  of 
full  speed.  TIls  tendency  to  crawl  can  be  sufficiently 
prevented  (a)  by  adopting  suitable  fractional-pitch 
winda.gs  in  the  stator,  and  (b)  by  skewng  the  rotor 
slots  through  one  stator  slot-pitch.  There  are  cases, 
however,  where  these  remedies  cannot  be  appUed  and 
where  crawling  is  guarded  against  by  using  a  suitably 
chosen  number  of  slots  less  than  the  number  in  the 
stator.  Such  rotors  have  the  additional  advantage 
that  they  are  cheaper  to  construct  than  those  having 
larger  numbers  of  slots. 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  wliich  they  relate. 


Considerable  care  is  necessary  in  choosing  the  number 
of  slots  in  the  latter  case,  as  such  rotors  are  liable  to 
be  very  noisy  in  starting  and  on  load,  they  may  exhibit 
a  tendency  to  crawl  at  speeds  liigher  than  those  men- 
tioned above,  and  they  may  give  rise  to  serious  vibration. 
Experienced  designers  are  familiar  with  certain  numbers 
of  slots  wliich  are  safe,  but,  so  far  as  the  author  knows, 
the  matter  has  never  been  very  fully  investigated 
nor  have  any  reliable  rules  been  published.  Most 
manufacturers  have  trouble  from  this  source  from  time 
to  time,  but  direct  experimental  investigation  is  not 
possible  on  account  of  the  large  expense  involved  in 
testing  a  sufficiently  great  number  of  combinations  of 
numbers  of  poles,  and  of  rotor  and  stator  slots.  A 
motor  which  has  the  defects  mentioned  may  produce 
a  fairly  high-pitched  musical  note  at  speeds  within  a 
certain  range,  and  the  intensity  of  the  sound  may 
reach  a  maximum  near  the  middle  of  the  range.  In 
some  cases  there  are  several  noisy  speed-ranges  and 
full-load  speed  may  come  wdthin  one  of  them,  although 
a  motor  which  is  very  noisy  at  one  point  during  the 
starting  period  may  operate  quite  quietly  at  full  speed. 
Wlien  the  maximum  effect  is  felt  at  some  speed  during 
the  starting  period,  the  vibration  may  be  sufficiently 
severe  to  introduce  a  considerable  retarding  torque 
due  to  friction  at  the  bearings  and  also,  perhaps,  to 
the  currents  induced  in  the  rotor  by  its  peculiar  motion 
in  the  field,  and  the  remaining  torque  may  be  zero  or 
insufficient  to  accelerate  the  macliine  further. 

These  effects  are  probably  due  to  unbalanced  magnetic 
fields,  arising  as  indicated  below,  which  produce  rotating 
forces  similar  to  those  caused  by  mechanical  unbalance  ; 
the  speed  of  rotation  of  these  forces  is  much  higher 
than  that  of  the  rotor  itself,  so  that  the  critical  speed 
of  the  rotor  is  reached  and  exceeded  even  in  moderate- 
speed  machines. 

(2.) 

It  is  convenient  to  commence  by  studjnng  a  definite, 
simple  case  and  we  will  consider  a  rotor  with  five  slots 
acted  on  by  a  four-pole,  sine-shaped  rotating  field. 
We  shall  neglect  the  slot  openings  and  assume  that 
the  rotor  is  surrounded  by  a  uniform  air-gap. 

Fig.  1  shows  the  relative  positions  of  rotating  field 
and  rotor  conductors  at  a  certain  instant.  The  teeth 
are  numbered  and  the  arrow  indicates  the  direction 
of  motion  'of  the  field  with  respect  to  the  rotor,  the 
latter  being  supposed  at  rest.  Positive  ordinates 
indicate  flux  entering  the  rotor.  It  is  clear  that  all 
the  rotor  conductors  will  experience  the  same  virtual 
E.M.F.  and  they  will  all  have  the  same  inductance  and 
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resistance,  hence  the  virtual  current  and  the  angle  of 
lag  will  be  the  same  for  all.  The  phase  difference 
between  the  E.M.F.'s  or  currents  in  successive  con- 
ductors is  477/5  =  144'.  The  vector  diagram  in  Fig.  2 
refers  to  the  same  instant  as  Fig.  1,  and  the  full  Unes 
represent  the  E.M.F.'s  in  the  rotor  conductors.  The 
vector  marked  (5,  1)  refers  to  the  conductor  in  the 
slot  between  tooth  No.  5  and  tooth  No.  1.  In  this 
investigation  we  shall  neglect  the  resistance  of  the 
conductors,  so  that  the  current  will  lag  90°  behind 
the  E.M.F.  in  all  cases.  On  this  assumption  the  current 
vectors  are  shown  in  Fig.  2  by  broken  lines. 


Fig.  1. 

Now,  the  conductors  are  short-circuited  at  each  end 
by  rings,  which  rings  are  not  connected  together  by  any 
other  path,  therefore  the  sum  of  the  five  currents  must 
be  zero  at  every  instant.  This  means  that  the  vectors 
representing  them  must  form  a  closed  polygon  when 
taken  in  the  same  order  as  the  slots.     Tliis  polygon  is 


,(5,1) 


drawn  in  Fig.  3  and  is  so  numbered  that  the  vector 
(5,  1)  represents  the  current  in  the  conductor  between 
tooth  No.  5  and  tooth  No.  1,  and  so  on.  These  rotor 
currents  produce  a  magnetic  field  which  combines  with 
the  original  four-pole  field  and  produces  a  very  irregular 
resultant.  We  shall  assume  that  the  effects  of  satura- 
tion and  of  the  slot  openings  can  be  neglected,  and  in 
the  first  place  we  shall  examine  the  form  of  the  field 
which  the  rotor  currents  would  produce  if  they  acted 
alone. 


It  is  a  well-known  proposition  that  the  M.M.F.  acting 
on  the  air-gap  opposite  tooth  5  differs  from  that  acting 
opposite  tooth  1  by  the  M.JNI.F.  due  to  the  current  in 
conductor  (5,  1)  ;  hence,  if  0  be  the  centre  of  the  circum- 
scribing circle  in  Fig.  3,  the  vectors  (0,  1),  (0,  2),  {0,  3), 
etc.,  will  represent  the  maximum  ampere-turns  acting 
on  the  air-gap  opposite  teeth  Nos.  1,  2,  3,  etc.,  respec- 


FiG.  3. 

tively,  to  the  same  scale  as  (5,  1),  (1,  2),  etc.,  represent 
the  maximum  current  per  conductor.  This  follows 
because  the  vector  (5,  1)  is  the  difference  between  the 
vectors  (0,  5)  and  (0,  1),  and  because  the  algebraic 
sum  of  the  instantaneous  values  of  the  fluxes  in  all 
the  teeth  must  be  zero  at  every  instant.  With  the 
aid  of  Fig.  3  we  can  draw  the  stepped  curve  of 
Fig.  4  (abcdefghkl)  which  shows  the  distribution  of 
the  field,  Oo-  due  to  the  rotor  currents  at   the  instant 


Fig.  4. 

when  the  flux  in  tooth  1  is  at  its  maximum  value.  It 
will  be  seen  that  a  kind  of  four-pole  field  is  produced 
wliich  satisfies  the  condition  that  the  total  flux  entering 
the  rotor  is  equal  to  the  total  flux  leaving  it. 

The  curve  Oi  shows  the  position  of  the  main  flux 
wave  at  this  instant.  The  curve  (pg  which  bounds  the 
shaded  areas  is  obtained  by  adding  together  at  each 
point  along  the  rotor  surface  the  ordinates  of  curves 
Ol  and  Oo-  The  values  of  the  rotor  currents  and  fluxes 
have  been  calculated  on  the  assumption  that  the  end 
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leakage  may  be  neglected.  The  formulae  employed 
were  those  given  by  the  author  in  a  paper  on  "  The 
Air-gap  Field  of  the  Induction  Motor,"  *  and  they 
indicate  that  the  maximum  height  of  the  stepped  curve 
is  0-757  times  the  height  of  the  Oj  curve.  A  useful 
check  on  this  figure  is  provided  by  the  fact  that,  since 
the  rotor  conductors  are  assumed  to  have  no  resistance, 
the  net  flux  traversing  any  tooth  must  be  zero  at  every 
instant,  a  condition  which  the  curve  O3  fulfils. 

(3.) 

Now  the  force  with  which  any  element  of  the  rotor 
surface  is  attracted  towards  the  stator  is  proportional 
to  the  square  of  the  flux  density  at  that  point.  The 
circle  in  Fig.  5  represents  the  rotor  of  the  previous 
figures,  the  conductors  being  shown  and  the  teeth 
numbered.  Outside  the  circle  radial  lines  have  been 
drawn,  the  lengths  of  which  are  proportional  to  the 
squares  of  the  resultant  densities  (Os)  shown  in  Fig.  4. 


Fig.  5. 

It  is  clear  from  this  diagram  that  the  rotor  experiences  a 
resultant  force  directed  radially  outwards  through  the 
centre  of  slot  (3,  4). 

Fig.  6  has  been  drawn  to  show  the  flux  distribution 
1/lOth  cycle  later  when  Oj  has  moved  through  l/20th 
revolution  and  the  vectors  of  Figs.  2  and  3  have  moved 
through  1/lOth  revolution.  The  resultant  field  is  similar 
to  that  of  Fig.  4,  except  that  it  is  moved  one  slot  to  the 
right  and  reversed  in  sign.  If  a  new  figure  corresponding 
to  Fig.  5  were  drawn  for  this  case  it  would  be  found 
that  the  resultant  force  had  the  same  value  as  before, 
but  was  now  directed  outwards  between  tooth  No.  4 
and  tooth  No.  5,  hence  in  1/lOth  cycle  its  direction  has 
turned  through  l/5th  revolution.  Further  diagrams 
drawn  in  the  same  way  would  show  that  the  force 
vector  makes  two  revolutions  per  cycle  and  therefore 
rotates  four  times  as  fast  as  Oi>  relatively  to  the  rotor. 

(4.) 

This  unbalanced  force  tends  to  bend  the  shaft  of  the 
rotor  and,   under  steady  conditions,  the  plane  of  the 
•  Electrician,    1916,  vol.    77,  p.    66,3. 


neutral  axis  will  rotate  at  the  same  speed  in  space  as 
the  unbalanced  force  ;  this  speed  is  quite  different  from 
the  speed  of  rotation  of  the  rotor,  if  any.  The  shaft  bemg 
bent,  the  air-gap  is  reduced  on  one  side  and  an  increased 
unbalanced  magnetic  attraction  is  produced,  which  is 
added  to  the  original  disturbing  force,  and  further, 
since  the  centre  of  gravity  of  the  rotor  is  whirling  with 
the  neutral  axis  in  a  circle,  a  centripetal  mass-accelera- 
tion is  required  to  maintain  the  motion.  Steady  motion 
is  obtained  when  the  shaft  is  bent  to  such  an  extent 
that  the  elastic  forces  set  up  by  the  bending  are  just 
suf&cient  to  balance  the  magnetic  attraction  and  to 
provide  the  requisite  mass-acceleration.  It  should  be 
noted  that  such  steady  conditions  cannot  exist  while 
the  rotational  speed  of  the  rotor  is  changing,  because 
the  frequency  of  the  forces  brought  into  play  is  changing 
continuously. 

The  forces  acting  on  the  stator  and  rotor  due  to 
magnetic  unbalance  are  equal  and  opposite,  and  there- 
fore are  balanced  if  the  motor  is  regarded  as  a  whole, 
but  it  is  otherwise  with  the  mass-acceleration,  which 
leads  to  reactions  at  the  bearings  that  are  transmitted 
to  the  foundations,  producing  the  same  effects  as  regards 


Fig.  6. 

noise  and  vibration  as  if  the  rotor  were  mechanically 
out  of  balance  and  were  rotating  at  the  speed  at  which 
it  now  whirls.  We  shall  see  later  that  conditions  may 
exist  in  a  motor  which  cause  the  frequency  of  these 
forces  to  be  that  of  a  high-pitched  musical  note,  and 
therefore  comparatively  small  forces  (i.e.  small  deflec- 
tions) will  cause  a  loud  noise.  It  will  also  be  obvious 
from  the  dynamics  of  the  problem  that  with  a  given 
initial  disturbing  force  there  will  be  a  certain  speed  of 
rotation  of  this  force  at  which  the  deflection  of  the 
shaft  becomes  unstable  and  stator  and  rotor  may  come 
into  contact  with  one  another.  From  the  examples 
given  below  we  shall  see  that,  as  the  rotor  accelerates, 
the  speed  of  the  disturbing  force  varies  over  a  very 
wide  range,  and  the  critical  whirling  speed  to  which 
we  have  just  referred  (wliich  is  practically  identical 
with  the  mechanical  critical  speed)  may  be  included 
within  this  range  ;  the  vibration  may  then  be  so  severe 
that  further  acceleration  is  prevented.  Thus  we  get 
a  crawling  speed  of  a  new  kind,  which  is  necessarily 
accompanied  by  loud  noise  and  vibration. 

The  action  of  the  main  magnetic  field  under  these 
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circumstances  is  somewhat  obscure,  since  the  presence 
of  the  closed  squirrel-cage  winding  prevents  rapid  changes 
in  the  flux  distribution,  which  might  otherwise  be 
caused  by  the  whirling.  It  may  be  expected,  however, 
to  flatten  out  the  resonance  curve  to  a  considerable 
extent  and  to  damp  the  whirling.  It  will  be  clear  that 
if  two  motors  which  are  othenvise  identical  have  shafts 
with  different  degrees  of  stiffness,  the  one  with  the  more 
rigid  shaft  is  less  likely  to  give  trouble  than  the  other. 
Any  looseness  in  the  bearings,  between  the  rotor  and 
the  shaft  or  between  the  stator  and  its  housing,  would 
accentuate  the  effects  here  discussed.  It  may  be 
possible  for  a  given  combination  of  stator  and  rotor 
slots  to  be  troublesome  in  one  case  and  to  have  little 
effect  in  another. 

(5.) 

The  method  of  investigation  which  has  been  given 
in  Section  2  is  too  laborious  for  general  use,  and  a 
further  analysis  is  necessary  in  order  to  establish  rules 
to  indicate  how  these  effects  may  be  avoided.  §fe] 

A  useful  light  is  thrown  on  the  phenomenon  if  we 
apply  Fouriei's  analysis  to  the  fields  shown  in  Figs.  4 
and   6.     In  the  paper  *  referred  to  above,  the  author 


A  %  C/    ^V$r 


\    A    / 


Fig.  7. 


has  shown  that  if  an  inducing  field  having  p  poles  acts 
on  a  squirrel-cage  rotor  winding  with  O  conductors 
the  fields  produced  by  the  rotor  currents  can  be 
resolved  into  a  series  of  fields,  each  of  which  has  cp 
poles,  and  may  rotate  in  the  same  direction  as  the  original 
field,  or  in  the  opposite  direction  with  respect  to  the 
rotor.  The  possible  values  for  c  form  an  infinite  series 
and  the  general  term  is  given  by  the  expression 


2Gd 

c  = -^1 

P 


(1) 


where  d  is  any  positive  or  negative  integer.  Those 
fields  for  which  c  is  negative  rotate  in  the  opposite 
direction  to  the  original  field,  the  others  in  the  same 
direction.  The  speeds  of  the  fields  are  such  that  they 
all  produce  E.M.F.'s  of  the  same  frequency,  in  phase 
with  one  another,  in  any  rotor  conductor. 
Formula  (1)  can  be  written 

cp  =  2Gd  +p (2) 

The  amplitude  of  any  one  of  these  fields  is  equal  to 

26  sin  (cpTTl2G) 


CpTT 

*  Loc.  cit. 


X  y 


where  y  is  the  maximum  density  in  the  air-gap  opposite 
any  tooth,  as  determined  from  such  a  vector  diagram 
as  that  given  in  Fig.  3. 

If  we  consider  the  case  of  Section  2  in  which  G  =  5 
and  p  =  4,  and  substitute  successively  in  Equation  (2) 
the  following  values  for  d,  viz.  0,  —  1,  -|-  1,  —  2, 
+  2,  etc.,  we  get  the  following  as  the  numbers  of  poles 
in  the  series  of  multiple  fields  that  are  present. 


cp  =  4,   -  6,    14, 


16,  24,  etc. 


The  important  point  about  this  series  is  that  it  consists 
of  a  number  of  pairs  of  oppositely  rotating  fields  in 
which  the  numbers  of  poles  differ  by  two,  thus  (4,  —  6), 
(14,   -  16),  etc. 

In  Fig.  7  the  curve  <^^  represents  the  difference  between 
Oi  and  the  four-pole  component  of  Oo'  a  Anx  wave  which 
moves,  hke  (Jj,  from  right  to  left  ;  Og  represents  the 
six-pole  component  of  $2  and  moves  from  left  to  right. 
$7  represents  the  resultant  of  these  two  fields  at  a  certain 


Fig.  8. 

instant,  and  the  corresponding  force  diagram  is  shown 
in  Fig.  8.  Figs.  7  and  8  show  the  characteristic  feature 
of  the  resultant  field  produced  by  combining  a  p-pole 
field  with  a  (p  ±  2)-pole  field,  viz.  that  there  is  a 
strong  zone  the  centre  of  which  is  immediately  opposite 
to  that  of  a  weak  zone,  which  leads  to  an  unbalanced 
magnetic  pull.  This  force  can  be  represented  by  a 
radial  vector  rotating  about  the  axis  of  the  rotor. 

If  a  p-pole  field  be  combined  with  a  (p  -|-  a;) -pole 
field,  where  a;  =  4,  6,  8,  10,  etc.,  there  will  be  a;/2  strong 
and  x/2  weak  zones  distributed  regularly  round  the 
periphery  of  the  rotor,  and  the  forces  will  constitute  a 
balanced  system.  It  is  only  when  x  =  2  that  unbalanced 
forces  arise. 

(6.) 

The  speed  at  wliich  the  force  vector  rotates  can  be 
determined  in  the  following  manner.  Suppose  we  have 
a  pj-polc  field  rotating  at  n^  revs,  per  sec,  and  a  p.,-po\e 
field  rotating  at  no  revs,  per  sec.  If  p-z^  Pi  +  2, 
then  interference  effects  ^vl!l  be  produced  as  shown 
above.  When  a  crest  of  the  pi-pole  field  coincides  with 
a  crest  of  the  po-pole  field,  as  sho^vn  in  Fig.  7  at  A  and 
B,  the  force  vector  is  directed  outwards  through  the 
corresponding  point  on  the  rotor,  viz.  slot  {3,  4).  We 
will  take  a  movement  from  right  to  left  as  positive.    At 
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a  certain  instant,  earlier  or  later  than  that  of  Fig.  7 
according  to  the  direction  of  relative  motion  of  the  two 
fields,  the  crests  C  and  D  will  coincide  and  the  force 
vector  will  have  moved  to  this  new  point  of  coincidence. 
The  speed  of  the  p^-pole  field  with  respect  to  the 
Pi-pole  field  is  (n2  —  n^)  revs,  per  sec.  Relatively 
to  the  pj-pole  field  the  force  vector  will  h.ave  moved 
from  A  to  C,  i.e.  through  l/pjth  of  the  circumference, 
while  the  p2  field  moves  through  (Ifpi  —  l/pojfh  of 
the  circumference,  hence  the  velocity  of  the  force  vector 
relative  to  the  pj-pole  field  is  gre.iter  than  the  relative 
velocity  of  the  p2-pole  field  in  the  ratio 

I/Pi :  (1/Pi  -  VP2I 
therefore  the  speed  of  the  force  vector  relative  to  the 
p^-pole  field  is 


("i; 


("■2 


l/Pl  -    I/P2 

ni)p2 


P2  -Pl 

=  2[("2  —  ni)p2] 


(■i) 


Now  the  speed  of  the  p^-pole  field  is  nj,  so  that  the 
speed  of  the  force  vector  in  space  is 

"1  +  K('*2  "■  ^l)P2l 

=  K"2P2  -  niipo  -  2)] 

^  |(nop2  —  n-iPi)       .      .       .      .      (5) 

If  either  of  these  fields  is  produced  by  the  direct 
magnetizing  effect  of  the  stator  currents,  its  speed  is 
known  from  the  relation  np  =  2/,  where/  is  the  primary 
frequency  ;  hut  if  one  or  both  arise  from  rotor  currents 
the  speeds  must  be  calcuLited  as  follows.  Suppose  a 
P4  field  is  produced  by  rotor  currents  wliich  are  induced 
by  a  ^3  stator  field,  then 

{±)Pi=2Gd+Pi       ....      (6) 

If  the  speed  of  the  pg  field  is  n^  and  that  of  the  rotor 
no,  the  frequency  of  the  rotor  currents  under  considera- 
tion is 

(ns  -  no)P3/2         ....      (6a) 

ns  must  here  be  given  its  proper  sign,  whilst  ^3  is  taken 
as  a  positive  quantity. 

(The  difference  between  a  positive  and  a  negative 
frequency  is  expressed  in  the  difference  in  phase  sequence 
of  the  currents  in  the  rotor  bars.  For  example,  in 
order  to  produce  the  same  frequency  in  this  sense,  the 
four-pole  and  six-pole  fields  of  Fig.  7  must  rotate  in 
opposite  directions  with  respect  to  a  five  bar  rotor, 
whereas  if  both  rotated  in  the  same  direction  the  fre- 
quencies of  the  E.M.F.'s  produced  would  differ  in  sign.) 

The  speed  of  the  p^  field  relative  to  the  rotor  is  such 
that  the  frequency  of  the  E.M.F.'s  which  it  induces 
m  the  rotor  conductors  is  the  same  as  the  frequency 
due  to  the  p^  field,  i.e. 

("4  -no)  X  (±)  j)4  =  (nj  -  nQ)pz     .      .      (7) 
hence  ^4  =  Hq  +  [n^  -  n(^)Pil{±)Pi      ...      (8) 

or,  to  avoid  ambiguity  of  sign,  we  may  write 


_  2gdno  -I-  risPs 
"~      2Gd  +  P3 


(9) 


714  may  be  either  positive  or  negative,  and  when  required 
for  substitution  in  Equation  (5)  as  n^  or  n^  it  must 
always  be  associated  with  its  proper  sign  ;  on  the  other 
hand,  when  p^  is  used  in  this  equation  as  pi  or  po,  it 
must  be  taken  as  a  positive  quantity  ;  the  examples 
given  in  Section  7  will  heip  to  make  this  point  clear. 

Since  the  force  acting  on  ea.ch  element  of  the  rotor 
surface  depends  on  the  total  induction  density  there, 
tills  method  of  singhng  out  two  components  of  the  field 
and  considering  them  apart  from  the  rest  requires 
some  justification  ;  it  explains  the  phenomena  clearly 
and  correctly,  but  it  does  not  constitute  a  sufficiently 
rigorous  treatment  of  the  problem.  A  more  general 
treatment  is  given  in  Section  9,  where  it  is  shown  that 
an  unbalanced  force  can  only  arise  when  there  are 
component  fields  with  numbers  of  poles  d  ffering 
by  two,  and  that  the  magnitude  of  this  force  is  propor- 
tional to  the  product  of  the  amphtude  of  these  two 
components. 

(7.) 

Some  numerical  examples  will  serve  to  illustrate 
the  matter. 

Example  (1).  A  four-pole,  50-period  three-phase  motor 
has  a  squirrel-cage  rotor  with  19  slots  ;  the  fifth  multiple 
field  of  this  machine  ha';  20  poles  and  runs  backwards  at 
a  speed  which  is  one-fifth  of  that  of  the  main  field,  i.e.  at 
—  5  revs,  per  sec. — From  Equation  (2)  we  see  that  the 
rotor  currents  induced  bv  this  field  produce  a  series  of 
fields  the  numbers  of  poles  in  which  are 

20,    —  18,  58.   —  56,  and  so  on, 

a  series  of  pairs  of  numbers  differing  by  two  in  each 
case.     We  will  consider  the  first  pair  in  which 

P3  =  20  =  po,  and  Pi—  18  =  pi,  (d  =  —  1) 

Case  (a). — If  the  rotor  is  stationary  we  have  ng  =  0 

0  -  5  X  20 
n3  =  n2  =  —  5,    and   714  =  n^  =  — 

[from  Equation  (9)] 
n2P2  =  -  5  X  20  =  -  100 
niPi  =  -f  5  X  20  =  -f  100 

Vience  the  speed  of  the  force  vector,  by  Equation  (5),  is 

-  100  -  100 

=  —  100  revs,  per  sec. 


Case  [b). — At  synchronism,  ng  =  25  revs,  per  sec. 

ng  =  n.i  =  —  5 

-  2  X  19  X  25  -  5  X  20  _  1  050 
"*  =  "1  =  Zrj^  -     18 

hence  the  speed  of  the  force  vector  is 

—  5  X  20  -  lO.^iO 

=  —  57o  revs,  per  sec. 

2 

This  speed  corresponds  to  a  fairly  high  musical  note. 
Between  standstill  and  full  speed  the  force  vector  wdl 
probably  have  passed  through  the  critical  speed  of  the 
rotor. 

Example  (2).     A  four-pole,  50-period  three-phase  motor 
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has  a  squirrel-cage  rotor  with  29  slots.  The  seventh 
multiple  field  of  this  machine  has  28  poles  and  its  speed 
is  +3-57  revs,  per  sec. — The  numbers  of  poles  in  the 
components  of  the  field  set  up  by  the  rotor  currents 
induced  by  the  seventh  stator  field  are.  by  Equation  (2) 


28,   —  30,  86,   —  88,  etc. 

Case  (a). — ^VVTien  the  rotor  is  stationary,  Mq  = 
Considering  the  first  pair  of  fields,  we  have 


0. 


n3  =  Hj  =  3  •57, 

0  +  3-57  X  28 

r!4  =  n^  = 


30, 


(since  d  =  —  1) 


-  -30 

The  speed  of  the  force  vector  is 

-3-57x28 -3-57x28  ^  _  ^^^  ^^^.^    ^^^  ^^^ 

2 

Case  [b). — At  synchronism,  Hq  =  25  revs,  per  sec. 

713  =  %  =  3-57 

—  58  X  25  +  3-57  X  28 

n4  =  na  =  ^3Q 

_  L^^ 

~  "so" 

The  speed  of  the  force  vector  is 

1350-35^^28  ^  g25  revs,  per  sec. 
2 
Between  standstiU  and  synchronism  there  is  obviously 
some  speed  of  the  rotor  at  which  the  force  vector  is 
stationary.  This  speed  can  be  determined  from  the 
equations  given  above,  and  is  3  -  45  revs,  per  sec.  The 
magnitude  of  the  force  at  this  speed,  however,  is 
extremely  small. 

(8.) 
In  the  two  cases  considered  in  Section  7  the  rotor 
currents  themselves  give  rise  to  pairs  of  fields  which 
interfere  with  one  another  and  produce  the  magnetic 
"  beats  "  which  cause  the  rotating  side  pull,  but  there 
are  cases  of  another  kind  in  which  a  field  produced 
by  the  stator  currents  interferes  with  an  entirely 
independent  one  produced  by  the  rotor  currents.  For 
instance,  if  a  four-pole,  three-phase  motor  has  a  squirrel- 
cage  rotor  with  25  slots,  the  currents  induced  in  the 
rotor  bars  by  the  main  field  will  produce  a  complex 
field  with  components  having 

4^    _  46,   +  54,  etc.,  poles. 

The  —  46  field  interferes  with  the  11th  multiple  field 
of  the  stator  which  has  44  poles.  If  the  stator  should 
have  24  slots  the  Ilth  field  would  be  very  important, 
especially  if  the  slots  were  open  rather  wide,  in  which 
case  its  amplitude  at  full  load  might  exceed  that  of 
the  main  field.  On  the  other  hand,  the  currents  induced 
in  the  rotor  winding  by  the  11th  stator  field  produce 
a  complex  field  the  components  of  which  have 


and  it  produces  interference  effects  with  the  main 
field  of  the  motor.  The  force  vectors  corresponding  to 
these  two  sets  of  "  beats  "  rotate  at  the  same  speed, 
but  in  general  they  difier  in  magnitude  and  in  phase 
and  produce  a  resultant.  If  the  frequency  of  supply 
were  50  periods  per  sec.  and  the  motor  were  running 
with  20  per  cent  slip,  the  speed  of  the  force  vectors 
would  be  560  revs,  per  sec. 

A  25-slot  rotor  in  a  four-pole  motor  produces  a  large 
number  of  other  sets  of  interfering  fields  and  so  has 
a  great  capacity  for  producing  noise. 

(9.) 

General  Expression  for  the  Radial  Forces 
acting  on  a  rotor. 

Let  the  circle  of  Fig.  9  represent  an  end  view  of  the 
periphery  of  a  rotor,  round  which  a  complex  field  exists. 
In   a   perfectly  general  case  the  induction  density  at 
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6,  94,   —  56,  etc.,  poles. 


The  {—  6)-pole  field  is  the  most  important  of  this  series  ; 
its  amphtude  is  greater  than  that  of  the  44-pole  field. 


any  point  P  on  the  surface  of  the  rotor  is  given  by  the 

expression 

A  sin  {9  +  a)  +Bsm  (29  +  b)  +  C  sin  (39  +  c)  +  .  .  . 

The  radial  force  PQ  acting  on  an  element  of  the  surface 
measuring  8^  tangentially  and  of  unit  length  axiaUy  is 
given  by  the  expression 

K  89[A sin  (9  +  a)  +  B  sin  (29  +  b) 

+  C  sin  (39  +  c)  +  .  .  ■]' 

where  K  is  a  numerical  coefficient. 

In  order  to  examine  to  what  extent  the  forces  on  all 
the  elements  of  the  surface  are  Balanced  we  will  resolve 
PQ  into  its  components 

PR  =  PQ  sin  9 

=  K[A  sin  (9  +  a) 

+  B  sin  (29  +  b)  +  .  .  .]-  sin 

and 


n9 


(10) 


PS  =  PQ  cos  9 

=  K[A  sin  (9  +  a) 
-^  B  sin  (29 


6)  +  .  .  .]2  cos  9  89 


(11) 


Case  (a).  Permeance  of  air-gap  uniform.— K  is  now 
a  constant  and  by  integrating  expression  (13)  between 
9  =  0  and  9  =  2tt  we  get  a  value  for  the  unbalanced 
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force  in  the  direction  of  the  y-axis,  while  the  integration 
of  (14)  gives  the  unbalanced  force  in  the  direction  of 
the  X-axis. 

These    integrations    furnish    a    first    series    of   terms 
such  as 


K    N"  sin'-  [vO  +  n)  sin  9  dd 

Jo 


and       K     N'-^  sin^  [vd  +  n)  cos  9  d9,  respectively 


the  values  of  which  are  all  zero,  and  a  second  series  of 
terms  such  as 


K    2MN  sin  {ix9  +  m) 

Jo 
and 


,  sin  {v9  +  n)  sin  9  dd 


K 


2MN  sin  {ij,9  +  m)  .  sin  [vd  +  n)  cos  9  dO,  respectively. 


where  v  is  greater  than  jjl. 
The  first  of  these  becomes 


NMK  I   cos  [(ju.  -  v]9  +  {n  -  m)]  sin  9  d9 

•I. 
-NMK\  cos[(ja  +  v)9  +  {n  ■ 
Jo 


)]sm9de 


which  develops  into 
INMK  I  sin  [9  +  {p. 


i')9  +  m  -  n]d9 


-  INMK    sin  [9  -  {p,  -  v)9  -  {m  -  n)]d9 

In 

-  INMK     sin  [9  +  [p  +  v)9  +  n  +  m]d9 


pin- 

+  ^NMkI  sin  [9  +  iix  +  v)9  - 
Jn 


n]d9 


Since  fi  and  v  are  both  positive  integers  and  v  is  greater 
than  /x,  the  last  three  terms  are  all  zero.  The  first  term 
is  also  zero  except  in  the  one  case  where  v  —  p  =  1  ; 
its  value  is  then 

PR  =  ttNMK  sin  (wi  —  n) 

Similarly  the  cosine  component,  PS,  is 

ttNMK  cos  (m  —  n) 

when  V  —  jj.  =  \,  and  is  zero  in  all  other  cases.  The 
resultant  unbalanced  force,  PQ,  is  ttMNK  and  is  inclined 
to  the  X-axis  at  an  angle  [m  —  n). 

Thus  we  see  that  if  the  actual  field  can  be  resolved 
into  components  two  of  which  have  numbers  of  poles, 
2/x  and  2v,  which  differ  by  2,  these  two  fields  will  cause 
a  resultant  radial  force  to  act  on  the  rotor.  In  a  per- 
fectly general  case  it  is  conceivable  that  there  might 
be  a  number  of  such  pairs  of  fields,  the  effects  of  which 
might  cancel  one  another,  but  in  the  induction  motor 
such  pairs  only  occur  in  the  special  circumstances 
investigated  above. 


In  the  induction  motor  the  components  of  the  field 
are  rotating  at  various  speeds,  and  therefore  n  and 
m  are  functions  of  the  time.  If  we  suppose  the  fj,  field 
to  be  rotating  with  angular  velocity  aij,  and  the  v  field 
with  angular  velocity  w^,  then 

m  =  —  fxcoyt  +  m' 
and  n  =  —  vtoot  -|-  n' 

hence  m  —  n  =  m'  —  n'  -\-  (voio  —  lJi<^\)i  ■      •    (12) 

The  instantaneous  components  of  the  unbalanced  force 
are 

PR  =  ttNMK  sin  [(I'M,  —  fJ.("i)t  +  (in'  —  n')]  •  (13) 
and   PS  =  ttNMK  cos  [vco.^  —  fjiOJi)t  +  {m'  —  n')      (14) 

which  indicate  a  constant  force  of  magnitude  propor- 
tional to  the  product  of  the  amplitudes  of  the  two  fields, 
applied  to  the  rotor  in  a  direction  which  rotates  with 
an  angular  velocity  of  (voio  —  fxcoj)  radians  per  sec. 

Each  pair  of  fields  with  numbers  of  poles  differing 
by  two  will  produce  such  a  rotating  force,  but  in  the 
practical  case  the  resulting  forces  differ  in  magnitude 
and  in  relative  position,  and  generally  they  cannot 
cancel  one  another. 

The  speed  of  the  rotating  force  in  revs,  per  sec.  is 

*'27r  "~  '^277 

and,  since  v  =  ipo  and  /x  =  -|pi,  this  expression  is 
identical  with  Equation  (5). 

Case  [b).  Variable  permeance. — \\Tien  the  permeance 
of  the  air-gap  varies  periodically  owing  to  the  presence 
of  slot  apertures,  etc.,  K  is  not  constant  but  varies 
in  a  regular  manner  from  a  maximum  to  a  minimum 
and  back  again  to  a  maximum.  If  we  suppose  the 
effect  to  be  due  to  the  slot  openings  of  the  rotor  only, 
the  permeance  will  have  O  maximum  and  O  minimum 
values.  Let  us  consider  G  points  on  the  circumference 
at  each  of  which  the  permeance  will  have  the  same 
value.  For  each  point  we  shall  have  a  pair  of  ex- 
pressions such  as  (13)  and  (14)  above.  Taking  first 
expression  (13)  and  assuming  9  to  be  measured  from 
one  of  the  O  points,  we  get  a  series  of  expressions  for 
the  sine  components  of  the  forces  acting  at  the  several 
points,  such  as 

K[A  sina  +  B  sinh  +  .  .  .N  Sinn  .  .  .f  sin  0  .  8^ 
K[A  sin  (27r/(?  +  a)  +  B  sin  (477/0  +  b)  +  .  .  . 

+  A'  sin  (21/77/G  -|-  «)  +  ■••  I"  X  sin  (277/G)  .  hO 

etc. 

The  {R  -f  l)th  expression  is 

K[A  sin  {27TRICr  +  a)  +  B  sin  (477i?/G'  +  b)  +  .  .  . 

+  A'  sin  {2vttRI0  +  n)  +  .  .  .  f  sin  (277j?/G).  50 

Each  of  these  O  expressions  contains  similar  terms 
to  those  set  out  for  the  [R  +  l)th.  Expanding  the 
[R  +  l)th  expression  we  obtain  two  scries  of  terms 
such  as 

KN-  sin-  {2vTTRia  +  m)  .  sin  {2ttRIG).  89    .      .    (15) 
and 
2KMN  sin  (2a7ri?/G  +  m)  .  sin  (2vttRIG  -\-n) 

.sin{2TTRIG).89     .      (16) 
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When  we  add  together  the  expanded  expressions  for 
all  the  O  components  we  find  that  the  terms  can  be 
arranged  in  two  classes  of  series.  Those  of  the  first 
class  contain  G  terms  in  A-,  or  in  S'',  ...  or  in  N-,  .  .  . 
similar  to  (15),  and  in  each  series  R  has  successive  values 
of  0,  1,  2,  ...  (G  —  1).  Those  of  the  second  class  contain 
terms  in  AB,  or  BC,  or  .  .  .  MN  .  .  .  similar  to  (16)  in 
which  R  has  the  successive  values  just  mentioned. 

Let  us  consider  a  typical  series  of  the  first  class. 
The  general  term  given  in  (15)  can  be  further  expanded 
to  the  following  form 

\KN^Zd[?.\n  2ttRIG  +  J  sin  {{2v  -  l)2nRIG  +  2n} 
-  I  sin  ■{[2v  +  \)2ttRIQ  +  2ii}] 

from  which  it  is  obvious  that  the  sum  of  ths  series  in 
Is!"  is  zero  unless  G  =  [2v  +  1),  and  that  the  sum  of 

fz-es 

0-66 


0-02, 


1-566 


(9-oio 


1-766 


0-02 


The  magnitudes  of  tlie 
forces  are  indicated  by 
tlieleng-ths  of  the  vectors 
outside  the  circle,  and 
also  by  the  adjacent 

numbers  /■■'■0-44 

0-09 


0-66 


Fig.  10. 


12-65 


all  the  series  in  this  class  is  zero  unless  there  is  at  least 
one  component  field  for  which  the  number  of  poles  is 
(G  ±  1).  Another  form  of  this  statement  would  be  : 
If  a  component  of  the  field  has  p  poles  and  G  =  (p  i  1) 
a  side-pull  will  result  from  this  combination,  which  is 
obviously  true  without  further  explanation. 

Returning  now  to  the  series  of  the  second  class,  the 
general  term  (16)  can  be  expanded  to  the  following 
form 

\KMK  59  [sin  {(i^  -  M  +  \)2ttRIG  +  n-  m} 

—  sin  {(1/  —  /x  _  \)2ttRIG  +  n  ~  7r 

—  sin  Uv-\-fx  +  1)2ttRIG  +  ji  +  w 
+  sin  =;_(i/  +  ^  -  1)2ttR/G  +  n  +  ,„}] 

from  which  it  is  clear  that  the  sum  of  the  series  in  MN 
is  zero  unless  G  =  {v  ±  fx  ±  1),  and  the  sum  of  all 
the  series  of  this  class  will  be  zero  unless  G  differs  by 
unity  from  the  sum  or  difference  of  the  numbers  of 
pairs  of  poles  in  any  two  of  the  component  fields. 


The  significance  of  this  condition  is  not  very  obvious 
and  an  example  will  help  to  make  it  clear.  Suppose  we 
have  a  field  of  four  poles  (/x  =  2)  with  a  fifth  multiple 
of  20  poles  {v  =  10),  and  suppose  that  G  =  9(  =  i'— /Li  +  1). 
For  the  sake  of  simplicity  we  will  assume  that  both 
fields  have  the  same  amplitude,  so  that  the  flux  density 
at  the  {R  +  l)th  point  will  be  proportional  to 

sin  27TRIG  +  sin  lOvRJG 

The  full-line  vectors  in  Fig.  10  represent  the  squares 
of  the  nine  values  of  this  quantity  and  clearly  indicate 
the  presence  of  a  resultant  side-pull.  The  dotted 
vectors  in  the  same  figure  show  the  values  of  the  same 
quantities  at  points  midway  between  the  G  points 
already  considered ;  these  have  been  drawn  on  the 
assumption  that  the  permeance  at  the  second  set  of 
points  is  one-half  that  at  the  first  set.  The  two  sets 
of  forces  evidently  produce  a  resultant  which  would 
not  have  been  present  if  the  permeance  had  been 
uniform.  If  other  intermediate  sets  of  points  are 
considered  it  will  be  seen  that  a  resultant  side-pull 
must  be  produced  unless  the  permeance  at  all  points 
separated  by  1/2G  of  the  circumference  of  the  rotor 
is  the  same 

Returning  to  the  expressions  for  the  cosine  terms 
corresponding  to  (15)  and  (16),  we  find  that  they  can 
be  expanded  to  , 

iKN-89  [cos  2ttRIG  -  h  cos  {(2i'  +  \)2ttRIG  +  2n) 

-  I  cos  {[2v  -  \)2ttRIG  +  2n}'] 
and 


\KMNW  [cos  {(v  -  |i  +  1)2ttRIG  +  n  - 
-L  n^.  S {y  -  fx  —  \)2nRIG  -f  n 


•  cos 


—  m 
cos -{(v  +  fx  +  \)2ttRIG  +  n  -{-  m 
—  cos\{v  +  p.  -  1)2ttRIG  +  n  +  m  \ 

Taking  first  the  case  oi  G  =  2v  +  1,  the  components 
of  the  resultant  force  are 

-  IGKN-  89  .  sin  2n,     and     -  IGKN-  89  .  cos  2n. 
respectively. 

If  the  field  is  moving  with  respect  to  the  rotor  with 
velocity  +  oj  we  can  write 

n  =  —  vwt  +  n' 

whence  we  see  that  the  resultant  force  vector  rotates 
with  velocity  —  2vcd  with  respect  to  the  rotor.  On  the 
other  hand,  when  G  =  2v  —  1  the  velocity  of  the 
resultant  force  vector  is  +  2va)  with  respect  to 
the  rotor. 

When  (7  =  (i'  —  /i  +  1)  the  resultant  sine  and  cosine 
components  are 

\GKMN  89  .  sin  (n  -  m)  and  \GKMN89  .  cos  [n  -  m). 


Writing 


U),t 


IJ-^v 


and     n  =  —  vw.it  -{-  n' 


where  oi^  and  curare  measured  with  respect  to  the  rotor, 
we  see  that  the  speed  of  the  resultant  force  vector  with 
respect  to  the  rotor  is  (jj-coi  —  vw-i). 
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In  the  same  way  we  find  that 

when  O  =  V  —  fi  —  1  the  speed  is   —  (jixa)i  —  vojo) 
when  O  =  V  +  ix  +  I  the  speed  is   +  (/xcoi  +  vu).^) 

and  when  O  =  v  +  /j.  —  I  the  speed  is  —  (/^oJi  +  vojo). 

In  all  these  cases  it  will  be  found  that  the  speed  of 
the  force  vector  in  space  is  Ghq  —  2/,  where  wq  is  the 
speed  of  the  rotor  in  revs,  per  sec,  and/  is  the  frequency 
of  supply. 

The  effect  of  staggering  the  rotor  slots  through  one 
slot-pitch  is  to  make  constant  the  average  permeance 
along  any  line  on  the  circumference  drawn  parallel  to 
the  axis,  and  therefore  if  we  consider  only  the  resultant 
of  the  radial  forces  across  such  a  Hne  these  resultants 
will  always  be  in  equilibrium,  so  far  as  the  effects 
considered  under  Case  {b)  are  concerned,  but  the  radial 
force  is  not  uniformly  distributed  along  such  a  hne, 
and  if  O  has  one  of  the  values  referred  to  above  the 
forces  may  be  greatest  in  the  middle  and  least  at  the 
ends  of  one  axial  hne,  and  least  in  the  middle  and 
greatest  at  the  ends  of  a  diametrically  opposite  line. 
Thus  there  may  still  be  a  rotating  be.nding  moment 
acting  on  the  rotor  which  may  conceivably  produce 
appreciable  effects  on  a  long  rotor. 

(10.) 

We  must  now  see  what  rules  can  be  deduced  to  enable 
us  to  choose  numbers  of  slots  for  squirrel-cage  rotors 
which  will  avoid  these  troubles. 

(1)  To  avoid  the  effects  of  interference  between  fields 
with  numbers  of  poles  differing  by  two. — In  a  three-phase 
motor  the  numbers  of  poles  in  the  component  stator 
fields  are  p,  5p,  "ip,  \\p,  etc.,  or,  generally  (6d  ±  \)p, 
and  in  a  single-phase  or  two-phase  motor  they  are 
p,   .3p,  iip,  Ip,  9p,  etc.,  or,  generally,   (id  i  V)p. 

Therefore  for  a  three-phase  motor,  by  Equation  (2), 
we  must  have 

(6di  ±\)p  ±2^  20d  +  (edo  ±  1)P 

dj  and  do  being  positive  integers.  This  reduces  to 
^  ¥"  P<iz  ±  1.  where  ^3  is  a  positive  or  negative  integer, 
and  since  d=  —  1  is  the  onlv  case  of  practical  importance 
we  finally  obtain  O  ^  pd^  ±  l.i.e.  the  number  of  slots  in 
the  rotor  must  not  differ  by  unity  from  any  multiple  of  the 
number  of  poles  for  which  tlie  stator  is  wound.  F'or 
single-  and  two-phase  motors  we  get  the  same  result.  In 
the  case  of  a  four-pole  machine,  for  instance,  the  rotor 
must  not  have  an  odd  number  of  slots. 

(2)  In  Case  (b)  of  Section  9  we  have  seen  that  we 
should  not  have  O  —  2v  ±  I,  nor  O  =  v  ±  fj.  ±  1. 

For  three-phase  motors,  therefore,  we  must  have 

G  ^  p{6di  ±  I)  ±  1 
and  G  ^  ip[{lidi  ±  1)  ±  (6^2  ±  1)1  ±  1 

Both  of  these  conditions  are  included  in  the  general 
condition  in  Case  (1)  and  the  same  is  true  for  single- 
and  two-phase  motors  ;  thus  if  the  number  of  rotor  slots 
is  chosen  so  that  it  does  not  differ  by  unity  from  any 
multiple  of  the  number  of  poles,  noise  arising  from  all 
the  causes  considered  iti  this  paper  will  be  avoided. 

The  results  of  an  investigation  have  been  published  * 

*  W.  Stiel  :  Zeitschrift  des  Vereines  dculschcr  Ingcnicure,  1921, 
vol.   65,   p.    147. 


recently  in  which  a  four-pole,  24-slot  stator  was  tested 
with  several  rotors  having  different  numbers  of  slots. 
Without  exception  the  rotors  with  odd  numbers  of 
slots  were  noisy,  whilst  those  with  even  numbers  were 
quiet. 

(11.) 

In  order  to  obtain  some  experimental  confirmation 
of  the  foregoing  theory  the  following  measurements 
have  been  carried  out  by  Mr.  W.  G.  Spencer  and  Mr. 
E.  I..  Sainsbury  at  Woolwich  Polytechnic.  The  machine 
employed  in  the  experiments  was  a  4-h.p.  six-pole, 
50-period,  three-phase  motor  by  a  well-known  British 
maker.  The  squirrel-cage  rotor  had  41  slots,  skewed 
through  one  slot-pitch,  and  the  stator  had  a  full-pitch 
winding  in  54  slots.  During  the  starting  period  this 
machine  ran  quite  silently  at  low  speeds  and  also  at 
full  speed,  but  when  supplied  at  normal  frequency  a 
definite  musical  note  was  emitted  between  speeds  of 
600  and  7.50  r.p.m.,  and  it  may  be  assumed  that  the 
speed  of  the  rotating  side-pull  coincides  with  the  critical 
speed  of  the  rotor  at  about  the  middle  of  tWs  range. 
The  macliine  was  very  rigidly  constructed  and  conse- 
quently the  note  was  so  faint  as  to  be  neghgible  from 
a  commercial  point  of  view,  though  it  was  clear  enough 
for  experimental  purposes. 

For  this  machine,  since  p  =  6,  we  have  G  =  41 
=  7p  —  1,  a  number  which  should  be  avoided,  according 
to  Section  9. 

If  we  consider  the  action  of  tlie  7th  multiple  field  on 
this  rotor  we  have  p^  =  42,   and   the   possible  values 

of  P4  are 

p^=  [2  y.  i\  %  d)  +  42 

substituting  successively  0,  —  1,  -1-  1,  —  2,  -|-  2,  etc., 
for  d,  we  obtain  the  following  series  of  values  for 
P4  . .  42,  —  40,  +  124,  —  122,  etc.  The  42-pole  field 
produced  by  the  rotor  currents  combines  with  the 
original  7p-pole  field  (reducing  its  value),  and  this 
resultant,  together  with  the  field  for  wliich  P4  =  —  40, 
produces  a  rotating  side-pull  wliich  is  the  cause  of  the 
note  observed.  The  two  fields  of  122  and  124  poles 
also  produce  a  rotating  side-pull. 

Taking  /  as  the  frequency  of  supply  and  n^  as  the 
speed  of  the  rotor  we  have 


Pz 


po=  i2]      p4  =  Pi  =  40 


ng: 


2  X  /  ^    1       2/ 


^  7~  42 


i.e.   one-seventh  of  the    speed  of   the  main  field,  and, 
since  d  =  —  1, 


n^: 


-  82no  -I-  W3  X  42 

-  40 

-  82no  +J2f 

-  40 


[by  Eqn.  (9)] 


Since  n.>  =  n^,  the  speed  of  the  force  vector  [by  Eqn.  (5)] 

is 

J(42n3  -  40n4)  =  2/  -  41mo 

We  are  not  concerned  with  the  direction  of  this  rotation, 
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and  in  order  to  deal  with  a  positive  quantity  we  may 
write  for  the  frequency  of  the  note  emitted 

■ilno  -  2/ 

For  the  other  tivo  fields,  with  122  and  124  poles 
respectivel}^  the  speeds  must  be  calculated  as  for 
W4  above. 

The  speed  of  the  122-pole  field  is  (d  being  —  2) 

-164no  +  2/_ 
-  122  ^ 

wliile  that  of  the  124-pole  field  is  (d  being  -{-  1) 

82no  +  2/ 

124        =**-^ 

The  speed  of  the  force  vector  in  this  case  is 

Kl24n2  -  122ni) 

=  —  41n.o  +  2/,  as  before 

The  pitch  of  the  loudest  note  emitted  by  the  machine 
was  rather  lower  than  384  per  sec,  but  for  convenience 
this  pitch  was  taken  as  standard  during  the  experiments, 
and  a  tuning-fork  was  used  as  a  standard  of  reference. 
Power  was  supplied  to  the  motor  at  several  different 
frequencies  between  0  and  60  periods  per  sec,  and  at  each 
frequency  the  speed  was  observed  at  which  the  note 
emitted  coincided  with  that  of  the  tuning-fork.  The 
pomts  marked  in  Fig.  11  show  the  actual  readings 
obtained,  and  the  fine  drawn  amongst  them  represents 
41»o  —  2/.  It  will  be  seen  that  suljstantial  agreement 
has  been  obtained.  There  are  two  points  on  the  extreme 
left  of  the  figure  for  which  it  does  not  seem  possible 
to  account  on  the  basis  of  the  theory  here  given. 

The  faintness  of  the  note  emitted  by  this  machine 
is  due  to  the  fact  that  the  slots  were  skewed,  and  the 
effect    would    have    been    eliminated    entirely    if    the 


obhquity  had  been  such  that  the  slot  openings  extended 
across  two  slot-pitches  instead  of  one,  though  this  is 
scarcely  practicable  and,  in  the  present  case,  is  quite 
unnecessars'. 

Considerable  difficulties  had  to  be  overcome  in  order 
to  obtain  the  results  shown  in  Fig.  11,  and  the  author 


I  8  9  10  U  12  13 

Speed  of  rotor,  in  revs,  per  sec. 
Fig.  11. 

wishes  to  express  his  indebtedness  to  Messrs.  Spencer 
and  Sainsbury  for  the  care  and  trouble  which  they 
took  in  maldng  the  experiments.  It  v.as  hoped  to  show 
that  the  critical  speed  of  the  rotor  was  in  the  neigh- 
bourhood of  384  revs,  per  sec.  In  this,  however,  we 
have  not  yet  been  successful,  and  further  experiments 
are  in  progress. 
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AN    ELECTRICAL   TIMING   DEVICE   FOR   SHORT   INTERVALS.* 


By  Professor  David  Robertson,  D.Sc,  Member,  and  Norman  F.  Frome,  B.Sc,  Student. 

(Paper  received  2lst  April,    1922.) 


Summary. 
The    paper  describes  a   timing    device   consisting   of    an 
inductive  resistance  in  a  Whealstone  bridge.     The  theory  of 
the  device  is  given  and  an  example  of  its  application. 


General  Description. 


Tliis  arrangement  was  devised  with  a  view  to  its 
application  to  an  industrial  purpose,  but  doubts  as  to 
the  suitability  of  delicate  relays  under  works  condi- 
tions soon  caused  it  to  be  abandoned  for  that  particular 
object.  As,  however,  there  are  uses  for  it  in  the  labora- 
tory, and  it  can  be  easily  made  up  from  apparatus 
which  is  usually  in  stock  in  an  electrical  laboratory, 
it  is  thought  that  a  description  may  be  of  interest. 

A  Wheatstone  bridge  is  made  up  with  three  non- 
inductive  arms  and  one  highly  inductive  arm,  as  in 
Fig.   1.     WTien  the  slider  is  at  C,  the  point  of  balance 

B 


%. 


M^^^-vwwAb 


a »-** b 

^11 — -v- 

Fig.   1. — Connections  of  inductive  timing  device. 

for  steady  conditions,   there  will   be,   on  switching  on 

the    current,    a   momentary   deflection   indicating   that 

the  slider  should  be  moved  to  the  left.     Now  place  the 

slider  at  H,  to  the  left  of  C.     Immediately  after  switching 

on,    and    before   the   current  in   the   inductive   branch 

has  reached  an  appreciable  value,  the  inductance  will 

absorb  practically  the  whole  voltage.     Thus  D  and  A 

will  be  very    nearly   at    the    same  potential  and  the 

galvanometer  current  will  flow  from  D  to  H.     Later 

on,  however,  the  current  will  flow  from  H  to  D.     Thus, 

the  galvanometer  current  will  reverse  at  a  paii:icular 

instant  in  the  growth  of  the  current  in  the  upper  arms, 

and  this  instant  can  be  varied  by  adjusting  the  position 

of  H. 

If,    instead   of   the   galvanometer,    a   polarized   relay 

be  employed,  the  first  current  will  deflect  the  tongue 

against  one  stop  and  the  second  current  against  the 

other.     By     suitable     connections,     these     movements 

can  be  made  to  close  or  open  an  electrical  circuit  for  a 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  appro\'ed  by  the  Com- 
mittee) on  pai'ers  published  in  the  Journal  without  beinfj  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  thev  relate. 

Vol.  (il. 


definite  interval  of  time,  and  this  secondary  circuit 
may  be  utilized  to  control  any  required  operation.  By 
adding  other  relays,  connected  to  different  positions  of 
H,  several  operations  can  be  obtained  in  a  definite 
timed  sequence. 

In  the  experiments  referred  to  below,  R  was  a  I-ohm 
coil,  AC  a  1-ohm  slide-wire,  while  R  and  X  had  resist- 
ances   of    6-44   ohms.     X  had  an  inductance  of  about 

I  •  55  henrys  (it  is  not  quite  independent  of  the  current 
used)  and  thus  the  time-constant  of  the  R-X  circuit 
was  0-209  second. 

The  core  of  the  reactor,  X,  is  a  rectangle  4  in.  x  5  in., 
with  a  window  2  in.  X  3  in.,  made  from  |  [-shaped 
Stalloy  stampings  about  15  mils  thick.  There  are 
140  sheets  in  each  packet,  giving  a  gross  depth  of  2-25  in. 
and  a  net  depth  of  about  2  ■  0  in.     A  press-spahn  sheet 

II  mils  thick  was  inserted  between  the  two  packets 
at  each  joint  so  as  to  give  a  definite  gap.  The  effective 
length  of  the  gap  is  considerably  greater,  owing  to  the 
unevenness  of  the  edges  of  the  sheets,  and  to  the  presence 
of  varnish.  The  measured  inductance  corresponds  to 
an  effective  gap  length  of  19  mils  at  each  side. 

The  magnetic  path  in  the  iron  is  13  in.,  or  say  350 
times  the  effective  length  of  the  two  gaps.  This  is 
somewhat  on  the  high  side,  but  the  magnetism  left  on 
switching  off  is  still  under  5  per  cent  of  the  maximum. 

The  packets  of  stampings  are  inserted  into  two  coils 
joined  in  series.  Each  coil  has  480  turns  in  10  layers, 
the  wire  being  20  S.W.G.  copper  having  a  diameter  of 
36  mils  bare,  and  50  mils  over  the  cotton  insulation. 

Each  gap  in  the  magnetic  circuit  comes  at  the  centre 
of  a  coil.  With  this  arrangement  there  is  little  magnetic 
leakage  and  the  inductance  can  be  calculated  with  an 
accuracy  practically  equal  to  that  with  which  the  gap  can 
be  measured. 

Current  was  obtained  from  a  4-volt  storage  battery. 
The  current  in  the  reactor  would  thus  be  just  over 
J  ampere,  giving  a  flux  density  in  the  iron  of  about 
7  000  C.G.S.  units. 

Standard  Post  Office  polarized  relays  were  used  for 
the  tests,  the  two  100-ohni  coils  being  in  parallel, 
giving  a  resistance  of  50  ohms.  They  operated  with  a 
minimum  current  of  2-5  to  5  milliamperes,  or  125  to 
250  millivolts,  according  to  the  adjustment.  At  first 
they  gave  some  trouble  owing  to  the  vibration  of  the 
table  when  the  main  switch  was  put  on,  but  this  was 
eliminated  by  supporting  the  relays  on  felt  pads,  or 
on  a  separate  table. 

Theory. 

At  the  initial  instant,  7?/„  the  electromotive  force 
induced  in  X,  is  equal  to  E,  the  battery  E.M.F.,  but 
it  decays  according  to  the  law 


Er 


E  X  e— ^'/^o     whore 


To  =  LI[R  +  X) 
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For  simplicity,  we  shall  assume  that  the  battery 
resistance  and  the  galvanometer  current  are  negligible, 
and  that  we  need  not  take  account  of  the  effect  of  the 
inductance  of  the  galvanometer  branch. 

Then,  at  the  instant  of  the  reversal  of  the  galvano- 
meter current,  H  and  D  are  at  the  same  potential. 
Consequently, 

i?/i  =  xlo   or   ij  =  /o  X  xIR 

and    XI I  +  Ex,  =  (a  +  b  —  x)!^ 

.-.     El  =  {a  +  b  -  x)l2  -  (xXIR)l2. 
=  (a  +  b  —  X  —  xX/R)l2 
=  {a  +  b  —  X  —  xbla)EI{a  +  b) 
•■•     EJE  =  {a{a  +  b)  -  x{a  +  b)}  ^  a{a  -f  6) 
=  (a  —  x)la 
Hence,     ^—TlTo  _  Jq  _  ^.jy^j 

or,    (T/ro)log€  =  log  0/(0  -x) 

.-.     T  =  To  X  log  alia  -  x)  -^  log  e 

This  gives  the  following  values  for  the  ratio  T/T^, : — 


to  that   obtained   on   discharging  the   condenser  after 
it  has  been  completely  charged.     For 

where  Tq  is  now  equal  to  CR.     Hence, 

r  =  To  log  QoliQo  -Q)^  log  e 

In  the  experiments,  R  was  200  000  ohms  and  C 
1  microfarad,  so  that  Tq  was  0-2  second. 

As  will  be  seen  from  the  graph  in  Fig.  2,  the  duration 
of  the  contact  differs  very  considerably  from  the  value 
calculated  from  the  constants  of  the  reactor.  There 
are  several  causes  for  this  besides  the  mechanical  inertia 
of  the  tongue  of  the  relay.  Its  low  voltage-sensibility 
leads  to  a  considerable  delay  in  its  operation,  which  is 
enhanced  by  the  effects  of  the  inductance  of  the  relay 
coils  and  by  the  eddy  currents  in  the  relay  core.  More- 
over, with  the  high  ratio  of  iron  length  to  gap  length 
in  the  core  of  the  reactor,  combined  with  the  com- 
paratively high  flux  density  to  wliich  it  was  necessary 
to  run  it  in  order  to  get  reasonable  sensibility  in  the 
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Calibration. 

Owing  to  the  various  disturbing  causes  mentioned 
below,  the  scale  cannot  be  calculated  from  the  con- 
stants of  the  apparatus  ;  it  must  be  calibrated.  For 
this  purpose,  the  duration  of  the  contact  in  the  operated 
position    of   the   relay   was   measured    by   the   method 
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Fig.   2. — Calibration  curve  of  inductive  timing  device. 


of  charging  a  condenser  through  a  high  resistance, 
using  the  relay  as  a  charge-and-discharge  switch  with 
the  bias  in  the  discharge  position,  and  the  first  current 
sending  it  to  the  charge  position.  A  knowledge  of 
the  resistance  in  the  charging  circuit,  and  of  the  capacity 
of  the  condenser,  enables  the  duration  of  the  contact  to 
be  calculated  from  the  ratio  of  the  ballistic  deflection 


relays,  the  inductance  varied  nearly  5  per  cent  between 
the  maximum  value  and  that  with  the  steady  current, 
while  the  initial  value  was  about  10  times  smaller. 
Consequently  the  growth  of  the  current  would  depart 
appreciably  from  the  simple  exponential  law  obtained 
by  assuming  constant  inductance. 

Considerable  care  is  required  to  adjust  the  relay  to 
the  most  sensitive  setting,  and  the  reading  obtained 
for  any  given  position  of  the  slider  varies  greatly  with 
this  adjustment.  On  the  other  hand,  with  one  setting 
of  the  relay,  the  readings  can  be  repeated  over  and  over 
again  with  good  accuracy  so  long  as  the  slider  is  not  too 
near  either  end  of  the  scale,  where  the  voltage  available 
for  operating  the  relay  is  too  small  for  certain  action. 
Also,  it  has  been  found  possible  after  altering  the  relay 
to  bring  it  back  again  to  the  former  setting  by  adjust- 
ing it  to  give  the  same  deflection  at  some  one  point  of 
the  scale  ;  the  calibration  curve  will  then  be  the  same 
as  before. 

Example  of  the  Use  of  the  Device. 

The  apparatus  was  employed  for  calibrating  the  scale 
of  an  electrical  chronometer  which  was  made  in  the 
laboratory  a  number  of  years  ago.*  This  chronometer 
was  adapted  from  a  Westinghouse  type  "  O  "  ampere- 
hour  meter  by  removing  the  shunt  and  inserting  a 
series  resistance  adjusted  so  that  the  rotor  makes 
approximately  one  revolution  per  second  when  run 
on  a  4-volt  battery.  A  scale  of  100  divisions  was  marked 
round  the  rotor  disc  to  give  hundredths  of  a  second, 
and  a  scale  of  seconds  on  a  toothed  wheel  gearing  with 
the  pinion  on  the  rotor  spindle. 

The  instrument  has  a  disc  armature  with  an  open- 
coil  winding  and  a  three-part  commutator,  the  windings 
being  enclosed  in  a  double  disc  of  aluminium  which  also 

*  D.  ROBERTSO.N  :   Journal  I.E.E.,  1915,  vol.  53,  p.  314. 


FOR    SHORT    INTERVALS. 


51 


acts  as  a  brake.     Two  permanent  magnets  serve  both 

as  motor  magnets  and  as  brake  magnets. 

[_  It   was  suspected  that  owing   to   the   action   of  the 


o  50  Per  cent  of  one  rev.      loo 

Initial     position     of    disc 

Fig.  3. — Calibration  of  scale  of  an  electrical  chronometer. 


commutator  there  might  be  sufficient  variation  of 
torque  in  one  revolution  to  make  the  reading  obtained 
with  a  short  interval  of  time  depend  on  the  initial 
position  of  the  rotor. 


The  inductive  device  was  therefore  connected  to 
start  and  stop  the  chronometer,  the  disc  of  the  latter 
being  previously  set  to  some  particular  position  which 
was  varied  from  time  to  time.  Fig.  3  gives  the  results 
and  shows  unmistakably  that  the  suspected  effect  does 
exist,  although  not  to  a  serious  extent.  The  six  peaks 
on  the  upper  graph,  taken  with  the  wheel  out  of  gear, 
correspond  to  the  six  positions  in  one  revolution  in 
which  the  relative  positions  of  brushes  and  segments 
are  the  same,  three  occurring  at  each  brush. 

The  lower  graphs,  representing  two  tests  with  the 
wheel  in  gear,  show  in  addition  a  variation  of  friction 
caused  by  eccentricity  of  the  pinion.  Differences 
between  one  of  these  curves  and  another  may  similarly 
be  caused  by  eccentricity  or  irregularity  in  the  gear 
wheel,  and  discrepancies  in  the  same  graph  may  also 
be  due  to  the  same  cause  if  care  is  not  taken  to  have 
the  same  teeth  of  the  wheel  in  mesh  at  the  separate 
trials  for  each  point  on  the  curve. 

In  conclusion,  the  authors  desire  to  express  their 
thanks  to  the  governors  of  the  Merchant  Venturers' 
Technical  College  for  the  facilities  for  carrying  out  this 
work. 
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THE   ENGINEER  AND   MANUFACTURING   COSTS. 

By  F.  C.  Lawrence,  M.C,  B.Sc.Tech.,  Student. 

(Abstract  of  paper  read  before  the  Xorth-Western  Students'  Centre,  &th  December,   1921.) 


SUMMARV. 

The  phases  of  costing  discussed  in  the  paper  are  those 
which  will  be  of  most  interest  and  use  to  engineers  in  shops 
and  offices. 

An  example  of  the  methods  of  calculating  job  costs  is 
given,  the  proportions  of  the  components  of  the  factor\' 
costs  of  various  engineering  products  are  illustrated,  and 
the  use  of  mechanical  appliances  in  various  calculations  is 
shown  to  give  accuracy  and  save  time  in  arriving  at  costs. 

The  functions  of  a  "work-in-progress"  account  are 
described  in  terms,  translated  from  accountancy  to  their 
shop  equivalents,  showing  the  actual  connection  between 
such   an   account   and   the  production  of  a  department. 

The  effect  of  inaccurac3%  which  may  so  easily  occur  in 
shop  records,  is  traced  through  costs  to  show  the  delay  and 
unreliability  caused  thereby  ;  and  the  necessity  of  avoiding 
this  inaccuracy  is  emphasized. 

The  analysis  of  the  costs  of  completed  jobs  gives  informa- 
tion which  is  useful  to  those  engaged  in  all  branches  of  the 
industry,  and  a  detailed  example  of  such  an  analysis  is 
given  and  described. 

As  an  example  of  the  very  many  practical  services  given 
by  a  cost  department,  the  relation  between  the  rate  of 
production  and  the  proportion  of  factorj'  overhead  expenses 
in  factoiy  cist  is  cited. 


Introduction. 


In  presenting  this  paper  it  has  been  the  author's 
aim  to  show  those  aspects  of  the  subject  which  will 
enable  the  engineer  to  appreciate,  first  the  dependence 
of  costing  on  liis  efforts  to  ensure  correct  data  being 
sent  from  tlie  shops  and  offices  to  the  cost  department, 
and  secondly,  the  value  of  the  facts  and  figures  which, 
based  upon  that  data,  the  cost  department  is  able  to 
give  to  him  and  to  the  other  members  of  the  factory 
administrative  and   executive  staffs. 

In  this  abstract  it  has  been  thought  advisable  to 
delete  the  introduction  to  the  elements  of  costing  which 
was  embodied  in  the  original  paper,  and  to  retain  as 
fully  as  possible  the  explanations  of  the  source  of  the 
figures  as  finally  presented  by  the  cost  department, 
and  their  value  to  those  concerned. 

^\^lilst  a  knowledge  of  the  first  principles  of  costing 
is,  therefore,  assumed,  it  has  been  found  necessary  to 
include  a  figure  showing  of  what  the  factory  cost  is 
composed  and  determining  the  terminology'  used  through- 
out the  paper. 

One  of  the  most  important  factors  in  satisfactory 
costing  lies  in  tJie  collection  and  distribution  of  the 
factory  overhead  e.xpenses  to  departments  and  to  jobs,  a 
subject  which  should  be  of  especial  interest  to  engineers. 

Only  the  general  method  (which  is  considered  by 
most  engineering  firms  to  be  best)  of  distributing  the 
expenses  to  jobs  in   the  shops,  i.e.   the  macliine-hour 


rate,  is  indicated  in  the  paper.  By  the  use  of  this 
method,  for  every  hour  worked  on  a  machine  in  the 
shop  there  is  added  to  the  cost  of  the  job  an  amount 
equal  to  the  rating  of  that  machine,  and  by  tliis  means 
the  whole  of  the  factory  overhead  expense  should  be 
absorbed  by  the  production  of  the  shops. 

Hand  labour  is  classified  as  a  machine  group,  with 
its  own  distinctive  rate. 

The  Grouping  of  Machine  Tools. 

To  arrive  at  machine-hour  rates  for  the  distribution 
of  factorj-  overhead  expenses,  an  analysis  is  made  of 
each  item  of  these  expenses  so  as  to  divide  it  amongst  the 
groups  of  macliine  tools  in  a  department.  From  this 
are  determined  the  total  factory  overhead  expenses 
attributable  to  each  group.  From  the  records  of  the 
machine  tools,  the  working  space  occupied,  the  power 
consumption,  the  original  value  and  depreciation, 
the  consumption  of  tools,  and  any  particular  expense 
items,  the  group  into  wliich  each  one  will  fall  can  be 
determined. 

The  group  number  is  composed  of  two  figures  and  is 
the  number  noted  by  the  worker  on  his  job  ticket. 
The  tens  indicate  the  machine-hour  rate  and  the  units 
the  type  of  machine  tool.  A  practical  example  is  give 
in  Table  1,  from  which  it  is  seen  that  Group  24  may 
contain  a  number  of  5  ft.  radial  drills  rated  at  2s.  6d. 
per  hour,  while  Group  78  covers  10  ft.  planers  at  9s. 
per  hour. 

Certain  machine  tools  are  not  engaged  on  direct 
machine  labour,  and  the  cost  of  running  and  maintain- 
ing them  is  charged  to  factory  overhead  expenses,  so 
that  they  do  not  themselves  carrj'  a  machine-hour 
rate. 

An  Example  of  Factory  Cost. 

The  manufacture  of  a  large  induction  motor  has 
been  selected  as  an  example  and  it  is  proposed  to  show 
details  in  the  procedure  of  arriving  at  its  cost  in  the 
section  of  the  cost  department,  deahng  with  the  costs 
of  the  motor  assembly  department  of  the  factory. 

The  motor  is  manufactured  on  order  No.  7106,  and 
during  the  period  of  manufacture  in  the  shops,  job  tickets, 
in  large  numbers,  will  be  made  out  for  work  done  on 
this  order,  and  each  will  bear  this  number.  Some 
will  come  from  the  foundry,  the  forge,  the  punching 
department,  the  coil-winding  department  and  other 
feeder  departments,  but  such  tickets  will  be  dealt  with 
by  the  feeder  department  cost  sections,  for  they  will 
receive  them  with  the  material  requisitions  from  the 
motor  assembly  departments.  They  will  cost  the 
various  materials  ordered  from  their  departments  and 
deliver  to  the  motor  cost  section  the  requisitions  on 
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which  the  complete  cost  of  their  supplies  will  be  given, 
showing  in  each  case  the  labour,  material  and  factory 
overhead  expenses,  and  the  total  (i.e.  factory  cost), 
so  that  for  any  transfer  in  the  shop  from  one  depart- 
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Direct  material 

Indirect  laboiir 


l- Prime  cost 


Factory 
cost 


Material  ■'£:ll____^  t     •  i      Factorv 
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I  expenses 

Annual  chaxges »- Annual  charges     J 

The  synthesis  of  factory  cost. 

ment  to  another  of  finished  or  part-finished  goods,  there 
will  be  a  corresponding  transfer  in  the  cost  department 
of  a  requisition  showing  the  cost. 

If  in   making   out   the   specification   of   material   on 
any  job  for  the  shops,  the  specification  clerk  has  an 


on  these  sheets  the  coSt  of  each  specified  item,  knowing, 
if  he  has  a  requisition  or  job  ticket  which  does  not 
agree  with  any  item  in  the  specification,  either  that  it 
has  been  wrongly  entered  in  the  shops  or  that  the 
specification  has  been  altered,  wliich  causes  he  can  at 
once  investigate.  If  he  has  shop  records  showing  more 
than  the  specified  quantities  in  any  item,  some  previous 
part  has  been  scrapped  or  returned  for  alteration  (which 
scrapping  or  alteration  should  have  been  notified  to 
him  by  the  shops  on  a  suitable  form)  and  again  he  can 
trace  the  omission  to  its  source  and  discover  the  true 
facts. 

The  cost  clerk  will  receive  weekly  from  the  time- 
keeping department  the  whole  of  the  week's  job  tickets 
for  his  section,  after  they  have  been  used  to  complete 
the  employee's  wages.  He  will  receive  from  the  stores 
the  whole  of  the  requisitions,  with  the  costs  entered 
on  them  from  their  records,  and  he  will  receive  from  other 


Table    1. 
Grouping  of  Machine  Tools. 


Sub 

Types  of  machine 
tools 

Factory  overhead  machine  group  numbers 

numbers 

10 

20 

30 

40 

50 

60 

70 

1 
2 

3 

4 
5 
6 

7 

8 
9 

Centring 

Vertical    boring 
mills 

Horizontal  bor- 
ing mills 

Drilling 

Surface  grinders 

Lathes 

Milling 

Planing 
Miscellaneous 

Hand 

labour,  and 
hydraulic 
-presses  and" 
bending 
machines 
(hand) 

/.                               ^ 

20  in.  vertical 
<     5  ft.  radial      > 

1     3  ft.  spindle 

20  in.  to  42  in. 
engine 

2  ft.  to  3  ft. 

15  in.  slotting 
and  shaping. 
No.  5  keyway 
cutter 

60  in.  to  80  in. 

3|  in.  dia.  bar 

17  tt.  to  19  ft. 

radial 
63   in.   engine 

24  in.  hori- 
zoutai  slabs 

4  ft.  to  5  ft. 

Portable  60  in. 
planer 

Nos.  10  and  8 

42  in.  slab 
Oft. 

. 

10  ft.  to  12  ft. 

72   in.   engine 

16  ft. 

7  ft. 



10  ft. 

Machine-hour 
rate 

Is.   6d. 

2s.  6d. 

3s. 

4s. 

5s. 

7s.  6d. 

9s. 

extra  copy  of  the  specification  made  which  he  forwards 
to  the  cost  clerk  concerned,  then  the  latter  will  at  once 
have  before  him,  in  costing  the  job,  the  full  particulars 
as  to  the  size,  quahty,  quantity  and  raw  material  of 
each  item  of  the  finished  macliinery  or  apparatus. 

Now,  each  item  is  designated  on  the  specification  by 
its  drawing  number,  item  number,  pattern  number 
and  style  number,  or  by  whichever  of  these  is  desirable. 
The  worker  in  the  shops  marks  these  numbers  clearly 
in  the  spaces  provided  on  his  job  ticket,  so  that  it  will 
be  seen  to  be  not  a  very  difficult  process  to  connect 
precisely  the  job  ticket  representing  any  labour  in  the 
shops  with  the  materials  specified,  so  that  if  the  original 
specification  sheets  are  provided  with  columns  for 
labour,  material  and  factory  overhead  expenses  for 
the  use  of  the  cost  department,  the  cost  clerk  can  collect 


costing  sections  the  inter-departmental  requisitions. 
His  first  duty  is  to  sort  these  under  their  job  number, 
and  he  will  select  the  whole  of  the  records  booked 
to  this  number.  From  the  job  tickets  he  will  make  a 
list  of  the  hours  worked  and  the  money  paid  to  workers 
in  each  machine-hour  group,  as  shown  on  the  left- 
hand  side  of  Table  2. 

The  amounts  shown  on  the  requisitions  will  be  posted 
on  to  the  specification  against  the  corresponding  items, 
and  the  totals  of  labour,  material  and  overhead  expenses 
will  be  posted  on  to  the  summary  sheet  of  Job 
No.  7106  against  the  date. 

Each  week  this  procedure  will  be  adopted,  from  the 
date  when  the  specifications  are  received  by  the  cost 
clerk  to  a  convenient  date  after  he  has  received  the 
warehouse  receipt,   which  tells  him  that  the  motor  is 
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completed  and  ready  for  shipment.  The  convenient 
date  is  a  few  days  after  the  reception  of  this  receipt, 
thus  leaving  time  for  the  last  few  job  tickets  and  requisi- 

Table  2. 

Abstract  of  Labour  and  Factory  Overhead  Expenses. 

Abstract  of  the  Labour  and  Overhead  Costs  on 
Job  No.  7106.     Week  ending  10/1/23. 


Labour 


Factory  oveihead 


Group  No. 

Hours 

Wages  cost 

Rate 

Cost 

£      s.     d. 

s.      d. 

£     s. 

d. 

10 

52J 

5     0     7 

1      6 

3  18 

9 

20 

4 

0     9     2 

2     6 

0   10 

0 

30 

5 

0  14     1 

3     0 

0  15 

0 

40 

— ^ 

— 

4     0 

— 

50 

3 

0     7     5 

5     0 

0   15 

0 

60 

8 

1     0     6 

7     6 

3     0 

0 

70 

— 

— 

9     0 



Totals  .  . 

72i 

7   11     9 

t 

8  18 

9 

tiors  to  reach  him.  He  can  ther  arrive  at  the  total 
figures  of  labour,  material  and  overhead  expenses  and 
the  total  factory  cost  of  the  motor. 

Foundry  Costs. 
The    description    given    of    costing    methods    to    be 
used   in  engineering  worlis  has   been   made   as  simple 


costing  methods.  The  metal  at  the  cupola  spout  may 
best  be  costed  at  so  much  per  pound,  whilst  the  labour  in 
the  other  sections  may,  in  some  cases,  be  booked  to  jobs, 
and  in  others  to  processes.  The  factory  overhead  expenses 
need  different  treatment  in  the  various  sections.  The 
costs  of  individual  castings  may  all  be  determined  at 
the  end  of  a  month,  or  predetermined  costs  may  be 
used  throughout  the  month  and  an  adjustment  made 
at  the  end  of  the  month.  In  addition  to  making  castings 
for  the  assembly  departments,  the  foundry  casts  its 
own  equipment.  All  these  and  other  points  need 
attention,  and  it  is  only  by  a  thorough  appreciation  of 
them  that  the  true  foundry  costs  can  be  found. 


Percentage  Composition  of  Factory  Costs. 

In  order  that  the  relative  importance  of  the  component 
parts  of  factory  costs  may  be  appreciated.  Table  3 
has  been  prepared  to  show,  for  a  few  departments  in 
a  typical  electrical  engineering  firm,  the  percentage 
composition  of  its  costs. 

The  question  of  the  standardization  of  costing  methods 
is  here  involved.  Some  firms  may  include  certain 
material  and  labour  costs  as  factory  overhead  expenses, 
while  others  may  regard  them  as  direct  material  and  direct 
labour  costs  ;  for  the  border  line  between  prime  costs 
and  overhead  expenses  is  not  sufficiently  distinct  to 
form  a  universal  division. 

The  figures  in  the  table  given  must  therefore  be  re- 
garded merely  as  indicative  of  the  proportions.  It  will  be 
seen  that  the  assembly  departments  have,  in  general,  a 
larger  percentage  of  direct  labour  and  overhead  expenses 
than  the  feeder  departments,  because  the  figures  given 
for   them   include   the   labour   and   overhead   expenses 


Table  3. 

Percentage  Composition  of  Overall  Departmental  Factory  Costs. 


Labour  in 

Departments 

Direct  labour 

Factory 
overhead 

Material 

factory 
overhead,  i.e. 
indirect  labour 

Total  labour 

A  ssemhly. 

per  cent 

per  cent 

per  cent 

per  cent 

per  cent 

A — Manufacturing  rotary  converters,  alternators  and 

motors 

26 

27 

47 

20 

46 

B — Manufacturing  large  electrical  transformers 

19 

22 

59 

12 

31 

Feeder. 

C — Winding  and  insulating  coils 

18 

12 

70 

10 

28 

D — Manufacturing  sheet  punchings    . . 

13 

21 

66 

12 

25 

E — Forge  .  . 

16 

27 

57 

11 

27 

F — Foundry 

35 

31 

34 

22 

57 

as  possible.  In  actual  practice  the  cost  accountant  is 
continually  meeting  problems  of  no  small  magnitude. 
The  costing  of  the  products  of  a  foundry  requires 
very  careful  handling.  Arbitrary  values  are  too  often 
used  in  distributing  the  costs,  thus  leading  to  wrong 
results.  An  iron  foundry  is  naturally  divided  into  at 
least  four  parts — the  melting,  moulding,  core-making 
and  dressing  sections — each  of  which  calls  for  different 


transferred  from  the  feeder  departments  in  part- 
finished  goods. 

The  varying  ratio  of  overhead  to  direct  labour  expenses 
is  marked  ;  for  the  forge  it  is  nearly  170  per  cent, 
while  for  the  coil-manufacturing  department  it  is 
only  66|  per  cent. 

The  annual  charges  are,  on  an  average,  about  10  per 
cent  of  the  factory  overhead  expenses. 
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Such  figures  as  the  above  prove  to  be  very  useful 
in  many  statistical  surveys. 

The  Use  of  Calculating  Machines. 

The  processes  of  costing  entail  a  great  amount  of 
sorting  of  documents  and  compilation  of  figures  which, 
if  performed  by  hand,  would  become  not  only  tedious 
to  the  clerks  involved  but  expensive  to  the  firm.  For 
this  reason  many  machines  have  been  called  to  the 
service  of  cost  systems,  and  by  their  means  the  speed 
and  accuracy  with  which  cost  returns  are  presented  have 
been  greatly  increased,  while  the  work  of  a  cost  clerk 
has  lost  much  of  its  tedium. 

The  Burroughs  adding  machine  is  one  of  the  smaller 
types  arranged  for  adding  sums  of  money.  The 
Comptometer,  another  portable  machine,  does  not  make 
a  record  of  the  amounts  but  shows  the  increasing  sum 
on  a  series  of  counters  of  cyclometer  type. 


and  operation.  Their  use  is  restricted  to  the  larger 
firms,  as  the  expenses  of  rent  (they  cannot  be  purchased) 
and  of  maintenance  make  it  necessary  that  they  should 
be  in  constant  use  in  order  to  be  economical. 

To  arrive  only  at  the  total  cost  of  orders,  the  totals 
of  labour  and  materials  costs  are  needed.  To  analyse 
costs,  as  will  be  seen  later,  much  detail  is  required 
which   should  not  prematurely  be  called  for. 

Work  in  Progress. 

A  most  important  function  of  the  cost  department 
and  one  which  is  of  great  help  to  engineers  in  the  shops, 
is  the  provision  of  statements  at  stated  intervals  of 
the  w^ork  in  progress  in  the  shops. 

While  work  is  being  fashioned  in  the  shops  into  the 
products  of  the  factory,  it  represents  portions  of  the 
invested  capital  of  the  firm.  It  is  obvious  that  money 
is  made  by  the   turning  over  of  capital,  which  in  turn 


Table  4. 
Statement  of  Work  in  Progress. 

{A)   Assembly  Department.     Comparative  Statem.ent  of  Work  in  Progress,  1923. 

Charges.  °^'^''"  November  December 

(1)  Work  in  progress  at  beginning  of  month  (brought  forward)      ..  ..  31  629  28  165  26  622 

(2)  Direct  wages  (from  the  shop  pay-roll)          ..          ..          ..          ..  ..  872  913  1097 

(3)  Factory  overhead  absorbed     ..          ..          ..          ..          ..          ..  ..  1009  1187  1310 

(4)  Goods  received  from  other  departments      ..          ..          ..          ..  ..  2516  2136  3  373 

(5)  Direct  raw  and  finished  materials     . .          .  .          .  .          .  .          .  .  .  .  1  275  1  521  2  151 

(6)  Engineering  and  draughting  salaries,  etc.    .  .          .  .          .  .          .  .  .  .  35  71  142 

(7)  Total  charges 

Credits. 

(8)  Deliveries  to  warehouse  and  other  departments    .  . 

(9)  Goods  for  own  uses 

(10)  Goods  shipped  direct  from  outside  suppliers 

(11)  Total  credits         ...  ..  £9  171  7  371 

(12)  Work  in  progress  at  end  of  month  carried  to  next  month        .  .  .  .  28  165  26  622 

(13)  Average  monthly  output  for  last  six  months         ..  ..  ..  ..  7219  6814 

(14)  Equivalent  turnover  ratio  (i.e.  no.  of  months' output  in  work  in  progress)  3-9  3-9 


£37  336 

33  993 

34  695 

7  702 

6  733 

7  028 

547 

211 

101 

922 

427 

347 

7  476 

27  219 

6  371 

4-3 


A  modified  form  of  the  Burroughs  machine  with 
duplicate  keyboards  gives  a  whole  statement  of  figures 
at  once,  while  its  operation  is  speeded  up  by  means 
of  an  electrical  motor  drive.  This  machine  is  adaptable 
to  the  whole  preparation  of  pay-rolls  and  to  other 
uses  in  the  cost  department,  while  practically  the  whole 
of  the  financial  accounts  can  be  prepared  on  it. 

In  the  processes  of  summarizing  and  analysing 
costs  these  machines  and  others  of  similar  function 
are  invaluable  as  time  savers,  and  in  ensuring  accuracy 
of  compilation. 

At  the  other  end  of  the  scale  we  have  such  elaborate 
machines  as  the  Powers  and  Hollerith  tabulating 
machines,  the  latter  of  which  has  been  very  fully 
described  in  an  article  by  Mr.  E.  W.  Workman.*  These 
machines  should  interest  the  engineer,  and  particularly 
the   electrical  engineer,    because   of   their  construction 


•  E.  W.  Workman:  "Cost  Accounting   by  Machinery, 
neering  and  Industrial  Management,  1921,  vol.  6,  p.  314. 


Engi- 


is  effected  by  the  constant  progression  of  work  through 
the  shops.  It  is  the  duty  of  the  production  engineer 
to  arrange  the  programme  of  the  orders  being  filled  in 
the  shops,  and  it  lies  with  the  cost  department  to  inform 
him  of  the  value  of  the  work  he  is  thus  arranging. 

The  work  in  progress  is  daily  absorbing  or  being 
charged  with  new  material,  labour  and  factory  over- 
head expenses,  and  likewise  it  is  being  relieved  of  and 
receiving  credit  for  the  goods  it  turns  out  to  other 
departments  and  the  warehouse  or  shipping  department. 

Having  taken  a  physical  inventory  of  the  value  of 
the  total  work  in  progress  in  a  department  at  the  end 
of  a  year,  the  cost  department  can,  each  succeeding 
month,  charge  the  department  with  its  absorption  of 
material,  labour  and  factory  overhead  e.xpenses,  and 
credit  it  with  its  output  of  finished  goods,  from  the  cost 
records  which  it  possesses ;  to  arrive  at  the  end  of  each 
month  at  a  figure  showing  the  new  value  of  work  in 
progress  at  that  date. 
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In  addition,  it  can  show  exactly  how  the  amount  of 
■w-ork  in  progress  is  distributed  over  the  various  orders 
being  filled  in  the  shops,  and  indicate  the  rate  at  which 
the  invested  capital  is  being  turned  over. 

Table  4  gives  a  typical  departmental  work-in-progress 
comparative  statement  showing  each  item  of  the  totals* 
and  the  monthly  variations.  Several  small  items  which 
occur  in  actual  practice  have  been  omitted  for  the  sake 
of  simplicity. 

It  will  be  seen  that  at  the  end  of  September  there  is 
work  in  progress  to  the  value  of  £31  629,  and  that  it 
has  decreased  at  the  end  of  October  to  £28  165,  i.e.  by 
1 1  per  cent.  A  further  decrease  of  6  per  cent  is  noticed 
in  November,  while  December  shows  an  increase  of 
just  over  2  per  cent. 

The  efforts  of  the  production  engineers  in  reducmg 
the  work  in  progress,  i.e.  the  working  capital  locked  up 
in  the  shops,  is  reflected  in  tliis  statement.  They  were 
successful  in  October  and  November  but  in  December, 
although  the  deliveries  to  the  warehouse  have  increased 
by  over  4  per  cent,  the  arrivals  of  feeder  department 
materials  and  raw  materials  to  provide  for  their  pro- 
gramme have  overbalanced  the  increase  of  deliveries 
and  caused  the  increase  in  the  work  in  progress. 

The  turnover  is  reflected  in  item  14,  which  is  the 
quotient  of  items  12  and  13.  While  this  may  not 
represent  the  turnover  to  a  great  degree  of  accuracy, 
it  is  a  very  good  guide  to  the  speed  at  which  a  depart- 
ment is  making  money  for  the  firm,  the  speed  being 
inversely  proportional  to  the  turnover. 

The  incorporation  of  the  cost  records  as  cost  accounts 
in  the  financial  books  of  the  firm  enables  the  gross  profit 
made  by  each  department  each  month  to  be  ascertained. 

Reviewing  the  items  shown  in  Table  4,  it  can  be  seen 
that  item  1  is  the  resultant  figure  transferred  from  the 
previous  month.  Item  2  is  the  total  paid  to  the  direct- 
labour  workers  in  the  department,  taken  from  the  shop 
pay-roll.  Item  3  is  the  amount  of  the  factory  over- 
head expenses  absorbed  bj'  this  direct  labour.  Item  4 
consists  of  the  cost  of  part-finished  goods  (such  as  rough 
castings  and  forgings)  received  from  the  feeder  and  from 
other  assembly  departments.  The  raw  materials  re- 
ceived and  the  finished  parts  purchased  from  outside 
suppliers  and  applied  to  specific  orders  appear  in  item  5, 
in  which  also  is  included  those  finished  parts  from  outside 
suppliers  which  are  forwarded  direct  by  them  to  the 
customers  of  the  firm  and  which  do  not  go  through  the 
shops  (such  as  oil  for  bearings  or  for  electrical  transformers 
and  steam  engines  for  driving  alternators,  in  cases 
where  they  are  not  made  by  the  firm).  Item  6  consists 
of  special  charges  which  are  not  charged  to  factory 
overhead  expenses,  but  are  specific  to  certain  orders 
or  jobs. 

The  total  cost  of  all  the  apparatus  delivered  to  the 
warehouse  and  to  other  departments  is  included  in  item 
8,  while  item  9  contains  the  cost  of  all  apparatus  made 
for  "  A  "  department's  own  use,  and  of  labour  on  repairs 
and  renewals  in  the  shop.  It  is  obvious  that  the  differ- 
ence between  items  7  and  11,  i.e.  the  total  of  the  credits, 
represents  the  value  of  the  work  in  progress  at  the  end 
of  the  month,  as  shown  in  item  12. 

•  None  of  the  figures  used  in  this  paper  relate  to  any  particular 
firm. 


Since  the  whole  of  the  direct  wages,  factory  over- 
head expenses  and  materials  have  been  used  on  specific 
orders,  the  total  of  the  costs  added  to  these  orders 
during  the  month  will  agree  with  the  totals  of  items 
2,  3,  4  and  5.  The  work  for  the  department  itself  is 
done  on  an  internal  order  and  costed  in  precisely  the 
same  manner  as  customer's  orders,  and  the  totals  of 
the  costs  to  date  of  all  orders  that  have  not  been  closed 
will  agree  with  the  work-in-progress  balance,  so  that 
should  the  production  engineer  query  the  magnitude 
of  this  balance,  he  can  be  told  at  once  exactly  of  what 
it  consists. 

The   Shop   Staff  in   Relation   to   Shop 
Records. 

If  the  cost  records  are  to  be  accurate  and  rehable, 
the  shop  records,  which  form  pracricallv  the  whole  data 
from  wliich  they  are  built,  must  be  accurate  and  complete 
in  every  detail.  In  other  words,  in  order  that  the  cost 
department  may  give  the  engineers  and  the  manage- 
ment rehable  costs  and  cost  figures,  the  engineers  in 
the  shops  must  first  give  to  the  cost  department  docu- 
ments which  unerringly  represent  what  actually  has 
taken  place  in  the  shops. 

Now  it  is  almost  impossible  for  an  employee  to  draw 
from  the  stores  the  direct  material  winch  he  requires 
for  his  jobs  without  giving  requisitions  agreeing  in  detail 
with  the  material  he  receives,  as  specified  for  each  job. 

The  direct  labour  is  in  most  cases  accurately  accounted 
for,  but  even  in  this  case  loopholes  occur  for  wrong 
booking  (for  example,  where  the  employee  spends  a 
short  time  on  each  of  many  small  jobs  he  is  hable  to 
book  his  time  spent  on  several  jobs  to  one  only, 
in  order  to  save  himself  the  trouble  of  writing  out 
several  tickets). 

The  indirect  labour  and  indirect  material  bookings  are 
the  source  of  many  troubles,  and  the  factory  overhead 
expenses  of  which  they  form  by  far  the  largest  propor- 
tion is  no  small  part  of  the  total  factory  cost,  as  will 
have  been  noted  from  Table  3.  In  the  first  place  a  fore- 
man will  strive  to  cut  down  his  factory  overhead 
expenses  ;  secondly,  the  employee  will  have  constantly 
to  refer  to  a  hst  of  overhead  items  in  order  to  book 
correctly  ;  and  tliirdly,  unless  detailed  explanation  is 
given  as  to  wiiat  is  to  be  and  what  is  not  to  be  booked 
to  each  item  of  overhead  expenses,  indecision  will  lead 
to  a  proportion  of  wTong  bookings. 

While  the  cost  department  will  lend  its  aid  in  planning 
the  means  of  booking  all  the  items,  the  department 
looks  to  the  engineer  in  the  shops  to  see  that  these 
bookings  are  correctly  made. 

If  many  incorrect  bookings  are  made  in  the  shops 
it  must  necessarily  take  much  time  on  the  part  of  the 
cost  department  to  have  the  corrections  made,  thereby 
occasioning  delay  in  the  presenting  of  costs,  undermining 
the  exactitude  of  the  results,  and  greatly  increasing  the 
expense  of  running  the  cost  department,  with  a  resul- 
tant increase  in  the  cost  of  each  piece  of  apparatus 
turned  out  from  the  shops. 

Dislocation  of  work,  consequent  delay  and  increased 
expense  may  also  be  occasioned  by  the  late  receipt  of 
job  tickets  and  requisitions  from  the  shops  and  stores. 
In  tliis  direction  the  engineers  concerned  may  help,  at 
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Table  5. 

Analysis  of  Factory  Cost,  Motor  Assembly  Department. 
Factory  Cost  of  One  Induction  Motor,  Type  SR,  Frame  4331,  575  H.P.,  Three-phase,  50  Periods,  500  Volts, 


480  R.P.M 

,  for  A.B.  Company,  Limited. 

Order  No.  7106. 

Column 

1 

2 

3 

4 

5 

6 

7 

9 

10 

11 

12 

13 

Mach. 

group 

no. 

Direct  hours 

Labour  cost 

Overhead  cost 

Parts 

Section 
No. 

Quan- 
tity 

Name  of  part 

Weight 

Material 
costs 

Total  factory 
costs 

Groups 

Parts 

Groups 

Parts 

Groups 

Parts 

lb. 

£     s. 

£     s. 

£    s. 

£     s. 

£     s. 

£      s.    d. 

1 

1 

Cast-iron  voke 

2  800 

10 

60 

— 

4   10 

— 

4  10 

— 

30 

25 

— 

2     5 

— 

3   15 





50 

35 

— 

3   10 

— 

8   15 

— 



70 

o 

— 

0   10 

— 

2     5 





All 

— 

125 

— 

10  15 

— 

19     5 

96  10 

126  10     0 

Mech'l 

2 



Magnetic  circuits 

2  000 

— 

— 

— 



— 





201     2 

201     2     0 

parts      J 
of     ■^1      ^ 

3 



Assembling  circuits     . . 

— 

10 

125 

125 

— 

10   14 

— 

9     7J 

4     1 

24     2     6 

4 

«> 

W.l.  end  plates 

— 

30 

15 

15 

— 

0    15 

— 

2     5 

16  15 

19   15     0 

stator 

5 

'> 

End  brackets    . . 

2  400 

10 

180 

— 

16      1 

— 

13   10 

— 



20 

20 

— 

1    14 

— 

2   10 

. — 

, 

30 

45 

— 

4   11 

— 

6   15 

— 





50 

35 

— 

3   12 

— 

8    15 







60 

30 

— 

4     3 

— 

11      5 







All 

— 

310 

— 

30     1 

— 

42   15 

137   16 

210  12     0 

6 

1 

Cast-iron  spider 

1  600 

10 

10 



0   13 

. . 

0  15 



_ 

20 

35 

— 

3     7 

— 

4     7i 

— 





All 

. — 

45 



4     0 

5     21 

81     2 

90     4     6 

Mech'l 

parts 

7 

— 

Magnetic  circuits 

1  700 

— 

— 

— 

— 

— 

— 

• — • 

168     7 

168     7     0 

8 

— 

Assembling  circuits     . . 

— 

10 

135 

135 

— 

13     6 

— 

10  n 

2     1 

25     9     6 

9 

2 

End  plates 

330 

30 

20 

20 

— 

2      1 

— 

3     0 

33     3 

38     4     0 

10 

1 

Shaft 

800 

20 

55 

— ■ 

5     7 

— 

6  17i 

— 

— 



30 

5 

— 

0  12 

— 

0  15 

— 





All 

— 

60 

— 

5   19 

— 

7   12i 

53     1 

66  12     6 

Elec'I 
parts     , 

of  a 

11 

_ 

Coils  and  connections 

700 







_ 





_ 

297   10 

297   10     0 

12 

— 

Winding  and  assembling 

— 

10 

475 

475 

— 

21     2 

. — 

35  V2\ 

— 

56  14     6 

13 

— 

Brush-gear 

— 

10 

10 

10 

— 

1      1 

. — 

0  15 

37   16 

39  12     0 

14 



Terminals,  etc. . .          . , 

. — 

10 

25 

25 



1   17 



1    1-i 

19     8 

23     2     6 

15 

— 

Trifurcating  box 

— 

— 

— 

— 

— 

■ — 

— 

17     1 

17     1     0 

16 



Coils  and  connections 

600 





— 









416     1 

416     1     0 

Elec'I 
parts       , 

17 

— 

Winding  and  assembling 

— 

10 

425 

425 

. — 

23     7 

— • 

31   17J 

65     5 

120     9     6 

18 

. — 

Slip-rings,  etc.  . . 

— 

10 

5 

5 

— 

0  11 

— 

0     1\ 

16  18 

17   16     6 

19 

2 

PiUow  blocks    . . 

750 

10 

85 

— 

7     7 

— 

6     7J 

. — 





20 

45 



3   11 



5  121 

. 





rotor 

30 

60 

— 

5   19 

— 

9     0 



. 



w 

All 

— 

190 

— 

16  17 

— 

21     0 

27     2 

64  19     0 

20 

2 

Bearings 



10 

40 

40 



3      1 



3     0 

23     2 

29     3     0 

21 

— 

Assembly 

— 

10 

155 

155 

— 

14     6 

— 

11    12J 

— 

25  18     6 

Other     1 
parts 

22 

— 

Testing  .  . 

— 

10 

90 

90 

— 

7     2 

— 

6   15 



13  17     0 

23 

— 

Finishing 

— 

10 

5 

— 

0  12 

— 

0     7i 

— 

— 

20 

25 

— 

2   18 

— 

3     2J 

— 

— 

— 

- 

40 

5 

— 

0     8 

— 

1     0 

— 

— 



All 

— 

35 

— 

3  18 

4  10 

7     6 

15  14     0 

Totals 

— 

— 

— 

2  285 

— 

170  13 

216  17i 

1721     7 

2  108  17     6 

SUMM.\RIES. 


Grout)  Hours. 


Factory  Costs. 


Group 

Hours 

Direct  h 

hour 

Factory 
overhead 

£       s. 

d. 

£        s.    d. 

10 

1  825 

125   10 

0 

136   17     6 

20 

180 

16   17 

0 

22    10     0 

30 

170 

16     3 

0 

25    10     0 

40 

5 

0     8 

0 

1      (1     0 

50 

70 

7     2 

0 

17    10     0 

60 

30 

4     3 

0 

115     0 

70 

5 

0  10 

0 

2     5     0 

Totals    .. 

2  285 

170   13 

0 

216   17     6 

£  s.  d. 

Direct  labour            ..          170  13  0 

Factory  overhead  cost  1       216  17  6 

M;itcrial         ..          ..       1  721  7  0 


Approximate 

analysis 

of  material 


Final 
analysis 


£ 
313 
332 
1  078 


£ 
484 
549 
1076 


Totals 


2  108  17  6 


1  721 


2  109 
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least,   to  speed  up  the  information  wliich  they  them- 
selves require. 

Analysis   of   Costs. 

The  most  important  functions  of  the  cost  department 
are,  first,  to  ascertain  the  costs  of  production,  and, 
secondly,  to  analyse  those  costs.  The  purpose  of 
analysing  a  cost  is  to  demonstrate  exactly  where  each 
item  of  the  factory  cost  has  been  incurred,  in  order  that 
it  may  be  known  where  costs  can  be  cut  down,  and  also 
to  provide  the  selling  departments  with  data  upon  which 
to  base  their  prices  to  customers  who  make  inquiries. 
The  designer  must  know  the  cost  of  the  machines  or 
apparatus  which  he  designs,  and  the  estimator  must 
know  the  costs  of  previous  machines  or  apparatus 
built,  in  order  to  have  bases  on  which  to  make  new 
estimates  for  the  selhng  department.  The  manage- 
ment must  have  costs  to  enable  them  to  determine  what 
hnes  of  machines  are  profitable  to  construct,  and  each 
of  them  requires  the  analysed  costs. 

Table  5  shows  the  cost  analysis  of  job  No.  7106, 
the  method  of  compihng  the  costs  of  wliich  was  shown 
earlier  in  the  paper.  Only  a  very  brief  survey  of  the 
main  points  of  tliis  analysis  is  possible  here. 

The  amount  of  detail  shown  is  dependent  on  the 
amount  called  for,  as  it  will  be  appreciated  that  many 
sub-divisions  of  material,  labour  and  factory  overhead 
costs  could  be  given. 

In  tins  case  the  motor  has  been  assembled  in  the  motor 
assembly  department,  and  the  direct  labour  and  factory 
overhead  costs  are  those  incurred  only  in  this  depart- 
ment. Thus  the  material  figures  contain,  in  addition 
to  all  the  direct  material,  the  labour  and  factory  over- 
head costs  transferred  to  the  job  from  other  departments. 

The  direct  labour  cost  is  detailed  for  each  part  as 
shown  in  Table  2. 

Group  10  represents  hand  labour,  60  hours  of  which 
on  the  yoke  cost  £i  10s. 

In  group  30,  25  hours'  work  on  the  smaller  macliine 
tools  costs  £2  5s.,  while  5  hours'  work  on  large  machine 
tools  {such  as  a  10-ft.  planer)  costs  10s. 

On  the  yoke  the  labour  represented  by  this  amount 
would  have  been  used  in  rough  macliining,  drilHng, 
lathe  work,  slotting  and  planing,  in  addition  to  the  hand 
labour  in  filing,  chipping,  etc. 

Cols.  7  and  9  show  merely  the  sum  of  the  hours 
worked  and  the  money  spent  on  each  section.  The 
factory  overhead  is  applied  as  shown  in  Table  3.  Col.  10 
shows  the  factory  overhead  apphed  to  groups,  and 
col.  11  the  total  factory  overhead  cost  for  each 
section. 

The  material  costs  occupy  col.  12,  and  include  direct 
raw  material  drawn  from  the  motor  assembly  depart- 
ment's stores,  feeder  material  (including  the  labour 
and  factory  overhead  applied  to  it  in  the  feeder 
departments),  stock  parts  (including  labour  and  factory 
overhead),  and  finished  parts  from  outside  suppliers. 

The  totals  of  cols.  9,  11  and  12  are  carried  in  one 
figure  into  col.  13,  which  then  shows  the  factory  cost 
of  each  section. 

By  applying  the  percentages  given  in  Table  3  it  is 
deduced  that  the  total  material  consists,  as  far  as  this 
work  is  concerned,  of 


Direct  material 

Feeder    department  /Direct  labour 
and  stock  parts      \  Factory  overhead 


£ 
1  076 
313 
332 

£1721 


so   that   the   eventual   analysis   of  the   factory  cost  is 
shown  to  be 


Direct  labour   . . 
Factory  overhead 
Direct  material 


484  =      (23  per  cent) 

549  =      (26  per  cent) 

1  076  =      (51  per  cent) 


£2  109         (100  per  cent) 


In  addition  to  what  has  been  given  in  this  analysis,  there 
might  be  shown  the  division  of  labour  into  day-work 
and  piece-work  (in  hours  and  money),  analysed  to  opera- 
tions, with  the  factory  overhead  cost  correspondingly 
divided.  The  "  material  "  in  col.  12  might  have  been 
split  up  into  feeder  department  and  other  labour  and 
factory  overhead  expenses,  or  the  motor  might  have  been 
further  sectionalized.  All  of  this  it  is  possible  to  obtain 
from  the  data  in  the  hands  of  the  cost  department.  The 
example  shown  has  been  purposely  kept  as  simple  as 
possible,  but  it  is  sufficiently  detailed  to  show  the  value 
of  a  complete  cost  analysis  to  certain  of  the  engineering 
staff  of  a  factory. 


Effect   of   Increased   Production   on   Factory 
Overhead   Expenses. 

With  all  the  data  which  it  possesses  the  cost  depart- 
ment is  able  to  be  of  further  service  to  the  engineering 
staff.  For  instance,  if  a  large  demand  is  assured  for  a 
particular  line  of  machines  the  engineers  may  plan  a 
system  of  standardized  manufacture.  This  should  lead 
to  increased  production  which,  in  its  turn,  will  affect 
the  factory  overhead  expenses,  for,  with  an  increase 
in  production  in  any  one  department,  while  the  pro- 
ductive labour  cost  will  increase  more  or  less  propor- 
tionately, the  factory  overhead  expenses  will  increase 
at  a  lower  rate. 

The  overhead  machine-hour  rates  may  therefore 
be  reduced  in  anticipation,  which  means  that  any  one 
job  will  bear  a  smaller  proportion  of  the  factory  over- 
head expenses  than  it  did  previously,  and  thus  the 
factory  cost  will  be  correspondingly  reduced. 


Conclusion. 

The  choice  of  a  few'of  the  many  activities  of  a  costing 
department  which  those  entering  upon  a  career  in 
engineering  should  know  of  and  appreciate,  means  the 
omission  of  many  others  which  would  claim  the  engineer's 
attention.  It  is  hoped  that  the  brief  descriptions 
of  methods  and  aims  embodied  in  this  paper  will  stimu- 
late the  necessary  interest  of  engineers  and  go  some  way 
to  ensure  their  co-operation  with  the  cost  department, 
the  ultimate  success  of  which  is  so  dependent  on  their 
aid  and  appreciation. 
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THE   TESTING   OF   MATERIALS   USED    IN   THE   MANUFACTURE   OF 

ELECTRICAL   EQUIPMENT. 

By  C.  Dawson,  Student. 

(Abstract  of  paper  read  before  the  South  Midland  Students'  Section,   I5th  November,  1921.) 


Summary. 

The  following  tests  are  described  ; — • 

Aletals. — Tensile,  compression,  shearing,  bending,  torsion, 
impact,  hardness,  magnetic  (rods  and  core  plates),  and 
miscellaneous. 

Insulating  Materials. 

(a)  Sheet   and   moulded   insulation. — Mechanical    strength, 

plastic  yield,  electric  strength,  and  insulation  resist- 
ance. 

(b)  Oils. — Electric     strength,     insulation     resistance,     vis- 

cosity,  flash  point,   chemical  reaction,   and  sludge. 

(c)  Varnishes. — Electric  strength,   flexibility,   acidity,   and 

time  of  drying. 
The  procedure  on  delivery  of  material  is  also  set  out. 


Introduction. 

The  practice  of  testing  all  deliveries  of  raw  materials 
has  greatly  developed  during  the  past  few  years,  and 
every  large  manufacturer  has  now  a  fully  equipped 
testing  department,  the  object  of  which  is  to  detect 
faulty  material  before  it  passes  into  the  shops.  Other- 
wise a  considerable  amount  of  time  and  labour  may 
be  wasted.  It  is  also  an  invaluable  guide  to  the  buying 
department. 

Generally,  for  any  given  material,  several  sources  of 
supply  are  available,  and  it  is  important  to  be  able  to 
distinguish  the  quahty  of  the  materials  coming  from 
different  sources,  as  they  may  differ  considerably  in 
grade  or  cost,  and  no  mere  supervision  of  the  process 
of  manufacture,  or  external  examination,  is  an  adequate 
guarantee  of  quality.  To  ensure  that  the  supplier  under- 
stands exactly  what  is  required  of  him  a  specification 
is  circulated.  This  is  merely  a  statement  of  what  is, 
or  is  not,  wanted  and  the  tests  which  the  materials  will 
have  to  pass.  A  knowledge  of  any  one  of  the  following 
points  is  generally  required  : 

(1)  Is  the  material  suitable  for  the  purpose  ? 

(2)  Is  the  material  good  of  its  kind  ? 

(3)  Is    the    material    as    good    as    that    in    previous 

deliveries  ? 

(4)  Of  two  materials,  equally  available,  which  is  the 

better  ? 

The  simplest  way  of  determining  these  questions  is 
to  select  samples  of  the  material  and  subject  them  to 
appropriate  tests,  and,  since  a  rapid  and  definite  judg- 
ment is  required,  more  or  less  arbitrary  standards  of 
quality  must  be  accepted.  Since  the  physical  constants 
of  a  material  really  determine  its  value  for  constructive 
purposes,  commercial  tests  may  be  made  to  approximate 


as  closely  as  is  practicable  to  tests  for  scientific  purposes. 
Whenever  possible,  shorter  and  readier  methods  are 
applied. 

Metals. 

Of  the  mechanical  properties,  engineers  are  concerned 
with  the  strength,  toughness,  hardness  or  adaptability  of 
the  metals  to  the  mechanical  operations  of  the  workshop. 
To  characterize  these  mechanical  properties  simple  tests, 
such  as  tensile  and  bending  tests,  etc.,  are  adopted 
and  they  suffice,  except  in  one  or  two  extreme  cases,  to 
detect  faulty  or  unsafe  material. 

Tensile  test. — -The  simplest  method  of  performing  a 
tensile  test  is  to  fix  one  end  of  the  sample  and  attach 
weights  to  the  other  end.  This  is  quite  satisfactory 
where  the  sectional  area  of  the  sample  is  small,  as  in 
the  case  of  wire,  but  for  larger  samples  levers  are 
emploj-ed  so  that  a  large  load  may  be  obtained  with 
a  small  weight.  Machines  testing  up  to  about  100  tons 
are  made  with  a  single  lever  and  are  generally  used. 
Larger  multilever  macliines  are  made,  but  are  beyond 
the  needs  of  the  electrical  manufacturer. 

The  sample  should  represent  the  average  quality  of 
the  delivery,  i.e.  neither  the  best  nor  the  worst  should 
be  chosen,  but  a  piece  which  is  representative  of  the 
whole.  To  prevent  confusion  the  bulk  and  the  sample 
should  both  be  branded  before  detaching  the  latter. 
It  is  important  that  it  should  not  be  subjected  to  any 
harsh  treatment  such  as  bending,  hammering  or  heating, 
as  this  would  probably  alter  the  properties  of  the  sample. 
All  samples  should  be  oi  similar  shape,  as  this  may  have 
a  great  influence  on  the  results  obtained.  The  British 
Standard  Specifications  give  standard  forms  of  test- 
pieces,  and  all  these,  except  test-piece  F,  give  approxi- 
mately the  same  results.  It  will  be  noted  that  the 
gauge  length  is  less  than  the  parallel  length.  This  is 
because  with  ductile  materials,  such  as  mild  steel,  some 
of  the  metal  from  the  enlarged  ends  flows  into  the 
adjoining  part  of  the  reduced  section,  thus  decreasing 
the  elongation  and  contraction,  and  increasing  the 
strength  of  these  parts.  All  changes  of  section  must  be 
gradual  to  avoid  uneven  stressing  at  these  points. 
According  to  the  B.E.S.A.  specification,  if  one  sample 
does  not  reach  the  specification  standard,  two  others 
should  be  taken  and  if  either  of  these  fails  the  delivery 
may  be  rejected. 

The  elongation  is  a  measure  of  the  permanent  set 
and  is  a  good  criterion  of  the  ductility  of  the  material. 
For  a  given  gauge  length  tlie  elongation  increases  with 
increased  diameter,  so  that  the  necessity  of  specifying 
the  proportions  of  the  test-piece  is  evident.     Another 
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guide  to  the  ductility  is  the  reduction  of  area,  expressed 
as  a  percentage  of  the  original  area. 

In  the  opinion  of  some  engineers  the  reduction  of  area 
is  a  better  indication  of  the  ductility  than  percentage 
elongation,  but  it  cannot  be  measured  so  accurately. 
It  is  also  much  affected  by  local  defects  and  the  two 
are  in  agreement  only  when  the  elongation  is  measured 
for  a  very  short  length  of  test-piece  near  the  fracture. 
Other  tests  for  ductility  will  be  dealt  with  later. 

Examination  of  the  fracture. — The  fracture  should 
always  be  examined,  as  the  appearance  of  the  fractured 
surface  is  generally  an  index  of  the  character  of  the 
material.  The  metal  is  said  to  be  "  crystalUne  "  when 
made  up  of  visible  crystals  either  coarse  or  fine.  Wlien 
the  crj'stals  are  too  fine  to  be  recognized  as  such  the 
metal  is  said  to  be  "  granular,"  and,  when  very  minute, 
"  silky."  Wrought  iron  gives  a  "  fibrous  "  fracture. 
Cast  iron  is  sometimes  broadly  classed  as  white  or  grey, 
according  to  \\'hether  the  fracture  is  light  or  dark.  The 
latter  contains  a  higher  percentage  of  graphitic  carbon 
than  the  former.  Generally,  a  coarsely  cry^staUine  or 
granular  metal  has  less  satisfactory  working  properties 
than  one  of  the  same  class  in  which  the  fracture  is  finer. 
The  size  of  grain  often  depends  largely  on  the  tempera- 
ture at  which  the  metal  was  cast,  and  upon  the  subse- 
quent thermal  and  mechanical  treatment  and  rate  of 
loading. 

The  fracture  of  ductile  materials  under  tension,  and 
of  brittle  materials  under  compression,  generally  takes 
place  pai'tially  or  whoUy  by  shearing,  or  sliding,  in 
directions  oblique  to  that  of  the  direct  stress.  For 
tensile  tests  the  shape  of  fracture  of  mild  steel  is  a 
tiuncated  cone,  and  it  is  interesting  to  note  that  the 
angle  of  the  cone  is  always  approximately  45°.  In 
the  case  of  cast  iron,  however,  there  is  no  cone,  but 
practically  a  plane  surface. 

Cast  iron  is  often  tested  in  the  form  of  beams 
36  in.  X  2  in.  X  I  in.  supported  at  the  ends  and  loaded 
in  the  centre.  It  should  not  break  when  a  load  of 
28  cwts.  is  applied,  and  the  maximum  deflection  should 
be  not  less  than  0-33  in.  If  from  these  results  the 
tensile  strength  is  calculated,  the  resulting  figures, 
called  the  "  modulus  of  rupture,"  wiU  be  higher  than 
those  obtained  for  the  tensile  test. 

Compression  test. — ^A  table  may  be  suspended  from 
the  shackle,  below  the  cross-head  of  the  testing  machine, 
so  that  the  sample  can  be  crushed  between  the  cross- 
head  and  the  platform.  To  prevent  bending,  the  length 
of  the  sample  should  not  exceed  two  or  three  times  the 
diameter.  The  sample  is  placed  between  hardened  steel 
plates,  and  to  ensure  axial  loading  one  plate  is  fitted 
with  a  ball  joint.  Hard  or  brittle  materials  generally 
fracture  under  compression  by  shearing  across  some 
plane  obhque  to  the  direct  compressive  stress.  Plastic 
materials  shorten  almost  without  limit,  expanding  at 
the  same  time,  and  so  require  higher  loads  to  effect 
further  compressive  strain.  An  ultimate  strength  is 
therefore  difficult  to  specify. 

Shearing  test. — This  can  be  carried  out  in  a  similar 
way  to  the  compression  test  by  placing  the  sample  in 
a  suitable  holder. 

Betiding  test. — The  machine  is  set  up  as  for  a  com- 
pression  test,    except  that   a   plunger  is   fixed   to   the 


cross-head.  The  plunger  applies  the  load  to  the  centre 
of  the  sample  which  is  supported  near  each  end  on 
rounded  edges.  By  this  means  the  sample  is  bent  to 
approximately  a  right-angle.  The  load  is  taken  off, 
the  plunger  is  removed,  and  the  sample  is  now  placed 
on  end  and  the  load  re-apphed,  and  the  bending  con- 
tinued. A\Tien  a  machine  is  not  available  the  sample 
may  be  bent  by  hammering.  The  bending  test  is  a 
rough  guide  as  to  the  ductility  of  the  material.  \\'lien 
testing  flat  samples  the  sides  should  be  planed,  as  if 
they  are  merely  sheared  the  test  is  more  severe  and 
less  trustworthy.  The  sample  should,  without  cracking, 
be  capable  of  being  bent  round  a  radius  of  Ij  times 
the  thickness  of  the  sample  until  the  sides  are  parallel. 
Sometimes  bending  tests  are  made  while  hot  to  detect 
"  red  shortness,"  i.e.  brittleness  when  hot.  Another 
rough,  workshop  test  for  ductility  is  the  drifting  test, 
in  which  a  hole  is  drilled  near  an  edge  of  the  plate  and 
then  drifted  out  to  a  larger  size. 

Torsion  test. — \Mien  a  bar  is  fixed  at  one  end  and 
a  couple  applied  at  the  other  in  a  plane  perpendiculajr 
to  the  axis  of  the  bar,  it  sufiers  a  deformation  (termed 
torsion)  which  gives  rise  to  simple  shearing  stresses. 
Tensile  and  compression  tests  give  no  indication  as  to 
the  torsion-resisting  properties  of  the  material,  and 
materials  for  shafts,  etc.,  should  therefore  be  subjected 
to  a  torsion  test.  With  a  special  attachment  this  can 
be  carried  out  in  the  tensile-testing  machine  previously 
described.  The  fracture  of  a  ductile  material  under 
torsion  is  practically  in  one  plane  at  right-angles  to  the 
axis.  On  the  other  hand,  the  fracture  of  a  brittle 
material  forms  a  helix  of  one  turn  returning  parallel 
with  the  axis  until  it  reaches  the  starting  point. 

Impact  test. — OccasionaUy  a  material  which  satisfies 
the  above  tests  will  fail  when  subjected  to  shock  or 
vibration,  and  it  is  sometimes  advisable  to  apply  an 
impact  test.  Such  materials  are  sometimes  caUed 
"  fragile,"  as  they  break  with  little  deformation  and 
a  small  expenditure  of  mechanical  work.  For  this 
reason  the  work  done  in  fracturing  the  material  is 
measured.  An  impact  test  is  not  usual  in  electrical 
work,   except  for  some  insulating   materials. 

Fatigue  test. — Materials  subjected  to  varying  stresses 
sometimes  become  fatigued  and  fail.  Special  tests  for 
this  property  are  not  usual  for  electrical  work,  as  the 
tensile  strength  is  also  an  index  of  the  resistance  to 
fatigue. 

Hardiiess  test. — There  is  no  absolute  measure  of  hard- 
ness and  therefore  comparative  methods  are  used. 
The  earliest  method  was  to  take  various  substances  to 
find  which  would  scratch  the  material  under  test.  A 
modification  of  this  is  the  sclerometer  in  which  a 
diamond  or  steel  point  is  weighted,  and  the  weight 
required  to  produce  a  scratch  is  noted.  This  is  more 
suited  to  brittle  than  to  ductile  materials.  Another 
method,  suited  to  ductile  materials,  is  an  indentation 
test  such  as  the  Brinell  test.  In  this  test  a  hardened 
steel  ball  (10  mm  diameter)  is  forced  into  the  material 
tested,  generally  at  a  polished  face,  by  static  pressure. 
The  diameter  of  the  impression  is  observed  by  means 
of  a  microscope,  and  the  hardness  is  read  off  from  a 
table  which  takes  into  account  the  relation  between 
the  diameter  and  the  depth,  which  is  the  real  measure 


IN    THE    MANUFACTURE    OF    ELECTRICAL    EQUIPMENT. 


61 


in  this  case.  For  the  ferrous  alloys  a  pressure  of 
3  000  kg  is  used,  and  for  the  copper  alloys  500  kg. 
The  pressure  may  be  applied  by  a  dead  weight,  by 
levers,  or  by  fluid  pressure.  In  the  Shore  scleroscope 
a  weighted  conical  diamond  falls  through  a  given  height 
and  the  height  of  the  rebound  is  noted.  Different 
hammers  are  used  for  ferrous  and  copper  alloys.  This 
method  is  suited  to  finished  articles  as  it  avoids  dis- 
figurement, but  the  results  are  often  influenced  by  the 
method  of  supporting  the  sample.  For  malleable  iron 
it  is  advisable  to  test  the  sample  by  sawing  or  machining, 
because  if  not  properly  annealed  it  is  liable  to  be  harder 
in  the  centre.     It  should  not  be  harder  than  200  Brinell. 

Chemical  test. — The  material  should  be  machined  and 
the  drillings  carefuUy  kept  and  placed  in  a  bottle,  which 
should  then  be  labelled  and  sent  to  the  chemist  for 
analysis.  The  actual  work  of  the  chemist  is  of  little 
interest  to  the  engineer  but  from  the  results  obtained 
much  may  be  learnt,  and  it  is  important  to  know  the 
effect  of  the  various  constituents,  as  these  indicate  the 
properties  of  the  material. 

Photo-micrographs. — These  are  taken  only  in  the  case 
of  faulty  material  or  perhaps  such  important  parts  as 
rotor  forgings  and  retaining  rings.  The  microscope 
shows,  amongst  other  things,  the  nature  of  any  impurities, 
and  the  previous  mechanical  and  heat  treatments. 

Inspection. — The  dimensions  of  all  materials  bought 
to  size  are  checked,  e.g.  bars  and  rods,  wire,  slate  and 
boiler  plate  for  switch  cubicles. 

Magnetic  tests. — This  branch  of  the  subject  is  of 
growing  importance  because,  apart  from  the  necessity 
of  testing  for  purely  magnetic  purposes,  much  work 
ha.s  been  done  of  late  years  in  connection  with  the 
correlation  of  the  magnetic  and  mechanical  properties. 
The  characteristics  which  are  of  importance  to  the 
engineer  are  permeability,  residual  magnetism,  coercive 
force,  hysteresis  and  eddy-current  losses. 

The  following  are  some  of  the  methods  of  measuring 
permeability. 

{ 1)  Tractional  method.— The  force  necessary  to  separate 
two  parts  of  a  magnetic  circuit  is  measured  as  in  the 
Thompson  permeameter  and  Ewing's  magnetic  balance. 
These  give  approximate  relative  values.  The  Du  Bois 
magnetic  balance  is  also  of  this  type  and  is  more  sensitive 
than  the  other  examples  given. 

(2)  By  a  steady  magnetic  or  electric  action  as  in 
Koepsal's  permeameter.  In  principle  the  device  is 
similar  to  a  millivoltmeter  in  which  the  permanent 
magnet  is  replaced  by  an  electromagnet,  the  sample 
under  test  forming  part  of  this  electromagnet.  The 
moving  coil  of  the  instrument,  carrying  a  small  current 
supplied  by  a  dry  cell,  takes  up  a  position  determined 
by  the  main  flux.  This  instrument  is  very  sensitive 
but  is  affected  by  stray  fields.  The  Esterline  per- 
meameter and  Ewing's  peimeability  bridge  are  other 
examples  of  this  method. 

(3)  By  measuring  the  increase  in  the  electrical  resistance 
of  bismuth  when  placed  in  a  magnetic  field. 

(4)  By  an  inductive  discharge  through  a  ballistic  gal- 
vanometer.— Thtre  are  several  pcrmeameters  of  this 
type,  but  that  recommended  by  C.  V.  Burrows  of  the 
Bureau  of  Standards,  Washington,  is  probably  the  best.* 

•  See  Scientific  Papers  of  the  Bureau  of  Slandards,  No.  117. 


Hysteresis  and  eddy-current  losses.- — In  the  case  of 
core  plates  the  losses  are  readily  determined  by  means 
of  a  special  transformer  known  as  the  Epstein  square. 
The  iron  core  is  easily  replaced  and  is  formed  by  the 
iron  under  test.  About  4-5  lb.  of  the  iron  is  cut  with 
sharp  shears  into  strips  10  in.  x  2  in.,  half  being  parallel 
to,  and  half  at  right-angles  to,  the  direction  of  rolling. 
These  are  made  up  into  four  equal  bundles,  two  from 
each  direction  of  rolhng,  with  press-spahn  between  each 
strip,  and  assembled  in  the  apparatus.  At  the  corners 
the  magnetic  circuit  is  completed  with  short  pieces  of  the 
same  or  similar  material  bent  at  right-angles  and  inter- 
leaved between  strips  of  adjacent  bundles.  A  clamp  is 
tightened  over  these  laps  to  give  a  good  magnetic  joint. 
There  are  two  secondaries  wound  under  the  primarj',  one 
of  which  is  connected  to  a  voltmeter  for  determining  the 
flux  (generally  10  000  lines  per  sq.  cm).  Unless  an  elec- 
trostatic instrument  is  used,  a  correction  should  be  made 
for  the  current  taken  by  the  voltmeter.  The  other 
secondary  is  connected  to  the  voltage  coil  of  a  low- 
reading  wattmeter,  the  current  coil  of  which  is  in 
series  with  the  primary  of  the  transformer.  By  this 
means  the  copper  losses  in  the  transformer  are  eliminated. 
For  accurate  work  a  correction  may  be  made  for  the 
copper  losses  of  the  wattmeter  potential  coil.  The 
sine-wave  voltage  applied  to  the  primary  is  adjusted 
by  an  auto-transformer,  not  a  resistance,  untD  the  flux 
is  correct  as  indicated  by  the  voltmeter,  and  then  the 
wattmeter  is  read.  Whenever  the  magnetizing  circuit 
has  been  broken  it  should  be  closed  through  a  consider- 
able resistance,  which  is  then  gradually  cut  out.  This 
prevents  a  large  fiist  surge  and  consequent  high  magneti- 
zation which  would  require  subsequent  demagnetization. 
As  the  hysteresis  losses  vary  as  the  frequency,  and  the 
eddy-current  losses  vary  as  the  square  of  the  frequency, 
by  repeating  the  experiment  at  another  frequency  the 
two  losses  may  be  separated. 

Conductivity. — Copper  and  resistance  wires  should  be 
checked  for  resistance. 

Insulating  Materials. 

Sheet  and  moulded  insulators. — The  most  important 
properties  of  this  class  of  material  are  mechanical 
strength,  plastic  yield  with  temperature,  electric  strength, 
insulation  resistance  and  absence  of  metaUic  inclusions. 
A  convenient  method  for  comparing  the  strength  of 
these  materials  is  in  the  form  of  a  cantilever,  the  effective 
length  of  which  is  150  mm,  the  breadth  15  mm  and  the 
depth  15  mm.  AV'hen  samples  are  received  in  another 
form  they  are  best  compared  with  a  standard  product 
of  the  same  size.  Then,  if  the  results  of  previous  tests 
applied  to  the  standard  product  are  known,  the  material 
can  be  compared  with  any  other.  The  plastic  yield 
with  temperature  can  be  determined  by  loading  the 
cantilever  with  a  2-lb.  weight,  placing  it  in  an  oven  at 
75°  C.  for  2  hours  and  noting  the  deflection  produced 
with  the  weight  removed.  The  temperature  must  be 
very  carefully  watched. 

Impact. — The  numlicr  of  times  which  the  sample 
may  be  dropped  from  a  given  height  on  to  a  concrete 
floor  without  breaking  is  noted,  or  a  small  Izod  testing 
machine  may  be  used. 

Electric  strength. — Samples,  the  tliickness  of  which  is 
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known,  are  placed  between  electrodes  under  a  pressure 
of  3  ■  5  lb.  per  sq.  in.  The  secondarj^  of  an  extra-high- 
tension  transformer  is  connected  to  the  electrodes  and 
the  voltage  raised  by  varying  the  primary  voltage  by 
means  of  an  auto-transformer  until  breakdown  occurs. 
Some  materials,  e.g.  ebonite,  are  tested  under  oil. 

Insulation  resistance. — This  is  determined  by  means 
of  a  high-voltage  "  Megger."  If  this  is  not  sufficiently 
sensitive  a  high-voltage  battery  with  a  galvanometer 
and  a  limiting  resistance  in  series  is  used. 

Metallic    inclusions. — For    some    materials,    such    as 


Apparatus  for  testing  the  electric  strength  of  oil. 

press-spahn  for  high-tension  work,  every  sheet  is  sub- 
mitted to  X-rays  to  detect  metallic  inclusions. 

Oils. 

Switch  and  transformer  oils  are  obtained  from  crude 
petroleum  by  fractional  distillation.  A  sample  should 
be  drawn  from  each  barrel  of  oil  and  tested  for  electric 
strength,  insulation  resistance,  viscosity,  flash  point, 
chemical  reaction  and  sludge. 

(a)  Electric  strength. — One  method  of  testing  this  is 
shown  in  the  figure  on  this  page.  The  oil  is  drawn 
from  the  barrels  by  means  of  a  pump  or  syringe  kept 
for  the  purpose,  and  put  in  the  glass  jar,  which  is 
first  rinsed  with  some  of  the  oil — on  no  account  must 


water  be  used.  The  bottom  of  the  jar  is  drilled  and 
a  brass  stud  fitted.  The  lower  electrode  should  be  so 
heavy  as  not  to  be  lifted  by  the  electrostatic  attrac- 
tion. The  jar  is  now  placed  in  position  by  means  of 
the  sliding  base.  The  micrometer  is  set  at  zero  and 
the  length  of  the  spindle  S  adjusted  by  turning  the 
nut  N  at  the  top  of  the  spindle  until  the  two  electrodes 
just  make  contact.  This  is  determined  by  means  of 
a  bell  and  battery.  The  micrometer  is  now  turned 
until  the  required  spark-gap  is  obtained.  The  bell  is 
disconnected  and  the  extra-high-tension  leads  connected 
up,  the  voltage  being  varied  by  means  of  an  auto- 
transformer  or  induction  regulator. 

With  spherical  electrodes  0-25  in.  diameter  separated 
by  0-07  in.,  the  oil  should  withstand  9  000  volts  without 
sparking.  It  is  very  difficult  to  obtain  consistent 
results  when  carrying  out  this  test,  and  it  is  advisable 
to  let  the  oil  stand  for  some  time  after  setting  up  the 
apparatus,  to  allow  the  fibres  in  suspension  to  settle. 
Larger  electrodes  with  a  wider  gap  will  probably  over- 
come this  difficulty.  The  electric  strength  is  greatly 
affected  by  the  smallest  trace  of  moisture  and  may 
be  taken  as  a  guide  to  the  amount  of  moisture 
present.  Another  way  to  detect  the  presence  of  moisture 
is  to  thrust  a  red-hot  wire  into  the  oil.  If  moisture  is 
present  a  crackling  noise  is  heard,  and  if  the  oil  is  dry 
there  will  simply  be  a  puff  of  smoke.  The  best  method 
is  to  drop  in  a  small  piece  of  sodium,  which  decomposes 
any  water  present  and  liberates  hydrogen. 

(b)  Insulation  resistance. — Some  engineers  maintain 
that  insulation  resistance  is  a  better  criterion  of  the 
quality  of  the  oil  than  the  electric  strength,  but  the 
difficulty  is  that  the  insulation  resistance  changes  with 
temperature.  The  oil  is  placed  in  a  jar,  and  disc  elec- 
trodes of  almost  the  same  diameter  as  the  internal 
diameter  of  the  jar  are  separated  by  a  definite  amount 
and  connected  to  a  "  Megger." 

(c)  Viscosity. — There  are  several  methods  of  deter- 
mining the  viscosity,  but  the  Redwood  viscosimeter  is 
probably  the  best  for  electrical  work.  The  viscosity 
of  transformer  oil  should  not  be  above  850  seconds 
Redwood  at  40°  F.  or  it  will  not  carry  away  the  heat 
with  sufficient  rapidity.  For  oil  switches  the  oil  should 
not  be  too  thin  ;  at,  say,  70°  F.  the  viscosity  should  not 
be  less  than  100  seconds  Redwood,  otherwise  the  arc 
will  not  be  extinguished. 

(d)  Flash  point. — This  is  the  lowest  temperature  at 
which  the  oil  gives  off  inflammable  vapour.  This 
should  not  be  below  150°  C.  when  tested  in  a  closed 
testing  apparatus  such  as  Gray's. 

(e)  Chemical  reaction. — The  presence  of  an  acid  or 
alkali  in  the  oil  reduces  the  electric  strength,  and  an 
alkaU  also  gi%'es  the  oil  the  power  of  absorbing  moisture. 
To  test  for  these  impurities  the  oil  is  shaken  with  an 
equal  volume  of  boiling  water  in  a  separator  and  kept 
at  nearly  100°  C.  until  the  separation  is  complete, 
when  the  aqueous  solution  is  tested.  The  presence  of 
any  acid  or  alkali  is  shown  by  adding  phenolphthalein. 
Tincture  of  cochmeal  prepared  with  20  per  cent  of 
alcohol  is  sometimes  used,  but  it  is  too  sensitive.  It 
turns  yellow  if  an  acid  is  present,  violet-blue  if  alkaline, 
and  red  if  neutral.  Resin  is  also  shown  in  this  test  by 
its    precipitation    in    fine,    white  granules  at  the  point 
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of  separation  of  oil  fiom  water.  The  presence  of  sul- 
phuric acid  and  sulphonates  can  be  detected  by  a  white 
precipitate  forming  when  barium  chloride  solution  is 
added.  The  presence  of  sulphur  is  detected  by  immers- 
ing copper  wire  in  the  oil  and  noting  whether  the  copper 
blackens.  Mineral  impurities  and  additions  may  be 
tested  by  evaporating  and  igniting  the  oil  and  testing 
the  residue. 

(J)  Sludge. — Sludge  consists  of  oxidation  products  of 
the  oil,  which  collect  in  and  around  the  windings  of 
oil-immersed  transformers  and  choke  the  cooling  ducts. 
In  the  case  of  oil  switches  it  is  not  of  much  importance, 
as  the  growth  is  slow  and  the  parts  are  easily  accessible 
for  cleaning.  One  test  for  sludge  is  to  draw  pure  air 
through  100  cm3  of  oil  heated  to  150"  C.  in  a  200  cm^ 
flask,    fitted    with    a    condenser  neck,   at  the  rate  of 


bility  test,  for  which  600  volts  per  mil  is  a  fair  figure. 

(2)  Flexibility. — Strips  of  thin  paper  are  impregnated 
with  several  coats  of  varnish  and  stoved  for  several 
days  till  the  paper  cracks  on  bending  it  about  50  times 
round  a  radius  of  0-006  in.  A  good  varnish  will  with- 
stand heating  for  14  days  at  130°  C. 

(3)  Acidity. — Lengths  of  copper  wire  are  immersed 
and  stoved.  If  any  acid  is  present  the  copper  turns 
green.  Another  test  is  to  add  plenty  of  alcohol,  shake 
and  titrate  with  potassium  hydroxide. 

(4)  Time  of  drying. — The  time  of  drying  the  above- 
mentioned  strips  of  paper  is  noted.  Insulating  var- 
nishes stoved  at  85°  C.  should  dry  overnight.  Air- 
drying  finishing  varnishes  dry  in  from  2  to   10  hours. 

(5)  The  effect  of  the  varnish  on  the  enamel  when  for  use 
with  enamelled  wire. 


Table   1. 
Tests  usually  applied  to  the    Various  Materials, 


and  Average  Figures  obtained. 


Material 

Tensile  strength 

Bend 

Hardness 
(Brinell) 

Permeability 
(H  =  100 1 

Hysteresis  and 
eddy  currents 

Miscellaneous 

tons/sq,  in. 

degrees 

watts/lb. 

Rotor  forgings 

35-45 

180 

170 

180 

— 

Chemical  analysis 

Rotor  retaining  rings 

50-56 

180 

250 

— 



Chemical  analysis 

Steel  rod 

33-47 

180 

140-200 





Chemical  analysis 

Malleable  iron  castings 

— 

— 

130-190 





Machining 

Pig  iron 

— 

— 

— 





Chemical  analysis 
and  drop  test 

Cast  iron 

12-16 

— 

80  90 



Chemical  analysis 

Core  plates 



— 

— 

— 

1-2 

• — 

Brass  rod 

30 

72  (at  least) 

80-100 

— 

— 

Chemical  analysis 

Brass  castings 

— 

— 

60-100 

— 

— 

— 

Copper  (switch  contacts) 

— 

■ — 

75-95 

— 

— • 

— 

Copper  (commutator) .  . 

— 

— 

80-100 

— 

— 

Copper  (springs) 

. — . 

75  (at  least) 

— 

— 

— 

— 

Copper  wire 

— 

— 

— 

— 

Conductivity  and 
inspection 

Bearing  bushes 

— 

— 

70-90 

— 

— 

Chemical  analysis 

Solder    .  . 

. 



— 

— 

— 

Chemical  analysis 

Key  steel 

35-45 

— 

— 

— 

—  ■ 

Chemical  analysis 

3  bubbles  per  second  (0-07  cubic  ft.  per  hour).  The 
deposit  formed  can  be  weighed  by  diluting  the  oil  with 
petroleum  spirit,  and  filtering  and  washing  with  more 
petroleum  spirit.  The  deposit  should  not  weigh  more 
than  0-05  per  cent  of  the  original  weight.  A  piece  of 
bright  copper  having  a  total  surface  of  4-5  sq.  in. 
must  be  placed  in  the  flask  during  the  test,  as  this 
has  a  catalytic  action.  The  disadvantage  with  this 
method  is  the  time  required,  viz.  two  days. 

Varnishes. 

Insulating  varnishes  are  tested  for  : — 

(1)  Dielectric  strength. — AlayerofNo.  18  S.W.G.  double- 
cotton  covered  wire  is  wound  round  a  brass  rod,  then 
warmed  and  dipped  in  the  varnish.  When  dry  the 
electric  strength  between  the  wire  and  the  rod  is  deter- 
mined ;  this  will  be  about  800  volts  a.c.  A  better  test 
is]]|to  use  the  impregnated  paper  employed  in  the  flexi- 


Slate  and  Marble. 
The  dimensions  of  the  slabs  should  be  checked, 
the  tolerance  being  ^  in.  for  the  larger  slabs.  Cracks 
can  quickly  be  detected  by  wiping  over  the  slab  with 
a  quickly  evaporating  liquid.  The  presence  of  im- 
purities can  be  tested  for  by  applying  to  the  surface 
two  pointed  electrodes  connected  to  a  2  000-volt 
transformer. 

Procedure  on  Delivery. 
It  is  of  little  use  to  test  a  delivery  if  after  the  tests 
are  complete  it  is  found  that  the  material  has  all  been 
used,  or  has  been  mixed  with  the  old  stock.  The  time 
taken  to  test  should  be  reduced  to  a  minimum,  not 
only  on  account  of  any  inconvenience  that  may  be 
caused  but  also  to  reduce  the  storage  space.  One 
method  of  fulfilling  these  conditions  is  as  follows : 
All  deliveries  on  arrival  at  the  works  are  placed  in  a 
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special  store.  The  receipt  note  is  made  out  and  samples 
are  taken  for  test.  A  description  of  the  sample  with 
particulars  of  the  supplier,  date,  order  number, 
works  order  number,  receipt  note  number,  and 
ultimate  destination,  are  all  entered  in  triplicate  in 
a  book  which  is  sent  with  the  samples  to  the  testing 
department.  The  samples  are  here  stamped  with  a 
serial  number  which  is  also  entered  in  the  book,  and  the 
particulars  are  noted  in  a  book  kept  for  the  purpose. 
The  top  copy  is  signed  and  serves  as  a  receipt  to  the 
storeman.  The  other  two  copies  are  torn  out.  One 
of  these,  a  card,  is  handed  with  the  samples  to  the  man 
responsible  for  the  tests.  He  notes  on  the  back  of  the 
card  the  tests  performed  and,  when  the  tests  are  com- 
plete, returns  the  card  and  the  results  of  the  tests  to 
the  office.  The  orders  to  the  receiving  stores  are  now 
written  on  both  the  card  and  third  slip,  and  the  third 
slip  is  returned  to  the  receiving  clerk,  who  initials  the 
receipt  note.  The  deliver}',  if  accepted,  is  passed  on 
to  the  stores.  If  the  deliver}'  does  not  reach  the  speci- 
fication standard,  it  is  generally  rejected  and  returned 
to  the  suppher,  but  sometimes  in  special  cases  it  may 
be  accepted,  perhaps  with  a  proviso  that  it  is  not  to 


be  used  for  a  certain  class  of  work.  This  latter  course 
should  be  used  only  in  cases  of  emergency,  owing  to 
the  complications  introduced  in  the  stores.  The  results 
are  now  t}'ped  and  copies  are  sent  to  the  persons  inter- 
ested. One  copy  is  filed  according  to  the  material, 
and  another,  together  with  the  card  and  all  figures 
taken,  is  filed  under  the  serial  number. 


Conclusion. 

All  the  plant  described  in  the  paper  would  probably 
not  be  installed  in  any  one  works.  A  suitable  selection 
depends  on  the  particular  requirements  of  the  works 
and  the  resulting  economies  that  are  expected.  If  the 
apparatus  is  also  to  be  used  for  research  work,  as  is 
often  the  case,  it  will  be  much  more  elaborate  than  if 
used  merely  for  routine  testing.  Much  work  has  been 
done  in  connection  with  the  testing  of  metals,  and  the 
various  tests  have  been  standardized.  Little  progress 
has  been  made,  however,  in  regard  to  the  insulating 
materials,  and  every  manufacturer  has  his  own  standards ; 
but  this  state  of  affairs  will  probably  be  remedied  in  the 
near  future. 
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686th  ordinary  MEETING,  2  NOVEMBER,  1922. 

(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  J.  S.  Highfield,  Past-President,  took  the  chair 
at  6  p.m. 

The  minutes  of  the  Annual  General  Meeting  of  the 
25th  ilay,  1922,  were  taken  as  read,  and  were  con- 
firmed and  signed. 

A  hst  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

The  following  donations  were  announced  as  ha\dng 
been  received  and  the  thanks  of  the  meeting  were 
accorded  to  the  donors  : — 

Benevolent  Fund  :  F.  \V.  D.  Adcock  ;  Anonymous  ; 
C.  T.  Allan  ;  W.  F.  Andrews  ;  A.  G.  Barnard  ;  J.  E. 
Baty  ;  H.  P.  Bearcroft  ;  C.  A.  Beaton  ;  P.  L.  Bern- 
stein ;  J.  E.  Betley ;  C.  G.  Bevan  ;  L.  Birks  ;  W. 
Birmingham  ;  H.  E.  Blackiston  ;  W.  H.  Bray  ;  R.  V. 
Broberg ;  W.  Brownhe ;  E.  A.  Buxton  ;  H.  G. 
Cameron  ;  A.  S.  Campbell ;  P.  G.  CampUng  ;  G.  W. 
Carpenter ;  F.  D.  Chadwick ;  S.  K.  Chatterjee  ; 
J.  C.  Clarke  ;  J.  R.  Cla}'ton  ;  G.  D.  Clegg  ;  H.  W. 
Cockerill ;  R.  L.  Cribbes  ;  A.  F.  Cross  ;  C.  F.  Cr}-mble  ; 
T.  E.  Daniel ;  J.  F.  Davie  ;  H.  O.  Da  vies  ;  J.N.  Deas  ; 
A.  C.  de  Ohveira  ;  The  Diesel  Engine  Users'  Associa- 
tion ;    G.  W.  Dumbrell ;    W.  Duncan  ;    F.   J.  Edgar  ; 


G.  J.  Evans;  A.  R.  Everest;  L.  J.  B.  Forbes;  C.  F. 
Fowler  ;  C.  S.  Franklin  ;  J.  R.  Gardiner  ;  E.  L.  Glew  ; 
J.  R.  W.  Grain ge  ;  F.  W.  Green  ;  J.  D.  Green  ;  J.  G. 
Grifhn  ;  E.  Halton  ;  C.  Hamilton  ;  F.  Harris  ;  H.  H. 
Harrison  ;  A.  T.  Harrop  ;  F.  de  B.  Hart ;  R.  S.  Hobson  ; 

E.  H.  Hooper  ;  J.  W.  Homer ;  \V.  Howes  ;  P.  R. 
Hughes  ;  V.  R.  Hurle  ;  W.  H.  M.  Kelman  ;  P.  C.  Kerr  ; 
C.  D.  King  ;   F.  A.  Lawson  ;   T.  F.  Lee  ;   A.  E.  McColl  ; 

F.  C.  Meaby  ;  A.  P.  Mitchell ;  F.  Morton  ;  J.  Mullin  ; 
A.  R.  Murray  ;  J.  Y.  Nelson  ;  C.  A.  Newell  ;  W.  H. 
Parker ;  L.  W.  Phillips  ;  E.  A.  K.  Picard  ;  H.  V. 
Pointon  ;  F.  C.  Porte  ;  S.  C.  Price  ;  C.  W.  L.  Ray  ; 
W.  J.  Rickets  ;  A.  J.  Roberts  ;  A.  S.  Robertson  ; 
E.  G.  Ross  ;  A.  Rushton  ;  J.  Russell ;  A.  H.  Selwyn  ; 
J.  W.  Slorach  ;  J.  L.  Smith  ;  E.  Steadman  ;  A. 
Stewart ;  \V.  G.  Stock  ;  D.  Stringfellow  ;  C.  F.  Thomas  ; 
H.  J.  S.  Thomas  ;  G.  Thompson  ;  J.  A.  Troughton  ; 
E.  O.  Turner;  F.  Walker;  L.  G.  Walker;  H.  K. 
Whitehom ;  H.  W.  Wilkinson  ;  E.  Williams  ;  J.  C 
Wrighton  ;  The  "  Twenty-Five  "  Club  ;  Western  Centre 
(per  W.  Colhns). 

The  following  letter,  dated  29th  October,  was  read 
from  the  President  of  the  French  Society  of  Elec- 
tricians : — 
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Dear  Mr.  President, 

The  invitation  which  you  have  sent  me,  on  behalf 
of  the  Institution  of  Electrical  Engineers,  to  attend 
their  Meeting  on  the  2nd  November  is  highly  appre- 
ciated by  the  French  Society  of  Electricians  as  a  mark 
of  sympathy  and  scientific  esteem,  coming  from  the 
illustrious  Society  over  wliich  you  preside  and  addressed 
to  a  younger  Society  which  is  endeavouring  to  serve 
science  and  industry  as  well  as  its  country  and  Allied 
Nations.  I  deeply  regret  not  being  able  to  come  to 
London  to  express  to  you  personally,  in  the  name  of 
the  French  Society,  the  cordial  feehng  of  the  French 
electricians  towards  their  colleagues  of  the  United  King- 
dom and  to  hear  the  instructive  address  wliich  you 
propose  to  give.  I  beg  you  to  convey  to  the  members 
of  the  Institution  an  expression  of  the  warm  esteem  of 
their  French  colleagues  and  to  accept  for  yourself,  Mr. 
President,  my  cordial  and  fraternal  sentiments. 

(Signed)   M.  Brillouin. 

The  Premiums  (see  vol.  60,  page  528  ;  also  Institution 
Notes,  No.  34,  page  25,  August  1922)  awarded  during 
the  session  1921-22  were  then  presented  by  the  Chair- 
man to  such  of  the  recipients  as  were  present. 

The  Chairman  :  I  now  have  great  pleasure  in  asking 
the  new  President,  Mr.  Frank  Gill,  to  take  the  chair. 

The  chair  was  then  vacated  by  Mr.  J.  S.  Highfield 
and  taken  by  Mr.  Frank  Gill  amid  applause. 

Mr.  Roger  T.  Smith  :  It  is  my  privilege  to  propose 
a  vote  of  thanks  to  our  retiring  President  who,  in 
common  with  his  predecessors,  will  look  back  upon  his 
year  of  office  with  mixed  feelings.  First  of  all,  the 
retiring  President  feels  very  much  as  a  boy  does  when 
he  leaves  school  and  goes  home  for  the  hoUdays,  and 
perhaps  that  is  the  predominant  feeling.  I  beheve 
that  most  Presidents — and  certainly  I  know  that  'Mi. 
Highfield  had  that  feeling — soon  after  their  installation 
in  the  chair  come  to  feel  that  perhaps  the  greatest 
possession  which  the  Institution  has  is  its  tradition. 
We  in  this  country  cherish  our  great  traditions.  We 
date  our  civil  liberties  from  the  time  of  King  John 
and,  although  the  electrical  industry  cannot  boast  of 
such  an  age,  the  Institution  of  Electrical  Engineers  has 
50  years  of  tradition  to  give  it  ballast.  Perhaps  Mr. 
Highfield  will  agree  that  the  most  interesting  events  in 
his  year  of  office  were  the  Commemoration  Meetings  to 
celebrate  that  50  years'  existence.  During  those 
Meetings  and  the  social  functions  which  made  them 
so  pleasant  he  was  unfortunately  confined  to  his  house. 
Possibly  the  greatest  tribute  to  his  complete  under- 
standing of  the  things  and  people  which  go  to  make 
up  tradition,  was  the  fact  that  before  he  fell  ill  the 
arrangements  made  were  so  complete  and  so  entirely 
in  the  proper  spirit  that,  in  spite  of  his  absence,  the 
Commemoration  Meetings  were  completely  successful. 
During  his  period  of  office  not  only  did  he  maintain 
the  traditions  of  the  Institution,  but  he  added  to  them. 
To  give  only  one  instance,  I  would  refer  to  the  way  in 
which,  after  months  of  very  arduous  toil,  he  succeeded 
in  persuading  Mr.  Ohver  Heaviside  to  accept  the  Fara- 
day Medal.  Without  the  President's  unfaiUng  courtesy 
and  patience  I  do  not  think  that  this  Institution  would 
have    had    the    pleasure    of    honouring,  however    late, 
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that  very  remarkable  man.  I  beg  to  propose:  "That 
the  best  thanks  of  the  Institution  be  accorded  to  Mr. 
J.  S.  Highfield  for  the  very  able  manner  in  which  he 
has  filled  the  office  of  President  during  the  past  year." 

Mr.  LI.  B.  Atkinson  :  It  is  with  very  great  pleasure 
that  I  second  the  resolution  proposed  by  Mr.  Roger 
Smith.  When,  at  the  end  of  last  Session,  I  handed 
over  the  reins  of  office  and  vacated  the  chair  in  favour 
of  Mr.  Highfield,  I  expressed  my  full  anticipation  of 
the  results  that  would  be  obtained  under  his  leadership, 
and  I  am  sure  everybody  will  agree  with  Mr.  Roger 
Smith  that  the  past  Session  has  been  one  of  the  most 
interesting  and  enjoyable  that  it  has  been  our  lot  to 
have.  Every  Session  has  its  problems  and  its  own 
special  tasks,  and  I  should  hke  to  refer  to  one  of  them, 
i.e.  the  completion  and  dedication  of  the  Institution 
War  Memorial.  There  are,  of  course,  in  an  Institution 
like  tliis,  many  different  thoughts  on  such  subjects, 
but  I  think  that  the  War  Memorial  in  its  design  and 
wording,  and  the  dedication  ceremony  in  its  form  and 
sentiment,  were  sufficiently  wide  to  cover  all  the  various 
shades  of  thought.  Those  larger  matters  to  which  Mr. 
Roger  Smith  has  referred  and  which  come  to  the  view 
of  the  general  membership  are,  as  it  were,  only  the 
peaks  in  the  midst  of  a  very  large  amount  of  work 
which  the  President  has  to  perform.  The  ordinary 
daily  work  of  the  Institution  involves  discussions  and 
decisions  which  have  to  be  taken  daily  and  hourly  by 
the  President  on  behalf  of  the  members,  and  there  are 
many  occasions  when  it  is  very  easy  to  make  a  mistake 
wliich  will  mar  the  work  of  the  Institution  and  destroy 
its  usefulness  and  popularity  among  its  members.  The 
tact  and  judgrhent  wliich  the  President  has  shown  on 
those  smaller  matters  as  well  as  on  the  larger  ones 
have  been  a  great  asset  to  the  Institution,  and  I  have 
much  pleasure  in  seconding  the  resolution. 

The  President  :  Before  I  formally  put  this  vote 
to  the  Meeting,  I  should  like  to  pay  my  tribute  of 
admiration  to  our  retiring  President.  I  have  seen  a 
good  deal  of  him  during  the  past  Session  and  I  have 
seen  that  with  untiring  energy  and  great  abihty  he 
has  devoted  lumself  to  the  furtherance  of  the  progress 
of  the  Institution.  With  patience  and  tact  he  has 
dealt  with  the  affairs  of  the  Institution,  both  in  the 
Council  and  out  of  the  Council,  and  he  leaves  the  chair 
not  only  with  very  greatly  added  respect,  but  with 
something  which  I  venture  to  think  is  much  mere 
valuable — the  affection  of  those  whose  pleasure  it  has 
been  to  work  with  him  during  tliis  past  year. 

The  resolution  was  then  put  by  the  President  and 
carried  with  acclamation. 

Mr.  J.  S.  Highfield  :  It  is  very  difficult  to  thank 
you  all  for  your  very  kind,  your  very  hearty  response 
to  this  resolution  ;  indeed  it  is  difficult  to  say  anything 
after  the  very  kind  things  that  have  been  said  this 
evening.  Mr.  Roger  Smith  said  that  he  felt  hke  a 
schoolboy  when  he  had  given  up  the  office  of  President  ; 
I  am  not  at  all  sure  that  I  did  not  feel  rather  hke 
a  schoolboy  throughout  the  whole  year.  I  do  not 
remember  a  more  pleasant  year  ;  it  was  spoilt  only  by 
the  illness  which  prevented  my  attendance  at  our 
Commemoration  Meetings.  It  is  necessarily  pleasant  to 
act  as  helmsman   to  this   great    Institution.     It   is   an 
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Institution  in  which  I  think  its  members  even,'  year 
individually  take  greater  pride,  and  its  efficiency  and 
influence  have  been  increasing  for  years  past.  A  good 
deal  was  accomplished  in  the  year,  thanks  in  a  great 
measure  to  the  fact  that  we  had  become  thorouglily 
re-established  in  our  own  builchng,  and  also  to  the  way 
in  which  everyone  iielped  and  worked  in  the  interests 
of  the  Institution.  The  Past-Presidents,  particularly 
the  two  immediate  Past-Presidents,  Mr.  Roger  Smith 
and  Mr.  LI.  B.  Atkinson,  gave  help  at  all  times  ;  and 
it  is  due  to  the  four  Vice-Presidents  that  the  Com- 
memoration Meetings  were  so  admirably  conducted  and, 
in  addition,  there  were  Members  of  Osuncil  serving 
manfully  on  the  many  Committees.  I  should  also  like 
to  mention  the  Chairmen  of  the  Local  Centres  and  of 
the  Committees  who  worked  verj'  hard  and  accom- 
phshed  much.  I  should  hke  specially  to  refer  to  the 
Chairman  and  the  Committee  of  the  Scottish  Centre, 
and  I  am  sure  all  the  members  who  took  part  in  the 
Scottish  Meeting  will  long  remember  it  as  a  most 
delightful  and  useful  time.  It  only  remains  for  me  to 
thank  the  Secretary  and  his  staff  for  all  the  help  they 
gave.  They  were  to  me  a  complete,  thoroughly  efficient 
working  crew,  and  all  I  as  helmsman  had  to  do  was 
to  take  charge  of  the  helm  and  leave  them  to  do  the 
rest.  In  conclusion  I  should  hke  to  wish  Mr.  Gill  all  the 
success  as  our  President  which  I  know  he  will  achieve. 

The  President  then  delivered  his  Inaugural  Address 
(see  page  1). 

Sir  John  Snell  :  I  should  like  as  my  first  duty  to 
add  to  what  has  been  said  by  our  immediate  Past- 
President  in  offering  our  congratulations  to  Mr.  Gill  on 
becoming  President  of  this  Institution,  but  I  should 
also  like  to  congratulate  the  Institution  itself  upon  the 
appointment  as  President  of  one  who  is  a  master  of 
his  subject.  The  Address  is  one  of  more  than  national 
importance,  deahng  as  it  does  with  what  the  President 
has  happily  termed  the  "  transportation  of  intelli- 
gence "  ;  it  is  perhaps  even  more  than  one  of  Imperial 
importance  because  it  is  cosmopohtan  and  is  on  a 
subject  of  immense  value  to  the  present  state  of  highly 
organized  civilization.  Some  10  j-ears  ago  the  President 
and  I  were  engaged  in  a  very^  lengthy  duel,  which 
entailed  our  attendance  in  a  stifling  court  and  proved 
verj'  exhausting  to  both  of  us.  Sitting  there  daj'  after 
day,  hearing  Mr.  Gill  unfold  the  technicahties  of  the 
case  which  he  was  defending,  I  became  more  and  more 
imbued  with  a  deeper  and  deeper  respect  for  him. 
After  these  laborious  days,  when  the  judges  and  others 
had  retired  during  the  long  vacation,  it  fell  to  the  lot 
of  Mr.  Gill  and  myself  to  sit  down  day  by  day  to  try 
to  arrive  at  a  certain  valuation  which  was  entrusted 
to  us.  On  the  one  side  there  was  a  man  who  was  a 
master  of  his  subject,  who  knew  every  detail  from 
complicated  telephone  switchboards  and  large  multi- 
core  cables  down  to  what  are  commonly  known  as 
"  potheads,"  and  on  the  other  side  a  man  who  had  a 
most  superficial  knowledge  and  who  had  to  rely  on 
the  able  engineers  of  the  Post  Office  for  their  assistance, 
but  Mr.  Gill  did  not  take  the  slightest  advantage  of 
this  fact  throughout  the  whole  of  that  difficult  technical 
negotiation.  I\Iy  respect  for  liim,  which  had  deepened 
during  those  laborious  days  in  Court,  reached  its  acme 


when  we  had  concluded  that  work  of  ours  in  the  long 
vacation.  I  suggest  that  the  Address  to  which  we 
have  listened  to-night  is  of  the  greatest  importance, 
and  I  think  it  is  more  pleasing  perhaps  to  the  Institu- 
tion that,  after  a  succession  of  Presidents  who  have 
represented  more  particularly  the  power  side  of  engineer- 
ing, we  should  now  have  an  Address  representing  what 
is  generally  known  as  the  weak-current  side,  deUvered 
by  one  who  has  his  subject  at  his  finger-ends.  The 
weak-current  side  is  one  of  increasing  importance  to 
the  whole  world,  and  one  which  has  not  reached  in 
Europe  that  degree  of  excellence  which  it  has  reached 
in  the  home  of  its  birth,  the  L'nited  States.  It  has 
become  a  highly  technical  branch  of  our  industry'. 
Those  who  have  watched  the  almost  uncanny  working 
of  an  automatic  telephone  would  agree  with  me  there. 
It  is  pleasing  to  think  that  we  now  have  amongst  our 
Presidential  Addresses  a  paper  deahng  with  long- 
distance communication.  I  commend  the  paper  to  the 
members  of  the  Institution  and  I  beg  to  move  "  That 
the  best  thanks  of  the  Institution  be  accorded  to  Mr. 
Frank  Gill  for  his  interesting  and  instructive  Presidential 
Address,  and  that,  with  his  permission,  the  Address  be 
printed  in  the  Journal  of  the  Institution." 

Sir  Richard  Glazebrook  :  I  am  privileged  to 
second  the  proposal  that  has  been  so  ably  put  before 
you  b)'  Sir  John  Snell,  and  I  think  I  need  add  httle 
to  what  he  has  said  as  to  the  merits  and  the  work  of 
our  President  and  the  importance  that  we  attach  to 
the  fact  that  he  is  now  President  of  the  Institution 
and  in  a  position  to  give  us  something  of  the  vast  stores 
of  his  knowledge  on  this  very  comphcated  and  difficult 
subject.  I  would  ask  you  to  thank  him  for  his  Address, 
not  merely  for  the  Address  itself  but  for  the  high  ideals 
that  he  put  before  us  as  to  the  manner  in  which  he 
would  undertake  the  work  of  President  and  in  which 
we  as  members  should  discharge  our  duties,  and  for  his 
reahzation  of  the  importance  of  those  duties.  One 
could  spend  a  long  time  in  discussing  the  advantages 
to  civihzation  derived  from  the  work  of  engineers,  and 
there  are  few  details  of  that  work  that  have  added 
more  to  the  advantages  of  life  and  to  the  progress  of 
civihzation  than  the  improvements  in  the  method  of 
communication  about  wliicli  we  have  heard  so  much 
this  evening.  We  thank  him  for  the  instructive 
character  of  the  Address,  which  has  been  really  in- 
structive in  many  ways.  We  all  have  some  idea  of 
the  compUcation  of  telephonic  communication,  the 
difficulties  that  must  occur,  and  the  problems  that  the 
telephone  engineer  has  to  solve,  but  I  think  that  our 
knowledge — my  own  at  least — has  been  comparatively 
small,  and  I  beheve  that  few  of  us  realized  all  the  skill 
and  thought  that  must  have  been  put  into  the  develop- 
ment of  telephony  as  we  now  know  it  and  as  it  is  in 
the  United  States.  In  other  ways  I  think  the  Address 
is  instructive  because  it  has  put  clearly  before  us  the 
great  importance  of  this  problem  of  long-distance 
telephony  and  has  indicated  some  methods  bj'  which 
a  solution  of  the  problem  in  Europe  might  be  possible. 

The  resolution  was  then  put  to  the  meeting  bj'  Mr. 
J.  S.  Highfield,  Past-President,  and  was  carried  with 
acclamation.  After  the  President  had  brieflj'  rephed, 
the  meeting  terminated  at  7.35  p.m. 
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OBSERVATIONS    OF    THE    FIELD    STRENGTH    OF 
HORSEA    WIRELESS    STATION.* 

By  E.  B.  MouLLiN,  M.A. 

{Paper  received  ISlh  September,   1922.) 


Summary. 

Many  measurements  are  recorded  of  the  strength  at  Cam- 
bridge of  the  signals  from  Horsea  during  September  1921, 
in  which  the  Vallauri  method  of  measurement  was  employed. 
The  field  strength  is  deduced  from  the  measured  E.M.F.  of 
the  signal,  the  effective  height  of  the  receiving  aerial  being 
determined  experimentally  both  from  the  distribution  of 
current  in  the  aerial  up-lead,  and  by  comparing  the  receptive 
power  of  the  aerial  with  that  of  a  loop.  Incidentally,  the 
measurements  of  effective  height  provide  a  very  accurate 
verification  of  the  law  that  for  short  distances  the  E.M.F. 
set  up  in  an  aerial  is  in  direct  proportion  to  the  frequency  of 
the  incident  waves.  It  is  found  that  at  a  wave-length  of 
3  000  m  the  Horsea  signals  suffer  in  their  journey  an 
absorption  of  40  per  cent,  and  evidence  is  produced  of  a 
regular  diurnal  variation  of  intensity.  The  accuracy  of 
the  aural  method  of  comparison  is  discussed,  and  the 
feasibility  of  making  long-distance  measurements  with  a 
visual  indicator,  instead  of  by  aural  comparison,  is  pointed 
out. 


Table  of  Contents. 

(1)  Introduction. 

(2)  Method  of  measuring  the  received  E.M.F. 

(3)  Description  of  the  aerial  used,  and  the  method  of 
building  up  the  equivalent  circuit. 

(4)  Production  and  measurement  of  the  local  E.M.F. 

(5)  Method   of   adjusting   the   circuits   and    making 
comparisons. 

(6)  Tables  of  measured  E.M.F.'s. 

(7)  Measurement  of  the  effective  height  of  the  aerial. 

(8)  Field    strength    produced    by    Horsea,    and    the 
correction  factor  for  absorption. 

(9)  Probable    accuracy    of    aural    comparison,    and 
evidence  of  diurnal  variation  of  signal  strength. 

(10)  Comparison  of  measurements  made  with  different 
mutual  inductances. 

(11)  Conclusion. 

(1)  Introduction. 
In  August,  September  and  October,  1921,  the  Naval 
Wireless  Station  at  Horsea,  Portsmouth,  carried  out  a 
series  of  regular  continuous-wave  transmissions.  In- 
formation of  the  tests  was  kindly  afforded  to  the  author 
by  Mr.  L.  B.  Turner,  of  the  Wireless  Telegraphy  Com- 
mission, and  advantage  was  taken  of  this  excellent 
opportunity  to  make  systematic  observations  of  the 
field  strengths. 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  pubhshed  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 


The  transmissions  were  on  wave-lengths  ranging  from 
2  500  m  to  8  000  m,  and  were  distributed  throughout  a 
continuous  24  hours  at  intervals  of  a  few  days. 

The  author's  e-xperiments  described  in  the  paper  were 
made  during  the  end  of  August,  early  September  and 
earl)^  October  at  Cambridge,  which  is  situated  177  km 
N.E.  by  N.  of  Horsea.  Tliis  distance  is  among  the  longest 
recorded  of  the  short-distance  overland  tests,  and  it  was 
hoped  that  the  measurements  could  be  used  as  a  still 
further  test  of  the  Hertz  formula,  without  any  correcting 
factor  for  absorption.  The  results,  however,  show  field 
strengths  some  40  per  cent  less  than  the  value  giveia 
by  the  Hertz  formula,  owing  to  absorption  by  the 
intervening  land  and  obstructions.  The  path  from 
Horsea  to  Cambridge  lies  over  the  Portsdown  Hills, 
the  hills  near  Guildford  and,  finally,  after  a  long  stretch 
of  fiat,  open  country,  over  the  low  chalk  hills  near 
Baldock,  some  15  miles  from  Cambridge.  During  the 
whole  period  of  the  measurements  the  weather  was 
exceptionally  hot  and  fine,  and  had  been  so  for  the 
previous  tliree  months. 

(2)  Method  of  Measuring  the  Received  E.M.F. 

The  method  employed  was  a  slight  modification  of 
the  well-known  comparison  method  due  to  Vallauri. 
Tliis  system  of  signal  measurement  has  often  been 
described,  but  may  be  briefly  summarized  as  follows  : 

Two  identical  receiving  loops  are  provided  having 
their  planes  at  right-angles  to  one  another,  and  oriented 
so  that  the  effect  produced  in  one  is  a  maximum,  and 
in  consequence  a  minimum  or  zero  in  the  other.  The 
receiving  circuit  with  its  amplifiers  and  detectors  can  be 
connected  at  will  to  either  loop,  and  a  local  E.M.F.  of  the 
same  frequency  as  the  incoming  signal  and  of  adjustable 
and  measurable  value  can,  when  desired,  be  introduced 
into  the  circuit  comprised  by  the  receiver,  and  the  loop 
that  is  inappreciably  affected  by  the  incoming  signal. 
It  will  be  understood  that  there  are  two  circuits  identical 
in  every  respect,  in  one  of  which  is  situated  an  E.M.F. 
produced  by  the  incoming  electromagnetic  waves 
radiated  from  a  distant  transmitting  station,  while  in 
the  other  is  situated  an  E.M.F.  of  the  same  frequency 
but  produced  by  a  local  generator. 

If  the  local  E.M.F.  produces  the  same  current  in  its 
associated  circuit  as  the  signal  E.M.F.  produces  in  the 
other  circuit,,  then,  the  circuits  being  identical,  the 
locally  produced  E.M.F.  is  equal  in  value  to  the  E.M.F. 
produced  by  the  incoming  signal.  The  signal  E.M.F. 
having  been  determined  in  tliis  way,  the  field  strength 
can  be  calculated  from  the  Lnear  dimensions  of  the 
receiving  loop. 
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The  currents  produced  by  either  E.M.F.  can  be 
measured  and  compared  by  using  a  thermo-junction, 
hv  measuring  the  rectified  current  produced  by  a  valve 
connected  across  part  of  the  circuit,  or  bj-  comparing 
the  soimds  produced  in  a  telephone  connected  to  this  ' 
rectifier  :  the  choice  of  method  depends  mainly  on  the 
magnitude  of  the  current  to  be  measured. 

The  difficulties  of  the  \'allauri  method  of  measurement 
are  well  kno^\ii,  but  probably  only  fully  recognized  by 
those  who  have  actually  performed  the  operation. 
The  two  main  difiicuties  are  (1)  comparing  the  effect 
of  the  signal  and  local  E.M.F.,  and  (2)  the  measurenient 
of  the  local  E.M.F.  The  former  diificult)-  is  most  ac- 
centuated when  audible  comparison  has  to  be  resorted 
to.  If  the  incoming  waves  are  broken  up  into  Morse 
signs,  then  audible  comparison  is  the  only  satisfactory 
method,  but  it  is  unfortunately  under  these  circum- 
stances that  audible  comparison  becomes  most  difficult. 
If  the  transmitting  key  is  held  down  it  is  easy  to  match 
perfectly  the  note  of  the  local  signal  with  that  of  the 
incoming  signal,  the  condition  necessarj'  both  to  ensure 
that  the  local  E.^I.F.  is  of  the  correct  frequency  and  to 
make  accurate  comparison  possible.  But  when  Morse 
signs  are  being  received,  as  was  the  case  with  the  Horsea 
transmissions,  it  is  in  general  impossible  to  match  their 
note  ^\'ith  that  of  the  locaUy  produced  Morse  signs 
nearer  than  a  semitone  ;  this  is  possibly  due  to  the 
transmitting  station  and  local  generator  having  different 
decrements,  even  though  the  two  receiving  circuits 
have  the  same  decrement.  An}'  small  difference  of  note 
entails  constant  worn.'  as  to  whether  the  local  generator 
is  adjusted  to  the  correct  frequency. 

The  difficulties  attendant  upon  the  measurement  of 
the  local  E.M.F.  are  those  involved  in  designing  suitable 
means  {e.g.  inductive,  capacity  or  resistance  couphng) 
for  introducing  it  into  the  required  circuit,  and  more 
especially  in  effectively  screening,  both  magnetically 
and  electrically,'  the  whole  of  the  local  generator  circuit 
in  order  to  ensure  that  no  E.M.F.  is  introduced  except 
through  the  known  and  desired  path. 

The  author's  experiments  differ  from  those  of  Vallauri 
in  that  instead  of  using  two  suitably  oriented  loops, 
the  incoming  signal  produced  an  E.M.F.  in  a  small, 
fiat-topped  aerial ;  the  local  E.M.F.  was  introduced 
into  an  equivalent  circuit  built  up  so  as  to  have  the 
same  electrical  constants  as  the  actual  aerial,  but  of 
linear  dimensions  so  small  that  the  effect  upon  it  of 
the  incoming  signal  was  infinitesimal. 

(3)  Description  of  the  Aerial  used,  and  the 
Method  of  building  up  the  Equivalent 
Circuit. 

The  aerial  employed  consisted  of  two  parallel  wires 
1  m  apart  and  21  m  long,  stretched  parallel  to  the 
ground  at  an  average  height  of  Oj  m.  Each  conductor 
consisted  of  two  No.  20  S.\Y.G.  copper  wires  stranded 
together,  and  the  steady-current  resistance  of  the  whole 
was  about  025  ohm.  The  earth  connection  was  to  a 
water  pipe  close  to  the  receiver. 

The  aerial  was  supfwrted  at  one  end  from  the  gable 
of  a  house  and  at  the  other  by  an  earthed,  tubular-steel 
mast,  the  clearance  at  each  end  being  about  1  m.  The 
arrangement  of  the  up-lead  can  be  seen  from  Fig.  5. 


The  static  capacit)'  of  the  aerial  was  found  by  a 
bridge  measurement  to  be  310/x/liF.  The  natural 
wave-length  was  not  accurately  determined,  but  would 
probably  be  about  4^  times  the  total  length  of  wire 
or,  say,  150  m.  Extrapolation  from  a  curve  connecting 
wave-length  and  inductance  inserted  in  the  aerial 
indicates  that  the  fundamental  was  about  170  m :  the 
total  inductance  of  the  aerial  must  have  been  between 
30ju.H  and  60 /xH. 

The  circuit  used  for  recei\'ing  is  shown  in  Fig.  1. 
The  inductance  L  was  fixed  and  equal  to  2  000  /xH 
±  2  per  cent,  and  the  capacity'  C  varied  betiveen 
600  nfiF  for  A  =  2  500  m  up  to  3  400  mxF  for 
A  ^5  000  m.  The  resistance  of  L  ranged  from  26  ohms 
at  3  X  105  periods  per  sec.  down  to  14  ohms  at 
1'5  X  105  periods  per  sec.  (steady-current  resistance 
13  ohms). 

A  triode  rectifying  by  curvature  of  the  anode-current 
characteristic  was  employed  for  detecting,  with  the 
grid  4-volt  negative  to  prevent  decrement  due  to  grid 
current.  Any  form  of  retro-action  was  carefully  avoided, 
and  a  separate  heterodjTie  used  to  render  the  signals 
audible. 

It  was   assumed   that  the   circuit   of   Fig.    1   ^\•ith  a 


Fig.  1. 


Fig.  2. 


Fig.  3. 


distributed  E.M.F.  in  the  aerial  could  be  replaced  by 
the  circuit  shown  in  Fig.  2  acted  upon  by  a  concentrated 
E.M.F.  produced  by  the  generator  G. 

If  L  is  greater  than  I  and  C  greater  than  K,  the  condi- 
tion which  makes  the  P.D.  across  L  as  great  as  possible 
for  a  given  E.^I.F.  supphed  by  the  generator  is,  to  a 
close  approximation,  given  by 

(i)-{l(K  +  C)  +  Kl}  =  1 

For  the  values  of  L,  I,  K  and  C  employed,  this  ex- 
pression is  correct  to  about  02  per  cent.  It  was  found 
that,  with  I  omitted  from  the  circuit  of  Fig.  2,  the 
value  of  K  required  to  tune  the  circuit  of  Fig.  2  to 
the  same  frequency  as  the  actual  aerial  circuit  in  Fig.  1, 
ranged  from  220fiyLiF  for  A=  2  000  m  up  to  270  ^/xF 
for  A  =  6  000  m.  Introdiicing  a  small  inductance 
first  in  the  aerial  up-lead,  and  then  in  series  u-ith  K, 
seemed  to  change  the  frequency  of  both  circuits  by 
the  same  amount ;  it  was  in  consequence  considered 
that  no  appreciable  error  would  be  introduced  by 
omitting  I  from  the  equivalent  circuit.  If  IIL  is  about 
1/20,  then  it  is  easy  to  show  that  K  is  about  5  per  cent 
greater  than  it  would  have  been  if  I  had  not  been 
omitted.  It  was  hoped  that  it  would  have  been  possible 
to  find  the  appropriate  value  of  r  by  comparing  the 
sound  produced  in  the  telephones  when  the  same  local 
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E.M.F.  was  introduced  in  turn  into  the  true  aerial 
circuit  and  into  the  equivalent  circuit ;  but  tlie  circuits 
appeared  to  be  so  nearly  equal,  even  with  r  entirely 
omitted,  that  it  was  decided  not  to  attempt  to  replace 
the  resistance  of  the  aerial.  It  can  be  shown  that  the 
presence  of  a  resistance  r  in  the  equivalent  circuit 
reduces  the  P.D.  across  L  in  the  ratio 


B[K  +  G) 
K 


to 


rK 


K 


R{K  +  C) 
C  "^         K 


It  can  be  seen  from  this  expression  that  with  the 
values  of  K  and  C  in  use,  the  presence  of  r  does  not 
appreciably  reduce  the  P.D.  across  L  unless  r>>R. 
By  using  a  form  of  the  author's  thermionic  voltmeter* 
to  deternune  the  P.D.  across  L,  it  has  subsequently 
been  found  that  a  given  E.M.F.  produced  a  P.D.  across 
L  15  per  cent  greater  in  the  equivalent  circuit  than  in 
the  actual  aerial  circuit.  The  table  of  Section  6  shows 
the  value  of  the  signal  E.M.F.  as  actually  determined 
without  allowance  for  the  aerial  resistance,  and  also 
the  value  corrected  by  15  per  cent. 

(4)  Production    and    Measurement   of   the   Local 

E.M.F. 

A  triode  oscillator  completely  enclosed  in  a  metal 
case,  placed  about  6  ft.  away  from  the  receiver,  was 
used  as  the  local  generator.  The  E.M.F.  was  introduced 
from  this  generator  into  the  equivalent  circuit  by  means 
of  mutual  inductances  the  values  of  wliich  could  be 
calculated.  The  generator  current  passing  through  the 
primary  of  these  mutual  inductances  was  measured  by 
a  1-ohm  vacuo-thermo  junction  and  reflecting  galvano- 
meter, the  junction  being  calibrated  with  direct  current. 
The  mutuals  used,  four  in  number,  took  the  form  of 
two  co-axial  circles  of  fine  wire  with  planes  parallel 
and  placed  about  0'5  cm  apart.  The  calculated  values 
were  as  follows:  Afj  =  0- ISOjuH  ;  M2  =  0.4S/liH  ; 
Af3=0-78/iH;  andM4=  0-24/xH.  The  current  tlirough 
the  primary  of  these  mutuals  was  varied  by  altering 
the  output  of  the  triode  generator  by  means  of  a 
variable-resistance  box  (shunted  by  a  condenser)  placed 
in  the  anode  circuit  :  a  more  convenient  method  would 
probably  have  been  to  shunt  the  primary  of  the  mutual 
inductance  itself  with  a  variable  resistance. 

(5)  Method  of  Adjusting  the  Circuits  and  Making 

Comparisons. 

The  aerial  circuit  and  the  equivalent  circuit  used 
are  shown  in  Fig.  3.  By  depressing  the  key  A  the  aerial 
was  replaced  by  the  condenser  K,  and  by  depressing 
the  short-circuiting  key  B  the  local  E.M.F.  could  be 
introduced  into  the  aerial  or  into  the  equivalent  circuit. 

Having  picked  up  the  incoming  signal  and  adjusted 
the  condenser  C  until  the  sound  produced  in  tlie  tele- 
phones, actuated  by  the  rectifier  connected  across  L, 
was  a  maximum,  the  heterodyne  was  adjusted  until 
the  beat  note  became  so  low  as  to  be  inaudible.  The 
frequency  of  the  local  generator  G  was  then  adjusted 
until,  with  the  keys  A  and  B  depressed,  the  beat  note 

•  See  paper  read  before   the  Wireless  Section,   Gth  December, 
1922  ;  also  Wireless  World,   1922,  vol.  10,  p.   1. 


between  it  and  the  heterodyne  became  maudibly  low  ; 
the  local  generator  and  the  incoming  signal  were  then 
sensibly  of  the  same  frequency.  The  heterodyne  was 
then  altered  so  as  to  give  a  fairly  high-pitched  note 
with  the  signal :  fine  adjustment  was  then  made  to 
the  frequency  of  G  to  match  its  note  to  the  signal. 
This  method  of  adjustment  was  found  in  practice  to 
be  the  most  reliable,  and  prevented  any  chance  of  having 
the  frequency  of  G  as  much  above  the  heterodyne 
as  the  signal  was  below,  or  vice  versa.  On  a  few  occa- 
sions the  Horsea  key  was  held  down  for  a  short  space 
at  the  end  of  a  sending  period,  and  more  than  once 
it  was  found  that  the  Horsea  note  and  the  local  note 
caused  beats  of  only  a  few  periods  per  second,  which 
seemed  to  justify  the  method. 

Having  made  a  preliminary  adjustment  of  the  output 
of  G,  the  telephones  were  moved  off  the  ears,  or  the 
detecting  triode  dulled,  until  the  Horsea  signals  were 
on  the  hmit  of  audition.  G  was  then  finally  adjusted 
until  the  local  signals  were  also  just  audible. 

Having  noted  the  current  through  the  primary  of 
the  mutual  inductance,  a  second  mutual  inductance  of 
very  different  value  was  substituted  for  the  first,  and 
the  comparison  repeated.  Occasionally,  when  time  per- 
mitted, a  third  measurement  was  made  with  a  third 
mutual  inductance. 

The  importance  of  these  check  measurements  is  two- 
fold. 

(1)  If  the  two  measurements  are  not  in  fairly  close 
agreement,  it  shows  that  the  mutual  inductance  is  not 
the  only  path  through  wliich  the  local  E.M.F.  is  being 
introduced. 

(2)  If  previous  experiments  have  shown  that  the  local 
generator  is  effectively  screened,  then  a  check  is  made 
on  the  accuracy  of  the  comparison,  at  best  a  difi6cult 
operation. 

Between  23rd  August  and  2nd  September,  1921, 
37  measurements  were  made,  all  of  which  were  useless 
owing  to  defective  screening.  The  various  causes  of 
unsuccessful  screening  were  traced  out  one  by  one, 
until  on  4th  September  measurements  with  three 
mutual  inductances  showed  that  success  had  at  last 
been  achieved. 

The  following  examples  are  given  to  show  that  the 
E.M.F.  was  introduced  through  the  desired  path,  and 
to  show  also  that  the  comparison  can  be  made  with 
an  accuracy  of  at  least  ±  10  per  cent.  /  denotes  the 
current  through  the  primary  of  a  mutual  induct- 
ance M. 


4th  September.     A  ■ 
21st  October.        A 


4  .100  m;    M^IJM.Lz  =1-08 
3  000  m ;    M-.I-JMsh  =1-12 


On  7th  September  a  comparison  was  made  with  a 
signal  produced  by  a  local  continuous-wave  generator, 
with  key  held  down  to  aid  comparison,  the  result  being 
that  with  A  =  3  000m,  Mtl^/M-J-i  =1-12. 

The  author  would  suggest  that  in  measuring  signal 
strengths  it  would  be  an  advantage  to  make  a  general 
practice  of  using  several  mutual  inductances,  or  some 
equivalent  plan  of  obtaining  check  nu-asurenuntsj 
there  could  then  be  no  doubt  that  the  measured  E.M.F. 
was  a  fair  approximation  to  the  signal  E.M.F. 
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Table  1. 


Date  and  time 

Trans- 
mitting 
current 

Wave-length 

Mil, 

il^Ii 

Received  E.M.F. 

Received  E.M.F. 

(X  1-15  to  correct 

for  aerial  res.) 

19A0/21 

2000 

A 
50 

4  500 

liH  X  mA 

0-48  X  12       = 

5-76 

iiH  X  mA 

mV 

mV 

21A0/21 

0750-0800 

51 

3  000 

0-48  X   16-7  = 

8-00  -, 

_ 

5 

5-6 

1500-1522 

48 

3  000 

0-48  X   16-7  = 

8-00 

— 

5 

5-6 

1538-1600 

49 

3  000 

0-48  X  16-0  = 

7-70 

— 

4-85 

5-3 

1900-1922 

49 

3  000 

0-48  X   16-0  = 

7-70    [ 

— 

4-85 

5-3 

1938-2000 

50 

3  000 

— 

0-78  X  8-4  =  6-6^ 

4-1 

4-7 

2100-2122 

49 

3  000 

0-48  X  15-1  = 

7-25 

0-78  X  8-0  =  6-2  V 

4-55or3-9 

5       or  4-5 

2138-2200 

50 

3  000 

0-48  X   14-6  = 

7 

0-78  X  8-0  =  6-2j 

4-4  or  3-9 
4-8  or  4-0 

5       or  4-5 

Mean  7-6 

Mean  6-3 

5-5  or  4-6 

Reversion  to  incorrect  circuit  for  check  purposes. 


1500-1522 

48            3  000         0-48 

X  5-5 

=  2-65           0- 

18  X  8 

■9 

=  1-6 

— 

— 

Table  2. 

Date  and  time 

Transmitting 
current 

Wave-length 

MJi 

M2I2 

MJt 

6/9/21 

A 

m 

^H 

X  mA 

(iH  X  m.\ 

nHx  mA 

0700-0722 

37 

2  500 

— 

■ — 

0-24  X  9-3  =  2-24 

0900-0922 

37 

2  500 

— 

0-48 

X 

6-7  =  3-2 

0-24  X  9-7  =  2-34 

1100-1122 

37 

2  500 

— 

0-48 

X 

6=  2-9 

— • 

1300-1322 

38 

2  500 

— 

0-48 

X 

5-7  =  2-75 

0-24  X  8-6  =  2-05 

1500-1522 

39 

2  500 

— 

— 

0-24  X  7-5  =  1-8 

1700-1722 

42 

2  500 

— 

— 

0-24  X  7-7  =  1-85 

1900-1922 

40 

2  500 

018 

X 

9  =  1-56 

— 

— 

2100-2122 

38 

2  500 

0-18 

X 

9=  1-56 

0-48 

X 

4-2  =  2 

— 

Mean   1-56 

Mean  2-7 

Mean  2-05 

llAO/21 

1900-1922 

37 

2  500 

0-18 

X 

8-4  =  1-5 

0-48 

X 

4-3  =  205 

— 

2100-2122 

38 

2  500 

0-18 

X 

7-5  =  1-35 

0-48 

X 

40  =  1-90 

— 

14A0/21 

1910-1922 

52 

2  500 

— 

0-48 

X 

5-0  =  2-40 

llAO/21 

2140-2200 

36 

3  000 

0-18 

X 

9-5  =  1-66 

0-48 

X 

3-5  =  1-68 

— 

14/10/21 

1945-1955 

50 

3  000 

— 

0-48 

X 

50  =  2-40 

— 

2145-2200 

51 

3  000 

0-18 

X 

9-8  =  1-76 

0-48 

X 

4-7  =  2-20 

— 

18/10/21 

2115-2122 

45 

3  000 

018 

X 

8-5  =  1-52 

— 

— 

2145-2200 

45 

3  000 

0-18 

X 

8-1  =  1-48 

0-48 

X 

4-5  =  2-15 

— 

4/9/21 

2015-2045 

48 

4  500 

0-18 

X 

10-5  =  1-9 

0-48 

X 

3-5  =  1-70 

— 

5/9/21 

2015-2045 

50 

4  500 

018 

X 

10-6  =  1-9 

0-48 

X 

5-0  =  2-40 

0-24  X  7-1  =  1-7 

.      6/9/21 

2015-2045 

50 

4  500 

0-18 

X 

9-8  =  1-76 

0-48 

X 

4-2  =  200 

— 

7/9/21 

2015-2045 

50 

4  500 

0-18 

X 

10-5  =  1-9 

0-48 

X 

4-6  =  2-20 

— 
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(6)  Tables  of  Measured  E.M.F.'s. 

On  19th  and  21st  October,  1921,  12  measurements 
were  made,  and  are  shown  collected  in  Table  1. 

Between  4th  September  and  18th  October,  1921, 
33  measurements  were  made,  and  are  shown  collected 
in  Table  2. 

The  signal  E.M.F.  cannot,  unfortunately,  be  deduced 
from  the  values  given  in  Table  2.  Owing  to  a  miscon- 
ception, a  mistake  was  made  in  the  equivalent  circuit, 
K  being  placed  in  parallel  with  C  instead  of  in  series  with 
L  and  C  in  parallel  :  the  E.M.F.'s  obtained  from  Table  2 
differ  from  the  signal  E.M.F.  by  some  constant  depen- 
dent on  the  values  of  C  and  K.  The  readings,  though 
useless  for  determining  the  values  of  the  signal  E.M.F., 
are  perfectly  valid  for  comparison  purposes. 

(7)  measurement  of  the  effective  height  of  the 
Aerial. 

In  order  that  the  value  of  the  incident  magnetic  or 
electric  field  may  be  deduced  from  the  measured  E.M.F. 
in  the  aerial,  the  effective  height  of  the  aerial  must  be 
determined. 

Suppose  the  distribution  of  current  in  the  up-lead  of 

-  T  -  -T>^t"--^'-  ->1A 


Position 

Current 

A 

loomA 

B 

19-5 

C 

19-5 

D 

zz-o 

E 

22-3 

F 

22-6 

G 

23-5 

« 

23-5 

Fig. 


the  aerial  to  be  as  shown  in  Fig.  4 ;  then  the  aerial  is 
equivalent  to  a  uniform  vertical  current  of  height 
equal  to  (area  ABCD/CD) .  In  the  case  of  an  aerial  having 
a  large-capacity  top,  the  equivalent  height  approximates 
closely  to  the  actual  height  of  the  roof.  Under  the 
ideal  conditions  of  a  perfectly  conducting  earth  and  of 
no  local  screening  due  to  currents  induced  in  surrounding 
objects,  the  effective  height  of  the  aerial  would  be  equal 
to  the  equivalent  height  as  defined  above. 

The  equivalent  height  of  the  aerial  under  considera- 
tion was  measured  by  plotting  a  curve  of  current 
distribution  in  the  up-lead,  determined  by  placing  a 
thermo-j unction  at  the  points  marked  A,  B,  C,  D,  E,  F,  G 
and  H  in  Fig.  5.  The  resulting  curve  of  current  distribu- 
tion is  plotted  in  Fig.  6.  That  a  large-capacity  top  is 
indeed  successful  in  producing  a  sensibly  uniform 
current  in  the  up-lead  is  readily  seen  from  this  curve, 
which  shows  that  the  equivalent  height  (4-8  m)  is 
90  per  cent  of  the  actual  height. 

As  the  bottom  2  m  of  the  up-lead  were  inside  a  house, 
it  seemed  probable  that  the  effective  height  would 
be  less  than  4-8  m,  on  account  of  local  screening.    The 


effective  height  was  determined  by  comparing  the 
E.M.F.  set  up  in  the  aerial  with  that  set  up  in  a  loop  ; 
the  transmitting  station  being  the  same  in  each  case 
and  situated  1  000  m  N.W.  of  the  aerial. 

The  comparison  was  not  made  audibly,  but  by  using 
a  form  of  the  author's  thermionic  voltmeter  actuated 
through  a  two-stage  amplifier  connected  across  the 
aerial  tuning  inductance. 

The  method  of  measurement  consisted  in  noting  the 
voltmeter  deflection  produced  by  the  incoming  signal, 
and  then  introducing  into  the  earth  lead  an  E.M.F. 
of  the  same  frequency  and  adjusting  its  magnitude 
until  the  same  voltmeter  deflection  was  produced. 
In  this  way,  as  with  the  Aldebaran  experiments  of 
the  Marine  Fran^aise,  the  local  E.M.F.  is  introduced 
into  the  actual  aerial  circuit,  and  there  is  no  necessity 
to  produce  its  equivalent. 


15 


12 


0) 


pEsD 


Actual  height  =  5-35  mj   _ 
Equivalent  ..  =  ^-8  m    ^ 


10  20 

Current,  in  in  A 

Fig.  6. 


The  local  E.M.F.  was  not  introduced  through  the 
medium  of  a  mutual  inductance,  but  by  means  of  a 
resistance  potentiometer  constructed  from  fine  Eureka 
wire,  the  current  through  the  potentiometer  wire  being 
measured  by  a  sensitive  vacuo-thermo  junction.  This 
system  has  many  advantages  to  offer  over  the  mutual 
inductance  method,  first  because  it  is  easier  to  construct 
a  small  resistance  than  to  construct  a  small  mutual 
inductance  of  the  value  required  ;  secondly,  the  measure- 
ment of  very  small  mutuals  is  a  matter  of  no  little 
difficulty,  and  few  formulae  are  available  for  calculating 
the  values  of  a  variable  mutual  inductance  of  suitable 
size  and  dimensions.  The  resistance  potentiometer  is 
readily  made  with  a  slide  wire  so  as  to  be  completely 
adjustable.  The  local  E.M.F.  can  then  be  adjusted  by 
varying  the  slide  rather  than  by  the  amount  of  current 
passing  through  it.  Check  measurements  can  be  per- 
formed, as  with  a  fixed  mutual  inductance,  by  making 
two  measurements  with  different  slide  currents. 

The  signal  E.M.F.  produced  by  0-42  A  in  the  sending 
aerial  was  measured  at  wave-lengths  of  1  920  m  and 
1020  m,   also  at    1020  m  with  0-23  A  in  the  sending 
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aerial.  The  results  are  shown  collected  in  Table  3. 
Each  of  the  three  tests  was  repeated  six  times,  and  the 
values  tabulated  are  the  mean  of  the  six  readings  : 
in  no  case  did  a  reading  depart  more  than  2  per  cent 
from  the  mean  value  given. 

Fig.  7  shows  voltmeter  deflections  plotted  against 
the  value  of  the  locally  impressed  E.M.F.  This  curve 
was  taken  directly  after  the  test  at  1  920  m  wave- 
length, and,  as  it  is  a  straight  line  through  the  origin, 
it  shows  that  no  E.M.F.  was  introduced  through  any 
other  path  but  the  potentiometer.  Similar  curves, 
equally  good,  were  taken  after  each  of  the  1  020  m 
wave-length  tests. 


Table  3. 

Wave- 
length 

Transmitting 
current 

Mean 
voltmeter 
reading 

Received 

E.M.F. 

XEII, 

m 

A 

v 

mV 

1920 

0-4 

1-01 

l-U 

5 

35  X 

10^ 

1020 

0-42 

1-63 

2-15 

5 

25  X 

10-^ 

1  020 

0-23 

1-45 

1-2 

5 

•3    X 

10-^ 

Note. — ^The  amplifier  adjustment  was  different  in 
each  case. 

Table  3  shows  that  for  the  same  transmitting  current 
the  received  E.M.F.  varies  inversely  as  the  wave-length, 
and  that  the  E.M.F.  for  the  same  wave-length  varies 
directly  as  the  transmitting  current.    This  shows  that. 


2-0 


20 

m 

/ 

1'' 

/ 

.s 

/ 

i 

1 

f 

Voltmeter 

o 

1  P" 

1 
irrent  through, 
tential  slide  = 

0  0-1  0-2  0-3 

Ohms  of  notential  slide 
Fig.  7. 


O  0-1  0-2        0-3 

Ohms  of  potential  slide 
Fig.  8. 


at  any  rate  between  1  000  m  and  2  000  m  wave-length, 
the  effective  receiving  height  is  independent  of  fre- 
quency. 

The  receiving  loop  was  constructed  by  removing 
one  of  the  two  wires  forming  the  top  of  the  aerial, 
and  bringing  a  wire  from  the  far  end  down  the  mast 
and  back  again  along  the  ground  to  the  instruments. 

The  current  in  the  transmitting  aerial  was  0-43  A 
at  a  wave-length  of  1  020  m,  and  the  mean  voltmeter 
reading  from  seven  signals  was  0  •  83  V,  with  a  maximum 
departure  of  2  per  cent  from  the  mean. 

Fig.  8  shows  voltmeter  readings  plotted  against  local 
E.M.F.  (as  in  Fig.  6),  from  wliich  it  may  be  seen  that 
the  signal  E.M.F.  was  0  •  34  mV. 


The  E.M.F.  set  up  in  an  aerial  from  an  aerial  is  given 
by  the  formula 


Xd 


volts. 


and  the  E.IM.F.  set  up  in  a  loop  from  an  aerial  is  given 
by  the  formula 

1  ISihglgA  cos  a 
A2d 


E, 


volts 


where  A  is  the  area  of  the  loop  and  a  is  the  angle 
between  the  plane  of  the  loop  and  the  direction  of  the 
transmitting  aerial. 

If  ilg  is  the  sending  current  when  receiving  on  the 
aerial,  and  olg  is  the  sendnig  current  when  receiving  on 
the  loop,  A,  d  and  hg  being  the  same  in  both  cases,  we 
have 


hr  = 


Ea     1  184  y.2.Is^  cos  a 


E, 


188  X  i/jA 


In  the  particular  case  considered  ^  ^  130  m-, 
a  =  35°,  and  A  =  1  020  m,  hence  7(,  =  4  •  25  m. 

The  effective  height  is  thus  found  to  be  89  per  cent 
of  the  equivalent  height  and  80  per  cent  of  the  actual 
height. 

The  loop  being  formed  from  the  aerial,  the  screening 
effects  obtaining  in  each  case  are  the  same.  It  was 
impossible  to  erect  a  transmitter  in  the  direction  of 
Horsea,  but  as  the  ground  in  the  immediate  vicinity 
was  more  open  in  the  Horsea  direction  than  in  the 
opposite  direction  towards  the  transmitter,  the  value 
found  for  the  effective  height  is  more  hkely  to  be 
shghtly  too  low  than  the  reverse. 

(8)  Field  Strength  produced  by  Horsea,  and  the 
Correction  Factor  for  Absorption. 

Table  1  shows  that  at  3  000  m  wave-length  the  E.M.F. 
set  up  by  Horsea  in  the  aerial  at  Cambridge  was 
between  4-6  and  5-5  mV,  the  effective  height  of  the 
receiving  aerial  being  4-25  m.  This  corresponds  to  a 
field  strength  of  about  0'  012  mV  per  cm. 

It  is  believed  that  the  Horsea  aerial  has  a  capacity 
of  4  900  /xju,F,  that  the  height  of  the  roof  is  about 
130  m,  and  that  the  effective  height  is  113  m.* 

Under  ideal  conditions  of  a  perfectly  conducting 
earth  and  no  absorption  of  the  wave  from  any  causes, 
the  electric  field  intensity  set  up  is  given  by  the  formula 


E- 


GOnhJ, 


Xd 


volts  per  cm 


In  the  present  case  d^  178  km,  A^  3  000  m,  and 
Ig  =z  50  A,  so  that  the  electrical  intensity  under  such 
conditions  would  be  0-02  mV  per  cm  ;  the  intensity 
actually  measured  is  exactly  60  per  cent  of  the 
ideal.  At  a  wave-length  of  4  500  m  and  the  same 
transmitting  current,  the  electric  intensity  would  be 
0-0136  mV  per  cm.  The  E.M.F.  measured  for  this  wave- 
length (on  19th  October,  1921)  was  2"  9  mV,  correspond- 
ing to  0-007  mV  per  cm,  so  that  the  correction  factor 
for  absorption  is  in  this  case  0-52. 

*  For  the^e  figures,  and  for  the  values  of  the  sending  currents, 
the  author  is  indebted  to  H.M.  Signal  School,  Portsmouth,  through 
the  Wireless  Telegraphy  Commission. 
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A  correction  factor  of  as  much  as  0-6  for  such  a 
comparatively  short  overland  transmission  may  seem 
ratlier  surprising,  but  is  nevertheless  not  without 
precedent.  The  experiments  of  Reich  in  1913  between 
Cologne  and  Gottingen* — a  distance  of  216  km — show 
a  correction  factor  of  0-61  at  a  wave-lengtli  of  3  000  m, 
and  a  correction  factor  of  as  much  as  0-4  at  2  000  m 
wave-length.  Austinf  records  a  case  of  a  transmission 
at  1  000  m  wave-length  over  a  distance  of  83  km  over 
land,  in  which  the  correcting  factor  was  0-45.  In  both 
the  cases  cited  above  the  method  of  measurement 
was  with  a  thermo-element  placed  in  the  aerial.  It 
is  of  interest  to  note  that  the  Austin-Cohen  formula 
for  oversea  transmission  gives  a  correction  factor  of 
0-86  and  the  Fuller  formula  about  0-88.  By  com- 
parison with  these  a  correction  factor  of  0"6  for 
overland  transmission  does  not  seem  unduly  great. 

It  would  be  interesting  to  discover  whether  the 
absorption  is  due  mainly  to  the  passage  over  the  first 
(hill}^)  half  of  the  path.  If  measurements  of  Horsea 
could  be  made  at  the  National  Physical  Laboratorj',  or 


aural  comparison,  and  for  comparing  signal  strengths 
on  different  days  or  during  the  passage  of  a  single  day. 

Reference  to  the  Horsea  log  (obtained  several  months 
after  the  measurements  were  finished)  shows  that  there 
were  only  two  occasions  measured  on  which  the  sending 
currents  differed  appreciably. 

These  occurred  on  11th  and  14th  October,  and  the 
results  are  given  in  Table  4  for  ease  of  comparison. 

It  will  be  seen  from  this  table  that  the  E.M.F. 
measured  varies  almost  exactly  as  the  transmitting 
current  :  the  extent  of  the  departure  from  the  mean 
value  indicates  that  the  accuracy  of  the  aural  com- 
parison must  be  of  the  order  of  Jr  5  per  cent.  In  the 
case  of  Vallauri's  measurements  there  is  a  departure 
of  about  12  per  cent  from  the  mean  in  each  group  of 
signals  recorded.  The  observations  of  the  press  signals 
(A  =  4  500  m)  on  each  of  four  consecutive  nights  show 
a  variation  of  5  per  cent  from  the  mean.*  So  as  to 
minimize  risk  of  subconsciously  adjusting  the  local 
generator  until  the  galvanometer  reading  coincided 
with  the  previous  observation,  the  galvanometer  was 


Table  4. 


Date  and  time 

Wave-length 
K 

Transmitting 

current 

Is 

MJi 

ilj2 

MJdl, 

MtlJI, 

llAO/21 

2100-2122 
14/10/21 

1910-1922 
11/10/21 

2140-2200 
14/10/21 

1945-1955 

2145-2200 

2  500 
2  500 

A 

38 
52 

0-18  X  7-5  = 

1-35 

0-48  X  4  =  1-9 
0-48  X  5  =  2-4 

350 

500 
460 

3  000 

3  000 
3  000 

36 

50 
51 

0-18  X  9-5  = 
0-18  X  9-8  = 

1-66 
1-76 

0-48  X  3-5=  1-68 

0-48  X  5  =  2-4 
0-48  X  4-7  =  2-2 

460 
345 

465 

480 
430 

some  station  in  that  vicinity,  they  would  be  very  in- 
structive in  this  respect. 

(9)  Probable  Accuracy  of  Aural  Comparison  and 
Evidence  of  Diurnal  Variation  in  Signal 
Strength. 

The  observations  given  in  Table  2  cannot,  unfor- 
tunately, be  used  to  determine  the  value  of  the  field 
strength,  because,  as  explained  before,  they  give  the 
value  of  the  E.M.F.  required  to  produce  the  correct 
copy  of  the  signal  in  a  circuit  that  was  not  the 
correct  copy  of  the  aerial;  they  are  too  small  in  some 
ratio  depending  on  the  frequency.  This  ratio  can  be 
determined  for  the  case  of  the  3  000  m  wave,  because 
there  were  many  observations  made  with  both  the 
correct  and  the  incorrect  circuit.  Unfortunately,  as  no 
more  signals  of  2  500  m  wave-length  were  sent,  the 
conversion  factor  could  not  be  found  for  this  wave. 

The  observations  of  Table  2,  though  useless  for  the 
actual  determination  of  signal  strength,  are  nevertheless 
perfectly  vahd  for  analysing  the  probable  accuracy  of 

•  PhysikaUsche  Zeitschrifl,    1913,  vol.    14,  p.   934. 

t  Bulletin  of  the  Bureau  of  Standards,    1911,  vol.   7,  p.   315. 


re-suspended  and  the  scale  distance  altered  before  the 
measurement  of  the  press  signal  on  5th  October,  and 
caUbrated  after  the  determination  of  the  signal  E.M.F. 
In  spite  of  these  alterations  the  observations  on  4th 
and  5th  October  agree  very  closely.  With  the  same 
end  in  view  the  filament  and  anode  voltages  of  th"} 
local  generator  were  several  times  altered  in  order  to 
change  the  relation  between  the  output  of  the  generator 
and  the  adjusting  resistance  placed  in  the  anode  circuit 
(see  Section  4). 

In  each  of  the  two  all-day  observations  (on  6th  Sep- 
tember and  9th  October,  respectively)  the  extent  of  the 
departure  of  observed  E.M.F.  from  the  mean  value 
found  seems  to  have  some  relation  to  the  hour  of 
observation. 

The  percentage  variation  from  the  mean,  plotted 
against  time  of  observation  for  these  two  days,  is 
shown  in  Fig.  9.  It  can  be  seen  that  the  variations 
from  the  mean  do  not  occur  in  a  random  manner  like 
mere  errors  of  observation.  In  the  early  part  of  the 
day  the  signals  are  always  stronger  than  the  mean, 
and  vice  versa  ;  also  the  two  curves,  taken  six  weeks 
•  See  Table  2. 
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apart,  have  the  same  general  characteristics.  The 
difficulties  and  errors  inherent  to  aural  comparison 
are  too  great  to  allow  very  much  reliance  to  be  placed 
on  these  curves  of  temporal  variation  of  signal  strength ; 
but  they  nevertheless  suggest  that  a  regular  diurnal 
vaxiation  is  observable  even  over  comparatively  short 
distances,  such  as  100  miles.  Further  observations 
on  this  point  would  be  of  much  interest. 

(10)  Comparison'  of  Measurements  made  with 
Different  Mutual  Inductances. 

Tables  1,  2  and  4  show  that  the  measurements  of 
the  same  signal  with  different  mutual  inductances 
never  agree  exactly  ;  that  of  0'48  /liH  is  always  from 
20  to  30  per  cent  greater  than  that  of  0-175  jxH,  and 
20  per  cent  greater  than  that  of  0-77  yiiH. 

This  discrepancy  naturally  suggests  that  there  was 
some  other  small  path  by  which  some  part  of  the  signal 
was  introduced,  but  the  author  believes  that  this  was 
not  the  case,  for  the  following  reasons.  First,  tests 
were  made  repeatedly  to  see  if  the  local  E.M.F.  was 
audible  without  the  introducing  key  B  (Fig.  3)  being 


Fig.  9. 

pressed  ;  in  no  case  could  any  sound  whatever  be 
heard  on  the  equivalent  circuit,  and  only  a  ver\'  slight 
trace  on  the  actual  aerial.  Secondly,  the  mutual  induct- 
ance leads  were  occasionally  crossed  over  and  this  second 
determination  was  always  in  complete  agreement  with 
the  first. 

The  discrepancy  is  presumably  due  to  the  calculated 
value  of  the  inductance  being  incorrect  (probably  due 
to  more  than  one  turn  being  used),  or  else  to  the 
existence  of  a  capacity  coupling  in  addition  to  an 
inductive  coupling  between  the  coils  of  the  mutual 
inductance. 

The  value  of  each  mutual  inductance  has  been 
measured  and  found  to  be  approximately  the  same  as 
that  calculated,  but  the  possible  accuracy  of  the 
measurements  was  not  sufficient  to  determine  with 
certainty  the  ratio  between  them. 

The  formula  used  for  calculating  the  value  of  the 
mutual  inductance  is 

M  =  47ra(log(.      —  2j/!i?!2  cm 

where  a  is  the  radius  of  the  circle, 

d  is  the  distance  between  the  planes  of  the  two 

circles,  and 
til  3.nd  n.i  are  the  number  of  turns  in  each  coil. 


Particulars  of  the  four  mutual  inductances  are  given 
in  Table  5. 

(11)  Conclusion. 

Although  aural  comparison  is  undoubtedly  capable 
of  yielding  consistent  results,  it  is  a  most  difficult, 
laborious  and  tiring  operation.  Now  that  thermionic 
valves  are  so  perfect  and  easy  to  use  it  seems  almost 
unnecessary  to  resort  to  aural  comparison,  since  a  visual 
apparatus  can  bs  readily  arranged  and  used.  Examples 
of  both  methods  have  been  given  in  the  paper,  and  the 
accuracy  and  advantages  of  the  indicator  method  are 
too  obvious  to  need  detailed  description  :  the  absence 
of  the  necessity  for  a  heterodyne  is  in  itself  a  tremendous 
gain. 

For  measuring  extremely  weak  signals  the  aural 
method  may  be  the  only  one  available,  but  that  the 
visual  method  is  capable  of  considerable  sensitivity 
the  following  example  will  make  clear. 

It  has  been  seen  that  it  is  easy  to  measure  an  E.M.F. 


Table 

5. 

Designation 
of  mutual 
inductance 

a 

d 

»1 

«2 

Value 

1 

cm 

3-75 

cm 

0-63 

2 

1 

0-180 

2 

3-75 

0-32 

2 

2 

0-48 

3 

6 

0-5 

2 

2 

0-78 

4 

2-9 

0-38 

3 

1 

0-23 

of  only  0-5  mV  in  an  aerial  of  very  high  resistance; 
greater  sensitivity  can  of  course  be  obtained  by  using 
more  than  a  two-stage  amplifier,  but  the  measurements 
then  become  difficult  unless  the  amplification  is  obtained 
by  several  aperiodic  stages.  If,  as  has  been  suggested,* 
a  balanced  rectifier  is  used  as  the  final  indicator  instead 
of  a  direct-calibrated  thermionic  voltmeter,  an  addi- 
tional sensitivity  of  at  least  50  times  can  be  obtained. 

If  an  aerial  42  m  high  (10  times  the  height  of  the 
Cambridge  aerial)  is  available,  by  no  means  an  impos- 
sible height  for  a  ship  aerial,  then,  according  to  the 
Fuller  formula,  Horsea  with  a  wave-length  of  6  000  m 
would  produce  in  it  an  E.M.F.  of  0-25  mV  at  a  distance 
of  2  500  miles.  Consequently  it  is  possible  to  proceed 
right  across  the  North  Atlantic  with  a  visual  indicator 
and  measure  continuously  the  signal  E.M.F.  from  even 
a  comparatively  small  station  like  Horsea. 

Shou'd  an  expedition  he  arranged  for  the  purpose  it 
could  hardly  fail  to  g>  t  most  valuable  and  accurate 
information  on  the  relation  between  absorption  and 
distance  and  also  on  twilight  effects. 

*  E.  B.  MouLLiN  and  L.  B.  Turner  :  "  The  Thermionic  Triode 
as  Rectifier,"  Journal  I.E.E.,   1922,  vol.  59,  p.   706. 
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TELEPHONIC   REPEATERS   AND   LONG   DISTANCE   TELEPHONY. 


By  J.  A.  Cooper,  Student. 

(Abstract  of  paper  read  before  the  South  Midland  Students'  Section,    \lth  January,   1922.) 


Summary. 

The  paper  reviews  the  development  of  long-distance 
telephony  and  shows  the  great  improvements  effected  by 
the  intro  luction  of  telephonic  repeaters  employing  ther- 
mionic valves. 

Improvements  of  greater  importance  introduced  up  to 
April,  1921,  when  the  paper  was  written,  were  made  by 
the  use  of  the  microphonic  transmitter,  hard  drawn  copper 
wire,  loading,  cable  balancing,  phantom  circuits  and  the 
triode  repeater. 

The  repeater  is  defined  and  is  shown  to  have  the  follow- 
ing advantages  :  it  increases  the  telephonic  range  and 
makes  possible  the  use  of  finer  wire  or  underground  cable. 
From  a  consideration  of  the  theory  of  the  triode  it  is  shown 
that  hard  valves  are  preferred  because  of  their  longer  life 
and  greater  stability. 

Post  Office  tests  for  magnification,  speech,  stability,  life 
and  characteristics  are  described,  and  results  of  some 
experiments  are  given. 

An  account  of  the  Edison,  single-relay  and  double-relay 
systems  is  given,  and  the  difficulties  encountered  in  their 
designs  are  indicated.  The  double  relay  is  shown  to  be 
preferable  on  the  grounds  of  adaptability  and  simplicity. 

Results  are  given,  indicating  that  if  repeaters  were 
inserted  at  intervals  equivalent  to  15  miles  of  standard 
cable  or  telephone  lines  an  improvement  of  15  to  20  ni.s.c. 
would  be  brought  about. 

With  regard  to  cost  it  is  stated  that  a  single  repeater 
costs  £50  a  year  to  maintain  but  leads  to  economy,  e.g.  a 
saving  of  £15  000  a  year  on  London's  main  trunk  lines 
alone. 

Some  indication  is  given  as  to  the  probable  development 
of  long-distance  telephone  systems.  A  forecast  of  50-lb. 
trunk  lines,  and  transcontinental  and  transoceanic  telephony 
is  made. 

References  are  given  in  the  Appendix. 


Introduction. 


The  telephone  engineer  regards  his  long-distance 
circuits  as  long-distance  power-transmission  lines. 
These  lines  may  vary  in  length  from  2  000  miles  to 
(theoretically)  infinity.  Unlike  ordinary  power  lines 
the  telephone  circuit  carries  a  current  of  varying  fre- 
quency, the  frequency  depending  upon  the  speaker's 
voice.  Again,  a  few  micro-watts  are  sufficient  to  actuate 
a  telephone  receiver,  and  to  obtain  this  power  at  the 
receiving  end  a  few  milli-watts  must  be  generated  by 
the  transmitter.  An  efficiency  of  less  than  1  per  cent  is 
indicated.  In  dealing  with  a  telephone  line  five  factors 
have  to  be  considered,  viz.  resistance,  insulation, 
capacity,  inductance  and  its  liability  to  cause,  or  be 
affected  by,  cross-talk  and  other  outside  disturbances. 

All  these  factors  are  intimately  connected  with  each 
other.     For   obvious   reasons    telephone    lines    have    to 


be  run  very  close  together,  and  this  leads  invariably  to 
mutual  induction  or  cross-talk.  It  is  of  the  highest 
importance  that  cross-talk  shall  be  eliminated  and 
contractors  have  to  make  sure  that :  "  In  any  com- 
pleted section  of  (balanced  telephone)  cable,  the  amount 
of  cross-talk  between  any  two  circuits  shall  not  exceed 
that  due  to  40  millionths  of  the  current  entering  the 
cable  at  the  sending  end  as  measured  on  a  standard 
cross-talk  meter."  On  overhead  telephone  lines,  and 
in  unbalanced  cable  circuits,  the  cross-talk  may  be 
10  times  as  great  as  that  on  unbalanced  cables.  How- 
ever careful  the  contractor  may  be,  cross-talk  is  in- 
evitable unless  the  current  generated  by  the  transmitter 
is  kept  at  a  low  value.  Hence  the  importance  of 
resistance  and  insulation. 

Insulation  is  also  made  important  by  the  fact  that, 
if  it  is  faulty,  noises  on  the  telephone  will  result. 

Capacity  attenuates  the  amplitude  of  the  telephone 
speech  currents.  To  avoid  this,  inductance  may  be 
added,  but  the  addition  of  inductance  also  implies  the 
addition  of  impedance,  so  that  only  a  certain  amount 
is  allowable. 

There  is  a  sixth  factor,  which  the  lay  mind  would 
probably  hold  to  be  of  first  importance,  namely  cost. 

Copper  must  be  used  for  telephone  wires,  and  because 
of  this,  if  for  no  other  reason,  heavy  wires  cannot  be 
used  in  order  to  reduce  the  resistance. 

Some  of  the  difficulties  which  have  always  confronted 
telephone  engineers  having  been  indicated,  it  is  of 
interest  to  consider  how  they  have  been  overcome. 
The  problems  of  increasing  the  range  and  reducing  the 
cost  of  the  telephone  have  been  studied  for  over  40 
years.  Improvements  have,  up  to  the  present  time, 
been  made  in  six  stages.  The  original  Bell  telephone 
was  limited  in  its  range  of  operation  by  the  small 
amount  of  current  generated  by  the  transmitter.  The 
first  developments  were  the  introduction  of  the  micro- 
phonic transmitter  and  improvements  in  the  receivers. 
Then,  in  the  late  'eighties,  hard  drawn  copper  wire 
came  to  be  used,  and  our  chief  cities  and  London  and 
Paris  were  soon  linked  up  by  telephone.  Telephone 
engineers  first  sought  to  eliminate  transmission  losses 
and  to  make  their  lines  efficient. 

Ten  years'  experience  brought  them  to  the  third 
stage,  viz.  the  introduction  of  "  loading,"  i.e.  the  inser- 
tion of  inductance  into  the  telephone  circuit.  Loading 
may  be  of  two  kinds,  (1)  coil  loading,  and  (2)  continuous 
loading.  Coil  loading  is  the  introduction  into  the 
circuit  of  coils  of  wire  wound,  as  shown  in  Fig.  1,  upon 
a  soft-iron  core.  These  coils  are  introduced  at  carefully 
calculated  intervals  on  long  lines,  their  number  and 
spacing  depending  on  the  nature  and  length  of  the 
circuit.     Continuous  loading  is  effected  by  the  winding 
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of  soft  iron  wire  or  strip  over  the  copper  conductor 
before  annealing. 

Annealing  coats  the  iron  with  a  light  film  of  oxide, 
and  so  to  some  extent  insulates  it  from  the  wire.  Con- 
tinuous loading  is  not  quite  as  efficient  as  coil  loading, 
but  both  are  important. 

Loading  made  speech  practicable  over  three  or  more 
times  the  distances  previously  possible.  In  1913  the 
fouith  stage  of  development  was  reached,  when  cable 
balancing,  which  will  be  referred  to  later,  was  introduced. 
Quickly  following  it  came  the  introduction  of  the  ther- 
mionic valve  incorporated  in  the  telephone  repeater, 
and,  concurrently,  came  the  discovery  of  "  phantom 
circuits  "  which,  it  has  been  found,  may  be  coil-loaded 
and  fitted  with  telephone  repeaters.  When  two  separate 
circuits  are  used,  each  as  a  conductor,  a  phantom 
circuit  is  produced.  The  first  two  circuits  are  known 
as  "  physical  "  circuits.  Thus,  four  physical  circuits 
give  rise  to  a  total  of  seven  circuits,  three  phantom 
circuits  being  possible,  since  two  may  be  utiUzed  to 
produce  a  third. 


Fig.  1. — Coil  loading. 

At  the  present  moment  phantom  circuits,  repeaters 
and  cable  balancing  are  being  rapidly  developed,  and 
experiments  are  being  made  with  "  wired  wireless." 
Two  comparisons  will  serve  to  indicate  the  progress 
that  has  been  made.  Our  first  long-distance  telephones 
worked  over  distances  of  100  to  200  miles.  To-day  it 
is  possible  to  telephone  to  San  Francisco  from  New 
York,  a  distance  of  3  400  miles.  Loading  and  repeaters 
have  made  this  distance  equivalent  to  60  miles  of  stan- 
dard cable.*  The  original  telephone  wires  weighed 
800  lb.  per  mile.  The  New  York-Chicago  cable  is  an 
aerial  cable  weighing  9  lb.  per  foot,  and  is  2|  inches  in 
diameter. 

It  is  supposed  to  contain  206  pairs  of  conductors, 
the  weight  of  which  does  not  exceed  40  lb.  per  mile, 
and  may  be  as  low  as  20  lb.  It  follows  a  circuitous 
route  of  over  800  nuies. 

Telephonic  Repeaters. 

Having  sketched  the  development  of  long-distance 
telephony,  the  author  will  now  refer  in  some  detail  to 
telephonic    repeaters.     A    telephonic    repeater    is     an 

•  Standard  cable  is  a  dry-core  paper-insulated  lead-covered 
cable,  the  wires  of  which  have  a  loop  resistance  of  88  ohms  per 
mile,  an  average  mutual  capacity  (wire-to-wire)  of  0054  ^F  per 
mile,  and  an  average  insulation  resistance  of  not  less  than 
200  megohms  per  mile  between  wires. 


apparatus  consisting  of  transformers,  batteries  and  a 
thermionic  valve,  and  is  used  for  amplifying  and  re-trans- 
mitting currents  along  telephone  lines.  It  has  three 
great  advantages  :  (1)  It  makes  telephony  possible  over 
long  distances  ;  (2)  it  enables  smaller  gauge  wire  to 
be  used  for  speech  currents  ;  and  (3)  it  makes  the  use 
of  underground  cables  possible  for  long-distance 
telephony. 

It  is  obvious  that  no  mechanical  relay  can  possibly 
be  used  in  a  telephone  circuit,  since  it  would  involve 
a  time-lag.  The  relayed  current  must  have  the  same 
form  as  that  produced  by  the  iransmitter.  Therefore 
the  only  t  j'pes  of  relay  possible  are  those  in  which  speech 
currents  are  used  to  modify  a  magnetic  or  electric  field. 
Magnetic  control  has  twice  been  tried,  but  has  not  been 
developed  commercially. 

Electric  control  has  proved  more  successful.  The 
simplest  example  is  the  Cooper-Hewitt  circuit,  in 
which  a  mercury-vapour  discharge  tube  is  used  in 
series  with  a  high-tension  battery  and  transformer 
secondary.  The  speech  currents  flow  through  the 
transformer  primary  and  set  up  a  large  increase  in 
the  tube  circuit,  which  is  used  to  operate  the  receiver. 
The  thermionic  valve  invented  by  Dr.  J.  A.  Fleming 
has,  however,  superseded  all  other  forms  of  relay.  If 
a  body  be  heated  to  or  above  a  temperature  of  1  500°  C. 
the  force  of  cohesion  between  its  electrons  is  overcome 
and  some  are  emitted.  If  it  be  enclosed  in  a  lightly 
exhausted  globe,  and  if  a  positively  charged  plate  be 
also  enclosed  in  the  globe  at  a  little  distance  from  the 
hot  body  there  will  be  a  flow  of  electrons  to  the 
positively  charged  body.  If  the  difierence  of  potential 
between  the  two  be  maintained  at  a  sufificiently  high 
value,  the  electrons  will  acquire  so  high  a  velocity  that 
they  will  split  up  into  positive  and  negative  ions  any 
molecules  of  gas  %vith  which  they  may  come  into  contact. 
The  latter  will  increase  the  flow  of  current  between  the 
hot  body  and  the  plate,  but  the  positive  ions  will  dis- 
integrate the  hot  body  by  their  bombardment.  Since 
the  hot  body  is  usually  a  fUament,  the  disintegration 
shortens  the  hie  of  the  valve  considerably.  The  valve 
is  rendered  unstable  also  by  the  absorption  of  the  residual 
gas  molecules  by  (probably)  the  glass,  and  the  vacuum 
!    is  thus  increased. 

It  is  obvious,  therefore,  that  soft  valves  cannot  be 
made  or  maintained  identical  in  any  quantilry.  By 
reason  of  their  greater  stability  and  longer  life,  hard 
valves  have  come  to  be  used  most  widely  in  repeaters. 
These  have  a  vacuum  of  10-8  rnm  of  mercury,  and, 
by  suitably  treating  the  parts,  can  be  made  very  stable 
since  occlusion  is  prevented  and  ionization  is  impossible. 
They  are  capable  of  a  greater  power  output  than  soft 
valves,  and  are  independent  of  the  external  temperature. 
The  modem  valve  contains  tliree  electrodes,  the  thud, 
known  as  the  "  grid,"  being  perforated  and  placed 
between  and  insulated  from  the  filament  and  plate. 
If  a  negative  charge  be  placed  on  this  grid  it  will  repel 
the  electron  flow  and  prevent  it  reaching  the  plate. 
If  it  be  positively  charged  it  wiU  assist  the  flow  to  the 
plate.  Varying  charges  on  the  grid  will  clearly  result 
in  varying  filament-plate  currents.  The  speech  currents 
in  the  telephone  circuits  are  transformed  up  and  used 
to  vary  the  grid  potential. 
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Two  equations  may  be  given  here.     The  first  is  due 
to  Professor  O.  W.  Richardson  and  is 


N  =  aT-ie-^l^ 


where    N 


number  of  electrons   emitted    per    square 
centimetre  of  hot  body  per  second  ; 
a  and  6  are  constants  ;  and 
T  =  absolute  temperature  of  the  body. 

The  second  is  due  to  Dr.  Langmuir  and  is 

I  =  A{V  +  BvY^I- 

where  V  =  voltage  of   plate,   due   to   the  high-tension 
battery  ; 
V  —  voltage  of  grid,  due  to  the  grid  battery  ;  and 
A  and  B  are  constants  depending  on  the  con- 
struction of  the  valve. 


Leiben-Reisz  relay. — This  relay  has  two  unique  fea- 
tures. The  anode  and  cathode  are  4  inches  apart 
instead  of  the  usual  \  inch  or  J  inch.  A  small  quantity 
of  mercury  amalgam  is  enclosed  in  the  coolest  part 
of  the  tube  and  is  used  :  (a)  to  reduce  the  resistance  of 
the  discharge  path  by  mercury  vapour  ;  (6)  to  maintain 
constant  pressure  ;  and  (c)  to  carry  the  electrons  and 
avoid  occlusion.  The  valve  is  used  in  a  circuit  similar 
to  that  employed  for  the  present-day  hard  valve,  with 
the  exception  that  the  high-tension  circuit  has  a  resist- 
ance in  it  which  limits  the  discharge. 

Round  valve. — Two  important  properties  of  this 
valve  are  :  (1)  The  plate  surrounds  the  grid,  which 
again  surrounds  the  filament,  and  in  this  way  the 
electrification  of  the  glass  is  said  to  be  prevented  ;  and 
(2)  a  small  piece  of  asbestos  surrounded  by  a  heater 
coil  is  used  to  soften  the  vacuum  when  required. 


Table  1 

L. 

Magnification 

Speech  Tests 

Stability 

Lag 

Type  of  Valve 

Improvement 

Life,  in  hours 

One  direction 

Duplex 

m.s.c. 

m.s.c. 

Audion 

Output  does  not 
bear   a   definite 

8    (with    1 
valve) 

10 

Good 

Very  stable 

Nil 

1  000 

(given    by 
makers) 

relation  to  input 

25  (with  2 

valves) 

30  (with  3 

valves) 

Leiben-Reisz 

Test  not  made  as 

— 

22 

Good  when 

Very     un- 

15 mins. 

1  000 

valve  unstable 

valve    ad- 
justed 

stable 

(given    by 
makers) 

Round 

Good 

28 

22 

Good 

Very  stable 

3  sees,   (in- 
creasing 
with  age) 

Upwards  of 
600 

Post  Office  low  vac- 

Large 

25  to  30 

Good 

Good 

Nil 

200  to  500 

uum 

P.O.  hard  . . 

Greater  than  with 
soft  valves 

25 

Very  clear 

E.xtremely 
stable 

Nil 

Not    tested 
longer 
than  soft 

It  is  clear  from  this  second  equation  that  if  v  is  main- 
tained negative  by  the  grid  battery,  small  changes  in 
current  value  transformed  up  will  cause  large  change's 
in  the  value  of  v,  and  hence  of  /,  the  plate  current. 

Soft  Valves  and  Telephonic  Repeaters. 

Four  types  of  soft  valves  have  been  applied  to 
telephonic  repeaters  and  tested  by  the  Post  Office, 
namely,  the  audion,  Leiben-Reisz,  Round  and  Post 
Office  low-vacuum  valves. 

Audion. — This  consists  of  a  three-stage  resistance 
amplifier.  The  speech  currents  are  stepped  up  by  a 
25  :  1  transformer  and  are  used  to  vary  the  potential 
of  the  first  of  three  valves  in  cascade.  The  high-tension 
battery  supplies  60  volts  and  the  high-tension  current 
is  used  to  operate  the  receivers  through  a  4  :  1  step-down 
transformer. 


Post  Office  low-vacuum  valve. — This  is  similar  to  the 
Round  valve,  but  is  larger,  with  a  view  to  obtaining 
greater  magnification  with  ordinary  speech  currents. 

Post  Office  Tests  on  Valves. 
The   valves   have   been   subjected   to   five   classes   of 
tests. 

(1)  Magnification. — This  is  the  ratio  of  "  Output  of 
the  relay,  in  micro- watts  "  to  "  Input  to  the  relay,  in 
micro-watts."  To  test  the  magnification  an  alternator 
is  used  to  supply  current  at  speech  frequency,  and  a 
non-reactive  resistance  absorbs  the  amplified  current. 
The  results  are  expressed  graphically. 

(2)  Speech  tests.— ThGie  are  made  on  from  30  to  50 
miles  of  standard  cable.  The  transmission  efficiency  is 
compared  with  a  direct  circuit,  (a)  with,  and  (6)  without. 

i   the  repeater  working.     The  difference  between  (a)  and 
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(b)  gives  the  improvement  due  to  the  relay,  expressed 
in  miles  of  standard  cable.  The  improvement  is  meas- 
ured with  the  repeater  working  (c)  in  one  direction, 
and  (d)  in  both  directions. 

(3)  and  (4)  Stability  and  life  tests. — The  repeater  is 
run  continuously  until  the  valves  burn  out  or  until  the 
efficiency  falls  below  a  certain  value. 

Periodical  tests  are  made  to  ascertain  the  efficiencj^ 
and  the  stability  of  adjustments. 

Table  1  gives  the  results  of  Post  Office  tests.* 

Lag  tests  are  made  to  determine  the  time  required 
to  reach  full  efficiency  after  the  filament  batterj^  has 
been  switched  on.  This  time  should  be  verj-  short  so 
that  (1)  the  filament  is  lighted  only  while  speech  is 
taking  place,  and  (2)  the  life  of  the  valve  shall  not  be 
shortened  by  useless  burning. 

(5)  The  d.c.  characteristic  is  determined  and  recorded 
as  a  graph.  To  obtain  the  points  for  this  graph  the 
currents  across  the  input  secondary  and  output  primary 
are  measured  by  means  of  a  reflecting  galvanometer 
for  varying  grid  potentials  brought  about  by  a  potentio- 
meter. The  galvanometer  records  on  a  sensitized  paper 
attached  to  the  potentiometer  sliding  contact. 

Results  of  tests  made  with  a  hard  valve  in  1917  are 
given  in  the  table,  together  with  those  made  with  soft 
valves. 

Hard  Valves  in  Telephone  Repeaters. 

The  Post  Office  is  at  the  present  time  using  hard 
"  French  "  valves  almost  exclusively  in  its  repeaters. 
Two  forms  are  being  tried — the  B.T.H.  valve  and  a 
valve  in  which  the  grid  and  plate  are  both  spirals  of 
wire  (enabling  them  to  be  thoroughly  heated  during 
manufacture  to  expel  occluded  gas).  The  advantages 
of  hard  valves  have  already  been  enumerated.  There 
are  two  disadvantages  which,  however,  do  not  outweigh 
the  advantages.  They  are  :  (1)  The  high  vacuum 
gives  the  filament-grid  circuit  a  verj'  high  resistance 
and  so  makes  the  design  of  the  input  transformer  diffi- 
cult ;  and  (2)  the  amplified  current  being  greater  than 
that  with  soft  valves  there  is  greater  liability  to  cross- 
talk. 

Types  of  Repeater  Circuits. 

There  are  two  types  of  repeater  circuit — the  single 
relay  and  the  double  relay.  Both  are  modifications  of 
the  Edison  repeater  system,  in  which  the  speech 
currents  pass  through  the  primary  of  a  transformer 
and  induce  currents  in  the  secondary  and  relay  circuits. 
The  microphone  is  actuated  and  produces  strengthening 
currents  in  the  secondary  of  its  induction  ceil.  These 
currents  are  led  to  the  centre  of  the  transformer  primary 
and,  if  the  impedances  of  the  lines  on  the  two  sides  are 
equal,  they  do  not  affect  the  receiving  coil. 

The  single-relay  repeater. — The  way  in  which  the 
Edison  system  has  been  modified  for  use  with  a  valve 

•  In  this  table  all  the  values  under  the  heading  "Life  "  are  onlv 
approximate.  The  life  given  by  the  makers  is  probably  only  a 
rough  value,  and  the  author  has  no  information  as  to  how  they 
make  their  tests.  They  make  no  statement  as  to  the  rate  of 
change  of  efficiency  during  life  tests,  so  that  some  part  of  that  life 
may  be  of  no  practical  value.  The  Round  valve  was  not  given  a 
fair  test  as  to  its  Ufe,  and  the  Post  Office  low-vacuum  valve  was 
nm  at  a  high  rate  while  imder  test  and  would  probably  show  a 
higher  value  under  fairer  conditions. 


is  shown  in  Fig.  2.  It  is  important  to  notice  that  this 
system  requires  two  conditions,  (1)  the  division  of  the 
amplified  current  at  the  centre  of  A,  and  (2)  lines 
electrically  equal  on  each  side  of  A.  These  conditions 
are  great  drawbacks  in  a  single-repeater  circuit.  Thus, 
if  more  than  one  repeater  be  used  in  a  circuit,  unless 
the  transmission  losses  between  the  repeaters  absorb 
the  ampUfied  current  which  is  "  reflected  back  "  from 
each  repeater  there  will  be  an  "  echo "  effect  and 
repeaters  will  re-amplify  and  re-transmit  the  currents 
already  amplified  in  the  repeater  ahead  on  the  line, 
thus  making  speech  impossible.  Again,  if  only  one 
repeater  be  used,  condition  (2)  requires  that  either 
(a)  the  repeater  shall  be  at  the  electrical  centre  of  the 
telephone  line,  or  (6)  an  accurate  artificial  balance  shall 
be  arrived  at  for  the  lines  on  each  side  of  A.  These 
requirements  are  very  difficult  to  obtain  in  practice, 
but  unless  they  are  obtained  the  valve  circuits  will 
oscillate,  and  the  valve  will  "  howl  "  and  drown  all 
speech.  Consequently  the  single-relay  repeater  is  verj' 
little  used,  being  confined  to  underground  cable  circuits, 
since  aerial  circuits  cannot  be  balanced. 
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Fig.  2. — Single-relay  repealer  (1916). 

A  modification  of  the  single-relay  repeater  is  worthy 
of  consideration,  but  the  author  is  not  aware  that  it 
has  yet  been  tested  commercially.  It  has  been  developed 
by  Herr  van  Kesteren,  a  Dutch  telegraph  engineer. 
His  scheme  of  connections  is  shown  in  Fig.  3.  Imagine 
the  speaker  to  be  at  X'  and  the  person  spoken  to 
at  Y'.  X'  is  connected  to  X  and  Y'  to  Y  either  (a) 
through  a  direct,  single  pair  of  wires,  or  (6)  through  a 
transformer.  Speech  currents  arriving  at  X  divide, 
one  portion  passing  through  the  amplifier  A  and  on  to 
Y  and  the  other  being  stopped  by  the  amplifier  B. 
The  first  current  will  continue  beyond  Y  and  tend  to 
return  to  X,  so  that  it  is  essential,  in  order  to  avoid 
"  echo  "  or  "  reflection,"  that  the  circuit  shall  be  suffici- 
ently long,  to  enable  any  excess  current  to  be  absorbed 
by  the  transmission  losses.  So  long  as  this  is  the  case 
the  circuits  are  stable  and,  as  no  balancing  is  required, 
the  repeaters  can  be  made  highly  efficient.  With  such 
a  four-wire  circuit  the  weight  of  trunk  lines  in  the 
British  Isles  might  be  reduced  to  20  lb.  per  mile,  if 
loaded  and  supplied  with  repeaters  at  inter\-als  of 
50  miles.  Theoretically  there  is  no  limit  to  the  distances 
over  which  speech  may  be  made  possible  by  the  van 
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Kesteren  system.  Experiment  has  shown  that  it  will 
reduce  a  circuit  90  m.s.c.  in  length  to  15  m.s.c. 
(further  reduction  would  result  in  "echo").  Speech 
over  a  distance  equivalent  to  15  m.s.c.  is  loud.  Now, 
New  York  to  San  Francisco  is  a  distance  equivalent  to 
not  more  than  60  m.s.c.  without  repeaters  (the  actual 
distance  is  3  400  miles) .  This  shows  that  loud  speech 
over  a  distance  of,  say,  5  000  miles  is  a  practical  proposi- 
tion and,  since  the  four  wires  necessary  may  be  compara- 


The  double-relay  repeater. — A  diagram  of  a  double- 
relay  repeater  is  given  in  Fig.  4.  It  will  be  seen  that 
it  consists  essentially  of  two  single-relay  repeaters  with 
the  addition  of  two  artificial  balancing  circuits.  The 
incoming  speech  current  is  amplified  by  one  valve 
and  passed  on  to  the  outgoing  circuit  through  a  trans- 
former in  the  plate-filament  circuit.  As  in  the  single- 
repeater  circuit,  the  current  divides  in  the  line 
transformer  of  the  second  relay  and  passes  partly  through 
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Fig.  3 — Van  Kesteren's  system. 


tively  thin,  cost  is  not  a  prohibitive  factor.  There  are 
practical  difficulties,  however,  which  make  it  doubtful  if 
the  widespread  introduction  of  a  four-wire  trunk  system 
is  practicable  at  the  present  time,  although  there  is  a 
wide  range  of  application  open  to  it.  The  system  has 
the  disadvantage  that,  unless  a  four- wire  junction  is 
available  when  two  van  Kesteren  circuits  are  to  be 
joined  together,   the  total  impedance  will  make  them 


the  line  balance  and  partly  along  the  line.  The  "  up  " 
and  "  down  "  circuits  are  separated  by  the  repeater 
and,  if  the  artificial  balances  are  made  and  maintained 
accurately,  "  howhng  "  will  be  impossible.  Due  to 
this  arrangement  it  is  probable,  however,  that  there 
will  be  different  efficiencies  in  different  directions. 
The  artificial  balances  referred  to  are  combinations  of 
resistance,  capacity  and  impedance  arranged  to  repro- 
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Fig.  4. — Double-relay  repeater. 


equal  to  the  sum  of  their  standard  cable  equivalents. 
In  the  case  of  the  balanced  system  with  double-relay 
repeater  (to  be  described  later)  this  is  not  so. 

Whether  the  van  Kesteren  system  will  ever  be  used 
commercially  on  a  large  scale  is  a  matter  of  opinion. 
The  author  gathers  that  British  Post  Office  electrical 
engineers  are  more  in  favour  of  the  development  of  more 
perfect  balance  in  the  double-relay  repeater.  This 
relay  has  the  great  advantage  that  it  can  be  introduced 
into  the  existing  metallic  circuit  system  without 
requiring  the  erection  of  new  lines.      , ^_^ _^  _ 


duce  exactly  the  electrical  conditions  and  qualities  of 
the  lines  to  which  they  arc  connected.  They  are  designed 
from  the  results  of  experiments  and  calculations  made 
at  the  repeater  stations.  The  method  of  calculation  is 
given  in  Professor  A.  E.  Kennelly's  book  on  "  The 
Application  of  Hyperbolic  Functions  to  Electrical 
Engineering  Problems." 

The  efficiency  of  the  double-relay  repeaters  depends 
largely  upon  the  design  of  the  transformers,  the  ratio 
of  transformation  of  which  depends  upon  the  impedance 
of  the  line  and  the  apparent  resistance  of  the  valve. 
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Since  this  resistance  is  very  high  the  number  of  turns 
in  the  transformer  secondary  is  also  very  high  for  maxi- 
mum efficiency,  but  too  great  a  number  leads  to  a 
reduction  in  the  clearness  of  articulation  ownng  to 
capacity  effects  in  the  windings.  Attention  has  already 
been  drawn  to  this  disadvantage.  The  double  relays 
also  suffer  from  the  disadvantages  of  multiplicity  of 
apparatus,  and  it  is  not  possible  to  signal  through  them 
by  means  of  a  magneto  without  supplying  additional 
relays.  However,  the  Post  Office  hopes  to  evolve  a 
system  of  signalling  in  which  a  current  of  such  frequency 
will  be  employed  that  the  repeater  will  transmit  signals 
as  it  does  speech  currents.  Such  a  system  would 
minimize  both  delays  and  the  quantity  of  apparatus 
necessary. 

Some  few  figures  in  connection  with  the  present-day 
repeater  may  be  of  interest.  The  ratio  of  the  input 
(step-up)  transformer  is  40  :  1,  and  that  of  the  output 
(step-down)  transformer  10 :  1.  The  heating  battery 
is  an  8- volt  accumulator  supplj-ing  0-9  ampere  per 
valve.  The  high-tension  battery  is  of  200  volt;  with 
an  electron  flow  of  1-5  mA  per  valve.  This  battery, 
similarly-  to  the  5-volt  grid  batter}^  may  be  of  drj'  cells 
or  small  accumulators. 

Results. — The  improvement  effected  by  repeaters 
depends  upon  the  electrical  length  of  the  line.  A  long 
line,  i.e.  one  equivalent  to  more  than  15  m.s.c,  has 
a  Ughter  load  than  a  short  one  and  correspondingly 
greater  sensitiveness.  In  this  case  the  improvement 
may  be  equivalent  to  from  25  to  32  m.s.c.  Short  lines 
with  their  heavier  loads  and  lack  of  balance  (implying 
lack  of  sensitiveness  in  the  repeater)  give  an  improve- 
ment of  from  12  to  17  m.s.c. 

It  has  been  calculated  that  if  repeaters  could  be 
inserted  at  intervals  of  15  m.s.c,  and  the  lines  could 
be  satisfactorily  adjusted,  an  improvement  of  from 
15  to  20  m.s.c.  would  be  brought  about. 

The  New  York-Chicago  and  the  New  York-San 
Francisco  telephone  lines  have  already  been  referred  to. 

Cost. 
The  question  of  cost  is  an  important  one.  It  has  been 
estimated  that  a  repeater  costs  £50  a  year  to  maintain. 
This  is  a  higher  figure  than  for  loading  but  the  improve- 
ments are  far  greater.  The  first  cost  is  negligible  by 
comparison  with  the  savings  effected  in  line  costs. 
The  heaviest  item  is  due  to  attendance,  but  a  second 
estimate  is  to  the  effect  that  two  attendants  could  easily 
look  after  100  repeater  circuits,  so  that  this  item  should 
not  be  very  heavy.  On  the  other  hand,  it  may  be 
possible  to  save  £15  000  annually  by  the  introduction 
of  repeaters  into  main  trunk  lines  radiating  from 
London.  As  old  telephone  lines  become  obsolete  and 
are  replaced,  the  advantages  of  the  use  of  repeaters 
should  become  apparent  in  Post  Of&ce  estimates. 


Conclusion. 

Post  Office  engineers  have  anticipated  the  day  when 
all  trunk  lines  will  be  run  with  a  standard  gauge  conduc- 
tor, which  will  not  be  heavier  than  50  lb.  to  the  mile 
and  will  have  an  insulation  resistance  of  10  000  megohms 
per  mile.  A  httle  later  they  hope  to  have  one  standard 
conductor  for  all  subscribers  and  local  junction  circuits. 
They  beheve  that  it  will  be  possible  to  telephone  from 
any  one  point  to  any  other  in  the  United  Kingdom 
and,  further,  that  transcontinental  and  transoceanic 
telephony  will  soon  be  a  reaUty.  Already  international 
telephony  is  a  reality  to  some  extent,  but  in  the  near 
future  it  is  hoped  to  link  up  the  trunk  systems  with  the 
transcontinental  and  transoceanic  cables.  France, 
Italy,  Japan,  America  and  Germany  are  all  using  and 
experimenting  with  telephonic  repeaters  and  have 
been  so  doing  for  some  time,  but  the  author  has  been 
informed  that  the  British  Post  Office  leads  the  field. 
The  Post  Office  is  greatly  handicapped  by  a  lack  of 
sufficient  research  staff.  The  present  staff  is  inadequate 
for  the  work  that  needs  to  be  done,  and  the  author 
believes  that  the  Post  Office  is  trying  to  extend  the 
Research  Department  and  that  it  intends  to  get  into 
touch  with  our  Universities  in  an  endeavour  to  secure 
more  men  of  the  right  sort  who  will  keep  us  ahead  in 
the  struggle  for  efficiency  and  economy. 

The  author  would  Uke  to  express  his  indebtedness 
to  Mr.  J.  Richardson,  the  Executive  Engineer  of  the 
Birmingham  Post  Office,  for  much  valuable  information 
and  advice  and  for  permission  to  inspect  the  Birmingham 
repeater  office.  Lastly,  he  would  like  to  thank  Mr. 
E.  T.  G.  Donovan,  the  Chairman  of  the  Students' 
Section  of  the  South  Midland  Centre,  for  his  suggestion 
that  a  paper  should  be  written  on  the  subject  of 
telephonic  repeaters. 


APPENDIX. 

In    the    preparation    of    the    paper    the    author   has 
consulted  the  following  pubhcations  : 

J.  G.  Hill  :  "  The  Loading  of  Aerial  Lines,  and  their 
Electrical  Constants,"  Institution  of  Post  Office 
Electrical  Engineers,  Professional  Papers,  No.  54. 

:  "  The  Loading  of  Underground  Telephone  Cables 

for  Phantom  Working,"  ibid..  No.  68. 

A.  B.  Hart  :  "  Telephonic  Repeaters,"  ibid.,  No.  75. 

C.  Robinson,  B.A.,  and  R.  M.  Chamney,  B.Sc.  : 
"  Gas-discharge  Telephone  Relays,  and  their  apph- 
cation  to  Commercial  Circuits,"  and  "  Technical 
Developments  of  Telephonic  Repeaters  since  1917," 
ibid..  No.  76. 
All  the  diagrams  in  the  present  paper  were  reproduced 

from  these  papers. 
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AUTOMATIC    AND    SEMI-AUTOMATIC    RAILWAY    SIGNALLING. 


By  H.  S.  Fetch, 

(Abstract  of  paper  read  before  the  London 

Summary. 

The  evolution  of  railway  signalling  to  meet  the  demands 
of  safety,  and  later  of  traffic  capacity,  has  culminated  in 
the  modern  automatic  and  semi-automatic  systems,  which 
are  designed  to  overcome  the  defects  of  manual  working. 
In  addition  they  offer  valuable  advantages,  as  their  use 
permits  of  increased  speeds  and  augmented  services,  which 
increase  the  full-load  capacity  of  a  given  line  ;  while  their 
flexibility  allows  of  a  ready  adjustment  of  traffic  control 
to  traffic  variations. 

An  early  system  using  train-controlled  switches  is  briefly 
touched  upon,  and  its  weak  points  are  noted. 

The  track  circuit,  which  forms  the  basis  of  all  modern 
automatic  signalling,  is  considered  in  its  simplest  form,  and 
also  as  modified  to  suit  electrified  lines. 

Apparatus  controlled  by  track  circuits  is  described,  together 
with  additional  schemes  for  its  safe  operation. 

The  functions  and  chief  features  of  semi-automatic  working 
are  dealt  with,  and  the  advantages  peculiar  thereto  are 
pointed  out. 

Finally,  a  description  is  given  of  some  auxiliary  apparatus 
designed  to  expedite  the  handling  of  traffic. 


Introduction. 


The  organized  control  of  railway  trafific  came  con- 
siderably later  than  the  introduction  of  railways,  and 
was  first  carried  out  solely  on  a  time  basis.  Signals 
had  no  definite  place  in  the  regulation  scheme,  and 
were  originally  used  for  such  purposes  as  stopping  trains 
to  pick  up  passengers.  It  was  not  until  the  danger 
of  the  time-spacing  of  trains  was  realized,  and  the 
block-  or  distance-spacing  system  was  adopted,  that 
signals  achieved  their  present-day  position  as  controllers 
of  train  movements. 

At  first  scattered  about  as  convenience  or  fancy 
dictated,  the  operating  levers  were  finally  centralized, 
and  this,  with  the  introduction  of  interlocking,  formed 
the  genesis  of  the  signal  box. 

In  1889  the  Board  of  Trade  enforced  the  block- 
spacing  system  on  all  passenger  lines,  and  so  practically 
completed  the  development  from  the  standpoint  of 
safety.  From  that  time  onward  the  progress  which 
has  taken  place  has  been  towards  a  signalling  system 
which,  by  its  reliability  and  speed  of  operation,  should 
allow  of  maximum  traffic  capacity.  This  has  been 
accentuated  by  electrification,  the  full  possibilities  of 
which  cannot  be  realized  with  the  manual  block  system. 

Advantages  of  Automatic  Signalling. 

It  is  irrefutable  that  the  manual  block  system,  with 

its  block  indicators  and  complex  bell  signals,  is  entirely 

dependent    for    its  safety  on  the  human  element  and 

implicit  obedience  to  rules.     This  may  be  quite  satis- 
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factory  provided  the  density  of  traffic  is  not  great, 
but  it  inevitably  results  in  severe  mental  strain  and 
consequent  risks  if  the  traffic  density  be  at  all  high. 
.Such  achievements  as  50  trains  per  hour  are  unattain- 
able. The  lock-and-block  system,  wliich  relieves  the 
signalman  of  a  great  deal  of  responsibility,  is  an  advance, 
as  trains  are  rendered  in  a  large  measure  self-protecting  ; 
but  full  automatic  working,  which  is  the  logical  outcome 
of  the  lock-and-block  system,  appears  to  possess  the 
following  advantages  over  its  prototype  : — 

(a)  The  elimination  of  the  human  element  removes 
all  danger  of  fatigue,  renders  the  service  less  dependent 
on  labour  conditions  and,  by  a  psychological  effect 
on  the  drivers,  conduces  to  consistent  high  speeds. 

(6)  Speed  may  be  maintained  on  the  necessarily 
short  sections  found  on  city  lines,  the  delays  occasioned 
by  telegraphing  acceptance  of  trains  being  avoided. 

(c\  The  flexibility  of  automatic  working  allow's  of 
an  easy  adjustment  of  the  signalling  system  to  deal 
with  changes  in  traffic  density.  A  few  changes  in 
wiring  will  achieve  a  result  in  an  automatic  system 
that  would  have  necessitated,  in  a  manual  system, 
a  new  signal  cabin   and   much  fresh   equipment. 

Lay-out  of  Signalling. 
In  a  manual  system  a  section  is  always  treated  as 
blocked  unless  specifically  marked  "  clear  "  by  the 
responsible  signalman.  The  normal  position  of  a 
manually  operated  signal  is  therefore  at  danger.  An 
automatic  signal  is  simply  an  indicator  of  the  state 
of  the  section  it  controls,  and  its  normal  position  is 
in  consequence  the  "  clear  "  position.  It  vriW  be 
apparent  that,  with  automatic  working,  trains  may 
follow  each  otlier  at  an  interval  limited  only  by  the 
time  taken  to  traverse  the  longest  section  on  the  route, 
due  regard  being  paid  to  time  lost  at  junctions  and 
in  stations.  The  best  lay-out  of  sections  is  therefore 
that  in  which  trains  traverse  each  section  in  equal 
times,  and,  as  a  change  in  load  (i.e.  passengers  to  be 
carried)  will  affect  the  time  spent  in  station  sections, 
it  is  obviously  an  advantage  to  be  able  easily  to  modify 
the  signalling  lay-out. 

Bar-and-treadle  System. 

The  automatic  system  which  perhaps  follows  most 
closely  on  the  lines  of  manual  working  is  the  "  bar- 
and-treadle  "  system.  This  system  is  now  obsolete, 
but  it  deserves  a  brief  description. 

The  equipment  for  each  block  section  comprises  a 
bar  and  a  treadle,  which  are  switches  opened  and 
closed  respectively  by  the  passage  of  a  train  over  them  ; 
a  relay  ;  a  source  of  electromotive  force ;  and,  of 
course,   a  signal.     The  power  circuit  of  the  signal  is 
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closed  when  the  relay  is  operated,  and  the  signal  is 
thus  held  in  the  "  clear  "  position. 

\Mien  a  section  is  clear,  a  circuit  is  closed  from  the 
batterj%  through  the  bar,  a  front  contact  of  the  relay 
(i.e.  a  contact  closed  when  the  relay  is  operated),  and 
the  relay  coils.  The  relay  is  thus  locked  when  operated, 
and  the  signal  indicates  "  clear." 

The  entrance  of  a  train  into  the  section  opens  the 
bar,  which  is  placed  some  120  feet  ahead  of  the  signal, 
and  the  relay  releases,  as  its  holding  circuit  is  broken. 
The  signal  power  circuit  is  broken  by  the  release  of 
the  relay,  and,  as  the  holding  circuit  of  the  latter  is 
now  open  at  the  relay  front  contact,  the  closing  of 
the  bar  after  the  train's  passage  does  not  again  operate 
the  relay.  The  signal  therefore  goes  to  "  danger," 
and  remains  in  that  position  while  the  section  is  occupied. 

The  train  passes  on,  and  in  due  course  releases  the 
.signal  of  the  next  section  at  the  next  bar.  Some  20 
feet  beyond  the  bar  of  the  next  section  is  the  treadle 
of  the  first  section.  This  is  closed  as  soon  as  the  train 
reaches  it,  and  an  operating  circuit  for  the  relay  of 
the  first  section  is  then  completed  \'ia  the  battery, 
the  treadle,  the  bar  of  the  next  section  at  normal,  the 
signal  of  the  next  section  in  the  danger  position, 
and  the  relay  coils.  The  relay  operates,  and  the  front 
contact  again  completes  the  holding  circuit,  so  that  the 
signal  of  the  first  section  is  again  held  clear.  The 
operating  circuit  of  the  relay  is  taken  through  the 
next  signal  .so  that  the  first  section  shall  not  be  shown 
"  clear  "  if  the  next  signal  has  failed  to  go  to  "  danger." 

It  is  clearly  important  that  only  the  passage  of  a 
train  shall  close  the  treadle.  For  this  reason,  treadles 
are  usually  operated  by  rail  deflection,  mercury  often 
being  employed   to  multiply  the  movement. 

The  bar-and-treadle  sj-stem  has  the  serious  defect 
that  the  rear  part  of  a  train  which  has  divided  due  to 
a  broken  coupling  is  not  protected,  as  the  front  part 
will  operate  the  treadle  on  leaving  the  section,  so  putting 
the  controlhng  signal  to   "clear." 

The  Track  Circuit. 

The  track  circuit,  which  is  the  basis  of  all  modern 
automatic  signalling,  had  an  earh-  origin,  but  was  not 
brought  into  general  use  until  recent  times.  It  is 
called  upon  to  function  faultlessly  under  very  severe 
conditions,  and  does  so  remarkably  well.  The  funda- 
mental principle  involved  is  the  continuous  protection 
of  an  occupied  section,  as  distinct  from  the  "  load  and 
fire  "  action  of  the  bar-and-treadle  and  kindred  systems. 

Fig.  1  shows  the  simplest  possible  direct-current 
track  circuit.  One  of  the  running  rails  is  bonded 
continuously  along  the  Une,  while  the  other  is  divided 
by  special  insulated  fish-plates  into  sections  correspond- 
ing to  the  signal  sections.  The  sectioned  rail  is  also 
bonded  between  the  section  points.  At  the  "  exit  " 
end  of  the  section  a  source  of  electromotive  force  is 
connected  across  the  rails  through  a  fairly  high  resist- 
ance. At  the  "  entrance  "  end  a  relay  is  bridged  across 
the  rails,  and  this  relay  controls  the  signal  protecting 
the  section.  Any  conductor  of  sufficiently  low  re- 
sistance will  shunt  the  relay  and  release  it  if  it  is  also 
bridged  across  the  rails.  There  is  a  permanent  shunt 
across    the    relay    caused    by   the    leakage    path    over 


sleepers  and  ballast,  and  the  resistance  of  this  leakage 
path  varies  from  time  to  time  from  megohms  to  a 
few  ohms,  depending  chiefly  upon  weather  conditions. 
Kow,  any  given  relay  has  definite  operating  and 
holding  currents,  and  definite  voltages  must  therefore 
be  maintained  at  its  terminals  to  operate  it  and  to 
prevent  it  releasing.  It  will  be  apparent  from  Fig.  1 
that,  in  a  given  set  of  conditions,  there  will  be  a  certain 
value  of  the  ballast  leakage  resistance  which  will  prevent 
the  relay  operating  with  a  clear  track.  This  may  be 
called  the  "ballast  failing  resistance"  and,  clearly, 
the  particular  value  which  will  produce  failure  in  a 
given  case  is  controlled  by  the  value  of  the  series  re- 
sistance. The  particular  ballast  failing  point  for  which 
the  series  resistance  is  set  is  a  matter  of  great  importance. 
It  must  not  be  made  higher  than  the  normal  resistance 
of  the  ballast  leakage  path,  or  continual  failures  would 
result  in  damp  weather.     On  the  other  hand,  it  must 
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Fig.  1. — Simple  d.c.  track  circuit. 

be  kept  as  high  as  possible,  as  upon  it  depends  the 
capabilitj'  of  the  track  circuit  to  deal  with  train  shunts 
of  high  resistance.  A  remedy  for  track  circuits  which, 
by  reason  ot  their  excessive  length  or  damp  situation, 
necessitate  the  adoption  of  an  unreasonably  low  ballast 
failing  point,  consists  in  splitting  the  section  into  several 
track  circuits  each  of  which  exerts  control  on  the  signal. 
The  resistance  of  the  shunt  introduced  by  the  presence 
of  a  train  in  a  section  must  so  reduce  the  combined 
resistance  in  series  with  the  feeding  resistance  that  the 
potential  difference  across  the  rails  falls  below  that 
necessary  to  hold  the  relay  in  operation.  For  a  given 
track  there  is  thus  a  maximum  effective  train  shunt 
resistance,  and  this  will  clearly  have  its  smallest  value 
when  the  ballast  leakage  resistance  is  infinite.  It  is 
important  that  a  track  circuit  shall  have  the  highest 
possible  effective  train  shunt  resistance,  as  train  shunts, 
in  common  with  ballast  leakage,  are  very  variable, 
being  affected  by  the  weight  of  the  trains  and  the  state 
of  the  contact  between  wheels  and  rails. 
I        The    connection    between    the    ballast    failing    point 
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and  the  maximum  effective  train  shunt  can  be  shown 
mathematically. 

Let  E  =  E.M.F.  of  battery, 

e  =  potential  difference  at  the  feeding  point, 
eg  =  operating  voltage  of  relay, 
6/,  =  holding  voltage  of  relay, 
e^  =  maximum  potential  difference  across  rails, 
k  =  ratio  eje/,. 

Rg  =  series  resistance   (including  battery), 
Rr  =  resistance  of  relay, 
i?;,  =  resistance  of  ballast  leakage  path, 
Rt  =  resistance  of  train  shunt, 
i?j'  =  ballast  failing  resistance, 
R^,  =  maximum  effective  train  shunt. 

(Note. — Rail  resistance   is   negligible   if   the    bonding 
is  well  carried   out.) 

A  general  expression  for  e  is  : — 

E 


1+R,[{1/R,)  +  (l/i?t)  +  (l/i?t)] 
The  value  of  R^  must  satisfy  the  following  equation 

E 


(1) 


whence 


R. 


1  +R,[{1IR,)  +  [l/Ry)] 
E  -  e„ 


elillR,)  +  (l/i?6-)] 


(2) 


(3) 


From  Equation  (1)  it  will  be  apparent  that  the  maxi- 
mum rail  potential  e,„  will  occur  when  R),  and  i?j  are 
both  infinite,  and  will  then  be  : — 


E 


1  +  R,{\IRr 

ERy 


Rr  +  Rs 


(4) 
(5) 


Now,  the  maximum  effective  train  shunt  i?(/  will 
be  that  resistance  which  will  reduce  the  track  potential 
from  its  maximum  value  e„,  to  the  holding  P.D.  of  the 
relay,  e^,  and  so  just  release  the  relay.  This  can  be 
shown  to  be  given  by  the  equation 


Rt' 


R. 


E[[\len)  -  (1/eJ] 


(6) 


For  a  given  relay,  the  ratio  ejcfj^  =  k)  is  fixed,  and 
substituting  k  for  this  in  Equation  (6),  together  with 
the  previously  found  values  for  Cg,  e^  and  R^,  the  final 
expression  for  /?(/  is  : — 


R,'  = 


(kE 


(1  -  k)ERi: 


^hlRr^b' 

+  Rr(E 


eh) 


(7) 


Since  E,  e^  and  R^  will  have  fixed  values  for  a  given 
track  circuit,  it  is  clear  that  i?(/  will  be  equal  to  R/^i 
when  A;  is  unity  (i.e.  when  the  operating  and  holding 
voltages  of  the  relay  are  identical),  and  that  it  will 
be  less  than  i?;,/  for  all  values  of  k  below  unity.  Thus 
under  the  worst  conditions  the  maximum  effective 
train  shunt  will  be  somewhat  less  than  the  ballast 
failing   resistance.     This   demonstrates   the   importance 


of  adjusting  a  track  to  the  highest  possible  ballast 
failing  point,  and  also  the  desirabiHty  of  using  a  relay 
the  operating  and  holding  currents  of  which  are  as 
nearly  equal  as  possible. 

Direct-current  Track  Circuits  for  Electric 
Railways. 

While  the  simple  track  circuit  is  quite  suitable  for 
use  on  steam  railways,  the  proximity  of  the  conductor 
rails  on  electric  lines  introduces  the  probability  of  con- 
siderable leakage  currents  from  the  traction  power 
circuits.  Such  leakage  currehts  could  easily  produce 
a  dangerous  failure  on  a  simple  track  circuit,  and 
therefore  special  circuits  have  been  de\'ised  to  meet 
this  difficulty.  One  such  scheme,  the  invention  of 
Mr.  H,  G.  Brown,  employs  a  pair  of  polarized  relays, 
one  at  either  end  of  the  track  circuit,  and  both  of  these 
must  be  operated  before  the  protecting  signal  can  go 
"  clear."  The  relays  are  operated  by  current  in  the 
proper  direction  only,  and  any  fault  or  leakage  current 
which  may  cause  one  to  operate  will  flow  in  the  opposite 
direction  in  the  other  and  so  prevent  its  operation. 
To  secure  economy  of  power,  the  polarizing  coils  of  these 
relays  are  closed  by  a  pilot  armature  which  is  attracted 
only  when  sufficient  current  flows  in  the  main  coils, 
which  are  bridged  across  the  rails  as  before. 

The  Alternating-current  Track  Circuit. 

This  is  now  generally  conceded  to  be  the  most  eco- 
nomical and  reliable  form  of  track  circuit  for  electric 
railways.  The  following  are  some  of  the  advantages 
which  it  possesses  : — 

(a)  Alternating-current     apparatus     is     unaffected — 

except  by  magnetic  saturation  and  overheat- 
ing— by  direct-current  leakage  currents. 

(b)  Economy  in  wiring  is  obtained,  due  to  the  ease 

of  transformation  to  the  low  voltages  necessary 
for  track  circuits. 

(c)  A  given  track  circuit  will  have  a  higher  maximum 

effective  train  shunt  as,  in  addition  to  the 
utilization  of  current-changes,  an  alternating- 
current  circuit  also  employs  changes  of  phase 
angle. 

Alternating-current  track  circuits  are  fed  at  the 
exit  end  from  the  low-voltage  secondaries  of  the  feeding 
transformers  through  regulating  resistances.  These 
transformers,  which  are  individual  to  the  tracks,  are 
fed  from  main  transformers,  the  primaries  of  which 
are  connected  to  the  signal  mains.  The  relays  used 
are  usually  of  the  two-winding  type.  The  field  windings 
are  continuously  excited,  and  the  armature  windings 
bridge  the  rails.  The  relays  are  ironless,  to  minimize 
power  consumption,  and  function  as  dynamometers. 
An  induction-type  relay  is  sometimes  used,  but  its 
working  force  is  smaller  than  for  the  two-winding 
type. 

Fig.  2  shows  a  typical  a.c.  track  circuit  scheme 
embodying  the  above  features  and  utilizing  impedance 
bonding,  which  allows  of  the  use  of  the  running  rails 
as  regular  returns  for  traction  current,  at  the  same 
time  preserving  the  independence  of  the  track  circuits. 
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A  theoretical  discussion  of  the  a.c.  track  circuit  is 
beyond  the  scope  of  this  paper,  but  in  1920  a  compre- 
hensive paper  on  the  subject  appeared  in  the  Journal* 

Control  of  Apparatus  by  Track  Circuits. 
Both  electric  and  pneumatic  drive  are  used  for  signals 
and  points,  but  on  an  electric  hne  the  liexibilit)-  of  the 
electric  drive  makes  it  by  far  the  more  suitable.  In 
the  all-electric  system,  the  circuits  controlHng  the 
various  pieces  of  apparatus  are  usually  made  and 
broken  directly  by  the  track-circuit  relays.  In  the 
electro-pneumatic  system  the  track  relays  control 
solenoid-operated  valves,  which  in  turn  control  the 
admission  and  release  of  compressed  air  to  the  operating 
cylinders  of  the  apparatus  concerned.      In  both  systems 


through  track  relay  contacts  so  that  the  green  lamp 
will  be  extinguished  by  the  release  of  the  track  relay  in 
the  event  of  the  signal  relay  sticking  up.  The  signal 
relay  carries  contacts  to  control  repeater  signals,  and 
also  the  signal-on  contacts. 

The  object  of  "  signal-on  "  protection  is  to  prevent 
the  marking  "  clear  "  of  a  section  if  for  any  reason 
the  signal  of  the  section  ahead  has  failed  to  go  to 
"  danger  "  behind  a  train.  In  Fig.  2  it  will  be  seen 
that  the  circuit  of  the  feeding  transformer  of  section  B 
passes  tlirough  the  back  contacts  of  signal  C(Se)  and 
front  contacts  of  relay  C(Rc)  in  parallel.  Thus,  assuming 
a  train  to  have  entered  section  C  and  to  have  released 
Re,  and  that  for  some  reason  Sc  fails  to  release,  the  feed 
to   track    B    will    be    broken.     Consequently,    although 
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Fig.  2. — Alternating-current  track  circuit. 


the  control  circuits  are  usually  fed  from  the  same  mains 
that  feed  the  track  circuits. 

Signals  and  "  Signal-on  "  Protection. 

The  simplest  signals  are  those  used  in  tunnels,  and 
of  these  there  are  two  general  types.  The  first  employs 
separate  lamps  and  lenses  for  the  red  and  green  indica- 
tions. The  other  uses  one  lamp  only  with  an  interposed 
spectacle  frame,  wliich  puts  a  green  glass  in  front  of 
the  lamp  when  raised  by  a  solenoid,  and  a  red  glass  when 
the  de-energized  solenoid  allows  the  spectacle  to  fall. 

In  the  two-lamp  type  the  lamps  are  in  a  separate 
ventilated  chamber,  and  are  controlled  by  a  relay 
enclosed  in  the  signal.  The  red-lamp  circuit  is  a  local 
pne,  to  reduce  to  a  minimum  the  chances  of  its  failure. 
The  green  lamp  and  the  signal  relay  coils  are  energized 
•  Journal  I.E.E.,  1920,  vol.  58,  p.  491. 


track  B  may  be  unoccupied,  Rb  is  prevented  from 
operating  and  putting  Sb  "  clear  "  until  the  feed  to 
track  B  is  restored  either  by  the  release  of  Sc  or  by  the 
subsequent  operation  of  Rq  when  the  train  leaves 
section  C.  It  will  be  seen  that  this  is  equivalent  to 
controlUng  a  signal  from  two  track  circuits  in  the  event 
of  the  second  track  faihng  to  release  its  own  signal. 

On  hnes  which  run  in  the  open,  semaphore  signals 
are  used.  In  the  upper-quadrant  pattern  the  arm  is 
raised  through  45°  by  a  motor  which  drives  through  a 
magnetic  clutch.  Both  motor  and  clutch  are  energized 
through  the  track  relays,  and,  when  the  arm  has  been 
raised  sufficiently,  the  motor  is  cut  out,  leaving  the  arm 
held  "  clear  "  by  the  clutch.  On  the  release  of  the  track 
relays  the  clutch  circuit  is  broken,  so  that  the  arm 
falls  to  "danger"  by  gravity,  the  shock  being  taken  up 
by  an  air-cushion. 
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Functions  of  Semi-automatic  Signalling. 
The  systems  of  signalling  so  far  dealt  with  have  been 
suitable  for  sections  having  only  one  entrance  and  one 
exit.  Sections  involving  choice  of  route,  or  where 
shunting  operations  take  place,  call  for  a  certain  amount 
of  manual  control.  Semi-automatic  signalling  is  de- 
signed to  reduce  this  necessary  manual  control  to 
a  minimum,  and  so  to  retain  the  advantages  of  full 
automatic  working  as  far  as  it  is  practicable.  A  signal- 
man is  necessary  at  a  junction  in  order  to  switch  trains 
to  their  correct  routes,  and  also  to  decide  as  to  priority 
when  two  trains  converge  toward  the  same  road.  By 
limiting  his  responsibility  to  these  duties,  and  providing 
liim  with  suitable  apparatus,  the  traffic-handling 
capacity  of  a  signalman  can  be  increased  to  a  very 
great  extent. 

Leading   Features   of   Semi-automatic   Systems. 

(a)  Power  control. — The  control  of  points  and  signals 
by  power  instead  of  by  rods  and  wires  reduces  the 
signalman's  work,  and  also  renders,  the  incorporation 
of  special  schemes  of  protection  an  easy  matter.  The 
levers  in  a  power  signal  frame  operate  switch-drums, 
and  are  mechanically  interlocked  among  themselves  to 
prevent  conflicting  train  movements.  Thus,  the  lever 
of  a  signal  wliich  gives  access  to  points  cannot  be  pulled 
over  unless  the  point  lever  concerned  is  in  the  correct 
position.  Further,  the  pulling  over  of  such  a  signal 
lever  back-locks  the  point  lever,  to  prevent  the  move- 
ment of  the  points  during  a  train's  passage.  Again, 
the  pulling  of  a  point  lever  to  set  the  road  through  a 
crossing  prevents  the  pulling  of  the  lever  which  would 
set  the  intersecting  road.  The  switch-drums  operated 
by  the  levers  serve,  of  course,  to  control  the  circuits 
of  the  various  points  and  signals. 

(b)  Illuminated  diagram. — Above  the  lever  frame  in 
a  semi-automatic  signal  cabin  is  mounted  a  diagram 
of  the  area  of  control.  The  diagram  is  set  out  on 
glass,  and  the  various  roads  are  frosted.  The  roads  are 
divided  to  correspond  to  the  track  circuits,  and  each 
division  is  normally  illuminated  by  a  lamp  behind  the 
glass.  The  lamp  circuits  are  controlled  by  line  relays 
which  serve  to  repeat  the  condition  of  the  track  circuit 
relays,  and  the  fact  that  a  particular  track  is  clear  or 
occupied  is  therefore  shown  on  the  diagram  by  the 
corresponding  section  being  illuminated  or  darkened, . 
respectively.  Train  movements  are  thus  revealed  in 
the  cabin  by  the  progress  of  dark  sections  along  the 
otherwise  illuminated  tracks.  In  addition  to  the  track 
circuit  lamps,  small  red  lamps  are  placed  on  the  diagram 
in  positions  corresponding  to  the  signals,  and  these 
are  extinguished  when  the  signals  are  "  clear."  As 
these  lamps  are  controlled  by  the  signal  relays  they 
serve  as  checks  on  the  signal  operation. 

It  is  usual  to  indicate  on  the  diagram  one  or  two 
of  the  automatic  track  circuits  on  each  line  of  approach 
to  the  junction,  so  that  the  signalman  may  have  warning 
of  oncoming  trains. 

The  use  of  such  an  illuminated  diagram  allows  the 
signalman  to  concentrate  his  whole  attention  on  the 
lever  frame  ;  permits  the  placing  of  the  signal  cabin 
out   of   sight   of   the   trains   altogetlier ;     and    prevents 


the  working  of  the  junction  being  interfered  with  by 
fog. 

(c)  Control  of  points. — In  a  power  frame,  a  switch- 
drum  wliich  controls  points  has  four  positions.  The 
point  lever  is  capable  of  moving  it  to  only  one  of  the 
two  inner  positions,  and  in  these  positions,  as  shown 
in  Fig.  3,  the  circuit  of  the  point  motor  alone  is  completed. 
WTien  power  is  thus  applied  to  the  motor,  the  bolt  of 
the  points  is  first  withdrawn,  then  the  blades  are 
thrown  over  and,  finally,  the  bolt  is  re-inserted.     Power 
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t;  2  S   S  ^  ? 
Fig.  3. — Circuit  of  power-operated  points. 

is  cut  off  from  the  motor  at  the  end  of  a  stroke  by  a 
switch-barrel  in  tlie  detection  box,  which  switch-barrel 
is  associated  with,  and  controlled  by,  the  bolt. 

The  detection  switch-barrel  is  also  responsible  for 
the  completion  of  the  circuit  of  the  indication  solcMioid 
which,  when  it  operates,  moves  the  lever  switch-drum 
to  one  of  its  extreme  positions.  The  contact  fingers 
in  the  indication  circuit  are  lifted  clear  of  the  detection 
switch-barrel, by  an  auxiliary  device  if  the  point  blades 
are  not  fully  tlirown,  so  that  the  fact  that  the  lever 
switch-drum  is  in  either  extreme  position  is  a  guarantee 
that  the  points  are  safe  for  traffic. 

It  will  be  observed  from  Fig.  3  that  tlie  indication 
circuit  is  taken  through  contacts  operated  by  the  lever 
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latch,  the  lifting  out  of  which  opens  the  indication 
circuit,  and  so  causes  the  lever  switch-drum  to  leave 
its  extreme  position.  It  will  also  be  noted  that  the 
indication  solenoid  has  a  low-resistance  operating  coil, 
and  a  high-resistance  holding  coil,  the  object  of  which 
is  economy  of  power. 

{d)  Control  of  signals. — The  signals  used  for  semi- 
automatic working  are  identical  with  those  previously 
described — but  in  tlus  case  they  must  normally  stand 
at  "  danger."  Signal  lever  switch-drums  in  a  power 
frame  are  coupled   direct  to  their  levers,   so  that  the 


points  themselves  must  be  safe  for  traffic  before  the 
signal  circuit  is  closed.  Finally,  it  will  be  seen  that 
the  control  circuit  of  a  signal  passes  through  contacts 
on  the  line  relays  associated  with  the  track  circuits 
to  which  it  gives  access.  Thus,  a  signal  cannot  be 
put  to  "  clear  "  unless  the  section  to  which  it  admits 
is  unoccupied,  and,  although  put  "clear  "  manually,  a 
signal  will  go  to  "  danger  "  automatically  on  the  entrance 
of  the  train  into  the  section. 

In  order  to  permit  the  passage  of  a  train,  the  signalman 
will  first  set  the  road  by  the  point  levers,  and  immediately 
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point  levers,  via  the  mechanical  interlocking,  prevent 
the  closing  of  conflicting  signal  control  circuits  by  locking 
the  levers.  Fig.  4  gives  the  signal  control  circuits 
of  the  junction  shown  on  the  diagram  and  shows  that 
the  control  circuit  of  any  particular  signal  passes  through 
contacts  on  the  switch-drums  of  any  points  to  which 
the  signal  gives  access.  (For  example,  the  circuit  of 
signal  SI  cannot  be  closed  unless  points  P3  and  P4 
are  normal  and  reversed,  respectively.)  As  these 
contacts  on  the  point  lever  drums  are  closed  only  in 
the  extreme  positions  of  the  latter  (see  Fig.  3),  it  follows 
that  not  only  must  the  point  levers  be  thrown,  but  the 


throw  the  appropriate  signal  levers.  The  signals, 
however,  will  respond  only  when  all  the  above  conditions 
are  fulfilled. 

Fig.  4  also  shows  the  ease  with  which  one  lever  can 
be  made  to  operate  two  signals.  Thus,  signals  S5m 
and  S5b  are  both  controlled  by  lever  5,  the  selection 
being  dependent  on  the  position  of  the  points  P3. 

(e)  Electric  route-locking. — It  is  essential  for  safety 
that  once  a  train  has  been  admitted  to  a  section  con- 
taining points  it  shall  not  be  possible  to  disturb  the 
setting  of  the  road  until  the  section  is  clear  again. 
This  is  accomplished  in  a  semi-automatic  installation 


FETCH:    AUTOMATIC   AND    SEMI-AUTOMATIC    RAILWAY    SIGNALLING. 


87 


by  back-locking  the  signal  levers  electricall3^  Suppose, 
for  example,  a  train  to  be  approaching  the  junction 
in  Fig.  4  along  track  M.  The  signalman  will  set  the 
road  for  it  by  reversing  points  P4.  He  wall  then  throw 
lever  1,  which  will  mechanically  lock  and  back-lock 
points  P3  and  P4,  respectively,  and  put  signal  SI  to 
"  clear  "  if  the  road  is  clear  and  the  points  are  safe. 
As  soon  as  lever  1  is  thrown,  however,  the  back-lock 
latch  will  drop  into  a  .slot  in  the  switch-drum,  and  this 
will  prevent  the  replacement  of  lover  1  and  the  conse- 
quent freeing  of  the  mechanical  locking  of  points  P3 
and  P4,  as  the  circuit  of  the  back-lock  release  solenoid 
will  be  open  at  signal  SI,  and  at  line  relay  M,  which 
will  be  released  by  the  presence  of  the  train  in  track  M. 
The  route  for  the  train  is  thus  guarded,  and  the  train 
may  proceed  along  it. 

As  soon  as  it  enters  track  E,  line  relay  E  will  release, 
thereby  opening  the  circuit  of  signal  SI  (which  will  go 
to  "  danger  ")  and  also  releasing  stick  relay  No,  1. 
The  stick  relay  is  so  called  because  it  has  a  locking  action, 
and,  when  it  is  released,  the  back-lock  release  circuit 
of  lever  1  will  no  longer  be  under  the  control  of  line 
relay  M,  so  that  the  clearing  of  track  M  when  the  train 
leaves  it  will  not  free  the  back-lock. 

The  train  may  thus  traverse  the  junction  track  E  in 
perfect  safety,  as  the  road  cannot  possibly  be  interfered 
with.  In  due  course  the  train  will  enter  track  F,  re- 
leasing line  relay  F.  This  makes  a  further  break  in 
the  circuits  of  signal  SI  and  stick  relay  No.  1,  and 
ensures  that  neither  shall  again  operate  until  the  train 
has  left  the  section,  which  in  this  case  comprises  tracks 
E  and  F. 

Now  when  the  train  has  left  track  E  there  is  no  reason 
for  maintaining  the  lock  on  points  P4  and  P3,  and 
their  release  will  enable  the  signalman  to  prepare  the 
road  for  other  trains.  According!}-,  the  operation  of 
line  relay  E  completes  the  back-lock  release  circuit 
of  lever  1  through  a  contact  previously  closed  by  the 
release  of  stick  relay  No.  1.  I-ever  1  may  then  be 
replaced,  thus  freeing  the  mechanical  locking  of  points 
P3  and  P4. 

When  the  train  leaves  track  F,  and  so  passes  beyond 
the  control  of  signal  SI,  line  relay  F  will  operate,  closing 
the  operating  circuit  of  stick  relay  No.  1  if  lever  1  has 
been  replaced,  or  putting  signal  SI  to  clear  if  the  lever 
is  left  thrown.  The  operation  of  the  stick  relay  closes 
the  locking  circuit  for  itself,  and  also  restores  the  control 
of  the  back-lock  on  lever   1  to  track  M. 

It  will  be  apparent  that  by  leaving  lever  1  thrown, 
trains  may  be  worked  automatically  through  the  jvmction 
from  track  M.  This  also  applies  to  the  other  levers, 
and  is  a  very  valuable  feature,  as,  by  pulling  the  necessary 
levers  for  through  traffic,  a  signal  cabin  may  be  left 
unattended  except  when  switching  or  shunting  opera- 
tions are  to  take  place. 

The  back-locks  on  the  signal  levers  are  so  arranged 
that  the  levers  may  be  replaced  far  enough  to  throw 
the  signals  to  "  danger  "  at  any  time,  but  can  only 
be  completely  replaced  and  so  free  the  mechanical 
locking  of  the  points  when  this  is  safe.  To  economize 
in  power,  the  back-lock  circuits  are  taken  through 
contacts  on  the  switch-drums  of  their  respective  levers, 
and  these  contacts  are  closed  during  the  mid-stroke  only. 


To  overcome  the  difficulty  introduced  by  the  possi- 
bility of  a  signalman  lowering  the  wTong  signal  in 
front  of  a  train  which  approaches  on  a  facing  road,  a 
sealed  release  key  is  provided  in  the  back-lock  circuits 
of  such  signals.  The  use  of  this  key  is  rightly  regarded 
as  a  serious  matter,  and  has  to  be  reported  immediately. 

Electric  route-locking,  combined  with  the  continuous 
detection  of  signals  through  the  points,  obviates  the 
necessity  for  facing-point  locking  bars  and  is  especially 
valuable  in  more  complex  junctions  where  one  signal 
may  admit  a  train  to  several  sets  of  points,  as  it  com- 
bines complete  safety  with  a  minimum  of  lost  time, 
since  the  locking  is  removed  as  soon  as  this  is 
allowable. 

Auxiliary   Apparatus. 

(a)  Route  indicators. — These  are  used  at  complex 
junctions  to  avoid  a  large  number  of  levers  in  the  signal 
frame.  For  e.xample,  a  single  signal  lever  and  signal 
may  admit  trains  to  any  of  a  number  of  platforms, 
the  drivers  being  apprised  of  the  route  by  the  exliibition 
of  an  illuminated  number  below  the  signal.  The  various 
indicator  circuits  are  detected  tlirough  all  the  points 
on  the  respective  routes  to  which  they  give  access, 
and  each  route  electrically  back-locks  the  signal  with 
which  the  indicator  is  associated. 

(b)  Magazine  train  describer. — A  train  describer  is  an 
aid  to  the  expeditious  working  of  junctions,  as  it  shows 
in  a  signal  cabin  the  destinations  of  all  trains  approacliing 
on  facing  roads,  so  that  the  signalman  may  set  the  road 
correctly  without  it  being  necessary  for  him  to  observe 
code  headlights. 

Either  at  the  previous  signal  cabin  or  at  the  previous 
station,  there  is  a  multiple-way  switch,  wWch  is  set 
by  hand  to  correspond  to  the  destination  of  each  train 
as  it  passes.  An  illuminated  indicator  shows  the 
driver  if  the  description  is  correct,  and,  after  passing 
the  indicator,  the  train  operates  a  special  treadle. 
Tliis  treadle  energizes  a  set  of  solenoids  in  the  signal 
cabin,  according  to  some  particular  combination  deter- 
mined by  the  position  of  the  multiple-way  s\\itch 
at  the  previous  cabin.  These  solenoids,  when  operated, 
push  in  pegs  in  the  periphery  of  a  drum,  which  rotates 
one  step  as  each  train  is  described.  A  set  of  contact 
fingers  inside  the  drum,  wliich  rotate  with  it  as  the 
trains  are  described,  rest  on  those  pegs  in  a  row  which 
have  been  pressed  in,  and  so  complete  circuits  which 
cause  an  indicator  above  the  lever  frame  to  take  up  a 
position  which  gives  the  required  description.  As  each 
train  enters  the  junction  track  circuit  another  solenoid 
is  operated,  and  tliis  causes  the  contacts  inside  the 
drum  to  move  back  one  step  relative  to  the  drum, 
thus  cancelling  the  description,  and  setting  up  that 
of  the  next  train,  the  cancelled  pegs  then  being  restored 
to  normal.  The  device  can  thus  store  up  the  description 
of  several  trains,  and  will  give  them  out  as  required. 
This  train  describer  can  be  used  to  operate  destination 
indicators  on  each  station,  thus  adding  to  the  con- 
venience of  fsassengers,  and  tending  to  reduce  platform 
time. 

(c)  Train-stops. — Train-stops  are  fairly  well-known 
pieces  of  apparatus,  and  can  be  used  in  conjunction 
with  signals  of  all  types.     When  a  signal  is  at  danger, 
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its  associated  train-stop  raises  a  small  arm  just  above 
the  rail  level,  wliich  will  trip  a  valve  on  the  brake  pipe  of 
a  train  attempting  to  pass  the  signal,  and  so  arrest  its 
progress.  The  train  stops  are  usually  wired  in  parallel 
with  their  associated  signals. 

{d)  Repeaters  and  fog  repeaters. — Repeater  signals  are 
installed  where  the  view  of  the  line  ahead  is  poor,  or 
where  fast  trains  are  run.  They  are  distinguished 
from  stop  signals  by  a  different  colour  scheme,  and  are 
usually  controlled  by  contacts  on  the  relay  of  the  stop 
signal  which  they  repeat.  Where  a  repeater  of  the 
stop  signal  ahead  is  mounted  on  the  same  post  as  a 
stop  signal,  both  stop  signals  control  the  repeater  to 
prevent  the  anomaly  of  a  repeater  at  "  clear,"  and  a 
stop  signal  at  "  danger,"  on  the  same  post. 

Fog  repeaters  were  introduced  by  the  IMetropohtan 
Railway  as  an  improved  means  of  combating  the  effects 
of  fog.  They  are  placed  on  a  level  with  the  drivers' 
eyes,  as  near  to  the  track  as  possible,  and  sufficiently 
far  in  advance  of  the  stop  signals  wliich  they  repeat 
to  allow  drivers  to  pull  up  before  reacliing  the  stop 
signals.  A  fog  repeater  consists  merely  of  a  pair  of 
lamps  and  lenses,  and  the  lamp  circuits  are  controlled 
in  parallel  with  the  lamps  of  the  associated  stop  signal. 


The  repeater  lamps  are  also  controlled  by  a  switch 
placed  at  the  nearest  signal  cabin  or  station,  and  can 
therefore  be  switched  on  as  soon  as  a  fog  occurs,  thus 
avoiding  the  delay  occasioned  by  the  calUng  out  of 
fogmen. 

The  Effect  of  Faults. 
In  signalhng  work  it  is  essential  that  faults  shall 
never  produce  a  false  "  clear  "  indication.  Accordingly, 
the  circuits  are  arranged  so  that  the  wiring  must  be 
intact,  and  the  power  must  be  on  in  order  to  hold  a 
signal  at  "  clear."  Where  any  discriminatory  action 
is  effected  by  switch-drums,  the  possibihty  of  circuits 
on  both  sides  being  simultaneously  energized  is  guarded 
against  by  such  an  eventuahty  producing  a  short- 
circuit. 

Power  Supply  and  Consumption. 

On  electric  hues,  power  for  signalhng  is  usually  derived 
from  the  extra-high-tension  mams  through  transformers 
and/or  motor-generators  set  apart  for  the  purpose. 
For  isolated  installations  batteries  are  employed,  and 
can  be  conveniently  housed  beneath  the  signal  cabin. 

Power  signalhng  is  qmte  economical,  as  0-3  kW 
per  mile  of  single  track  is  usually  sufficient. 
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THE   IMPROVEMENT   OF   POWER   FACTOR. 

By  the  late*  Dr.  Gisbert  Kapp,  Past  President. 

(Paper  first  received  ith  April,  and  in  final  form,  revised  by  Prof.  Miles  Walker,  2ith  October,  1922  ;  read  before  The 
Institution  \6ih  November,  be/ore  the  North- E.\stern  Centre  13lh  November,  before  the  North  Midland  Centre 
21st  November,  before  the  Liverpool  Sub-Centre  27th  November,  before  the  North-Western  Centre  2Sith  November,  and 
before  the  Western  Centre  ith  December,  1922.) 


Summary. 
The  economical  limit  of  power  factor  improvement  in  rela- 
tion to  capital  outlay.  It  is  shown  that  if  C  is  the  capital 
cost  of  generating  and  transmission  plant  per  kilowatt,  and 
c  is  the  cost  of  phase-improving  plant  per  wattless  kilovolt- 
ampere  ;  then,  writing  a  =  c/C,  it  is  economical  (from  the 
capital  outlay  point  of  \dew)  to  go  on  improving  the  power 
factor  until  sin  ip  =  a,  where  0  is  the  angle  of  lag.  The 
saving  thereby  effected  is  equal  to  100[1  —  cos  [ip„  —  ?>)] 
per  cent,  where  cos  <p^  is  the  original  power  factor  before 
improvement.  A  practical  example  is  worked  out  to  show 
the  operation  of  this  rule.  The  synchronous  motor  and 
static  condenser  serving  exclusively  for  injecting  leading 
kVA  are  considered.  The  rotary  converter  and  the  syn- 
chronous induction  motor  serving  the  double  purpose  of 
supplying  power  and  injecting  leading  kVA  are  dealt  with 
and  their  province  is  described.  Various  methods  of  starting 
the  synchronous  induction  motor  are  illustrated.  The  paper 
then  goes  on  to  treat  of  phase  advancers  of  the  rotating 
type  connected  to  the  slip-rings  of  irduction  motors.  The 
effect  of  such  advancers  upon  the  performance  of  the  induc- 
tion motor  is  illustrated  by  several  examples,  and  the  change 
in  the  shape  of  the  circle  diagram  is  worked  out.  The 
author  then  proceeds  to  give  an  expression  for  the  apparent 
capacity  of  his  "  vibrator  "  in  terms  of  the  constants  of  the 
machine,  and  shows  how  to  arrive  at  the  size  of  vibrator 
required  to  suit  any  given  conditions.  The  last  section  of 
the  paper  deals  with  meters  and  tariffs.  Various  methods 
of  indicating  kW  maximum  demand  and  wattless  kVA  are 
described  and  particulars  are  given  of  the  tariffs  employed 
by  various  power  companies.  Observations  are  made  as 
to  the  fairness  of  these  to  consumers  who  improve  their 
power  factor. 

This  paper  deals  with  the  use  of  such  consuming 
devices,  or  the  addition  to  existing  consuming  devices 
of  such  apparatus,  as  will  diminish  the  phase  angle 
between  the  vectors  representing  electromotive  force 
and  current.  As  in  the  majority  of  cases  the  current 
lags,  the  improvement  in  the  power  factor  consists  of 
the  pushing  forward  of  the  current  vector  in  the  direc- 
tion in  which  the  vectors  are  rotating ;  but  this  is 
not  necessarily  always  so.  With  the  modern  develop- 
ment of  long-distance  transmission,  cases  may  arise 
where  the  current  naturally  leads,  and  then  we  want 
appHances  not  to  advance  it  still  further,  but  to  retard  it. 

The  primary  object  of  power  factor  improvement 
is  the  better  utilization  of  the  electrical  plant  and,  as 
far  as  the  supply  company  is  concerned,  this  includes 
the  generator,  step-up  and  step-down  transformers, 
feeders,  mains  and  switchgear  up  to  the  consumer's 
terminals.  Whether  the  consumer's  individual  motors 
have  a  good  power  factor  does  not  directly  concern 
the  supplier  ;  all  he  asks  is  that  the  consumer  shall 
take  from  his  terminals  a  current  nearly  in  phase  \vith 
•  Dr.   Kapp  died  on  10th  .-August,   1922. 


the  voltage.  This  condition  the  consumer  can  always 
fulfil,  either  by  employing  good-power-factor  motors, 
or  by  improving  his  plant  by  the  addition  of  apparatus 
which  will  inject  leading  kVA  into  his  terminals  so  as 
to  bring  up  the  general  power  factor  of  his  installation 
to  a  reasonably  good  figure.  That  all  consumers  on  a 
system  should  voluntarily  incur  the  expense  involved 
cannot  be  expected.  The  suppher  must  therefore  make 
it  worth  their  while,  and  thus  the  purely  technical 
question  of  power  factor  improvement  becomes  tied  up 
with  the  question  of  suitable  tariffs. 

This  does  not,  however,  exhaust  the  subject.  Even 
assuming  that  the  suppher  were  by  a  suitable  tariS 
able  to  induce  all  his  consumers  to  improve  the  peak- 
load  power  factor  to  unity,  he  would  still  have  to  face 
the  question  of  his  own  power  factor,  not  so  much  on 
account  of  the  better  utiMzation  of  the  electrical  plant 
as  on  account  of  his  being  under  the  obhgation  of 
supplying  current  at  a  stated  voltage.  In  a  small 
system  with  only  a  moderate  diversity  in  the  load 
characteristic  between  the  consumers  no  difficulty 
arises,  but  in  an  extended  system  with  long  feeders 
the  combined  effect  of  reactance,  resistance  and  capacity 
may  be  different  on  every  feeder,  and  this  effect  will 
generally  tend  to  make  a  difference  of  phase  between 
current  and  voltage.  Therefore,  correcting  devices 
should  be  used  at  the  feeder  ends.  If  the  load  on  any 
particular  feeder  should  be  very  hght  a  device  injecting 
permanently  a  given  amount  of  leading  kVA  would 
cause  the  voltage  to  rise,  and  that  is  inadmissible ; 
hence  the  necessity  of  an  adjustable  device  such  as 
an  idle-running  synchronous  alternator.  Examples  will 
be  given  later. 

Apparatus  used  for  Power  Factor  Improvement. 

The  various  appliances  may  be  classified  as  follows  : — 

(a)  Apparatus  serving  exclusively  for  injecting  leading 
kVA  at  the  end  of  a  feeder,  or  at  the  consumer's  ter- 
minals, for  the  purpose  of  improving  the  power  factor 
of  the  system  as  a  whole  without  affecting  that  of 
individual  consuming  devices.  To  this  class  belong 
the  static  condenser  and  the  idle-running  synchronous 
machine  also  known  under  the  names  dynamic  con- 
denser, rotary  condenser,  or  sj'nclironous  condenser. 

(6)  The  over-excited  synchronous  motor  serving  for 
the  double  purpose  of  producing  motive  power  and 
injecting  leading  kVA  into  the  system,  and  thus  making 
up  to  a  certain  extent  for  lagging  kVA  taken  by  other 
consuming  devices  on  the  same  system.  To  this  class 
belongs  also  the  a.c.  to  d.c.  converter  used  in  traction 
stations,  the  synchronous  motor-generator,  and  the 
synchronous  induction  motor. 

(c)  The  rotary  or  oscillating  phase  advancer  acting 
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on  the  slip-ring  current  of  a  motor  so  as  to  improve 
the  power  factor  of  this  individual  motor  and,  inci- 
dentally, also  increase  its  overload  capacity. 

{d)  The  a.c.  commutator  machine  or  rotary  phase 
advancer  applied  to  the  slip-rings  of  the  motor  and 
serving  the  double  purpose  of  improving  the  power 
factor  and  acting  as  a  slip  regulator. 

These  various  classes  are  considered  further  on,  but 
before  entering  into  questions  of  detail  it  is  expedient 
to  consider  : 


The  Economical  Limit  to  Power  Factor  Improve- 
ment IN  Relation  to  Capital  Outlay. 

The  introduction  of  any  kind  of  power  factor  improver 
to  existing  motors  or  other  consuming  devices  neces- 
sarily involves  some  capital  expenditure,  but  at  the 
same  time  it  reduces  the  capital  cost  of  the  electrical 
part  of  the  generating  and  transmitting  plant.  Where, 
as  in  a  private  works,  the  supplier  is  also  the  consumer, 
the  relation  between  extra  expense  on  the  consuming 
plant  and  saving  of  expense  on  the  supply  plant  is 
direct  and  obvious.  In  the  case  of  a  supply  company 
and  its  many  consumers  tliis  relation  may  at  first  sight 
not  be  so  obvious,  nor  so  simple,  because  many  non- 
technical considerations  enter  into  the  commercial 
business  of  buying  and  selhng.  Nevertheless,  the 
relation  exists.  If  the  customer  cannot  participate  to 
a  reasonable  extent  in  the  benefit  he  confers  by  in- 
stalling plant  of  good  power  factor,  he  will  naturally 
refrain  from  doing  so.  On  the  other  hand,  if  the 
customer  demanded  so  large  a  reduction  in  tariff  as  to 
swallow  up  all  the  benefit,  the  company  would  naturally 
refuse  to  give  that  reduction  and  there  would  again 
be  no  phase-advancing,  to  the  detriment  of  both  parties. 
Thus  the  problem  of  the  economic  hmit  of  power  factor 
improvement  is  largely  dependent  on  the  cost  of  suitable 
apparatus,  on  the  one  hand,  and  the  saving  effected  in 
the  cost  of  saleable  or  available  kW  on  the  other. 

When  treating  the  question  on  broad  hnes  and 
mathematically,  we  are  therefore  justified  in  taking 
the  case  of  a  private  works,  and  we  are  indeed  compelled 
to  do  so,  because  no  mathematical  formula  can  take 
account  of  the  many  side  issues  that  may  be  raised 
between  suppher  and  consumer  which,  even  if  not 
preponderant,  must  obscure  the  mathematical  reasoning. 

Let  us  then  assume  that  a  private  works  with  a 
prospective  peak  load  of  1  000  kW  is  to  be  estabhshed. 
The  load  may  be  provided  for  without  the  assistance 
of  any  provision  for  power  factor  improvement,  and  its 
cost  will  then  be  a  maximum  because  the  electrical 
part  of  the  generating  and  transmitting  plant  is  pro- 
portional to  the  kVA  (not  the  kW)  demand  ;  or  power- 
factor-improving  apparatus  may  be  used,  in  wliich  case 
the  generating  and  transmitting  plant  will  be  cheaper, 
but  the  consuming  plant  will  cost  more.  The  ques- 
tion is  :  How  far  should  power  factor  improvement  be 
carried  so  that  the  total  cost  becomes  a  minimum  ? 
The  influence  of  power  factor  on  the  capital  outlay  for 
the  prime  mover  is  only  indirect  and  is  generally  small, 
though  it  may  be  considerable  with  regard  to  working 
expenses.  As  we  are  now  dealing  only  with  capital 
outlay  we  disregard  this  part  of  tlie  problem. 


Let  C  =  cost  of  generating  and  transmission  plant 
per  kW  from  the  alternator  to  the  points 
of  supply  at  unity  power  factor. 
<f>0  be  the  angle  of  phase  difference  between 
the  current  and  voltage  vectors  when  no 
phase-improving  apparatus  is  used.* 

C 

i-  =  corresponding   cost   per    kW    at    a   power 

cos  (POfifJL 

~"         factor  of  cos  <pQ. 
'^  =  cost  of  phase-improving  plant  per  wattless 
kVA  injected  into  the  supply  terminals, 
c 

cos  (f>  =  most    economical    power    factor   to   which 
the  whole  system  can  be  brought. 

Both  cos  <^o  and  cos  <j)  are  for  peak  load,  not  average 
power  factors. 

The  total  cost  (excluding  consuming  devices)  of  the 
electrical  plant  is,  per  kW  : 


.  without  power  factor  improvement. 
-f-  aC  (tan  <f)Q  —  tan  <f))     with     power     factor 


cos  <pQ 
C 


cos   (f) 

improvement. 

This  becomes  a  minimum  for 

sin  <l>  —  a 

and  the  total  cost  for  a  peak  load  of  P  kW  is 

PC[-v/(l  -  i2)  +  atan^o] 

instead  of  PC/cos  cfiQ  \\-ithout  power  factor  improvement. 
The  peak-load  power  factor  to  which  the  installation 
as  a  whole  should  be  improved  is 

cos  ^  =  Vll  -  1-) (1) 

and  the  saving  thereby  effected  is 

100[1  -  cos  (^0  -  <f>)] 

per  cent  of  the  outlay  for  generating  and  transmitting 
plant  without  power  factor  improvement. 

It  will  be  seen  from  Equation  (1)  that  the  economical 
limit  of  power  factor  improvement  does  not  depend 
on  the  power  factor  of  the  unimproved  plant,  but  onlj' 
on  the  ratio  of  the  cost  per  kW  of  the  original  plant 
at  unity  power  factor  to  the  cost  per  wattless  kVA 
injected  by  the  phase  advancer. 

*  The  relations  between  the  various  quantities  considered  in 
this  paragraph  are  apparent  from  the 
attached  figure.  If  OE  is  taken  as  the 
direction  of  voltage  vector,  OI  is  the 
direction  of  the  current  vector  before 
power  factor  improvement,  and  OC  the 
direction  of  the  current  vector  after 
power  factor  improvement.  If  OE  is 
taken  as  unity  and  represents  to  scale  the 
current  required  for  one  kilowatt  at 
unity  power  factor,  then  01  =  1/cos  Co  ; 
EI  =  tan  ?o  =  wattless  current  per  kW 
delivered  before  improvement  ;  EC 
=  tan  ip  =  wattless  current  per  kW  after 
improvement.  Then  (tan  fo  —  tan  0)  re- 
presents the  wattless  current  supplied 
by  the  power-factor-improving  apparatus. — M.  W. 
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The  relation  between  a  and  cos  <f>  is  simply  that  of 
a  circle  function,  thus  : 

a  =  0-l         0-2       0-3         0-4         0-5 
cos^  =  0'995     0-98     0-955     0-915     0-865 

Since  a  is  generally  very  small  (say  within  the  limits 
0  •  1  and  0  •  3)  power  factor  improvement  may  economi- 
cally be  carried  fairly  near  to  unity  power  factor,  but 
should  not  be  carried  beyond  it  so  as  to  make  (j)  negative. 
This  refers  to  the  installation  as  a  whole,  but  does  not 
mean  that  any  individual  motor  may  not  be  worked 
with  a  leading  power  factor  if  thereby  the  overall  power 
factor  can  be  brought  up  to  the  economic  limit 

From  the  above  mathematical  arguments  we  can 
deduce  a  few  simple  relations  as  to  the  cost  of  power 
factor  improvement  if  done  in  the  most  economical 
manner  as  regards  capital  outlay. 

Let  K  be  the  cost  of  the  original  plant  without  any 
improvement ;  K^  the  cost  of  the  reduced  generating 
and  transmitting  plant  when  a  phase  advancer  is  added  ; 
and  A  the  cost  of  the  phase-advancing  plant  itself. 
Let  8  be  the  saving  in  capital  outlay  through  using 
phase  advancers.     Then  the  following  relations  obtain  : 


S 
A'l  =  K 


K  -  Ki-  A 

cos  ^0 

COS  (f> 

A  =  Ka  COS  <pQ  (tan  <f>o  —  tan  <f>) 
A 


S 


a  COS  <!>  (tan  ^g  ~  ^''"  ^) 


_  =   1   -  COS  {(j)  -   (j>o) 


(2) 


The  following  table  shows  the  saving  in  capital 
outlay  effected  by  power  factor  improvement  for  a  few 
values  of  a  and  cos  ^o- 


cos  ^0     •  • 

0-6 

0-7 

0-8 

a     .  . 

S/K  in  per 
cent 

0-1 
32 

0-2 

24 

0-3    0-l'o-2 
18  ;   22      16 

0-3 
11 

01 
14 

0-2 
9 

0-3 
5 

To  form  an  opinion  as  to  whether  such  a  saving  in 
initial  cost  of  a  private  works  for  1  000  kW  peak  load 
to  be  newly  established  is  of  importance,  we  may,  by 
way  of  example,  assume  likely  values  for  cos  (f>o,  C 
and  a.  A  fair  value  for  the  peak-load  power  factor 
is  0-75.  This  might  perhaps  seem  too  low  to  some, 
but  we  must  remember  that  not  all  the  motors  will  be 
large  or  fully  loaded  even  at  peak  time.  There  may 
be  a  number  of  small  motors  and  these,  or  many  of 
them,  will  generally  be  underloaded.  Verj'  often  this 
is  also  the  case  with  large  motors.  As  a  rule,  consumers 
buy  their  motors  rather  too  large  because  they  want 
a  good  margin  in  torque  in  the  case  of  short-time  or 
sudden  overloads.  Hence  the  high  full-load  power 
factors  which  we  find  in  motor  lists  cannot  be  expected 
under    average    running    conditions.       The    installation 


may  also  contain  some  consuming  devices  (arc  lamps 
or  electric  furnaces)  with  a  bad  power  factor,  so  that 
in  assuming  the  overall  peak-load  power  factor  to  be 
0-75  we  shall  not  be  far  wrong.  The  estimate  of  the 
quantity  C  is  much  more  uncertain.  C  includes  cost 
of  generators,  connections  to  switchboard,  all  the 
switchgear,  step-up  transformers,  protection  devices, 
feeders,  step-down  transformers,  some  switchgear  at 
the  feeder  terminals,  and  some  mains  up  to  the  ter- 
minals to  which  the  consuming  devices  are  connected. 
Possibly  transformers  may  be  omitted,  but  heavier 
feeclers  will  then  be  required,  so  that  this  item  cannot 
make  much  difference  in  the  total.  The  influence  of 
size  and  speed  of  the  generating  units  is  more  important ; 
but  here  also  the  margin  is  not  very  large.  It  would 
hardly  be  safe  to  put  down  less  than  three  units  of 
500  kW  each  so  as  to  have  one  spare.  If  the  process 
of  working  involved  long  spells  of  light  load,  bringing 
the  conditions  of  working  nearer  to  those  obtaining 
in  a  large  power  station  for  general  supply,  four  units 
might  be  even  better  because  this  would  reduce  working 
expenses.  Another  factor  of  uncertainty  is  the  cost 
of  the  line,  whether  overhead  or  cable.  It  is  obviously 
impossible  to  adopt  a  definite  value  of  C  fitting  all 
cases,  nor  is  it  necessary,  because  from  their  own 
experience  members  can  adopt  the  value  which  fits 
an  actual  case  and  can  repeat  the  calculation  here 
given  merely  by  way  of  example.  For  the  purposes 
of  this  example  we  may  take  C  =  12,  which  means 
that  the  cost  of  the  plant  working  at  unity  power  factor 
comes  to  £12  per  kW.  The  cost  of  power-factor-im- 
proving plant  per  kVA  varies  within  wide  hmits  ;  it 
may  be  as  low  as  10s.  with  a  phase  advancer  applied 
to  the  slip-rings  of  a  very  large  induction  motor,  or 
it  may  go  up  to  £4  or  £5  with  static  condensers.  In 
order  not  to  overstate  the  argument  for  phase-ad- 
vancing, the  cost  is  here  taken  at  £3.  This  makes 
a  =  0-25.     We  thus  find  cos  <;i  =  ■\/(l  —  0-0625),  or 

cos  ^  =  0-965  ;  ^  =  14°  30'  ;  (f>o  =  41°  25' ; 
1^0  —  ^  =  26°  55'  ;  cos  {<f>  -  (f>o)  =  0-89. 
Saving  =  100  —  89  =  11  per  cent. 

The  installation  for  the   1  000  kW  peak  load  would 

12 

cost  ;-— -  =  £16    per    kW,    or    £16  000   in    all    for    the 
0-  lo 

electrical  plant  ;  but  by  adopting  phase-advancing  we 
improve  the  overall  power  factor  to  0  •  965  and  reduce 
the  total  cost  to  16  000  minus  11  per  cent  of  16  000 
=  £14  240.  Of  this  sum,  about  £12  500  is  required  for 
generating  and  transmitting  plant,  and  the  remainder, 
namely  £1  740,  for  power-factor-improving  plant. 

The  latter  has  to  inject  about  600  kVA.  There  are 
various  ways  in  which  this  may  be  done.  If  there  are 
some  large  motors  among  the  consuming  devices  we 
might  provide  them  with  slip-ring  phase  advancers, 
or  we  might  use  synchronous  motors,  or  self-starting 
synchronous  induction  motors,  or  we  may  provide 
squirrel-cage  motors  with  static  condensers,  or  we  may 
use  a  combination  of  such  means.  The  essential  con- 
dition is  that  we  must  keep  within  the  permissible 
expense  of  £3  per  injected  kVA.  In  other  words  we 
must  not  depart  too  widely  from  the  rule  sin  <^  =  a. 
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The  Effect  of  Power  Factor  on  the  Working 
Cost  of  Generation  and  Transmission. 

^\^lilst  the  peak  load  factor  of  consumers  mainly 
influences  capital  outlay  and  efficiency,  a  bad  power 
factor  at  lighter  loads  increases  the  cost  of  generation 
per  unit.  There  is,  morever,  a  reduction  in  the  effi- 
ciency of  generating  and  transforming  plant.  Both 
have  certain  losses,  such  as  iron,  friction  and  wandage 
losses,  which  are  dependent  on  their  size  but  are  inde- 
pendent of  load,  so  that  the  overall  efficiency  of  prime 
mover,  generator  and  transformer  is  reduced  by  bad 
power  factor.  It  must  also  be  borne  in  mind  that 
with  small  load  and  large  kVA  output  more  units  must 
be  kept  in  commission  than  would  suffice  with  a  good 
power  factor ;  hence  working  costs  are  thereby 
increased.  It  is  therefore  to  the  supply  company's 
interest  that  the  consumer  should  have  a  good  power 
factor  not  only  at  peak  load,  but  also  at  lower  loads. 

The  apparatus  used  for  power  factor  improvement 
has  already  been  briefly  mentioned  and  will  now  be 
considered  in  somewhat  greater  detail. 

The  Rotary  Condenser. 

Over-excited  idle-running  machines  employed  solely 
for  power  factor  improvement  are  not  generally  used 
by  consumers.  The  only  apparatus  of  this  type  I  have 
seen  was  erected  in  1896  by  advice  of  the  late  Mr. 
Dobrovolsky  at  the  Oerlikon  engineering  works  in 
connection  with  the  Buelach-Oerlikon  transmission 
(23  km,  15  000  volts  at  first,  later  increased  to 
30  000  V)  and  this  supplied  current  to  the  motors  in 
the  works.  The  firm  informed  me  that  a  similar 
machine  was  at  the  same  time  supphed  to  the  works 
of  Messrs.  Escher,  Wyss  and  Co.  in  Zurich. 

Recently  two  rotary  condensers,  each  with  an  output 
of  3  000  kVA,  have  been  installed  by  Mr.  A.  Dickinson* 
in  connection  with  the  Bombay  hydro-electric  works 
at  the  delivery  end  of  the  100  000  V  feeders. 

Similar  plant,  but  on  a  much  larger  scale,  has  been 
installed  by  the  General  Electric  Company  of  America 
in  connection  with  power  transmission  over  very  long 
distances. t  Here  the  main  object  is  phase  adjustment, 
as  explained  in  the  beginning  of  this  paper.  The 
largest  machine  yet  built  has  a  capacity  of  30  000  kVA 
when  used  to  advance  the  phase  of  the  current,  and 
20  000  kVA  when  used  to  retard  the  phase.  It  is  a 
10-pole  three-phase  6  600-volt  alternator  running  at  a 
constant  speed  of  600  r.p.m.  The  following  particulars 
taken  from  the  text  and  the  illustrations  in  the  publica- 
tion cited  are  of  interest.  The  machine  has  salient 
poles  in  the  rotor,  the  stator  being  the  armature.  The 
rotor  has  a  diameter  of  2-4.5  m  and  its  core  length  is 
2-05  m.  The  circumferential  speed  is  no  less  than 
77  m  per  second.  The  exciter  is  a  150  kW  compound- 
wound  generator  giving  a  maximum  current  of  600 
amperes  for  over-excitation.  Thus  only  0-5  per  cent 
of  the  maximum  kVA  output  is  required  for  excitation. 
The  output  coefficient  is  3-5  when  the  machine  acts 
as  a  condenser,  and  2-35  when  it  acts  as  a  reactance. 
It  is  made  self-starting  by  a  damper  winding  on  the 
rotor  supplied  by  30,   37 1  and  45  per  cent  taps  from 

•  Journal  I.E.E.,   1915,  vol.   53,  p.   693. 

t  General  Electric  Review,  1920,  vol.  23,  p.   160. 


the  transformer.  The  damping  winding  during  the 
start  shields  the  main  exciting  winding  from  the  effect 
of  the  rotating  stator  field,  which  would  otherwise 
produce  an  excessive  voltage  in  the  exciting  coils.  To 
reduce  the  mechanical  resistance  at  starting  (which  is 
due  to  the  oil  being  squeezed  out  when  the  machine 
is  at  rest)  oil  under  pressure  is  forced  beneath  the 
journals  to  make  them  float  in  oil  before  starting.  The 
bearings  are  water  cooled  and  the  whole  macliine  is 
cooled  by  air  blast,  the  volume  of  air  required  being 
37  m3  per  second.  The  temperature  guarantees  axe  a 
rise  of  50  degrees  C.  in  the  stator  and  80  degrees  C.  in 
the  rotor  measured  by  thermometer,  and  10  degrees  C. 
more  if  measured  by  thermo-couple. 

Two  smaller  machines  (each  12  000  kVA)  were 
supplied  by  the  same  makers  in  connection  with  the 
22  000-volt  transmission  of  the  Andlira  Valley  Power 
Company,  Bombay.  Owing  to  the  liigher  ambient 
temperature  (45  •  5°  C.)  the  temperature-rise  is  Hmited 
to  45  degrees  C.  in  the  stator  and  55  degrees  C.  in  the 
rotor. 

The  author  is  not  aware  of  any  instance  where  a 
consumer  drawing  his  supply  from,  a  thermic  works  has 
put  up  a  rotary  condenser  on  his  own  premises  for  power 
factor  improvement  ;  and  the  reason  is  not  far  to  seek. 
The  consumer  has  to  pay  not  only  for  the  energy  he  con- 
sumes in  his  motors,  but  also  for  that  which  he  wastes 
in  his  rotary  condenser,  and  that  is  a  considerable 
amount.  A  rotary  condenser  of  some  hundreds  of 
kVA  cannot  be  worked  with  a  smaller  loss  than  a 
generator  of  equal  output.  The  loss  in»kW  may  be 
somewhere  between  6  and  7  per  cent  of  the  output 
in  kVA.  To  realize  what  this  means  financially  we  may 
go  back  to  the  case  of  the  private  works  of  1  000  kW 
peak  load.  At  full  load  of  600  kVA  (leading)  the 
machine  would  require  a  supply  of  about  36  kW  to 
cover  its  own  losses  ;  and  although  by  decreasing  the 
excitation  to  adapt  the  condenser  to  fight-load  condi- 
tions the  copper  loss  in  the  armature  might  be  decreased, 
all  the  other  losses  would  remain  the  same,  so  that 
on  the  whole  the  loss  would  remain  very  much  the 
same.  Moreover,  the  attempt  to  economize  by  con- 
stant attention  to  the  changing  load  conditions  would 
introduce  some  extra  cost  of  labour.  We  may  thus 
base  the  financial  argument  on  the  supposition  that 
the  number  of  kW  required  to  cover  condenser  losses 
remains  constant  during  the  whole  time  the  installation 
is  in  use.  With  a  load  factor  of  26i  per  cent  this 
means  2  300  hours  per  annum.  In*  a  3'ear  the  rotary 
condenser  would  therefore  waste  83  000  units.  The 
energy  suppMed  to  the  motors  or  other  consuming 
devices  amounts  to  2  300  000  units.  The  energy  wasted 
is  therefore  about  3-6  per  cent  of  the  energy  utifized. 
If  the  load  factor  were  lower  than  here  assumed  the 
percentage  of  wasted  energy  might  exceed  4  per  cent. 
It  must  also  be  borne  in  mind  that  the  rotary  condenser 
requires  oil  and  renewal  of  brushes,  perhaps  occasionally 
some  repairs,  and  certainly  some  sUght  amount  of 
attendance.  For  interest,  depreciation,  maintenance 
and  petty  materials  it  is  customary  to  reckon  15  per 
cent.  With  the  machine  costing  (exciter  and  switch- 
gear  and  foundation  included)  £3  per  kVA,  or  in  all 
£1  800,  these  charges  come  to  £270,  to  which  must  be 
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added  labour,  which  we  shall  not  overestimate  at  £1 
a  week,  thus  bringing  up  the  annual  cost  to  £322.  At 
Id.  per  unit  the  charge  for  the  supply  would  be,  in 
round  figures  : 


Useful  energy 
Wasted  energy 


£9  600 
£346 


To  the  latter  figure  must  be  added  the  £322,  so  that 
the  rotary  condenser  costs  annually  £668,  and  to  make 
in  this  case  power  factor  improvement  by  rotary  con- 
denser a  commercial  proposition  the  supply  company 
would  have  to  give  a  rebate  of  at  least  8  per  cent. 
This  is  impossible.  We  may  therefore  consider  the 
installation  of  rotary  condensers  by  consumers  to  be 
financially  unsound. 

That    rotary    condensers    are    successfully    used    by 


age,  to  0-5  per  cent  of  its  output  in  kVA.  If  a  trans- 
former is  required  there  is,  of  course,  an  increased  loss. 

Fig.  1  shows  the  relation  between  temperature  and 
power  factor  for  different  types  of  element,  oil-im- 
mersed and  tested  at  250  volts  and  50  frequency.  In 
actual  work  the  temperature-rise  is  stated  by  the 
makers  to  be  11  degrees  C. 

The  control  apparatus  of  static  condensers  consists 
mainly  of  oil-immersed  switches  with  auxiliary  contacts 
short-circuiting  the  condenser  when  the  main  switch 
is  opened,  and  the  usual  no- volt  and  overload  release 
and  an  ammeter. 

The  following  data  as  to  cost  have  been  supplied  to 
the  author  by  the  makers  for  a  condenser  equipment 
of  100  kVA  output,  including  tank  and  switchgear, 
all  at  50  frequency. 


Voltage  on  supply  terminals 

Transformer 

Condenser  voltage 

Cost  


600 

440 

440 

Not  used 

Used 

Not  used 

600 

600 

440 

£336  13s.  4d. 

£468  8s.  4d. 

£580  5s.   lid 

supply  companies  is  not  due  to  financial  reasons,  but  to 
the  absolute  necessity  of  giving  their  distant  consumers 
a  constant-voltage  supply,  for  which  purpose,  in  the 
present  state  of  the  art,  the  rotary  macliine  is  the  only 
available  apparatus. 

The  Static  Condenser. 

A  condenser  for  power  factor  improvement  as  made 
by  Messrs.  British  Insulated  &  Helsby  Cables,  Ltd., 
is  composed  of  elements  each  of  about  1  ^F  capacity 
suitably  grouped  to  obtain  the  total  capacity  required 
and  housed  under  oil  in  a  tank,  much  in  the  same  way 
as  a  transformer.  Also,  I'ke  a  transformer,  the  static 
condenser  requires  no  attention  and  has  in  this  respect 
a  great  advantage  over  any  rotary  machine.  It  has 
the  further  advantage  that  its  own  waste  of  energy 
is  exceedingly  small.  The  limiting  safe  voltage  on  an 
element  of  the  type  mostly  used  is  given  by  the  makers 
as  600  V,  but  for  certain  purposes  elements  of  smaller 
capacity  with  a  safe  voltage  limit  of  750  V  are  also 
made.  The  number  of  elements  required  depends  on 
the  terminal  voltage,  current  and  frequency. 

Let  E  be  the  terminal  voltage,  co  the  circular  fre- 
quency (for  the  usual  periodicity  of  50,  a»  =  314),  P  the 
desired  leading  kVA,  c  the  capacity  of  one  element  in 
microfarads,  and  e  the  permissible  voltage  per  element ; 
then  a  simple  calculation  shows  that  the  total  number 
•of  elements  is 

PI09 

"    =    2 

The  cost  varies  inversely  with  the  frequency  and  the 
square  of  the  voltage  per  element.  If  the  consumer's 
terminal  voltage  is  sensibly  less  than  600  V  it  can  be 
brought  up  to  this  figure  by  an  auto-transformer.  If 
it  is  more,  it  can  be  brought  down  to  600  V  or  up  to 
A  multiple  of  600  V  by  the  same  means. 

The  power  factor  of  a  condenser  is  very  small  and, 
■consequently,  its  inherent  loss  correspondingly  low. 
The  makers  claim  that  it  amounts  in  kW,  on  an  aver- 


The  Synchronous  Induction  Motor. 

The  practical  application  of  the  idea  of  using  the 
same  machine  for  the  double  purpose  of  providing 
motive  power  and  at  the  same  time  injecting  leading 
kVA  into  the  supply  terminals  dates  back  some  30  years, 
when  the  Oerlikon  Company  emplo)'ed  a  few  such 
motors  in  their  own  shop,   the  current   being  derived 
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Fig.  1. — Power  factor  tests  on  Helsby  condenser  elements; 
made  at  250  volts  and  50  cycles. 

from  the  Buelach  fine  already  mentioned.  It  is,  of  course, 
convenient  that  a  motor  for  this  purpose  should 
be  made  self-starting  and  self-synchrouizing.  If  the 
macliine  is  provided  with  a  wound  rotor,  like  an  induc- 
tion motor,  it  can  be  started  with  a  resistance  inserted 
in  the  rotor  circuit,  and  when  it  is  nearly  up  to  speed 
a  direct  current  can  be  passed  through  the  rotor  winding 
so  as  permanently  to  magnetize  the  poles  and  con\ert 
it  into  a  synchronous  motor.    In  order  that  the  motor 
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when  so  excited  shall  jump  into  synchronism  the  slip 
must  be  small  and  the  moment  of  inertia  not  too  great.* 
Almost  every  djmamo  maker  is  ready  to  supply  such 
motors. 

The  various  makes  differ  in  detail,  but  the  main 
principle  is  the  same.  In  some  cases  the  direct  current 
can  be  applied  during  the  starting  period,  so  that  the 
process  of  starting  is  as  simple  as  with  an  ordinary' 
induction  motor. 


Fig.    2. — Locus    diagrams   of   synchronous   induction   motor 
(original  power  factor  0-89). 

The  rotor  may  have  salient  poles  as  in  an  alternator, 
or  it  may  have  non-sahent  poles.  In  the  former  case 
the  starting  torque  is  smaller  than  with  a  non-salient- 
pole  type  ;  and  for  this  reason,  as  also  for  the  con- 
venience of  using  standard  frames  and  stampings,  it 
is  generally  found  that  to  convert  the  induction  motor 
to  synchronous  working  is  more  advantageous  than 
the  opposite  process,  namelj^  to  start  with  the  design 
of  a  synchronous  machine  and  convert  it  into  an 
induction  motor. 


Fig. 


3. — Locus   diagrams   of   synchronous   induction   motor 
(original  power  factor  0'73). 


The  working  condition  of  the  motor  can  be  repre- 
sented by  a  circle  diagram  much  in  the  same  way  as 
that  of  an  ordinary  induction  motor,  only  that  in  the 
self-starting  motor  we  have  two  locus  curves,  the  one 
for  the  synchronous  and  the  other  for  the  asynchronous 
condition.  With  d.c.  excitation  fixed  at  a  value  just 
sufficient  to  give  full  load  at  unity  power  factor  (with 
no  saturation  in  the  teeth),  the  locus  for  the  syn- 
chronous condition  has  a  smaller  radius.     The  original 

*  See  paper  by  E.  Rosenberg,  Journal  I.E.E.,  1913,  vol.  51, 
p.  62. 


power  factor  of  the  induction  motor  to  be  converted  has 
a  considerable  influence  on  the  stalhng  torque  in  the 
synchronous  condition.  This  will  be  seen  from  Figs.  2 
and  3,  drawn  approximately  to  scale  for  the  same 
excitation  at  all  loads,  and  therefore  the  same  heating 
in  the  rotor. 

In  Fig.  2  the  natural  power  factor  of  the  induction 
motor  is  0-89  and  in  Fig.  3  it  is  0-73.  In  both  diagrams 
the  vectors  are  inserted  for  unity  and  0  •  9  leading  power 
factor.  Taking  as  a  datum  for  comparison  the  torque 
of  the  induction  motor  as  100  in  both  cases,  the  diagrams 
show  the  following  working  conditions  for  constant 
excitation  : 


Original  full-load  power  factor 
Full-load  torque 
Torque  at  unity  power  factor 
Torque  at  0  •  9  leading  power  factor 
Margin  to  stalling  torque  in  the  syn- 
chronous condition 
Margin  to  stalhng  torque  in  the 
asynchronous  condition 


0-89 

0-73 

100 

100 

100 

86 

84 

.53 

racticall 

y      27 

none 

70 

73 

Slip- 


Std 


rings 


t  er 


Fig.  4a.- 


-Method  of  starting  a  synchronous  induction  motor 
(British  Westinghouse,   1913). 


The  dotted  part  of  the  synchronous  locus  circle 
indicates  an  unstable  condition.  When  the  motor  falls 
out  of  step  it  continues  to  run  as  an  asynchronous 
motor.  It  synchronizes  again  when  the  load  has  fallen 
below  stalling  load.  If  the  motor  is  designed  for  full 
load  at  0-9  power  factor  it  will  not  fall  out  of  step 
so  easily,  but  then  its  kV'.\  capacity  must  be  greater 
than  that  of  an  ordinary  induction  motor.  For  this 
reason,  and  also  because  an  exciter  is  required,  the 
cost  of  a  synchronous  induction  motor  must  always 
be  greater  than  that  of  an  ordinary  induction  motor  ; 
and  the  difference  in  cost  must  be  the  greater  the 
smaller  the  leading  power  factor  required  for  full  normal 
load.  Examples  are  given  later.  Two  conditions  are 
necessary  for  a  motor  to  self-synchronize,  namely,  a 
small  natural  slip  and  a  small  mechanical  moment  of 
inertia.  Modern  practice  is  to  put  sufficient  copper 
into  the  rotor  to  make  the  slip  about  1  per  cent  and  to 
keep  down  the  moment  of  inertia  to  the  lowest  possible 
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value  ;   then  the  motor  readily  synchronizes,  even  under 
load  or  overload. 

The  switchsjear  between  the  rotor  slip-rings  and  the 
starter  is  shown  diagrammatically  in  Fig.  4  for  some 
of  the  systems  adopted  by  various  makers.  Fig.  4a 
illustrates  the  simple  arrangement  in  which  the  direct 


Fig.    46. — Method   of   starting   an    Ocrlikon   synchronous 
induction  motor. 


Fig.  4c. — Method  of  starting  a  Siemens-Schuckert 
synchronous  inductiuu  motor. 


current  is  passed  down  one  phase  and  up  the  other  two 
in  parallel.  The  stater  circuits  are  not  shown.  The 
stator  may,  in  order  to  reduce  disturbance  of  the  line 
at  starting,  be  arranged  in  the  well-known  way  for 
starting  in  star  and  running  in  delta ;  but  this  is 
applicable  to  all  types  and  need  not  be  considered  here. 

If  the  rotor  has  a  three-phase  winding  it  is  obvious 
that  one  phase  must  carry  the  full  exciting  current, 
whilst  the  other  two  phases  each  carry  half  of  it.  Let 
n  be  the  number  of  turns  and  p  the  resistance  per 


phase,  then  the  loss  of  power  in  the  three  phases  when 
working  asynchronously  with  a  phase  current  I  will 
be  3pl^,  and  the  axial  excitation  will  be  2nl. 


Fig.    4d. — Method    of   starting   a   Crompton   synchronous 
induction  motor. 


Fig.  4e. — Method  of  starting  a  Lancashire  Dynamo  and 
Motor  Co.  synchronous  induction  motor. 

Let  i  be  the  direct  current  to  produce  the  same  loss  ; 
then  we  have 

l-5pni"  =  '.ipiil-     and     i  =  y/11 

The  exciter  must  therefore  give  about  40  per  cent 
more  current  than  the  normal  slip-ring  current  in  the 
asynchronous  condition.  The  axial  excitation  pro- 
duced will  be  about  5  per  cent  greater,  but  as  the  rotor 
teeth  must  be  well  saturated  there  is  no  proportional 
increase    in    the    field.     On    the    other    hand    there    is 
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unequal  local  heating.  To  get  over  this  difficulty  the 
OerUkon  plan  (Fig.  46)  is  to  arrange  the  winding  in 
one  phase  in  two  parallels,  each  of  Jn  turns.  Then 
the  heating  is  uniform  aU  over  the  rotor  and  the 
excitation  is  the  same  as  with  alternating  current.  The 
exciting  current  is  double  the  alternating  current  at 
the  shp-rings.  In  the  asj-nchronous  condition  the 
hahong  of  the  number  of  turns  in  one  phase  intro- 
duces some  dissjonmetry,  but  as  there  is  always  plenty 
of  starting  torque  this  is  of  no  importance. 

In  a  system  devised  by  Messrs.  Siemens-Schuckert 
(Fig.  4c)  we  find  an  attempt  to  reduce  the  amount 
of  direct  current  for  excitation  by  providing  a  separate 
winding  for  excitation,  having  a  larger  number  of 
turns  than  the  three-phase  winding.  The  rotor  has 
sahent  poles,  but  with  the  pole-shoes  so  wide  (95  per 
cent  of  the  pole-pitch)  that  the  starting  winding,  which 
is  housed  in  the  pole-shoes,  acts  almost  as  in  a  motor 
with  non-saUent  poles.     The  exciting  winding  is,  as  in 


Fig.    if. — Method    of   starting    an    English    Electric    Co. 
synchronous  induction  motor. 


any  synchronous  machine,  placed  on  the  magnet  cores 
and  the  excitation  is  so  great  as  to  produce  a  high 
degree  of  saturation  in  the  rotor  teeth.  At  starting,  a 
very  high  voltage  is  induced  in  the  exciting  coils,  so 
that  it  is  necessary  to  introduce  for  its  protection  a 
shunt  resistance  permanently  coupled  in  parallel  with 
it.  This  resistance  has  to  be  carefully  selected  so  that 
on  the  one  hand  it  shall  lower  the  terminal  voltage 
over  the  exciting  coils  sufficiently  and,  on  the  other, 
it  shall  not  absorb  too  large  a  proportion  of  the  pow-er 
supphed  by  the  exciter. 

The  exciting  arrangements  employed  bj'  the  Metro- 
pohtan-Vickers  Company  have  recently  been  dealt 
with  in  Mr.  Carr's  paper*  and  therefore  need  not  be 
described  in  detail  here.  They  are  aU  more  or  less 
amplifications  of  the  principle  shown  in  Fig.  4a. 

Messrs.  Crompton  use  a  two-phase  winding  on  the 
rotor,  with  the  star  point  carried  to  a  shp-ring,  so  that, 
in  all,  three  shp-rings  are  required.  The  advantage 
of  this  arrangement  is  that,  although  there  mav  be  a 
high  voltage  on  the  two  outer  slip-rings,  the  voltage 
on  the  neutral  or  star  shp-ring,  and  therefore  on  one 
terminal  of  the  exciter,  is  no  higher  than  the  exciting 
voltage,  as  will  be  seen  on  tracing  out  the  exciter  circuit 
(Fig.  4rf).  Thus  the  whole  of  the  exciter  is  protected 
*  Journal  I.E.E.,   1922,  vol.  60,  p.   165. 


from  the  open-circuit  shp-ring  voltage.  A  further 
advantage  is  that  the  whole  of  the  rotor  copper  is 
loaded  to  the  same  current  density.  The  makers  claim 
that  the  machine  in  its  asjTichronous  condition  will 
start  against  2^  times  fuU-load  torque.  The  exciter 
is  permanently  in  circmt  and,  by  adjustment  of  its 
shunt  rheostat,  the  leading  power  factor  at  various 
loads  can  be  regulated. 

The  standard  type  of  starting  and  synchronizing 
gear  used  by  the  Lancashire  Dynamo  and  IMotor  Co.  is 
shown  diagrammatically  Ln  Fig.  4e.  The  rotor  has 
also  a  two-phase  winding,  but  with  120°  angular  dis- 
placement of  the  phases,  each  acting  at  starting  as  an 
independent  single-phase  winding,  whilst  at  synchronism 
the  middle  slip-ring  is  out  of  circuit  so  that  the  two 
windings  give  together  an  excitation  equal  to  \/3  times 
the  ampere-turns  of  one  phase.  The  change-over  from 
the  asynchronous  to  the  synchronous  condition  is  made 


Fig.  ig. — Method  of  starting  a  General  Electric  Co. 
synchronous  induction  motor. 


via  a  "  buffer  resistance,"  as  will  be  seen  from  the 
diagram. 

By  an  ingenious  arrangement  of  change-over  switch- 
gear  the  EngUsh  Electric  Co.  obtain  the  advantage 
of  the  full  starting  torque  due  to  a  three-phase  rotor, 
combined  with  equal  current  loading  in  all  the  rotor 
copper  when  the  rotor  acts  as  a  single-axis  field  magnet. 
The  rotor  has  only  two  phases,  but  these  may  be  coupled 
to  form  an  open  delta  for  starting,  when  the  electrical 
angle  between  the  two  phases  is  60°,  and  by  reversing 
one  phase  the  electricg.!  angle  may  be  altered  to  120°, 
when  the  excitation  given  is  -y/S  times  the  ampere- 
tuins  in  one  phase 

The  arrangement  is  shown  diagrammatically  in 
Fig.  if.  There  are  4  shp-rings  marked  a,  ai  and  b,  bx 
corresponding  to  the  four  terminals  of  the  A  and  B 
phases  (in  open  delta  the  third  phase  is  omitted).  To 
facihtate  the  tracing  out  of  the  connections  the  switch 
contacts  are  similarly  labeUed.  The  small  key  diagrams 
show  vectorially  the  connections  for  "  start  "  and 
"  run."  At  starting  the  switch  is  on  the  lower  con- 
tacts, and  after  aU  the  starting  resistance  has  been 
short-circuited  the  switch  is  thrown  on  to  the  upper 
contacts. 

Fig.  4^  shows  diagrammatically  the  exciting  circuit 
adopted   by  the   General   Electric   Co.   for  their   syn- 
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chronous  induction  motors.  The  rotor  is  star  con- 
nected, and  the  connection  with  the  exciter  is  such 
that  one  phase  carries  the  total  exciting  current,  whilst 
the  other  two  phases  each  carry  half  that  current. 
Strictly  speaking,  the  one  phase  may  therefore  be 
called  overloaded ;  but  in  reality  it  is  not  so.  It 
would  be  more  correct  to  say  that  the  other  two  phases 
are  underloaded.  This  is,  however,  an  unavoidable 
consequence  of  the  necessity  of  restricting  the  slip  to 
a  smaller  value  than  in  an  ordinary  induction  motor 
in  order  to  ensure  quick  and  certain  synchronizing,  so 
that  the  extra  copper  in  the  rotor  would  have  to  be 
provided  in  any  case. 


Construction  and  Performance  of  some 
Synchronous  Induction  Motors. 

A  characteristic  feature  in  the  design  of  all  such 
motors  is  that  to  ensure  stability  the  air-gap  is  made 
larger  than  in  ordinary  induction  motors.  A  further 
characteristic  is  that  the  rotor  teeth  are  highly  saturated. 
Otherwise  there  is  no  important  difference  in  the  magnetic 


Fig.  5.- 


0  100  200  300         -iOO 

Scale  for  current  in  eachpliase 
in  rotor,  in.  amperes 

-Circle  diagram  of  800  b.h.p.  Crompton  sj'iichronous 
motor ;   2  200  volts,  25  cycles,  250  r.p.m. 


circuit,  so  that  the  same  type  of  frame  may  be  used  for 
either  the  synchronous  or  the  asynchronous  motor. 
Electrically  there  is  the  difference  that,  with  a  view 
to  quick  and  certain  synchronizing,  more  copper  is  put 
into  the  rotor,  and  the  current-carrying  capacity  of  the 
slip-rings  and  their  brushes  must  be  greater.  Short- 
circuiting  of  slip-rings  is  impossible.  In  most  motors 
some  excitation  may  be  left  on  during  the  starting 
period.  The  synchronous  stalling  torque  is  always 
smaller  than  the  as3mchronous,  but  when  the  load 
torque  exceeds  the  former  the  motor  runs  on  as  an 
asynclironous  machine  with  a  low,  lagging  power  factor 
until  the  load  has  fallen,  when  the  motor  again  jumps 
into  step.  The  efficiency  is  a  little  lower  owing  to  the 
greater  loss  in  excitation.  The  open  slip-ring  voltage 
is  liigher  than  in  an  ordinary  induction  motor  and  may 
reach  2  000  volts. 

The  following  data  will  serve  to  give  a  more  precise 
meaning  to  the  above  general  statements. 


800  b.h.p.  Crompton  motor :  2  200  line  volts ;  25 
cycles ;  250  r.p.m.  stator  three-phase ;  rotor  two- 
phase  ;  air-gap  4-5  mm  ;  open  slip-ring  voltage  1  300  V 
to  earth  ;  exciting  current  per  phase,  according  to  load 
and  power  factor,  up  to  340  amperes,  or  680  amperes 
on  the  star-point  slip-ring.  The  circle  ratio  (ideal  short- 
circuit  current  divided  by  open-circuit  current)  is  9-9. 
From  the  locus  diagram  (Fig.  5)  the  working  condition 
at  any  power  factor  and  load  can  be  determined. 

The  following  table  is  given  by  the  makers  to  show 
the  performance  of  tliis  motor  : 


Output 

Line  volts 

Line 
current 

Exciting 
power 

Efficiency* 

b.h.p; 

800 
800 

V 

2  200 
2  200 

A 

168 
188 

per  cent 

1-7 
2-9 

per  cent 

93 
92 

*  At  half-load  the  efficiency  is  1  per  cent  lower. 

The  makers  state  that  the  increase  in  cost  over 
an  ordinary  induction  motor  would  be  approximately 
20  per  cent  when  designed  for  unity  power  factor, 
and  30  per  cent  for  0-9  loading  power  factor. 
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Fig.  6. — Performance  curves  of  250  b.h.p.  Oerlikon 
synchronous  induction  motor ;  500  volts,  50 
cycles,   750  r.p.m. 

Motors  of  the  Lancashire  Dynamo  and  Motor  Co.  Ltd. 
— The  salient-pole  type  (used  when  only  a  light  starting 
torque  is  required)  has  a  starting  winding  housed  in 
the  pole-shoes,  and  this  winding  also  acts  as  a  damper 
to  protect  the  field  winding  from  excessive  voltage. 
For  heavy  starting  torque  the  non-salient-pole  type  is 
used,  but  has  no  additional  squirrel-cage  winding,  as 
the  field  winding  itself  acts  as  a  starting  winding. 
Dampers  are  generally  not  required,  but,  if  desirable, 
a  damping  effect  may  be-  produced  by  short-circuiting 
part  of  the  rotor  winding.  The  open  shp-ring  voltage 
varies  between  1  400  and  2  000.  The  non-sahent-pole  type 
is  started  in  the  manner  shown  in  Fig.  ie.  The  indi- 
vidual switches  in  the  solid  starter  resistance  are  suc- 
cessively closed  by  a  reciprocating  motion  given  by 
hand  to  a  starter  handle  which,  in  its  last  movement, 
also  puts  the  motor  into  synchronism  by  first  connecting 
up  the  resistance  (marked  "  bufler  "  in  the  diagram) 
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across  the  rotor  terminals,  then  taking  the  rotor  off  the 
starter  resistance,  switching  it  on  to  the  exciter  circuit 
and  finally  opening  the  buffer  circuit.  A  second  handle 
serves  for  returning  the  starter  to  the  starting  position. 
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Fig.  7. — Performance  curves  of  250  b.h.p.  Oerlikon  syn- 
chronous induction  motor ;  500  volts,  50  cycles,  750 
r.p.m. 

Interlocks  are  provided  for  preventing  the  closing  of 
the  main  stator  switch  unless  the  starter  is  in  the  start- 
ing position.      As  regards   the  excitation  required   for 


amount  of  power  factor  correction  required.  Taking, 
however,  the  usual  case  that  a  leading  power  factor  of 
0-9  is  desired,  the  makers  estimate  that  the  increase 
may  be  taken  to  be  one-tliird  the  cost  of  an  asynchronous 
motor  of  the  same  power. 

250  h.h.p.  Oerlikon  motor  :  Terminal  voltage  500 ; 
50  cycles;  750  r.p.m.;  0-9  leading  power  factor.  The 
starting  resistance  is  solid  (the  starter  shown  in  Fig.  46 
has  been  represented  as  a  liquid  starter  merely  to  pre- 
serve as  far  as  possible  uniformity  of  representation) 
and  the  two-way  switch  in  Fig.  46  is  replacefl  by  the 
usual  three-phase  starting  switch  worked  by  a  hand- 
wheel.  Another  hand-wheel  serves  to  adjust  the 
excitation.  The  starting  and  regulating  gear  is  housed 
in  a  cast-iron  case  permanently  attached  to  the  motor 
frame.  The  e.xciter  is  mounted  overhung  on  the  motor 
shaft.  The  performance  of  the  motor  is  shown  by  the 
curves  in  Figs.  6  and  7. 

550  h.h.p.  English  Electric  motor  :  Terminal  voltage 
1  000  ;  50  cycles  ;  428  r.p.m.  ;  unity  power  factor  at 
full  load  and  leading  power  factor  at  smaller  loads ; 
constant  excitation  at  44  volts,  220  amperes ;  syn- 
chronous stalling  point  at  1-7  times  full  load.  The 
tooth  density  is  very  high,  so  that  there  is  a  great 
difference  in  the  rotor  current  when  the  motor  works 
asynchronously  and  when  it  works  synchronously  with 
d.c.  excitation  in  the  rotor.  The  high  saturation  makes 
the  field  stable,  and  the  fact  that  the  axial  excitation  is 
provided  by  two  coils  with  their  axes  120°  (instead  o 
180°)  inchned  to  each  other  has  a  beneficial  effect  on 
the  field  form.  Fig.  8  shows  the  locus  curves  of  this 
motor,  and  Fig.  8a  the  performance  curves. 

250  b.h.p.  General  Electric  motor  :  Terminal  voltage, 
440  ;    50  cycles  ;   power  factor  from  unity  to  0  •  9  leading 


Leading— ' —Lagging 


Fig.  8. — Circle  diagram  of  an  English  Electric  Co.  550  b.h.p.  motor. 


0  •  9  leadmg  power  factor  motors,  the  makers  have  given 
me  the  following  examples  : 

650  b.h.p.  exciter  :   400  amperes,  40  volts 
320  b.h.p.  exciter  :   230  amperes,  60  volts 

The   increase   in    cost   of   the   synchronous   over   the 
asynchronous    machine    is    largely    dependent    on    the 


at  full  load,  according  to  excitation  ;  375  r.p.m.;  open 
slip-ring  voltage,  1  140;  shp,  1-06  per  cent;  diameter 
of  armature,  120  cm ;  core  length,  25  cm ;  air-gap, 
2-5  mm.  The  exciter  is  mounted  on  the  motor  shaft 
and  has  a  maximum  output  of  5-6  kW. 

Fig.    9   shows   the   performance   of  tliis   motor   as   a 
function  of  the  output  in  brake  horse-power.    A  and  B 
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are  power-factor  curves  at  constant  excitation  ;  C  is 
the  efficiency  curve  if  the  excitation  is  adjusted  to  give 
unity  power  factor  at  all  loads,  and  D  is  the  efficiency 
curve  if  the  excitation  is  adjusted  to  unity  power  factor 
at  full  load,  but  not  varied  for  smaller  loads. 
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starting  resistances.  The  currents  through  the  rotor 
windings  are  symmetrical  and  no  second  field  can 
therefore  be  produced.  The  motor  designed  for  an 
(8  +  4)-pole  cascade  is  started  as  an  8-pole  machine 
and  when  near  synchronism  three  of  the  slip-rings  are 
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Output,  in  b.h.p. 
Fig.   8a. — Performance  curves  of  an   English   Electric   Co.   550  b.h.p.   motor. 


225  b.h.p.  Sandycroft  single-field  cascade  motor. — 
The  stator  in  Mr.  Hunt's  self-starting  synchronous 
cascade  motors  (Fig.  9a)  is  provided  with  two  star- 
coupled  windings  in  parallel,  and  the  d.c.  excitation  is 
introduced  between  the  two  star  points.*  The  rotor 
winding   consists   of   a   six-sided   mesh   with    star   coils 


Fig.  9. — Performance  curves  of  a  General  Electric  Co. 
250  b.h.p.  motor. 

tapped  into  it  at  equally  spaced  points.  The  terminals 
of  these  coils  are  brought  out  to  six  slip-rings.  Opposite 
rings  are  connected  in  pairs  across  three  independent 

•  See  pajier  by  Mr.  L.  J.  Hunt,  Proceedings  of  the  South  Wales 
Institute  oj  Engineers,  vol.  35,  p.  309. 


short-circuited  and  the  remaining  three  are  open 
circuited.  This  action  converts  the  winding  into  an 
interconnected  star-mesh  system  and  results  in  the  pro- 
duction of  an  auxiliary  4-pole  field.  The  switch  used 
for  changing  the  rotor  connections  also  connects  the 
star  points  of  the  two  parallel  stator  windings  to  the 
d.c.  e.xciting  circuit,  producing  a  stationary  4-pole  field. 
At  synchronism  the  4-pole  rotor  field  rotates  relatively 
to  the  rotor  iron  at  500  r.p.m.  and,  as  the  rotor  itself 
has  the  same  forward  speed,  the  two  4-pole  fields  in 
stator  and  rotor  are  stationary  in  space  and  lock 
together  so  that  the  motor  works  as  a  synchronous  12- 
pole  machine.  Efficiency  and  power-factor  curves  are 
sown  in  Fig.  96. 


Stator 


Rotor 


Fig.    9a. — Comicctioas   of   a    Hunt    (8  -\-  4)-pole   cascade 
motor. 

The  Rotary  Converter  as  Power  Factor  Improver. 

At  first  sight  the  rotary  converter  appears  to  be  an 
admirable  appUance  to  inject  leadmg  kilovolt-amperes 
into  the  supply  line,  but  on  closer  consideration  of  its 
working  condition  it  will  be  found  that  its  use  in  this 
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direction  is  rather  limited  on  account  of  the  rapid 
increase  of  the  copper  losses  in  the  armature  with  an 
increase  of  the  wattless  component  given  to  the  hne. 
The  increase  in  output  of  a  rotary  converter  as  com- 
pared w^th  a  simple  d.c.  generator  is  due  to  the  fact 
that  the  armature  winding  has  to  carry  only  the  differ- 
ence between  the  motoring  alternating  current  and  the 
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96. — Performance  curves  of  a  225  b.h.p.   Hunt 
(8  -f  4) -pole  cascade  motor. 


generated  direct  current.  For  unity  internal  power 
factor  this  difference  is  a  minimum.  The  external  power 
factor  at  the  terminals  is  then  about  0-98  lagging.  To 
get  unity  at  the  terminals  the  internal  power  factor 
must  be  of  the  order  of  0-98  leading.  To  get  a  leading 
power  factor  at  the  terminals  the  internal  power  factor 
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Fig.  10. — Load  vectors  of  Birmingham  electric  supply. 

must  be  correspondingly  smaller,  which  means  that  the 
wattless  component  must  be  larger.  Since  the  amount 
of  heating  increases  as  the  square  of  the  wattless  com- 
ponent, it  follows  that  power  factor  improvement  can  only 
be  obtained  at  the  sacrifice  of  output.  The  copper  loss  in 
a  six-phase  converter  is  smaller  than  in  a  three-phase 
one,  and,  if  we  refer  the  increase  of  losses  due  to  the  lead- 


ing current  to  the  normal  loss  at  unity  power  factor, 
we  find  that  the  percentage  increase  of  loss  is  larger 
in  a  six-phase  than  in  a  three-phase  converter.  Thus 
if  the  field  excitation  is  increased  so  as  to  induce  a  30 
per  cent  wattless  component,  the  copper  loss  for  full 
output  would  be  increased  by  about  18  per  cent  in  a 
three-phase  and  by  about  30  per  cent  in  a  six-phase 
converter.  To  keep  within  the  heating  limit  the  output 
would  therefore  have  to  be  reduced  to  92  per  cent  and 
88  per  cent  respectively  of  the  permissible  output  at 
unity  power  factor.  This  is  rather  a  high  price  to  pay 
for  the  injected  kilo  volt-amperes.  Economically  it  is 
better  not  to  use  the  converter  for  giving  to  the  line 
leading  kVA,  but  to  be  content  with  taking  from  the 
line  true  kW  and  thus  raising  the  general  power  factor 
of  the  system  by  increasing  the  watt  load.  Moreover, 
a  converter  excited  to  unity  power  factor  will  scarcely 
influence  the  line  voltage  at  all,  whilst  a  converter 
injecting  leading  kVA  may  have  some  disturbing 
influence. 

As  an  example  of  the  beneficial  influence  of  a  con- 
verter load  on  a  general  supply  system  we  may  take 
that  of  the  City  of  Birmingham,  to  whose  engineer,  Mr. 
R.  A.  Chattock,  the  author  is  indebted  for  the  following 
particulars  and  for  the  vector  diagram  shown  in  Fig.  10. 
The  total  capacity  of  the  rotary  converters  is  9  800  kW 
at  unity  power  factor.  All  rotary  converters  are  pro- 
vided with  means  to  vary  their  power  factor  down  to 
0-97  leading,  but  Mr.  Chattock  considers  it  hardly  safe 
to  go  beyond  this.  Generally  the  converters  are  worked 
at  unity  power  factor. 

The  power  factor  improvement  is  shown  in  the  fol- 
lowing table  referring  to  the  time  of  heaviest  load,  wJiich 
occurred  at  4.30  p.m.  on  the  17th  December,  1920. 
In  the  vector  diagram  P  and  L  mean  d.c.  power  and 
lighting  load,  and  T  means  traction  load. 


Total  a.c.  load  on  all  generating 
stations 

Substations'  load,  at  the  same 
time,  taken  up  by  all  sub- 
station rotary  converters  run- 
ning at  approximately  unity 
power  factor,  of  which  11  213 
kW  is  power  and  lighting  and 
3  261  kW  is  traction 

Estimated  e.h.t.  supply  outside 
substations  on  17  December, 
1920 


58  230  kVA  at 

0-79  power  factor. 
14  474  kW. 


47  400  kVA  at 

0  ■  66  power  factor. 


Slip-ring  Phase  Advancers. 

If  an  electromotive  force  of  slip  frequency  is  intro- 
duced in  the  correct  sequence  into  the  shp-rings  it  will 
shift  the  rotor  current  forward.  To  ensure  that  the 
injected  E.M.F.  shall  have  the  correct  frequency,  the 
rotor  current  itself  is  made  to  generate  it ;  and  to 
ensure  the  correct  sequence  is  merely  a  question  of 
making  the  appropriate  connections  between  the  phase 
advancer  and  the  shp-rings.  The  interaction  between, 
the  stator  and  rotor  causes  the  leading  kVA  injected 
into  the  rotor  to  be  translated  into  the  hne,  and  thus 
a  comparatively  small  amount  of  kVA  given  to  tlie 
rotor  becomes  a  large  amount  of  leading  kVA  given  to 
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the  line.  We  may  take  as  an  example  a  500  kW  motor 
with,  say,  1-5  per  cent  shp.  If  it  is  desired  to  inject 
into  the  line  50  per  cent  of  the  true  power  as  wattless 
kVA,  the  line  would  require  a  supply  of  250  leading 
kVA.  The  working  condition  of  the  motor  would  not 
be  altered  ;  the  slip  and  the  overload  capacity  would 
remain  as  they  were.  If  we  inject  a  certain  amount 
of  leading  kVA  into  the  rotor  the  working  condition 
of  the  motor  will  be  altered.  The  slip  must  increase 
because  the  slip  E.M.F.  must  now  cover  not  only  any 
additional  ohmic  loss,  but  also  the  quadrature  com- 
ponent of  the  E.M.F.  of  the  phase  advancer.  The  slip 
of  1  ■  5  per  cent  may  thus  become  increased  to  2  ■  5  per 
cent  and  the  translating  ratio  of  the  interaction  between 
stator  and  rotor  will  no  longer  be  100  to  1-5,  but  100 
to  2-5.  That  is  to  say,  for  every  kVA  injected  into  the 
rotor  the  line  benefits  by  40  kVA.  Neglecting  losses, 
which  are  very  small,  a  phase  advancer  having  an  out- 
put of  6-3  kVA  will  benefit  the  line  to  the  same  extent 
as  a  static  or  rotary  condenser  giving  it  250  kVA.  At 
the  same  time  the  overload  capacity  of  the  motor  is 
increased. 

There  are  two  types  of  slip-ring  phase  advancer  in 
use  :  the  rotary  and  the  oscillatory.  The  former  is  an 
a.c.  commutating  machine  which  must  be  driven  from 
some  external  source  of  power,  the  latter  is  a  d.c. 
machine  which  requires  no  external  driving,  but  needs 
d.c.  excitation  from  an  external  source. 

Rotary  Type  of  Phase  Advancer. 

The  general  principle  of  the  rotary  phase  advancer 
is  shown  in  Fig.  11  for  a  2-pole  three-phase  machine. 
A,  B,  C  are  the  stator  exciting  coils  (the  diametrically 
opposite  poles  are  not  sho\vn,  in  order  to  avoid  com- 
plication), R  represents  the  armature,  and  K  the  com- 
mutator with  the  three  brushes,  a,  b,  c.  In  the  position 
shown,  the  brushes  are  in  the  polar  axes  and  therefore 
the  armature  exerts  no  torque.  If  the  brushes  are 
displaced  in  one  sense,  the  machine  gives  torque  in  the 
opposite  sense  and  acts  as  a  motor  taking  power  from 
the  shp-rings,  at  the  same  time  injecting  a  certain 
amount  of  leading  kVA  into  the  slip-rings.  This  pro- 
perty of  the  rotary  advancer  can  be  used  in  cases  where 
the  main  motor  is  provided  with  a  flywheel  in  order  to 
cope  with  heavy  peak  loads,  when  a  considerable  slip 
must  be  allowed.  Then  part  of  the  slip  energy  may  be 
recovered  instead  of  wasting  the  whole  of  it  in  slip 
resistance. 

Where  only  phase-advancing  is  required  the  brushes 
remain  in  the  axial  position  ;  the  impressed  flux  and 
that  created  by  the  armature  current  are  then  in  line, 
and  by  giving  the  armature  a  winding  of  sufficient 
turns  the  whole  of  the  flux  required  can  be  produced 
by  the  armature  winding  itself,  so  that  a  stator  with 
the  coils  A,  B,  and  C  becomes  unnecessary. 

This  is  the  principle  on  which  the  Schcrbius  rotary 
phase  advancer  is  constructed.  The  machine  has  no 
stator,  but  the  iron  core  of  the  armature  is  radially 
extended  beyond  the  armature  conductors  so  that  the 
rotor  iron  outside  the  winding  performs  the  office  of 
an  external  stator.  Since  the  magnetic  reluctance  of 
the  air-gap  is  thus  avoided,  the  advantage  of  a  strong 
field  wth  only  a  moderate  excitation  is  secured.     On 


the  other  hand  there  is  the  disadvantage  that  the  com- 
mutation necessarily  takes  place  not  in  the  neutral 
space,  but  in  the  strongest  part  of  the  field,  making 
the  commutation  more  difficult  than  in  an  ordinary 
d.c.  machine.  The  fact  that  not  a  direct  but  an  alter- 
nating current  must  be  commutated  is  of  little  impor- 
tance, because  the  frequencjr  of  this  current  is  so  low- 
that  the  condition  as  regards  commutation  is  practically 
the  same  as  with  direct  current.  The  arrangement  of 
this  machine  is  diagrammatically  illustrated  in  Fig.  12. 
If  the  rotor  is  at  rest  the  machine  acts  simply  as  a 
choking  coil.  The  currents  introduced  by  the  three 
brushes  produce  a  rotating  field  having  an  angular 
velocity  corresponding  to  the  slip  frequency.  The  self- 
induced  E.M.F.  lags  behind  the  current  by  a  quarter 
period.  If,  now,  the  armature  is  rotated  by  external 
power  with  slip  frequency,  there  is  no  cutting  of  field 
lines  by  the  armature  winding  and  the  machine  acts 
simply  as  a  dead  resistance.  By  increasing  the  im- 
pressed speed,  so  that  the  winding  rotates  with  a  speed 
greater  than  that  of  the  field,  the  E.M.F.  generated 
changes  sign,  that  is  to  say,  it  leads  relatively  to  the 
current  by  a  quarter  period.     The  faster  the  armature 


Fig.  11. — Diagram  of  phase      Fio.   12. — Diagram  of  phase 
advancer  with  field  wind-  advancer     without     field 

ing.  winding. 

is  driven  the  greater  is  the  phase-advancing  effect  on 
the  rotor  currents  of  the  motor. 

The  principle  on  which  a  locus  diagram  of  an  induction 
motor  with  slip-ring  phase  advancer  may  be  constructed 
has  been  given  in  a  previous  paper  *  and  need  not  be 
repeated  here.  It  is,  however,  interesting  to  note  that 
the  theoretical  locus  curve  deduced  on  the  assumption 
that  there  is  no  saturation  is  beneficially  altered  by  so 
designing  the  Scherbius  armature  that  at  full  load  there 
shall  be  considerable  saturation.  Referring  to  Fig.  4- 
of  the  previous  paper,  ES,  the  ohmic  voltage  loss  in 
rotor  and  advancer,  is  approximately  proportional  to 
the  phase  current  f  and  also  to  the  excitation  producing 
the  leading  E.M.F.,  but  this  E.M.F.  (SB  in  Fig.  4)  is 
not  strictly  proportional  to  the  current.  As  the  satura- 
tion increases,  the  field  increases  only  according  to  the 
magnetization  characteristic,  and  the  E.M.F.  injected 
increases  a  little  less  than  the  field  because  with  increas- 
ing load  the  slip  increases  and  the  excess  of  armature 

•  G.  Kapp  :    "  Phase  Advancing,"  Journal  I.E.E.,  1913,  vol.  61, 

n     252 

t  The  proportionalitv  would  be  perfect  if  it  were  not  for  the 
f.ict  that  the  contact-drop  at  the  brushes  and  shp-rings  docs  not 
follow  strictly  Ohm's  law.  For  the  sake  of  simplicity  this  disturb- 
ing influence  is  here  neglected.  In  the  discussion  of  the  osallating 
phase  advancer  the  increase  of  resistance  with  diminishing  current 
is,  however,  taken  into  account. 
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speed  over  the  speed  of  the  revolving  field  becomes  a 
little  smaller,  especially  if  the  advancer  is  dri^■en  by 
the  motor  itself.  The  effect  of  saturation  can  be  taken 
account  of  in  a  very  simple  manner,  whilst  that  of 
speed  variation  is  not  serious  and  can  also  be  easily 
corrected.  Let,  in  Fig.  1.3,  OE  be  the  no-load  current 
and  EC  the  radius  of  the  Heyland  circle.  ES  repre- 
sents the  ohmic  voltage-drop  in  one  phase.  By  a 
suitable  scale  it  may  also  represent  the  excitation  on 
the  magnetizing  characteristic  Eee.  With  constant 
speed  of  cutting,  BS  represents,  then,  also  the  injected 
E.M.F.  Draw  EB  and  prolong  to  C'.  This  is  the 
centre  from  which  the  larger  circle  of  Fig.  4  (of  the 
quoted  paper)  must  be  struck.  Mark  the  point  D  on 
the  Heyland  circle  so  that  ED  represents  the  phase 
current  to  which  the  voltage-drop  ES  corresponds,  and 
draw  a  circle  with  E  as  centre.  Where  tliis  circle  inter- 
sects the  circle  struck  from  C  is  the  locus.  EB  repre- 
sents the  slip  volts  and  from  this  can  be  found  the  slip. 
Having  determined  the  slip  we  can  calculate  what  small 
reduction  in  SB  is  required  to  account  for  diminished 
relative  speed  between  the  rotating  flux  and  the  rotating 
winding  and  repeat  the  construction.  The  resulting 
locus  curve  has  the  character  shown  in  Fig.  13.  The 
efiect  of  saturation  is  to  avoid  excessive  phase-advancing 
at  heaw  load  and  yet  obtain  a  satisfactory  power  factor 
at  lighter  loads.  As  will  be  seen  from  the  locus  curve, 
the  overload  capacitv  is  sensibly  increased. 

The  author  is  indebted  to  Messrs.  Brown,  Boveri,  the 
makers  of  the  Scherbius  phase  advancer,  for  the  fol- 
lowing examples  of  the  practical  results  achieved  with 
these  machines.  In  all  cases  the  frequency  is  50.  The 
line  marked  "  Recoveiy  "  contains  the  wattless  leading 
kVA  by  which  the  lagging  kVA  of  the  motor  working 
alone  has  been  reduced.  In  some  cases  the  reduction 
is  great  enough  to  make  the  phase  angle  negative. 
The  slip  is  that  of  the  motor  at  full  load  working  alone  ; 
this,  wdth  phase  advancing,  is  more  than  doubled.  The 
exact  increase  can  be  calculated  from  the  slip-ring 
voltage,  current  and  recovery. 

Scherbius  Phase  Advancer. 


B.H.P.  of  motor 

150 

420 

500 

1700 

Shp-ring  volts 

300 

635 

770 

1030 

Injected  volts 

10-5 

21-5 

25 

14 

Shp-ring  amperes .  . 

260 

380 

350 

900 

kVA  of  advancer . . 

4-7 

14-2 

15-1 

22 

Original    shp,     per 

3 

1-6 

2-5 

1 

cent 

Original      power 

0-87 

0-85 

0-78 

0-91 

factor 

Improved        power 

1 

0-95 

0-995 

0-965 

factor 

— 

Leading 

— 

Leading 

Recovery  kVA 

65 

290 

285 

960 

OsciLL.'iTORY  Type  of  Phase  Advancer. 

The  author's  phase  advancer,  more  generally  known 
under  the  name  "  vibrator,"  has  already  been  described 
in  his  previous  paper  and  the  description  need  therefore 


not  be  repeated.  It  may,  however,  be  of  interest 
to  note  that  its  action  is  simply  that  of  a  condenser 
of  very  large  capacity  and  that  this  capacity  has  a  fixed 
value  for  every  type.*  Let  m  be  the  mass  of  the  arma- 
ture reduced  to  its  radius  and  to  mass  units  of  9-81  kg, 
<p  the  flux  in  megahnes  produced  by  the  external  d.c. 
excitation,   and  t  the  distance  between  armature  con- 


FiG.    13. — Locus  curves  of  induction   motor  furnished  with 
phase  advancer. 

ductors  in  centimetres  ;    then  a  characteristic  constant 
for  any  type  of  vibrator  is 

0-l/.^\2 


*  In  the  following  note  the  expressions  differ  from  those  in  the 
text  mainly  in  that  they  involve  Mr,  the  moment  of  inertia,  and 
Z ,,  the  total  number  of  conductors  on  the  armature,  instead  of 
the  author's  m  and  r. 

The  quantity  of  electricity  in  a  condenser  is 


Q  =  \idt  =  Ce 

where  C  is  the  capacity  and  e  the  voltage  at  the  terminals, 
the  case  of  the  viljrator  we  have 


la 


\Tdt  = 


M,"> 
9-81 


where  T  is  the  torque  in  kilograms  (force)  at  a  metre,  Mr  is  the 
moment  of  inertia  in  kilograms  (mass)  at  a  (metre)-*,  and  m  is  the 
angular  velocity  at  any  instant. 

If  Z,t  is  the  total  number  of  conductors  on  a  2-pole  vibrator, 
^  the  flux  per  pole  in  megalines,  then  the  instantaneous  watts 


therefore 
also 


=  ei  =  i^Zj'P  X  10-2  =  r  X  9-81  X  w 
9-81  X  2t 


=  T  X 


H' =  1.1^^x1^'^' 


Z„q^  X  10  ■•' 

2n-e  __ 

Za^  X   10-- 

9-81  X  2- 


Mr 


Z„<p  X  10-2     9-81 


f  4t2 

.-.      \idt  =  MrX    ,     X  lO'xe 
J  Z-^ip-^ 

The   \'ibrator    therefore     behaves   electrically   as   if    it    had   a 
capacity 

47ra 
C  =  Mr  X  --r~    X  10'  farads 

^;^^ 
Referring  to  the  text  it  will  be  seen  that  r  =  2-r/Z,,  where  r 
is  the  radius  in  centimetres  at  which  the  conductors  are  placed. 

If  now,  instead  of  Mr,  we  write  — ^r; —  to  bring  the  expression 


10' 
to  the  units  of  the  author,  we  get  C  = 


0102\V) 


,(l-y.—U.  VV. 
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and  the  equivalent  capacity  of  a  static  condenser  is 

C  =  ^  farad 

From   this  relation  it  follows  that  the  leading  E.M.F. 
injected  is 

e  =  B  — volts 

where  I  is  the  current,  and  aj,,the  circular  slip  frequency. 
Although  current  and  shp  are  not  strictly  proportional, 
both  increase  together  and  it  follows  that,  even  for  light 
loads,  a  good  power  factor  can  be  obtained  with  an  induc- 
tion motor  by  adding  a  vibrator.  This  is  illustrated  by 
Fig.  14  giving  the  power  factor  for  a  330  b.h.p.  motor 
when  working  alone  and  when  working  with  a  vibrator. 
The  author  is  indebted  for  these  curves  to  the  General 
Electric  Co.  They  refer  to  a  motor  supplied  to  the 
Sutton  Heath  and  Lea  Green  Colheries  for  a  line  pressure 
of  6  000  volts,  50  cycles,  and  a  speed  of  1  460  r.p.m. 
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Fig.  14. — Performance  curves  of  a  3.30  b.h.p.  General  Electric 
Co.  motor  furnished  with  vibrator. 


'"'  The  loss  of  power  in  the  armature  may  be  expressed 
by  pV^,  where  p  represents  not  only  the  armature 
resistance,  but  also  the  contact  resistance  at  the  brushes 
and  the  equivalent  values  for  iron  and  frictional  losses. 
Let  iio  be  the  resistance  of  the  rotor  phase,  then  tliis 
with  the  vibrator  in  circuit  is  increased  to 

iJ  =  B,  +  P 

Since  p  includes  iron  losses  and  mechanical  friction, 
both  of  which  depend  on  the  speed,  its  value  is  not 
absolutely  constant,  though  always  small  in  com- 
parison with  Ro.  The  crest  value  of  the  speed  of  the 
armature  lies  generally  between  the  limits  of  600  and 
1  500  r.p.m.  Taking  some  mean  value,  say  1  200  r.p.m. 
or  20  revs,  per  second,  we  calculate  oj  as  shown  below 
as  a  first  approximation  and  from  this  the  crest  value 
of  the  speed.  If  this  comes  out  different  from  the  first 
assumption  of  20  revs,  per  second,  we  determine  the 
new  value  of  p  and  from  tliis  the  corresponding  value 
of  at  in  a  second  approximation.  Since  the  influence 
of  a  change  in  p  is  very  slight,  tliis  second  approxima- 
tion is  generally  sufficient.  It  is  not  necessary  to 
burden  this  paper  with  the  complete  theory  of  the 
vibrator,  but  some  hints  as  to  its  practical  applications 
and  the  method  of  constructing  the  locus  diagram 
may    be    useful.     Let,    for    an    induction    motor,    tlie 


Heyland  circle,  the  circle  ratio,  the  working  point 
at  full  load,  the  open  slip-ring  voltage,  the  rotor  current, 
the  phase  resistance  and  the  shp  be  given.  The  ques- 
tion is  what  type  of  vibrator  must  be  used  to  get 
approximately  unity  power  factor.  To  design  the 
vibrator  specially  for  each  case  so  as  to  get  precisely 
a  given  power  factor,  either  leading  or  lagging,  is  not  a 
good  commercial  policy.  A  strongly  leading  power 
factor,  although  it  can  be  obtained  by  a  vibrator,  is  in 
any  case  undesirable  because  the  large  increase  of  rotor 
copper  heat  could  no  longer  be  compensated  by  the 
saving  in  the  stator  copper  heat,  so  that  the  output  of 
the  motor  would  be  reduced.  WHiether  the  power 
factor  is  a  few  per  cent  leading  or  lagging  is  of  little 
importance  ;  but  what  is  of  importance  is  that  by 
the  use  of  the  vibrator  a  substantial  percentage  of  the 
full-load  kVA  shall  be  recovered  in  the  shape  of  leading 
kVA  and  given  to  the  line.  By  substantial  the  author 
means  anything  between  40  and  70  per  cent.  Tliis  per- 
centage depends  primarily  on  the  original  slip  and  the 
frequency  of  the  supply  ;  the  lower  these  values  are, 
the  greater  is  the  recovery. 

Let,  in  the  following,  cui  be  the  circular  frequency 
of  the  line,  E  the  open-circuit  phase  voltage  of  the 
rotor,  coq  the  circular  slip  frequency  when  the  motor 
works  alone,  cDj  the  circular  slip  frequency  when  the  motor 
works  with  the  vibrator  ;    and  let 


i8  = 


where  tan  a.  = 


injected  E.M.F. 


Bl 


Then  the  following  relations  obtain  : 


Crest  value  of  circumferential  force  i^  =  0-14      /  kg. 

T 

F 
Crest  value  of  circumferential  speed  v^  ---     metres 

VIM, 

per  sec. 

B 

Circular  frequency  of  slip  oj,  =  =— 

^         -'  ^     ^       R  tan  a 

CO,  —  OJQ 


Increase  of  original  slip 


27r 


^  =  ZI,R-^ 

The  relation  between  ^  and  tan  a  may  be  taken  from 
Fig.    15. 

Having  thus  obtained  tan  a  we  find  at  and  the  injected 

E.M.F.,   e=^^. 

The  crest  value  of  the  armature  speed  in  revs,  per 
sec.  is 

100 
ttD 

where  D,  the  diameter  of  the  armature,  is  in  centimetres. 
If  this  comes  out  widely  different  from  that  at  first 
assumed,  p  must  be  calculated  afresh  and  the  calcula- 
tion for  coj,  ^  and  tan  a  repeated.  The  correction  is 
generally  small.     In  a  rough  approximation  tan  a  may 

leading  kVA  injected 
also  be  taken  to  represent  the  ratio  j^^^.  ^^^pp^^^  ^y  line" 
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But  more  accurately  this  ratio  is  represented  by  the 
dotted  curve  in  Fig.  15. 

Fig.  16  shows  to  scale  the  locus  curve  for  a  12-pole 
1  090  b.h.p.  motor  provided  with  a  16-5x30  cm 
vibrator  ;     terminal  voltage  6  600,  frequency  50,  open 


the  fact  that  contact  losses  at  the  commutator  and  slip- 
rings  do  not  follow  Ohm's  law.  The  effect  on  the  locus 
curve  is  seen  in  its  shape  near  the  origin. 

The   exciting    force  is   5  000  ampere-turns  for  each 
armature,  involving  for  all  three  armatures  an  expen- 
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Fig.    15. — Showing   the   relation   between  ^   and   tan   a  in  vibrator. 


1-3 
1-2 
1-1 
l-O  ^ 
0-9  'ii 

0-7  <D 


0-6. 

0-5' 
0"i 

03 

5 


slip-ring  voltage  675,  normal  full-load  slip  0-8  per 
cent.  On  account  of  this  unusually  small  slip  the 
power  factor  is  slightly  leading  above  half  load,  and  at 
fuU  load  the  recovery  is  nearly  80  per  cent.  The  motor 
is  direct  coupled  to  a  generator  which  supplies  single- 
phase  current  to  a  circuit  distinct  from  the  general 
three-phase  circuit. 

The  data  of  the  vibrator  are:    Armature  16-5  X  30 
cm:  commutator  12-5  x  22 -5  cm;  mass  3-9  kg  ;  flux 


0 


3    2     1     C 
Slip,  per  cent 

Fig.    16.— Locus   curve   of  a   1  090  b.h.p.   motor  furnished 
with  vibrator. 


diture  of  about  600  watts.  From  the  mathematical 
investigation  above  cited  it  will  be  seen  that  the  phase- 
advancing  effect  of  the  vibrator  depends  on  the  square 
of  the  flux  and  is  inversely  proportional  to  the  mass. 
This  points  to  the  use  of  2-pole  armatures  of  small 
diameter  and  comparatively  great  length.     The  propor- 


Starter 


Fig.   17. — Arrangement  and  connections  of  Kapp  vibrator. 


4  megalines  ;  B  =  0-088.  The  equivalent  resistance 
p  is  not  constant,  but  depends  on  the  speed  and  the 
rotor  current.     It  is  given  in  the  following  table  : 


I  =  500    450 

400 

300 

200 

100 

p  =   0-006  0-0063 

0  0072 

0-010 

0-0165 

0-050 

R  =  0-0174  0-0177 

0-0186 

0-0214 

0-0279 

0-0614 

The  rapid  increase  in  p  at  very  light  load  is  due  to  certain 
t:t)nstant  losses  such  as  brush  friction,  iron  losses  and 


tion  found  in  practice  to  be  suitable  is  about  1  to  2.  Since 
the  air-gap  can  be  made  very  small  the  power  required 
to  produce  the  strong  field  is  not  very  large  ;  it  varies 
from  the  smallest  type  {JD  =  10  cm)  to  the  largest 
hitherto  made  (2)  =  16-5  cm)  between  J  kW  and 
1  k\V,  which  mearts  from  0  •  25  to  0  - 1  per  cent  of  the  power 
of  the  motor. 

The  connection  of  the   vibrator  with  the  slip-rings 
may  be  either  in  star  or  in  delta.     The  choice  depends 
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on  which  type  comes  nearest  to  the  given  full-load 
rotor  current,  but  as  a  general  rule  delta  connection 
is  preferable  because  of  the  smaller  current.  As  the 
vibrator  is  essentially  a  low-voltage  machine  it  is 
advisable  to  make  it  the  star  point  of  the  rotor  circuit. 
This  has  the  advantage  that  no  switch  of  any  kind 
is  required.  The  starter  must  be  insulated  on  all  its 
six  poles.  On  starting,  the  high-frequency  current 
goes  through  the  \dbrator  and  makes  its  armatures 
merely  quiver  ;  as  the  slip  frequency  decreases  they 
begin  to  oscillate,  and  when  the  starter  is  completely 
short-circuited  the  oscillation  has  reached  the  full 
amplitude.  The  inductance  of  the  armatures  being 
only  a  very  small  fraction  of  that  of  the  rotor  phases 
there  is  practically  no  reduction  in  starting  torque 
when  the  vibrator  is  in  circuit.  Where  the  starter 
is  only  insulated  at  three  poles  a  change-over  switch 
must  be  provided  which  makes  contact  with  the  vibrator 
before  it  disconnects  the  starter. 

The  housing  of  the  armatures  in  a  common  magnet 
frame  and  the  connections  between  the  phase  advancer 
slip-rings  and  starter  are  diagrammatically  indicated 
in  Fig.  17.  For  star  coupling  the  brushes  aj  bj  cj 
are  joined  together  and  the  brushes  a  b  c  are  con- 
nected to  the  slip-rings.  For  mesh  coupling  the 
brushes  aj  and  b  are  connected  to  slip-ring  C  ;  bi  and 
c  to  slip-ring  A,  and  c^  and  a  to  shp-ring  B.  If  the 
phase-advancing  is  only  carried  to  about  unity,  but 
does  not  make  (f>  negative,  there  is  no  appreciable 
increase  in  rotor  current,  so  that  there  is  no  increase 
in  rotor  copper  loss ;  there  is,  however,  an  appre- 
ciable reduction  in  stator  current  and  therefore  a  saving 
in  stator  copper  loss.  For  the  same  total  copper  heat 
the  permanent  rating  of  the  motor  may  therefore 
be  slightly  increased.  Where  the  rating  is  fixed  with 
regard  to  short-time  overloads,  the  increase  in  rating 
may  be  considerable  (20  to  30  per  cent),  so  that  the  cost 
of  a  motor  with  phase  advancer  will  not  appreciably 
exceed  that  of  a  larger  motor  without  phase  advancer. 

The  power  lost  in  the  phase  advancer  is  very  small 
and  is  approximately  compensated  by  the  saving  in 
stator  copper  loss,  as  will  be  seen  from  the  following 
figures  for  which  the  author  is  indebted  to  the  General 
Electric  Co. 


B.H.P.  of  motor 

350 

375 

800 

Loss  in  phase  advancer  in- 
cluding excitation,  watts 

Sa\'ing  in  primary  copper  loss, 
watts 

2  000 
1900 

3  740       3  900 

4  600       4  400 

Meters  and  Tariffs. 

More  than  10  years  ago  Professor  Arno,  of  Milan, 
invented  a  meter  which  takes  account  of  power  factor 
in  the  following  way.  The  meter  registers  on  the  same 
dial  two-thirds  of  the  true  energy  plus  one-third  of 
the  kVA-hours.  This  is  achieved  in  a  simple  and  quite 
inexpensive  way  by  adjusting  the  angular  setting  of 
the  pressure  coil.* 

*  Journal  I.E.E.,   1913,  vol.   01,  p.   270. 

Vol.  61. 


The  values  two-tlrirds  and  one-third  have  been  arrived 
at  by  investigation  of  the  working  conditions  of  a 
number  of  Italian  supply  companies  and  may,  on  the 
whole,  have  correctly  represented  the  economic  condi- 
tions of  the  ItaUan  hydro-electric  undertakings.  It  is, 
however,  not  a  priori  certain  that  it  would  also  be 
correct  for  English  electricity  works.  At  any  rate  this 
system  of  metering  has  not  found  favour  in  this  country. 
Possibly,  also  the  fact  that  the  consumer  could  not 
read  off  on  this  meter  what  was  actually  the  energy 
for  which  he  had  to  pay  was  a  drawback.  Both  these 
disadvantages  have  been  overcome  of  late  years  by  a 
further  development  of  the  Arno  principle  which  will 
be  described  later. 

In  tliis  country  two  methods  of  charging  have  been 
employed.  One  is  known  under  the  name  of  the 
"  Midland  tariff."  Under  this,  the  charge  for  energy 
consists  of  two  parts,  namely,  a  fixed  amount  per 
maximum  demand  for  kVA  or  current  taken  at  any 
time  during  a  month  or  a  quarter,  plus  a  flat  rate  per 
unit  for  the  energy  actually  consumed.  This  requires 
the  provision  alongside  of  the  ordinary  cosine  meter 
of  a  maximum-demand  indicator  which  must  be  so 
constructed  that  only  a  demand  sustained  over  a 
reasonable  time  can  influence  it,  as  it  would  clearly 
be  unfair  to  penalize  the  consumer  for  an  accidental 
short-circuit.  The  advantage  of  tliis  system  is  that 
the  consumer  can  read  for  liimself  on  the  energy  meter 
what  amount  under  the  flat  rate  he  will  have  to  pay, 
and  on  the  maximum  demand  indicator  what  the  fixed 
charge  per  kVA  \vill  total  up  to. 

Under  the  other  system,  also,  two  meters  are  used. 
One  reads  true  energy,  namely 


kVA  cos  (fxit  =  A 


-0 

and  the  other  reads 


kVA  sin  <f>dt  =  B 


From  these  two  readings  the  average  energy  factor  is 
found  by  the  equation 

cos  (p  = 


and  the  charge  is  made  out  for  a  flat  rate  and  for  the 

cos  (po 


quantity 


Q  =  A 


cos  (f>' 


which  is  obviously  nothing  else  than  total  kVA-hours 
multiplied  by  cos  (f>Q.  Since  cos  <J)q,  the  lowest  per- 
missible power  factor  prescribed  by  the  company,  is  a 
constant,  the  company  simply  charges  at  a  flat  rate 
for  the  number  of  kVA-hours  or,  if  the  voltage  may 
be  considered  constant,  for  coulombs.  In  both  tariffs 
the  usual  coal  clause  and  discount  to  large  consumers 
can  be  embodied. 

A  method  not  quite  as  simple  as  Arno's,  inasmuch 
as  it  requires  two  meters  instead  of  one,  is  in  use  by 
some  supply  companies  in  France.  Arno's  meter 
integrates   and    shows   on    one   dial   two-tliirds   of   the 
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real  power  and  one-third  of  the  kVA-hours.  In  the 
French  method  one  meter  shows  the  real  energy  and 
the  other  the  reactive  energ\'  or  J  kVA  sin  <f>dt.  The 
account  is  made  up  on  a  flat  rate  on  the  sum  of  the 
units  registered  on  the  cosine  meter  plus  a  certain 
fraction  of  the  units  shown  on  the  sine  meter.  Here 
also,  as  in  the  case  of  tlie  Midland  tariff,  the  customer 
can  by  inspecting  his  meters  find  out  for  liimself  not 
only  what  is  the  actual  amount  of  energy  he  has  used, 
but  also  what  he  has  to  pay  for  it.  The  meters  are 
made  by  the  Compagnie  pour  la  Fabrication  des 
Compteurs  of  Paris  in  a  great  variety  of  types  and  com- 
prise also  a  special  type,  having  three  dials,  for  large 
consumers.  On  one  dial  is  shown  the  actual  energ^•, 
on  the  other  the  reactive  energy,  and  on  the  third  the 
sum  of  the  real  and  a  fraction  of  the  reactive  energy. 
The  exact  value  of  this  fraction  is  agreed  beforehand 
between  the  supply  company  and  the  consumer  according 
to  the  character  of  liis  installation,  and  is  provided  for 
by  the  selection  of  suitable  gearing. 

Messrs.  Aran  Electricity  Meter,  Ltd.,  manufacture  the 
Hill-Shotter  maximum-demand  kVA  indicator  for  use 
in  conjunction  with  the  ordinary  cosine  meter.  Since 
the  plant  capacity  from  the  generator  to  the  consumer's 
terminals  is  dependent  on  the  current  irrespective  of 
pressure  and  frequency,  the  instrument  is  made  to 
register  simply  the  maximum  current  sustained  during 
a  certain  time-interval,  although  the  dial  is  marked 
in  kVA  corresponding  to  the  declared  pressure.  The 
demand  indicator  is  arranged  on  the  Merz  principle, 
the  releasing  mechanism  being  tripped  at  regular  time- 
intervals  by  an  automatic  clock  mechanism  which  is 
worked  by  a  shunt  circuit  off  the  supply  leads.  The 
time  element  is  housed  in  the  same  case  as  the  meter 
proper  and,  since  the  working  agent  is  merely  current, 
the  indication  is  correct  for  any  frequency.*  For 
balanced  loads  the  instrument  may  be  used  in  one 
phase  only,  but  in  cases  where  the  supply  given  to 
unbalanced  loads  has  to  be  metered  a  special  three- 
phase  type  is  made.  In  such  cases  the  maximum 
demand  does  not  occur  in  all  phases  at  the  same  time, 
and  the  sum  of  these  maxima  must  exceed  the  true 
simultaneous  maximum.  The  supply  company,  how- 
ever, has  to  provide  plant  capacity  in  each  phase 
corresponding  to  its  individual  maximum  and  not  for 
the  simultaneous  maximum  loading  in  all  the  phases 
combined.  If  with  a  balanced  load  300  amperes  were 
the  combined  maximum  demand,  it  would  obviously  be 
inadmissible  to  allow  150  amperes  on  each  of  two  cables 
and  zero  on  the  third.  In  such  a  case  of  serious  unbalanc- 
ing the  use  of  three  maximum-demand  indicators  is 
justified.  For  only  moderately  unbalanced  loads  the 
makers  recommend  a  combined  polyphase  indicator 
containing  three  separate  current  elements,  and  this 
indicator  is  accurate  provided  the  unbalancing  is 
such  that  at  times  of  maximum  load  the  current 
in  any  one  phase  does  not  differ  from  the  mean  value 
of  the  currents  in  the  other  two  phases  by  more  than 
50  per  cent  of  that  mean  value. 

Messrs.  Chamberlain  and  Hookham,  Ltd.,  have  recently 
developed     minimum     and     maximum     energy     factor 

*  See  correction  to  this  sentence  in  the  remarks  of  Mr.  E.  W. 
Hill,  page  115.— M.  \V. 


indicators  which  require  no  time  mechanism.  The 
minimum  instrument  consists  of  an  ordinary  cosine 
meter  and  a  sine  meter  having,  in  addition  to  the  usual 
pointer,  an  indicator.  The  cosine  meter  has  a  contact- 
making  device  which  comes  into  action  after  a  predeter- 
mined amount  of  energy  has  passed  through  the  meter. 
In  the  sine  meter  is  an  electromagnet  wliich,  when 
energized,  releases  the  gear  and  allows  the  pointer  to 
return  to  zero  under  the  action  of  a  spring,  the  indicator 
remaining  at  its  then  position.  Suppose  the  contact 
has  been  set  for  10  units.  Every  time  this  amount 
of  energy  has  passed  the  sine  meter  returns  to  zero 
and,  since  the  lower  the  energ\'  factor  the  further  will 
the  indicator  be  pushed,  its  extreme  position  corresponds 
to  the  minimum  energy  factor  which  has  occurred 
during  a  given  period.  The  dial  of  the  sine  meter  may 
be  marked  either  in  kVA-hours  or  directly  in  cos  (f>. 
To  record  the  highest  energy  factor  occurring  in  a 
given  time  the  contact  device  is  put  into  the  sine  meter 
and  the  cos  <f>  indicator  into  the  cosine  meter. 

In  order  to  ascertain  the  general  trend  in  the  supply 
industry  as  regards  discriminative  tariffs,  the  author 
has  made  inquiries  of  some  of  the  larger  power  companies 
with  the  following  results.  On  the  whole  the  impor- 
tance of  framing  the  tariff  so  as  to  induce  consumers 
to  take  their  supply  under  a  good  power  factor  is 
recognized,  but  the  question  is  (owing  to  the  unsettled 
industrial  condition)  still  in  a  state  of  flux.  Thus  one 
company  writes  that  previous  to  the  war  they  charged 
£1  per  quarter  per  kVA  of  maximum  demand  plus  a 
flat  rate  of  0-25d.  per  unit,  but  that  owing  to  the 
increase  in  prices  they  had  to  advance  their  charges 
and,  everytliing  being  so  uncertain,  they  prefer  not  to 
state  any  definite  figures. 

Another  company  writes  with  respect  to  tariff 
adjustments  according  to  power  factor  :  "It  will  be 
inopportune  for  you  to  refer  in  your  paper  to  the  figures 
we  gave  you  last  year,  having  regard  to  the  possibility 
of  it  now  being  found  necessary  to  amend  them." 

The  engineer  of  a  third  undertaking,  who  wishes  to 
remain  anonymous,  though  he  permits  the  author  to 
mention  figures,  explains  that  he  uses  two  cosine  meters, 
one  with  the  pressure  phase  reversed,  so  as  to  get  not 
the  sum,  but  the  difference  in  the  two- wattmeter  system. 
From  the  two  readings  he  finds  tan  (j)  and  from  tliis 
cos  <p.  The  units  shown  on  the  true  energy  meter  are 
increased  in  the  ratio  0  •  8/cos  0,  and  half  tliis  increase 
is  charged  in  addition  to  the  true  units. 

South  Wales  Electrical  Power  Distribution  Co. — This 
company  charges  on  the  basis  of  the  following  figures 
per  maximum  kVA  demand  (reduced  from  true  energy 
by  dividing  by  the  energy  factor)  plus  a  flat  rate  of 
0-25d.  per  unit. 

For   the   first   500  maximum  hourly   units   per   month, 

7s.  6d.  each. 
For  the  next   1  500  maximum  hourly  units  per  month, 

6s.  each. 
For  all  further  hourly  units  per  month,  5s.  each. 

It  is  convenient  to  put  this  tariff  into  mathematical 
form.  Let  D  be  the  maximum  demand  in  units,  d 
the  flat  rate  per  unit,   V  the  units  of  true  energy  con- 
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sumed  in  one  month,  and  cos  <j)  the  energj'  factor.    Then 
the  monthly  charge  in  pence  is  : 

For  D  up  to  500, 

Pence  = j.{aD\  +  dU 

COS  cp'-        ■' 

For  D  between  500  and  2  000, 

Pence  =  ^-j-faSOO  +  oi(0  -  500)}  +  dU 
cos  (p  ^ 

For  D  over  2  000, 

Pence  =  --  -,{a500+a,  1500+a..{r>-  2  000)} +  dU 
cos  (p  ^ 

a  =  90,  ai  =  72,  a.,  =  60. 

The  North  Wales  Power  and  Traction  Co.  write  : 
"  Our  standard  price  at  present  (March  1922)  is  £6 
per  kW  of  maximum  demand  phis  fd.  per  unit  ;  and 
in  the  case  of  bulk  supply  we  specify  in  the  power 
agreements  that  the  power  factor  shall  be  kept  as  near 
unity  as  possible.  With  industrial  works  supply  we 
specify  that  the  power  factor  shall  not  be  less  than 
0-85,  and  secondary  equipment  is  installed  to  our 
reasonable  satisfaction,  so  that  we  can  take  exception 
to  any  plant  which  gives  poor  power  factor." 

The  Yorkshire  Electric  Poiver  Company  write  :  "  Our 
tariff  for  power  supply  is  made  up  of  two  parts  :  (1)  A 
charge  per  kVA  of  maximum  demand.  (2)  A  charge 
per  unit.  This  tariff  definitely  encourages  the  consumer 
to  have  regard  to  the  power  factor  of  his  installation, 
and  in  a  number  of  cases  consumers  find  it  economical 
to  introduce  special  means  for  improving  the  power 
factor  of  their  installations." 

The  Scottish  Central  Electric  Power  Company  write  : 
"  This  company  has  not  so  far  introduced  a  tariff  to 
induce  consumers  so  to  arrange  their  plant  as  to  provide 
a  good  power  factor.  We  have  the  usual  '  Penalty 
Clause  '  in  respect  of  low  power  factor  in  our  agree- 
ments for  supply,  but,  owing  to  the  difficulty  of 
enforcing  this,  it  is  rarely  brought  into  operation." 

The  City  of  Sheffield  has  a  tariff  *  for  power  based  on 
a  fixed  charge  per  maximum  demand  in  kVA  and,  in 
addition,  a  flat  rate  per  unit,  with  discounts  varying 
according  to  quantitv.  The  rates  originally  published 
in  1913  have  now  been  doubled,  and  the  charges  made 
to  large  consumers  taking  a  high-tension  supply  in 
bulk  for  any  purpose  required  amount  at  present 
(March  1922)  to  a  fixed  charge  of  £8  per  annum  of 
maximum  demand  in  kVA  and  a  flat  rate  of  2d.  per 
unit,  less  a  discount  of  75  per  cent.  The  rate  is  subject 
to  the  signing  of  an  agreement  embod)dng  a  clause 
adjusting  the  discount  according  to  the  price  of  coal, 
also  a  minimum  payment  per  annum  and  a  term  of 
years. 

The  Calcutta  Electric  Supply  Corporation  limits 
consumers  to  a  power  factor  of  0-8,  and  the  consumer 
obtains  a  bonus  if  his  power  factor  is  better  than  0-85. 
The  bonus  is  in  the  form  of  a  rebate  for  each  1  per  cent 
by  which  the  power  factor  exceeds  85  per  cent. 

The  Clyde  Valley  Electric  Power  Co.  have  given  the 
author  the  following  particulars  about  power  factor  and 

•  See  correction  to  this  paragraph  in  the  remark;;  of  Mr.  S.  E. 
Fedden,  page  114. — M.  W. 


tariff,  with  permission  to  embody  them  in  this  paper  : 
"  The  mean  power  factor  of  our  system  averages  about 
0-72  over  a  week,  ranging  from  about  0-55  to  0-82 
daily.  We  estimate  that  the  increased  loss  in  our 
11  000-volt  distribution  system  due  to  the  difference 
between  unity  power  factor  and  the  power  factor 
obtained  is  3^  per  cent.  The  increased  loss  in  trans- 
formers and  generating  plant  we  put  at  0-6  per  cent 
and  0-75  per  cent  respectively,  or  a  total  increased 
loss  of  4-85  per  cent.  To  this  must  be  added  the  in- 
creased steam  losses  consequent  on  running  additional 
turbo  plant  to  deal  purely  with  the  kVA  demand. 
A  further  direction  in  which  we  estimate  that  we  suffer 
considerable  loss  in  revenue  is  the  impaired  voltage 
regulation  at  the  customer's  terminals  due  to  the 
lower  power  factor.  The  company,  therefore,  som.e  time 
ago  decided  to  insert  a  Power  Factor  Clause  in  the 
standard  rates.  After  careful  consideration  a  '  standard 
power  factor'  of  0-8  lag  was  adopted.  The  present 
standard  rates  are  : 

"  0-250  kW  of  maximum  demand  :  £10  per  annum, 
plus  a  running  charge  of  0-4d.  per  k\Mi  consumed 
with  coal  at  20s.  per  ton. 

"  1  000  kW  of  maximum  demand  :  £8  per  annum, 
plus  a  running  charge  of  0-4d.  per  kWh  consumed 
with  coal  at  20s.  per  ton. 

"10  000  kW  of  maximum  demand  :  £6  per  annum, 
plus  a  running  charge  of  0-4d.  per  kWli  consumed 
Mith  coal  at  20s.  per  ton. 

"  And  pro  rata  for  intermediate  quantities. 

"  The  power-factor  rebate  is  given  on  the  maximum- 
demand  charge,  the  running  charge  of  0-4d.  being 
unaffected.  With  a  standard  pow-er  factor  of  0-8 
the  rebate  obtainable  with  unity  power  factor  is  20 
per  cent.  With  a  power  factor  of  0-6  lagging,  the 
penalty  becomes  33^  per  cent,  in  addition  to  the 
maximum-demand  charge.  In  the  case  of  a  customer 
with  a  maximum  demand  of  1  000  kW,  the  rate 
per  kW  at  unity  power  factor  would  be  £6  8s.  ; 
and  with  0  ■  6  lagging  power  factor  it  would  be 
£10  13s.  4d.,  the  running  charge  of  0-4d.  per  unit 
being  additional  in  both  cases.  The  rebate  is  given 
up  to  unity  power  factor,  and  no  allowance  is  made 
for  power  factors  on  the  leading  side,  these  being 
treated  on  the  same  basis  as  unity  power  factor.  We 
have  given  careful  consideration  to  the  question  of 
metering  the  power  factor,  and  the  system  which  we 
consider  introduces  fewest  difficulties  in  our  Accounts 
Department  is  the  method  of  registering  the  wattless 
component.  The  metering  of  power  is  accomphshed 
by  the  tliree-wattmeter  method,  and  to  measure  the 
wattless  component  only  requires  the  addition  of  one 
further  wattmeter,  which  does  not  in  any  way  interfere 
with  the  ordinary  metering.  We  arrange  the  connec- 
tions of  this  wattmeter  so  that  the  reading  is  forward 
for  lagging  and  tlie  reverse  for  leading  power  factor. 
The  wattless  component  and  the  kilowatt  meters  are 
read  at  the  encl  of  each  quarter,  and  the  power  factor 
is  determined  from  the  relation  of  the  respective  readings. 
Our  Mr.  McColl  has  designed  a  slide  rule  with  which 
the  power  factor  can  be  readily  determined  by  any 
non-technical    person.      The    method    of    power-factor 
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metering  which  we  have  adopted  gives  the  consumer 
the  advantage  of  off-time  phase-advancing ;  that  is 
to  say,  where  static  condensers  are  employed  these 
may  be  left  in  circuit  continuously,  and  the  wattless 
component  which  has  been  registered  on  the  lag  side 
may  be  cancelled  during  off  hours  by  the  leading  current 
of  the  condensers." 

The  examples  of  tariffs  cited  show  that  the  tendency 
in  the  supply  industry  is  rather  in  the  direction  of  a 
fixed  charge  for  the  maximum  demand,  augmented  by 
a  flat  rate  per  unit,  than  only  a  flat  rate  adjusted  accord- 
ing to  power  factor.  The  latter  is  unscientific  and  can, 
under  circumstances,  be  unfair  to  either  the  consumer 
or  the  company,  as  can  easily  be  seen  if  we  consider 
two  cases  which  may  well  arise  in  practice. 

Assume  that  a  consumer  installs  only  synchronous 
induction  motors.  His  power  factor  \\-ill  always  be 
leading,  and  on  a  flat  rate  based  on  and  proportional 
to  cos  ^o/cos  <!>  he  will  always  pay  too  much.  Yet  as 
long  as  his  neighbours  have  a  lagging  power  factor  he 
is  benefiting  the  supply  company.  Only  in  the  unUkely 
case  that  all  consumers  were  to  use  the  whole  supply 
to  work  phase-advancing  motors  would  the  company 
also  be  injuriously  affected. 

On  the  other  hand,  a  consumer  may  use  ordinary 
motors  and  correct  the  general  power  factor  of  his 
whole  installation  by  static  condensers.  \Mth  a  load 
factor  of  0-83  he  \vill  consume,  every  working  day  of 
8  hours,  660  units  for  every  100  kW  of  his  peak  load. 
Under  a  tariff  which  allows  him  an  energy  factor  of 
0-85  without  penalty  he  wll  be  able  to  make  the  neces- 
sary correction  by  installing  condensers,  but  he  will 
not  install  more  than  are  absolutely  necessary.  His 
mean  load  is  0-83  of  the  peak  load,  and  his  power  factor 
at  peak  load  may  be  as  low  as  0-7.  Taking  this  as  a 
reasonable  figure,  we  find  that  at  peak  time  his 
condensers  wll  have  to  inject  39  kVA  for  every  100  kW 
of  peak  load.  If  he  leaves  the  condensers  in  circuit 
for  24  hours  a  day  he  can  reduce  their  capacity  to 
one-third  and  yet  keep  mthin  the  permissible  power 
factor  of  0-85.  But  at  peak  time  his  power  factor  will 
be  only  0-78,  and  as  the  intention  of  the  tariff  is  to 
make  the  consumer  pay  his  fair  share  of  the  additional 
current  load  on  the  plant  at  peak  time,  he  ought 
to  pay  0 -80/0 -78  =  1-11  times  the  minimum  rate. 
Actually  he  only  pays  the  minimum  rate.  The  com- 
pany receives  11  per  cent  less  than  corresponds  to 
the  intention  of  the  tariff. 

Such  anomalies  cannot  occur  under  a  maximum- 
demand  tariff.  The  consumer  may  leave  his  con- 
densers in  circuit  permanently  wthout  depri\dng  the 
company  of  a  certain  percentage  of  the  revenue  to 
which  they  are  entitled,  because  the  fixed  charge  is 
not  influenced,  or  is  only  slighth-  influenced,  b)^  energy 
factor.  For  the  same  reason  the  consumer  cannot  be 
penaUzed  for  doing  a  little  more  phase-advancing  than 
is  necessary.  The  basic  idea  of  the  two-part  tariff  is 
that  the  fixed  charge  for  maximum  demand  should 
recompense  the  company  for  capital  outlay  incurred 
on  account  of  each  consumer,  whilst  the  flat  rate  per 
unit  should  recompense  them  for  running  costs.  If 
the  voltage  at  consumers'  terminals  is  kept  constant, 
the    maximum    kVA   demand    can   be   found   from    a 


maximum-current  indicator  scaled  in  kVA.  Under 
these  conditions  the  metering  becomes  a  very  simple 
matter.  All  that  is  wanted  is  a  coulomb  meter  com- 
bined with  a  time  element  which  brings  the  pointer 
back  at  regular  intervals  of  10  or  20  minutes,  leaving 
the  indicator  in  its  farthest  position,  and  an  ordinary 
cosine  energy  meter.  Neither  energy  factor  nor  power 
factor  enter  in  the  making  up  of  the  total  charge,  and 
the  customer  can  by  inspection  of  the  two  meters  find 
out  for  himself  what  energy  he  has  used  during  a  month 
or  a  quarter  and  how  much  he  has  to  pay  for  it.  This 
is  an  advantage,  especially  with  small  consumers,  who 
cannot  be  expected  to  understand  the  mathematics  of 
power  and  energy  factor. 

The  condition  of  constant  terminal  voltage  may  not, 
however,  be  strictly  maintained.  If  the  voltage  is 
higher  than  the  declared  voltage  on  which  the  maximum 
demand  indicator  is  scaled,  the  number  of  kVA  read 
off  the  indicator,  and  also  the  fixed  charge,  -will  be  too 
low,  to  the  detriment  of  the  supply  company.  If  the 
terminal  voltage  decreases,  the  indicator  will  show  too 
large  a  value  for  the  maximum  kVA,  to  the  detriment 
of  the  consumer.  The  greatest  voltage-drop  occurs  at 
peak  time  and,  generally  speaking,  this  is  the  time 
when  consumers  individually  have  their  own  peak 
demand.  The  result  is  that  the  fixed  charge  ■will  be 
in  excess  of  that  for  the  true  maximum  kVA  demand 
in  the  same  percentage  as  the  actual  voltage  falls  short 
of  the  declared  voltage. 

The  error  thus  introduced  by  excessive  voltage-drop 
may  be  appreciable  and,  as  it  is  always  against  the 
consumer,  we  find  that  most  supply  companies  do  not 
use  the  simple  (coulQmbs)/(time)  indicator,  but  replace 
it  by  a  {units)/{time)  indicator,  and  translate  the 
reading  into  maximum  kVA  demand  -w-ith  reference 
to  the  energy  factor  by  dividing  the  number  of  units 
by  cos  ^.  Under  this  more  accurate  system  of  metering 
three  instruments  are  required  :  (1)  A  maximum- 
demand  kW  indicator  which  is  a  cosine  meter  with  a 
time  element ;  (2)  an  ordinary  cosine  energy  meter  ; 
and  (3)  a  sine  meter  to  record  fEI  sin  (jxlt.  From 
the  two  last-named  instruments  is  found  tan  0,  and 
from  this  cos  <f). 

If  Pq  =  maximum  kW  demand, 
P  =  maximum  kVA  demand, 
m  =  charge  per  maximum  kVA  demand, 
V  =  number  of  units  consumed, 
d  =  flat  rate,  then 

P  = 7  ;  and  the  total  charge  =  mP  +  dU 

COS0 

Under  this  tariff  there  is  no  necessity  to  place  the 
consumer  under  any  restriction  as  to  a  minimum  power 
factor.  The  latter  may  be  as  bad  as  suits  the  consumer's 
method  of  working  his  machinery,  because  its  effect 
will  make  itself  felt  in  the  energ>'  factor  and  thus 
appropriately  increase  the  fixed  charge,  thereby 
recompensing  the  supply  company  for  their  greater 
expenditure  on  electrical  plant. 

In  conclusion  the  author  thanks  the  various  firms 
and  engineers  of  power  supply  undertakings  for  the 
information  which  they  have  kindly  supplied  to  enable 
him  to  present  this  paper. 
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Discussion  before  The   Institution,    16  November,    1922. 


Mr.  LI.  B.  Atkinson  :  The  circumstances  in  wliich 
this  paper  is  read  to-night  are  most  unusual.  The 
paper  was  presented  to  the  Institution  in  April  of  the 
present  year,  and  four  months  later  the  author  had 
died.  We  are  deeply  indebted  to  Prof.  Miles  Walker  for 
having  carried  the  work  to  a  point  which  has  permitted 
the  reading  of  the  paper  to-night.  Gisbert  Kapp 
was  one  of  my  earliest  and  most  intimate  friends  in  the 
electrical  world.  The  last  time  I  saw  him  was  during 
my  tenure  of  office  as  President  of  the  Institution, 
when  I  spent  a  night  with  him  at  his  home  at  Birming- 
ham. We  had  been  to  an  Institution  meeting,  and, 
when  we  got  home,  liis  family  and  household  had 
retired  to  bed.  He  said  to  me  ;  "  Atkinson,  we  must 
have  a  night  hke  we  used  to  do,  and  a  long  discussion." 
It  was  then  about  half-past  ten.  The  discussion  con- 
tinued until  betvveen  two  and  three  in  the  morning, 
just  as  in  the  days  when  we  were  young  men  we  would 
spend  half  the  night  discussing  many  of  the  difficult 
problems  which  confronted  us  in  those  days.  To  me, 
and  I  am  sure  to  him  also,  it  was  a  great  delight  thus 
to  revive  a  form  of  entertainment  and  instruction  in 
which  we  had  so  often  taken  part  in  our  young  days. 
I  realized  at  that  time  that  he  was  failmg  physically 
very  fast,  but  he  was  mentally — as  tliis  paper  shows — 
as  alert  as  ever.  It  is  difficult  for  me — and  there  are 
one  or  two  members  present  who  will  recollect  those 
early  times — to  reahze  how,  when  Kapp  began  his 
work  on  the  dynamo  and  other  electrical  subjects, 
he  and  all  of  us  were  groping  in  the  dark.  I  saw,  in 
those  evenings  I  spent  with  liim,  how  step  by  step 
he  was  coming  to  the  idea  of  the  magnetic  circuit,  which 
finally  unlocked  so  much.  I  believe  the  brothers 
Hopkinson  published  the  same  idea  before  he  did, 
though  not  in  the  same  terms,  but  nevertheless  Kapp 
was  working  on  the  idea  before  anyone  else  in  the 
electrical  world  had  got  a  grip  of  the  fact  that  we  could 
use  the  idea  of  a  circuit  for  magnetic  actions  in  the 
same  way  as  we  had  been  accustomed  to  use  the  idea 
of  an  electrical  circuit.  That  method,  in  fact,  was  a 
revolution.  After  that  Kapp  went  on,  always  as 
a  leader — at  one  time  he  was  our  President^and  as  a 
teacher.  The  transmission  of  power,  alternating  currents 
and  many  other  matters  in  turn  claimed  his  attention, 
always  with  some  new  illumination  wliich  he  communi- 
cated to  others  freely,  in  teaching,  in  papers  and  in 
books,  and  now  to-night,  after  he  has  gone,  we  still 
hear  his  voice  and  sit  once  more  as  learners  at  his 
feet. 

Dr.  S.  P.  Smith  :  The  paper  brings  out  to  a  certain 
extent  the  point  that  power  factor  improvement  is 
not  merely  an  economic  question  at  the  present  time, 
but  is  becoming  a  question  of  necessity  on  certain 
systems  in  order  to  obtain  a  good  voltage  regulation. 
The  question  of  the  particular  apparatus  wliich  ought  to 
be  used  is,  of  course,  no  new  one.  We  are  greatly 
indebted  to  Dr.  Kapp,  however,  for  giving  us  such  a 
valuable  criticism  of  all  the  useful  metliods  that  are 
known    at    the    present    time.     In    this    connection    I 


should  like  to  refer  to  two  papers  *  published  in  1909. 
It  is  interesting  to  note  that  Prof.  Miles  Walker,  who 
has  been  so  good  as  to  revise  Dr.  Kapp's  paper,  was  also 
a  pioneer  in  this  matter.  In  IMr.  Mordey's  paper,  the 
conclusion  arrived  at  in  comparing  static  with  rotary 
condensers  at  that  time  would  seem  to  be  confirmed 
to  a  large  extent  by  the  present  paper  ;  both  as  regards 
capital  cost  and  running  cost,  Mr.  Mordey  found  that 
the  rotary  was  more  expensive  than  the  static  condenser. 
It  is  well  known  that  in  many  systems  the  static  con- 
denser is  being  used  as  a  protective  device,  and  it  may 
well  be  that  in  some  installations  the  static  condenser 
can  be  used  to  serve  both  for  protection  and  for  improxang 
the  power  factor,  though  the  possible  injurious  effect 
of  capacity  where  there  are  voltage  ripples  must  not 
be  ignored.     One   point  in   connection   mth   the   syn- 
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chronous  induction  motor  came  out  in  a  discussion 
which  I  had  with  Dr.  Kapp,  i.e.  its  low  overload 
capacity.  The  synclironous  induction  motor  is  a  com- 
promise, the  synchronous  motor  being  a  macliine 
with  small  armature  reaction,  and  the  induction  motor 
a  maclime  with  large  armature  reaction  ;  combining 
the  two  results  in  a  small  overload  capacity,  wliich  may 
be  troublesome  in  some  cases  and  need  special  design 
to  overcome  it.  In  conclusion,  I  should  like  to  refer  to 
the  final  part  of  the  paper,  dealing  with  tariffs.  The 
author    has    given    us    several    methods    of   charging. 

•  W.  M.  Mordey:  "Some  Tests  and  Uses  of  Condensers," 
Journal  I.F..K.,  1909,  vol.  43,  p.  618. 

M.  Walker:  "  The  Improvement  of  Power  Factor  in  Alternating- 
current  Systems,  ibid.,  vol.  42,  p.  599. 
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Fig.  A  is  taken  from  a  publication  *  of  the  Swiss  Electro- 
technical  Institution,  and  shows  at  a  glance  the  effect  of 
different  methods  of  charging. 

Let  power  component  fVI  cos  cj)  dt  ^  X, 
reactive  component  fV'I  sin  (f)  dt  =  Y, 
total  kVA-hours  fl^'l  dt  =  Z. 

Then  curve  A  =  charge  according  to  X, 

C  =  charge  according  to  X  +  0 -3 K, 
D  =  charge  according  to  0  •  bX  -\-  0  •  5Z, 
E  =  charge  according  to  Z, 
F  =  charge  according  to  X  +  Y. 

In  general,  the  charge  may  be  proportional  to 
(1  —  a)  X  +  aZ,  since  the  generating  cost  depends  on 
X,  and  the  transformation  and  distribution  costs  are 
proportional  to  Z.  Curve  E  thus  represents  the  case 
when  the  generating  costs  are  negUgible  compared 
with  the  transformation  and  distribution  costs,  while 
curve  A  represents  the  case  where  the  only  important 
cost  is  that  of  generation.  The  value  of  a  must  obvi- 
ously be  adjusted  to  suit  given  conditions.  In  hydro- 
electric work  a  would  obviously  be  very  different  from 
its  value  with  a  steam  generating  station.  Curve  B 
shows  how  the  cost  can  be  increased  by  1  per  cent  for 
each  1  per  cent  reduction  in  power  factor  below  0'8. 

Mr.  K.  Edgcumbe  :  On  the  last  page  of  the  paper 
the  author  gives  it  as  his  opinion  that  the  correct 
charge  is  an  amount  per  kilowatt-hour  plus  a  fixed 
charge  depending  on  the  maximum  demand,  and  he 
lays  it  down  that  this  fixed  charge  should  recompense 
the  company  for  the  capital  outlay  incurred  on  account 
of  that  consumer.  This,  I  think,  is  the  aim  of  every 
supply  undertaking.  He  goes  on  to  point  out  that 
if  the  voltage  can  be  regarded  as  constant,  all  that 
is  necessary  is  a  coulomb  meter  combined  with  a  time 
element  or,  in  other  words,  an  ammeter  with  a  maximum- 
demand  pointer,  and  that  is  undoubtedly  the  simplest 
method.  The  author,  however,  qualifies  that  state- 
ment by  adding  that  the  condition  of  constant  terminal 
voltage  may  not  always  be  fulfilled.  But  I  am  inclined 
to  think  that  the  alternative  given  by  the  author  is  sub- 
ject to  another  objection  almost  as  strong  and,  apart 
from  this,  it  is  complicated,  entaihng  three  instruments  : 
the  ordinary  cosine  (energy)  meter,  a  maximum-demand 
indicator  and  a  sine  meter.  By  taking  the  readings 
of  the  sine  meter  and  the  energy  meter,  and  dividing 
one  by  the  other,  the  tangent  of  the  angle  can  be  found  ; 
from  that,  in  turn,  the  angle  and  hence  the  power  factor 
can  be  calculated  and  the  kilowatts  may  be  read  from 
the  maximum-demand  indicator.  By  dividing  the 
one  by  the  other,  the  maximum  demand  in  kVA  is 
obtained.  Now  this  appears  to  me  to  be  a  verj'  elaborate 
way  of  arriving  at  the  result,  and  it  is  subject  to  the 
objection  that  the  power  factor  measured  is  the  average 
power  factor  for  the  quarter.  I  do  not  think  that 
one  is  justified  in  assuming  that  it  was  the  con- 
sumer's power  factor  at  the  time  he  was  taking  his 
maximum  demand.  Comparing  the  two  systems, 
therefore :  in  the  one  case  there  is  the  possibility  of 
the  voltage  varying  (in  favour  of  either  the  consumer 

•  O.  Ganguillet  :  Schwcizerischer  Elektrotechnischer  Verein 
Bullain,   1921,  vol.   12,  p.  406. 


or  the  supply  company),  and  in  the  other  case  there 

is  the  certainty  that  the  power  factor  assumed  is  not 
the  power  factor  at  the  time  of  the  consumer's  maximum 
demand.  Of  the  two  alternatives  I  prefer  the  former. 
The  strong  point  in  favour  of  that  method  is  that  it 
embodies  a  maximum-demand  ammeter  which  is  at 
all  times  easily  seen  by  the  consumer  ;  whereas  in  the 
other  case  he  cannot  tell  until  the  end  of  the  quarter 
what  his  maximum  demand  has  been,  and  then  it  has 
to  be  multiplied  by  a  constant,  the  object  of  which 
is  difficult  to  explain,  and  the  method  of  arriving  at 
which  is  complicated. 

Mr.  W.  E.  Rogers  :  When  one  first  studies  the 
power-factor-improvement  problem,  everytliing  seems 
to  point  towards  the  employment  of  static  condensers, 
until  one  reaUzes  that  the  voltage  question  has  an 
important  bearing  on  the  matter,  and  that  unless  about 
600  volts  can  be  apphed  to  the  condensers  they  will 
not  be  a  practical  commercial  proposition.  Moreover, 
the  question  of  master  patents  arises.  I  should  hke 
to  have  some  information  in  regard  to  the  power  factor 
of  a.c.  electric  arc  furnaces,  and  a.c.  electric  arc  welding 
processes,  etc.  With  ammeter,  wattmeter  and  volt- 
meter readings  a  power  factor  of  the  order  of  0-4  or 
0-5  is  indicated.  It  seems  to  me  that  there  is  a  total 
absence  of  current  during  a  certain  portion  of  a  cycle, 
and  there  is  therefore  no  wattless  current  to  correct. 
How  is  that  power  factor  produced  (if  it  is  a  power 
factor),  and  how  is  it  to  be  improved  ?  W'ould  not 
"  equivalent  power  factor  "  be  a  more  appropriate 
expression  ? 

Mr.  E.  T.  Williams  :  I  had  occasion  to  consider  tliis 
subject  recently  in  connection  wth  a  works  where  the 
power  factor  was  gradually  becoming  worse.  The  old 
agreement  with  the  supply  company  was  on  the  kilowatt 
basis  ;  the  main  was  being  overloaded  and  there  were 
voltage  troubles.  We  therefore  had  to  face  the  problem, 
particularly  as  the  supply  company  in  their  new  agree- 
ment were  charging  on  the  kilovolt-ampere  basis. 
After  considering  the  various  methods  of  deahng  with 
the  problem  we  installed  a  static  condenser  and,  after 
testing  it,  found  it  to  be  a  commercial  proposition. 
From  that  time  until  the  present  we  have  not  had  the 
shghtest  trouble  with  it.  I  cannot  but  feel  that  all  old 
agreements  made  on  a  kilowatt  basis  should  be  replaced, 
as  they  expire,  by  new  agreements  on  a  kilovolt-ampere 
basis.  I  also  feel  that  in  many  cases  where  extensions 
or  enlargements  of  mains  appear  to  be  required,  the 
trouble  might  be  overcome  by  providing  some  type  of 
phase  advancer.  The  great  advantage  of  the  static 
condenser  is  that  one  merely  has  to  put  it  into  position ; 
it  requires  no  attention,  and  is  advantageous  from  the 
points  of  view  of  both  the  consumer  and  the  supply 
company. 

Mr.  W.  B.  Woodhouse  :  I  think  it  is  some  18  years 
since  I  first  adopted  a  method  of  charging  based  on 
kilovolt-amperes,  with  the  object  of  dealing  with  this 
question  of  idle  current.  The  paper  gives  us  some 
idea  of  the  relative  merits  of  the  different  means  of 
correction,  but  the  problem  we  have  to  face  in  practice 
is  :  Who  shall  do  the  correction,  the  supply  undertaking 
or  the  consumer  ?  Of  course,  if  supply  engineers  could 
design    all    the    installations,    then    motors    would    be 
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obtained  with  less  magnetizing  current  than  most  of 
them  now  require,  and  we  could  in  every  way  reduce 
the  amount  of  idle  current  on  the  system.  As  that 
is  not  possible,  the  user  has  to  be  encouraged  to  improve 
his  power  factor  by  a  tariff.  1  do  not  think  it  is  really 
necessary  for  that  tariff  to  follow  the  cost  line  too 
precisely.  A  consumer  should  be  prohibited  from 
having  a  power  factor  of  the  order  of  0-  5  or  0-  6.  That 
can  be  done  by  imposing  regulations,  but  it  should  be 
made  proliibitive  in  price  for  anybody  to  have  an 
installation  with  so  low  a  power  factor.  That  can  be 
effected  by  a  fairly  high  kVA  charge.  I  have  dealt  with 
a  number  of  cases  where  the  consumer  has  corrected 
the  power  factor  and  reduced  the  demand  very  sub- 
stantially. I  have  found  synchronous  motors  very 
convenient  for  a  number  of  purposes  where  there  is 
continuously-running  machinery.  I  installed  one  10 
years  ago  which  is  still  running,  and  which  has  an 
automatic  pressure  regulator.  Tliis  regulator  is  actually 
designed  to  regulate  the  pressure,  but  it  also  regulates 
the  power  factor.  I  beUeve  that  the  installation  of 
that  particular  macliine,  as  compared  with  an  induction 
motor,  saves  the  consumer  something  like  £2  000  a 
year.  In  another  case,  a  very  large  installation — one 
of  those  difficult  installations  in  which  there  is  a  large 
number  of  heavy  motors  to  meet  peak  conditions — was 
working  with  a  power  factor  of  something  like  0-5. 
That  has  been  corrected  by  means  of  static  condensers, 
with  the  result  that  the  bill  for  current  has  been  reduced 
by  about  £8  000  a  year. 

Mr.  C.  L.  Lipman  :  I  agree  with  the  author  that  a 
fair  way  of  charging  for  electricity  consumed,  from 
both  the  consumer's  and  the  supply  company's  point 
of  view,  is  to  have  a  fixed  charge  for  the  maximum 
demand,  augmented  by  a  flat  rate  per  unit.  In  the 
last  chapter  the  author  repeatedly  refers  to  the  inte- 
grating wattmeter  or  watt-hour  meter  as  the  "  cosine 
meter."  Tliis  name  may  be  justified  from  the  time- 
integral  point  of  view,  but  is  objectionable  for  other 
reasons.  On  the  Continent  by  a  "  cosine  meter " 
is  usually  meant  a  power  factor  meter  and  not  an 
energy  meter.  It  is  further  surprising  that  in  a  paper 
dealing  with  the  "  Improvement  of  Power  Factor  "  no 
mention  is  made  of  power  factor  indicators.  Wherever 
power  factor  regulation  is  attempted  a  direct-reading 
power  factor  meter  is  necessary,  as  it  is  out  of  the 
question  to  calculate  the  power  factor  from  the  readings 
of  wattmeters,  voltmeters  and  ammeters.  It  is  a 
well-known  fact,  and  reference  to  Figs.  7  and  96  of  the 
paper  will  confirm  it,  that  in  the  case  of  synchronous 
machinery  the  power  factor  varies  with  the  load  on 
the  machine.  It  is  therefore  of  extreme  importance 
to  employ  such  a  power  factor  meter  as  would  indicate 
the  exact  power  factor  or  phase  angle  between  the 
current  and  the  electromotive  force,  independent  of 
the  magnitude  of  these  quantities.  Such  an  improved 
power  factor  meter  has  recently  been  developed  by 
the  speaker  and  possesses  many  novel  and  unique 
features.  It  works  on  the  principle  of  the  "  component 
fields,"  according  to  wliich  the  electromagnetic  forces 
acting  upon  the  moving-iron  system  are  produced  by 
field  coils  having  their  axes  parallel  to  each  other  in 
separate  parallel  planes,  the  moving  element  comprising 


a  spindle  (made  up  of  one  or  more  co-axial  magnetic 
systems,  which  are  being  magnetized  by  individual 
pressure  coils)  and  an  appropriate  number  of  thin 
iron  vanes  mounted  thereon  in  these  parallel  planes. 
The  vanes  are  specially  shaped,  and  their  axes  of 
symmetry  are  set  so  as  to  correspond  to  the  time-elec- 
trical displacement  (expressed  in  degrees  of  phase 
angle)  of  the  currents  in  the  various  phases  of  the 
system  on  which  the  instrument  is  to  be  used,  i.e.  90° 
and  120°  for  two-  and  three-phase  circuits,  respectively. 
The  distinguishing  feature  of  these  phase  meters  is 
that,  owing  to  their  special  construction,  no  resultant 
rotating  field  is  set  up,  and  consequently  no  "  rota: 
tional  drag  torque  "  upon  the  moving-iron  system  is 
produced,  and  the  disadvantages  arising  from  that 
torque  are  eliminated.  The  magnetic  fluxes  due  to 
the  current  coils  always  oscillate  to  and  fro  periodically 
in  parallel  planes.  The  fluxes  due  to  the  pressure 
coils  oscillate  periodically  up  and  down  co-axially, 
thereby  magnetizing  the  corresponding  iron  vanes  of 
the  independent,  but  component,  magnetic  portions 
of  the  moving  systems,  these  portions  being  magnetically 
separated  by  non-magnetic  material.  The  turning 
moment  on  the  moving  system  is  therefore  developed 
by  virtue  of  the  fact  that  a  number  of  directive  pulsating 
magnetic  forces,  due  to  the  field  coils,  are  regularly 
applied  to  the  vanes  magnetized  periodically  and  in 
correct  sequence  by  the  pressure  coils,  which  vanes 
may  be  regarded  as  magnetic  levers  mechanically 
displaced  relatively  to  each  other.  The  combined 
electromagnetic  effect  is  such  that  for  any  given  power 
factor  the  moving  system  is  in  neutral  equihbrium, 
and  thus  it  is  independent  of  the  magnitude  of  the  load. 
If  the  phase  angle  between  the  current  and  potential 
difference  of  the  mains  alters  by  a  given  amount,  the 
moving  system  will  shift  bj-  an  equal  amount,  and  will 
again  take  up  a  definite  and  stable  pcsiticn  ccrrespcnd- 
ing  to  the  new  conditions.  The  pcsiticn  cf  the  pointer 
therefore  indicates  the  phase  angle.  For  convenience, 
however,  the  scale  is  graduated  m  values  of  the  pt  wer 
factor. 

Mr.  W.  M.  Selvey  :  I  should  like  to  separate,  to 
some  extent,  technical  questions  from  the  question 
as  it  appears  to  consumers.  It  is  undoubtedly  a  fact, 
from  the  technical  point  of  view,  that  the  magnetizing 
current  should  be  provided  at  the  place  where  it  is 
wanted,  and  that  it  should  not  be  transmitted  by  the 
supply  undertaking.  Hence  we  are  now  adopting 
the  practice  of  using  a  sine  meter  at  a  consumer's  ter- 
minals for  integrating  the  total  amount  of  magnetiza- 
tion. For  a  number  of  years  I  have  been  using  ci  sine 
meters  reversed  as  sine  meters  for  the  accurate  deter- 
mination of  power  factor  on  steady  load.  In  connection 
with  a  commerical  load,  however,  the  matter  must  be 
regarded  from  a  rather  different  aspect.  There  are 
two  separate  factors  to  be  considered,  the  capital 
expenditure  on  mains  and  generating  plant,  and  voltage 
regulation.  The  sine  meter  measures  or  adds  up  wattless 
units  or,  as  Mr.  Woodhouse  called  it,  idle  current. 
Thus  it  may  be  used  to  measure  the  magnetizing  kVA 
taken  by  all  the  motors  over  the  whole  system.  It 
cannot  be  apphed,  for  instance,  to  show  the  power  factor 
at  the  time  of  maximum  demand,  for  a  very  much  lower 
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figure  wll  be  indicated  as  the  average  power  factor. 
The  maximum-demand  indicator  measures  only  the 
power  factor  at  the  period  of  highest  load,  and  therefore 
deals  with  the  capital  charges  part,  which  the  sine  meter 
does  not.  Either  of  these  methods  separately,  tliere- 
fore,  would  not  sufficiently  disclose  to  us  the  relative 
cost  of  giving  a  supply  to  any  particular  consumer  ; 
we  want  both  of  them.  Surely  that  is  the  only  reason 
for  studying  the  subject.  We  make  the  supply  as 
cheap  as  we  can  and,  as  far  as  tariff  is  concerned,  we 
try  to  be  fair  as  between  one  consumer  and  another, 
and  all  metering  is  dictated  by  this  desire.  It  is  very 
difficult  to  explain  to  the  non-technical  customer  what 
power  factor  really  is,  and  why  he  should  be  charged 
more  or  charged  less  under  different  circumstances. 
It  is  undesirable  to  lay  too  great  stress  upon  it  unless 
the  supply  undertaking  is  so  well  convinced  of  the 
value  of  any  improvement  to  them  that  it  is  prepared 
to  give  a  rebate  on  the  price.  In  doing  that,  thej' 
are  trying  to  be  as  fair  as  possible  to  the  consumer 
who  is  prepared  to  help  them  to  cheapen  the  supply. 
The  other  point  of  view,  which  has  been  voiced  by 
Mr.  Woodhouse,  is  also  in  my  opinion  correct  in  the 
sense  that,  if  a  consumer  has  a  really  bad  power  factor, 
I  think  one  is  entitled  to  say  to  him :  "  You  are  abusing 
your  privileges,  and  we  shall  simply  not  allow  it  at 
any  price."  In  some  such  cases  where  I  have  had  to 
act  for  the  consumer  and  advise  liim  as  to  the  way 
in  which  he  should  satisfy  the  requirements  of  the 
supply  undertaking,  I  have  told  him  frankly:  "  I  cannot 
contend  on  >-our  behalf  that  running  with  a  very  low 
power  factor  is  fair  to  the  supply  undertaking  or  to 
the  other  consumers."  He  has  been  impressed  by  this 
argument  and  I  have  had  no  difficulty  at  all  in  convert- 
ing, with  the  help  of  the  manufacturers,  large  induction 
motors  running  at  a  very  bad  power  factor  into  syn- 
chronous motors  by  the  injection  of  direct  current 
into  the  rotor.  I  think  that  is  the  best  way  of  deaUng 
with  the  problem,  but  I  rather  deprecate  any  very 
strong  pressure  being  put  on  individual  consumers, 
because  we  are  only  now  gradually  developing  these  syn- 
chronous motors  to  any  large  extent.  In  this  connection 
perhaps  it  would  be  interesting  if  Prof.  Miles  \\'alker 
would  consider  a  small  point  which  is  not  quite  clear 
to  me  at  present.  Take  one  of  these  motors  having  a 
synchronous  staUing  torque  somewhere  about  fuU  load. 
There  is  a  certain  point,  subject  to  the  amount  of  excita- 
tion used  and  to  the  air-gap,  where  it  is  unstable. 
Electrical  and  mechanical  engineers  sometimes  have 
to  use  a  reciprocating  macliine  where,  under  certain 
conditions,  there  is  a  very  large  cychc  irregularity. 
What  will  happen  if  we  put  two  or  three  of  these  motors 
in  parallel  under  conditions  of  considerable  cyclic 
irregularity,  where  the  load  on  each  is  constantly  hable 
to  be  on  the  unstable  part  of  the  curve  ? 

Mr.  W.  E.  M.  Ayres  :  There  is  one  matter  which  I 
know  the  author  intended  to  add  to  the  paper,  i.e.  the 
possibihty  of  improving  the  power  factor  by  re-grouping 
the  motors.  There  has  been  much  discussion  in  the 
United  States  on  power  factor  improvement,  and  in 
these  discussions  the  re-grouping  of  motors  is  always 
given  as  the  first  method  of  tackling  the  problem. 
Of  course,   that  cannot  always   be   done ;     there   are 


certain  circumstances  in  which  individual  drive  is 
absolutely  essential.  Unfortunately,  in  many  of  these 
cases  of  individual  drive  there  is  bound  to  be  a  very 
low  load  factor,  e.g.  rubber  works,  bleaching  works, 
etc.  At  the  same  time,  a  very  great  improvement 
may  be  effected  by  the  re-giouping  of  motors.  I  think 
that  is  one  of  the  reasons  why  the  individual  driving 
of  looms  in  textile  mills  is  not  so  popular  as  it  once 
promised  to  be  ;  the  Uttle  motors  employed  must 
have  an  extremely  liigh  starting  torque  and  even  at 
full  load  a  power  factor  of  only  0  •  77  or  0  •  78,  but  running, 
as  they  normally  do,  at  §  full  load,  the  power  factor 
is  reduced  to  0-6.  By  driving  the  looms  in  groups  or 
rows,  with  underground  high-speed  shafting  running 
in  roller  bearings  and  with  upward  driving — which  is 
quite  easy  to  arrange — -all  the  advantages  of  individual 
drive  can  be  obtained,  but  the  diversity  factor  will 
correct  that  difference  in  output  required  between 
normal  load  and  working  load,  and  the  power  factor 
will  be  greatly  improved.  There  is  little  doubt  that 
in  the  future  verj'  large  extensions  of  industrial  load 
will  be  employed,  and  the  proper  utihzation  of  syn- 
chronous motors  wiU  ensure  a  reasonable  power  factor 
under  such  conditions.  At  the  same  time,  there  will 
be  trouble  in  an  industrial  district  like  Birmingham 
where  there  are  hundreds  of  small  works  using  only 
one  or  two  motors  of  5,  10  or  15  h.p.,  probably  running 
at  about  half  load  ;  it  is  a  problem  for  the  supply 
undertaking  to  know  what  to  do  under  such  conditions. 
One  cannot  insist  on  all  these  consumers  putting  static 
condensers  on  their  motors.  At  the  same  time,  the 
increased  bulk  supply  will  ven,'  largely  correct  the 
power  factor  on  the  feeders.  I  have  had  a  good  deal 
of  experience  of  the  induction-type  synchronous  motor, 
which  seems  to  have  given  excellent  results.  The  ex- 
perimental work  in  connection  with  them  was  done 
a  long  time  ago  ;  I  beheve  Danielson's  patents  date 
back  to  1900.  It  is  only  during  the  past  few  years, 
however,  that  they  have  come  into  their  own.  They 
are  now  being  widely  adopted,  and,  although  they 
have  been  criticized,  I  beheve  they  have  never  been 
actually  condemned.  Although  it  does  not  refer  to  the 
motors  made  by  the  firm  with  which  I  am  connected, 
the  point  has  been  raised  as  to  whether  a  certain  amount 
of  trouble  is  not  experienced  with  the  exciter  drives 
on  these  motors.  With  the  salient-pole  type  of  syn- 
chronous motor  the  field  winding  is  screened  by  the 
damping  winding  in  the  pole-shoes,  but  with  the  induc- 
tion-type synchronous  motor  the  field  winding  is  not 
screened.  Any  pole-swinging  due  to  a  change  of  load 
will  cause  circulating  currents  which,  in  the  induction- 
type  sjmchronous  motor,  must  pass  through  the  exciter, 
thus  creating  very  large  torques  in  the  exciter.  Those 
torques,  in  extreme  cases,  might  amount  to  as  much 
as  10  times  the  normal  exciter  torque.  I  believe  that 
in  some  cases  trouble  has  resulted  because  that  point 
has  been  completely  overlooked. 

(Communicated)  :  Much  has  been  made  of  the  small 
overload  capacity  of  the  induction-type  synchronous 
motor,  and  I  am  glad  to  see  that  the  author  elaborates 
my  remarks  in  the  discussion  of  Mr.  Carr's  paper  * 
by  his  Figs.  2  and  3.  It  is  a  rule,  in  well-designed 
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motors  of  this  type,  to  give  75  to  100  per  cent  overload 
capacity,  and,  according  to  my  experience,  greater 
overloads  are  usually  looked  after  by  the  circuit  breaker. 
I  do  not  consider  that  the  synchronous  motor  and  the 
motor  with  phase  advancer  are  really  competitive 
alternatives.  Each  has  its  own  sphere  of  utihty  and 
its  own  limitations.  It  is  not  economical  to  correct 
power  factor  much  beyond  unity  with  phase  advancers, 
not  only  on  account  of  the  rotor  heating,  but  chiefly 
on  account  of  the  disproportionate  increase  in  size  of 
the  phase  advancer  itself.  On  the  other  hand,  it  is 
very  economical  to  do  quite  a  large  amount  of  phase 
correction  by  means  of  a  few  over-excited  synchronous 
motors  working  at,  say,  0-80  leading  power  factor. 
For  single  large  motors  and  where  leading  kVA  at 
light  loads  is  not  required,  the  phase  advancer  will 
score.  Where  the  motor  to  be  corrected  is  subjected 
to  very  heavy  overloads,  the  phase  advancer  will  also 
prove  superior.  On  the  other  hand,  with  a  miscellaneous 
system  it  is  cheaper  and  more  economical  to  make 
one  or  two  of  the  large  motors  of  the  synchronous 
type  with  leading  power  factor  and  constant  excitation 
at  all  loads.  The  increased  slip  when  phase  advancers 
are  used  must  not  be  forgotten  if  the  motors  are  for 
driving  fans  or  centrifugal  pumps,  as  these  machines 
are  very  sensitive  to  speed  variation.  Also,  the  fact 
should  be  kept  in  mind  that  with  induction  motors 
the  overload  capacity  is  reduced  in  proportion  to  the 
square  of  the  voltage,  whereas  with  synchronous  motors 
it  is  reduced  in  direct  proportion  only.  This  may  be 
of  considerable  importance  on  some  systems  with 
widely  varying  voltage.  There  is  no  appreciable  differ- 
ence in  either  efficiency  or  cost  between  the  two  methods 
of  power  factor  correction,  and  the  lower  economic 
limit  in  each  case  seems  to  be  for  units  of  120  to 
150  h.p.  Attempts  have  been  made  to  utihze  electro- 
lytic capacity  in  the  rotor  circuit  of  induction  motors 
as  a  phase  advancer,  but  so  far  this  is  in  an  experi- 
mental stage,  and  for  scattered  systems  of  small  motors 
there  appears  to  be  no  alternative  to  the  static  condenser 
at  the  present  time. 

Professor  W.  Cramp  [communicated]  :  It  seems 
to  me  very  fitting  that  1  should  take  this  opportunity 
of  communicating  to  the  Institution  the  results  of 
experiments  suggested  by  the  late  Dr.  Kapp,  and  arising 
out  of  his  discussion  on  the  paper  *  by  Mr.  Carr.  Dr. 
Kapp,  at  the  time  of  his  remarks,  declared  that  if  he 
had  been  still  at  the  University  of  Birmingham,  he 
would  have  made  these  experiments,  so  I  at  once 
imdertook  to  get  thena  done.  They  were  carried  out 
very  satisfactorily  by  Messrs.  Elliott  and  Francis,  who 
were  fourth-year  students  at  the  time  and  are  Students 
of  the  Institution.  In  his  calculation  of  the  torque  at 
which  a  synchronous  induction  motor  will  synchronize, 
Mr.  Carr  omitted  the  effect  of  putting  the  exciter  re- 
actance into  the  rotor  circuit.  Dr.  Kapp  insisted  that 
this  would  materially  affect  the  induction  motor  torque, 
and  the  result  proved  that  he  was  quite  right.  For 
this  purpose  a  Siemens  standard  three-phase  induction 
motor  with  a  slip-ring  rotor  was  tested  with  various 
additional   reactances   put   in   the   rotor   circuit.      The 
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ratio  of  the  added  reactances  to  the  original  rotor 
reactance  varied  in  the  tests  from  0  to  8.  But,  as  it 
was  estimated  that  the  ordinary  exciter  armature 
would  only  make  this  ratio  about  0-5,  I  shall 
quote  the  results  corresponding  as  nearly  as  possible 
to  that  figure,  namely,  to  0-439.  The  comparison  is 
then  as  follows  :  With  no  additional  reactance  and 
a  stator  current  of  34  amperes,  which  corresponds 
approximately  to  full  load  for  the  machine,  the  torque 
was  64  pound -feet  and  the  output  7-4  kW.  With  the 
reactance  inserted,  and  practically  the  same  stator 
current,  the  torque  was  reduced  to  57  pound-feet  and 
the  output  to  6-8  kW.  This  result  will  sensibly  modify 
the  figures  given  by  Mr.  Carr,  and  also  Dr.  Kapp's 
o\vn  circle  diagrams  ;  and  when  the  switching  arrange- 
ments are  such  as  to  insert  the  exciter  armature 
at  the  time  of  synchronizing,  it  will  render  of  doubtful 
value  the  theoretical  calculations  put  forward  by  the 
former.  Complete  curves  were  taken  over  the  whole 
range  of  output  for  the  motor,  but  the  important  result 
is  that  corresponding  to  full  load  for  which  the  figures 
are  given  above. 

Mr.  E.  W.  Dorey  {communicated)  :  The  static 
condenser  for  the  improvement  of  power  factor  has 
been  adversely  criticized  by  Mr.  Rogers  on  the  score 
that  its  cost  renders  it  an  unsound  commercial  invest- 
ment. This  statement  must  have  been  made  without 
a  knowledge  of  facts,  as  I  have  connected  on  behalf 
of  the  manufacturers  with  whom  I  am  associated 
numerous  installations  of  static  condensers  which  give 
the  consumer  a  return  varying  from  50  to  80  per  cent 
and  more  per  annum  on  capital  outlay,  and  surely 
this  is  a  sufficiently  sound  investment.  The  static 
condenser  can  be  connected  to  a  circuit  and  for  all 
practical  purposes  forgotten,  as  it  needs  no  attention, 
has  a  high  efficiency — not  less  than  99  •  5  per  cent — • 
has  proved  itself  to  be  a  thoroughly  sound  investment 
for  the  correction  of  power  factor  of  both  individual 
motors  and  motors  in  bulk,  and  merits  the  closest 
consideration  on  the  part  of  all  engineers  interested 
in  the  improvement  of  power  factor.  A  static  condenser 
connected  direct  across  the  stator  terminals  of  an 
ordinary  induction  motor,  of  either  the  slip-ring  or 
squirrel-cage  type,  and  switched  on  or  off  with  the 
motor,  provides  a  very  straightforward  and  satisfactory 
means  of  improving  the  power  factor  of  an  individual 
motor.  According  to  Dr.  Kapp,  the  synchronous 
induction  motor  costs  about  20  per  cent  more  than 
the  induction  motor  of  the  slip-ring  tj-pe,  and  this 
difference  in  cost,  together  with  the  better  efficiency 
of  the  induction  motor,  will  in  the  majority  of  cases 
be  almost  sufficient  to  pay  for  the  static  condenser. 
An  induction  motor  combined  with  static  condenser 
would  give  all  the  advantages  of  the  induction  machine 
and  none  of  the  disadvantages  of  the  synchronous 
induction  motor,  as  with  the  latter  the  s\-nchronous 
stalling  torque  is  a  serious  drawback  and  it  is  impossible 
to  short-circuit  the  slip-rings.  There  is  also  the  mainten- 
ance and  attendance  on  the  exciter  to  be  considered, 
and,  generally,  the  synchronous  induction  motor  is  a 
more  complicated  machine.  DeaUng  with  the  question 
of  tariffs,  it  is  now  becoming  generally  recognized 
that  a  penalty  for  low  power  factor  is  a  necessity  if 
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the  supply  undertakings  are  to  have  any  hold  on  the 
consumer.  I  know  of  large  supply  undertakings  operating 
to-day  with  a  power  factor  of  60  to  70  per  cent  and 
they  are  quite  helpless  in  the  matter,  as  their  standard 
rates  do  not  penalize  the  consumer  for  low  power  factor. 
If  the  consumer  is  penalized  for  low  power  factor, 
the  problem  resolves  itself  into  a  pecuniary  one,  and 
the  manufacturers  of  sjoichronous  plant,  condensers, 
etc.,  may  be  safely  relied  upon  to  solve  all  the  low 
power-factor  problems  to  the  advantage  both  of  con- 
sumers and  the  supply  undertaking.  Rules  and  regula- 
tions enforcing  a  limit  of  power  factor  cannot  be  expected 
to  provide  a  satisfactory  solution,  as  the  consumer 
must  be  induced  and  not  driven  to  improve  the  power 
factor.  The  two-part  tariff,  a  fixed  charge  per  kVA 
per  quarter  or  per  annum,  with  a  running  charge  per 
unit,  has  proved  to  be  a  sound  tariff  on  several  large 
supply  undertakings  kno-»Ti  to  me  personally,  but 
the  development  of  this  form  of  tariff  is  being  retarded 
owing  to  the  difficulty  in  getting  a  really  sound  meter- 
ing equipment  which  is  not  too  expensive.  For  small 
loads  a  popular  combination  is  a  Reason  electrolytic 
demand  indicator  and  a  unit  meter,  and  for  larger 
loads  the  Hill-Shotter  meter  referred  to  bv  the  author 
gives  reasonably  satisfactory  results,  but  what  is  badly 
needed  is  a  meter  which  will  accurately  record  the 
kVA  average  demand  over  a  time  period  and  over 
a  reasonable  range  of  power  factor.  I  understand  that 
one  meter  maker  at  least  is  busily  engaged  on  the 
solution  of  this  problem,  and  there  is  certainly  ample 
scope  for  development  in  this  direction.  I  am  not  in 
favour  of  a  combination  of  cosine  meter  and  sine  meter, 
as  with  this  metering  equipment  the  supply  undertaking 
plays  into  the  hands  of  the  consumer,  who  might  have 
a  static  condenser  installed,  and  by  connecting  it  in 
circuit  during  no-load  hours  would  reverse  the  sine 
meter  and  so  give  an  entirely  fictitious  average  power 
factor,  which  might  in  fact  give  a  result  showing  a 
leading  power  factor  when  actually  the  power  factor 
at  time  of  maximum  load  was  lagging  to  the  extent  of 
60  per  cent  or  even  worse.  It  appears  to  me  that  the 
chief  concern  of  the  supply  undertaking  should  be  to 
ascertain  the  power  factor  at  time  of  peak  load,  i.e.  the 
maximum  demand  in  kVA,  and  this  brings  one  back 
to  the  two-part  charge  referred  to  above.  As  far  as 
electricity  supply  undertakings  are  concerned,  no  rapid 
development  in  the  employment  of  apparatus. for  the 
improvement  of  power  factor  is  likely  to  take  place 
until  a  penalty  for  low  power  factor  becomes  general, 
and  then  some  real  progress  will  be  made.  The  appHca- 
tion  of  a  two-part  tariff  of  kVA  demand  and  running 
charge  has  gone  far  beyond  the  experimental  stage, 
and  has  been  proved  by  many  supply  undertakings 
to  be  a  thoroughly  sound  commercial  tariff  and  one 
which  tends  to  reduce  the  average  price  per  unit  sold 
to  a  minimum  by  the  more  efficient  utihzation  of  capital 
expenditure  on  all  plant  rated  in  kVA,  such  as  alterna- 
tors, cables,  transformers,  etc.,  and  a  decrease  in 
generation  and  transmission  losses. 

Mr.  S.  E.  Fedden  (communicated)  :  The  subject  of 
power  factor  and  its  correction  becomes  increasingly 
important  to  both  suppUer  and  consumer,  and  any 
Suggestion  which  will  fairly  distribute  the   burden   of 


rectification  as  between  the  interested  parties  must 
receive  the  utmost  consideration.  The  causes,  effects 
and  rectification  of  low  power  factors  are  exhaustively 
dealt  with  in  the  earlier  portion  of  the  paper,  and  our 
thanks  are  due  to  the  author  for  so  lucid  an  explanation 
of  the  methods  which  may  be  adopted  either  to 
neutralize  entirely  or,  at  any  rate,  minimize  the  effects 
of  the  inherent  difficulties.  Obviously  the  particular 
method  of  rectification  will  depend  on  the  individual 
circumstances  connected  with  each  installation,  and 
all  appear  to  have  advantages  in  certain  particular 
instances.  I  am  particularly  interested  in  the  section 
deahng  with  meters  and  tariffs.  I  am  not  impressed 
by  the  Arno  method,  as  it  is  not  a  true  indicator  of  any 
factor  connected  \vith  the  supply.  The  introduction 
of  the  Merz  principle  in  the  measurement  of  kVA  by 
the  Hill-Shotter  demand  indicator  is  a  step  forward, 
but  this  instrument  relies  upon  a  constant  voltage 
for  its  accuracy.  However,  I  think  it  is  to  be  preferred 
to  a  thermal  indicator,  to  which  we  have  hitherto  been 
restricted  when  requiring  to  measure  kVA.  The  ex- 
amples of  the  various  tariffs  in  force  are  extremely 
interesting,  but  I  should  like  to  make  a  shght  correction 
in  the  tariff  quoted  as  in  operation  at  Sheffield.  At 
the  time  the  details  were  gathered,  the  increase  was 
100  per  cent  on  the  ordinary  flat  rate,  but  such  increase 
did  not  necessarily  apply  to  the  maximum-demand 
rate,  the  basis  of  which  is  £4  per  annum  per  kVA  of 
maximum  demand,  plus  ^d.  per  unit,  subject  to  a  coal 
clause.  The  confusion  is  caused  by  the  fact  that  at 
one  period  during  the  war  the  maximum-demand 
consumer  was  given  the  option  of  being  charged  either 
according  to  the  coal  clause  or  in  accordance  with  the 
authorized  general  percentage  increase  on  the  price 
list.  While  the  price  of  coal  was  exceptionally  high 
during  the  coal  strike,  the  former  option  was  exercised, 
but  when  prices  for  coal  fell,  the  usual  rate  was  restored. 
Perhaps  the  most  interesting  tariff  quoted  in  the  paper 
is  that  of  the  Clj'de  Valley  Company,  wliich  embodies 
many  novel  features.  The  reasons  underlying  the 
differential  charge  per  kVA  for  varying  demands  is 
not  apparent,  but  the  adoption  of  a  standard  power 
factor,  with  rebates  or  penalties  for  any  variation,  appeals 
to  me  as  being  a  fair  arrangement  between  consumer 
and  undertaker.  I  also  agree  with  the  hmitation  of  the 
rebate  to  power  factors  up  to  unity,  as  of  course  it  is 
possible  for  a  leading  power  factor  to  be  as  objectionable 
as  a  lagging  power  factor.  In  the  paper  it  is  suggested 
that  four  wattmeters  are  used  to  record  the  various 
measurements,  but  it  appears  to  me  that  two  instru- 
ments only  are  required,  viz.  a  three-phase  cosine 
meter  with  maximum-demand  attachment  and  a  sine 
meter  to  determine  the  wattless  component.  Personally, 
for  my  own  undertaking,  with  comparatively  short 
transmission  lines,  I  cannot  see  my  way  to  allow  the 
penalties  incurred  during  the  ordinary  working  hours 
(when  power  factor  rectification  is  most  advantageous) 
to  be  cancelled  during  "  off  "  hours  by  leaving  condensers 
continuouslv  in  circuit.  The  objection  would  particularly 
apply  to  week-ends,  when  the  leading  component 
could  not  be  economically  or  usefully  apphed.  The 
author  goes  on  to  show  how  this  method  of  charging 
might  result  in  penahzing  the  undertaking.    In  Sheffield 
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the  system  adopted  is  to  measure  the  maximum  kVA 
on  a  thermal  indicator,  and  the  power  by  the  ordinary 
cosine  meter.  We  recognize  the  possible  error  due  to 
excessive  voltage-drop,  and  have  under  consideration 
the  substitution  of  the  method  described  by  the  author 
in  the  last  paragraphs  of  the  paper.  From  the  com- 
mercial point  of  view,  the  rectification  of  power  factor 
by  the  consumer  will  repay  the  capital  expenditure  in 
about  2  years  when  the  demand  charge  is  £4  per  kVA 
and  the  cost  of  static  condensers  is  in  the  neighbourhood 
of  £5  to  £6  per  kVA. 

Mr.  E.  W.  Hill  (communicated)  :  A  slight  error 
appears  in  the  reference  to  the  Hill-Shotter  maxi- 
mum-demand kVA  indicator  in  the  section  of  the 
paper  headed  "  Meters  and  Tariffs,"  where  it  is  stated 
that  the  "  indication  is  correct  for  any  frequency." 
In  point  of  fact,  although  moderate  variations  of 
frequency  from  the  declared  value,  such  as  might  be 
expected  in  practice  in  a  supply  system,  do  not  affect 
the  accuracy  of  tliis  instrument,  which  is  self-compen- 
sating for  such  variations,  yet  the  instrument  would 
require  separate  caUbrations  for  two  frequencies  differing 
widely,  e.g.  25  and  50  periods.  It  is  probable  that  the 
sentence  was  intended  to  read  "  and  since  the  working 
agent  is  merely  current,  the  indication  is  correct  for 
any  power  factor,"  wliich  is  a  correct  statement  of 
fact.  A  very  interesting  description  follows  of  Messrs. 
Chamberlain  and  Hookham's  arrangement  of  energy 
factor  indicators.  The  arrangement  as  described, 
however,  invites  criticism  on  one  or  two  points.  First,  | 
as  regards  the  operation  of  the  instruments  arranged 
to  indicate  the  maximum  energy  factor,  when  tliis 
factor  (I  prefer  to  adopt  the  more  usual  term  "  power 
factor  ")  has  a  value  in  the  neighbourhood  of  unity, 
the  sine  meter  (which  has  then  the  contact-making 
device  for  operating  the  non-return  pointer  on  the 
cosine  meter)  will  register  very  slowly,  and  indeed 
should  not  register  at  all  at  unity  power  factor.  In 
tliis  instance  the  consequence  will  be  that  the  contact- 
making  device  will  not  operate,  and  the  cosine  meter's 
pointer  will  be  pushed  on  and  on  without  ever  being 
released,  no  definite  indication  will  be  given,  and  the 
non-return  pointer  mechanism  will  probably  jam  the 
cosine  meter's  wheelwork.  It  is  evident  that  the  gradua- 
tions on  the  non-return  pointer  scale  must  become 
very  open  towards  the  upper  end,  and  the  important 
point  on  the  scale,  i.e.  that  for  unity  power  factor, 
will  be  missing.  In  the  minimum  power  factor  arrange- 
ment, since  the  cosine  meter  with  the  contact-making 
device  will  not  register  at  zero  power  factor,  the  power 
factor  scale  will  have  similar  characteristics,  and  will 
be  incomplete  at  the  zero  power  factor  end.  A  difficulty 
may  also  arise  in  dealing  with  loads  occasionally  having 
leading  power  factors.  A  sine  meter  will  reverse  when 
the  power  factor  leads,  and  a  non-return  pointer  device 
may  be  very  difficult  to  arrange  on  a  meter  which 
reverses,  if  one  still  expects  to  get  the  pointer  to  give 
an  indication.  I  consider  also  that  the  suggested 
marking  of  the  non-return  pointer  scale  in  kVA-hours 
(as  an  alternative  to  cos  0)  would  be  very  misleading. 
The  term  kVA-hours  should  plainly  be  reserved  ex- 
clusively for  the  time  integral  of  kVA.  Here,  however, 
the  meaning  of  the  indication  on  the  scale  can  only 


be  that  so  many  kVA-hours  have  passed  during  the 
time  that,  say,  10  energy  units  have  passed  ;  and  such 
an  indication,  while  suggesting  a  true  integration  or 
registration  of  kVA-hours,  really  indicates  nothing  of 
the  sort.  At  the  present  time  there  is  a  prevalent 
misapprehension  as  to  the  information  given  by  a  sine 
meter's  registrations ;  there  is,  as  a  matter  of  fact, 
a  grave  fallacy  underlying  the  employment  of  a  sine 
meter.  In  this  paper  and  in  other  publications  it  is 
impUed  or  stated  without  any  qualification  that  a  sine 
meter  used  in  conjunction  with  a  cosine  meter  enables 
the  true  kVA-hours  passed  during  a  given  period  of 
time  to  be  calculated.  Now  this  is  demonstrably 
untrue  (except  in  the  one  exceptional  and  particular 
case  where  the  power  factor  has  remained  absolutely 
invariable  during  the  whole  time  under  consideration, 
in  which  case,  it  may  be  remarked,  a  sine  meter  would 
hardly  be  necessary  at  all),  and  it  is  extraordinary 
that  such  an  erroneous  idea  could  be  so  persistent. 
Since  so-called  "  average  power  factors  "  are  calculated 
from  sine  and  cosine  meter  combinations,  and  since 
in  the  aggregate  large  sums  of  money  are  paid  by  con- 
sumers on  the  basis  of  such  calculations,  it  is  well 
that  it  should  be  clearly  known  what  a  sine  meter  does, 
and  does  not  do.  Taking  the  author's  s3'mbols  A  and  B 
to  represent  respectively  the  registrations  in  a  given 
time  of  a  cosine  and  a  sine  meter,  it  is  erroneously 
assumed  that  the  kVA-hours  passed  during  that  time 
are 

Consider,  however,  three  consecutive  periods  of  time 
during  which  the  power  factor  has  assumed  three 
successive  different  values,  although  it  has  remained 
constant  during  each  one  of  the  three  periods.  Suppose 
that  the  cosine  meter's  registrations  for  each  of  the 
three  periods  are  Ai,  A^  and  A^,  and  that  the  sine 
meter's  registrations  are  Bj,  Bo  and  B^.  We  can  then 
accurately  state  that  the  true  kVA-hours  for  each 
period  are  respectively  •\/(j4J -{-  BJ),  ■\/{AZ+  BZ), 
^/{Az  +  B|)  and  that  the  true  total  kVA-hours  for 
the  whole  period  are 


V(^!  +  Bl)  +  ^/{A%  +  £3  +  •v/(-45  +  B^) 


(1) 


Now  according  to  the  fallacious  assumption  referred 
to  above,  taking  the  total  registration  on  the  cosine 
meter  to  be  (Ai+  Ao+  A^l  and  on  the  sine  meter 
to  be  (By  +  B.2,+  B3),  the  total  kVA-hours  would  be 
calculated  as 

^{(--11  +  A.J,  +  ^3)2  H-  (Bi  +  B.+  £3)2}   .     (2) 

It  is  quite  plain,  however,  that  expressions  (1)  and 
(2)  are  not,  in  general,  equal ;  and  it  can  be  proved 
that  (2)  is  always  less  than  (1)  (except  in  the  particular 
case  when  A^jB^  =  A.^jBo  =  A3IB3).  A  few  arithmetical 
examples  would  make  the  matter  quite  obvious.  In 
other  words,-  the  calculations  from  a  sine  and  cosine 
meter  combination  used  over  a  period  during  which 
the  power  factor  has  varied,  always  give  a  quantity 
which  is  less  than  the  true  kVA-hours.  The  defect 
from  the  true  value  is  the  greater  the  more  the  power 
factor  has  varied,  and  may  be  very  considerable,  e.g. 
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as  much  as  30  per  cent  in  some  extreme  cases.  It  would 
seem  that  this  fact  is  of  great  importance  and  should 
be  properly  recognized  so  that  engineers  may  not  be 
misled  by  the  suggested  use  of  the  formula  Vi-^.^  +-B-), 
and  may  not  use  the  sine  meter  without  fully  appreciating 
the  limitations  of  its  usefulness. 

Mr.  H.  D.  Wilkinson  {communicated)  :  The  paper 
contains  a  comprehensive  survey  of  power-factor-cor- 
recting machines  and  appliances,  and  gives  a  useful 
review  and  criticism  of  existing  tariff  rates.  But 
perhaps  the  best  part  is  in  the  investigation  into  the 
most  economic  plant  which  should  be  used  for  power 
factor  improvement,  in  other  words,  as  to  what  expendi- 
ture in  corrective  devices  is  justified  on  a  self-contained 
power  plant  so  that  the  total  capital  cost  is  a  minimum. 
The  author  shows  that  the  power  factor  at  which  it 
is  financially  economical  to  operate  the  system  is  a 
function  of  the  ratio  of  cost  per  kVA  and  per  kW  of 
the  correcting  and  generating  plants  respectively,  by 
the  formula  cos  (f>  =  Vil  —  «")■  This  puts  into  mathe- 
matical form  the  truism  that  the  more  costly  the  correc- 
tive device  the  less  the  power  factor  of  the  system  can 
be  economically  improved.  In  other  words,  the  greater 
the  amount  paid  for  power  factor  improvement  per 
kVA  injected,  the  less  the  power  factor  can  be  improved 
with  a  maximum  saving  in  total  cost.  This  shows, 
therefore,  what  an  important  part  would  be  played  in 
the  raising  of  power  factors  on  distribution  systems  by 
the   cheapening  of  corrective  devices,   and  how  much 


more  could  be  done  economically  with  low-priced  phase 
advancers.  On  the  question  of  tariff  it  is  undoubtedly 
correct,  as  pointed  out  in  the  paper,  to  give  a  financial 
inducement  to  the  consumer  to  maintain  a  high  power 
factor,  but  I  am  not  convinced  that  the  power  factor 
on  the  consumer's  peak  load  should  alone  be  considered 
in  the  framing  of  tariffs.  If  his  peak  load  coincides 
with  the  peak  load  on  the  supply  undertaking's  gener- 
ators and  transmission  lines,  that  is  no  doubt  the  period 
most  difficult  to  cope  with,  but  it  is  almost  certain 
that  the  consumer's  power  factor  is  higher  during  the 
peak-load  period  than  at  other  working  hours,  and  it 
would  appear  to  be  more  equitable  to  the  consumer 
and  more  advantageous  to  the  supply  undertaking  to 
base  the  tariff  on  the  average  power  factor.  This  could 
easily  be  observed  by  taking  the  percentage  ratio  of 
the  readings  of  two  single-phase  cosine  meters  connected 
in  two  phases,  while  the  arithmetical  sum  of  the  pair 
gives  the  total  units  consumed.  The  author  has  done 
well  to  point  out  the  economically  unsound  tariff  of 
price  per  unit  based  solely  on  power  factor.  In  con- 
clusion, I  should  be  glad  if  Prof.  Miles  Walker  in  his 
reply  would  give  us  a  little  further  information  on  the 
low-frequency  a.c.  excitation  of  synchronous  induction 
motors,  which  he  gave  the  impression  of  being  so  much 
more  efficient  than  d.c.  excitation. 

[Prof.  Miles  Walker's  reply  to  the  discussion  will  be 
found  on  page   134.] 


North-Eastern  Centre,  at  Newcastle,  13  November,  1922. 


Mr.  J.  M.  Heslop  :  It  is  almost  a  platitude  to  say 
that  the  power  factor  problem  has  become  of  supreme 
importance  to  the  electricity  supply  industry,  for  it 
is  a  characteristic  of  alternating-current  distribu- 
tion, whose  field  of  influence  is  already  wide  and  its 
significance  rapidly  increasing.  The  transformer  and 
the  induction  motor — two  appliances  whose  invention 
has  faciUtated  the  expansion  of  electricity  supply  and 
distribution  to  an  extent  which  can  probably  scarcely 
be  over-estimated — each  possesses  a  characteristic, 
i.e.  the  need  of  magnetizing  current,  which  in  its  present- 
day  dimensions  is  becoming  a  source  of  embarrassment. 
The  problem  of  supplying  this  magnetizing  current  has 
become  of  such  importance  that  in  a  multiple-station 
undertaking  it  is  sometimes  worth  while  to  reheve  aU 
but  one  of  the  stations  from  wattless  power  and  transfer 
the  whole  of  it  to  the  remaining  station.  One  American 
undertaking,  for  example,  generates  the  whole  of  the 
wattless  power  of  the  system  (30  000  kVA)  by  steam 
during  the  summer,  in  order  that  a  distant  hydro-electric 
station  may  operate  at  unity  power  factor  and  utiUze 
to  the  full  the  ample  flow  of  water  then  available. 
While  certain  portions  of  the  transmission  and  distribu- 
tion system  contribute  their  quota  to  the  total 
magnetizing  current  required,  I  think  it  may  safely  be 
considered  that  the  widespread  use  of  the  induction 
motor  is  the  principal  source  of  the  trouble.  The  author 
rightly  lays  emphasis  on  the  view  that  the  consumer 
cannot  be  absolved  from  complicity  in  the  trouble,  and 
on   tliis  point   I   would   reiterate   my   remarks  in   the 


discussion  on  Mr.  Carr's  paper,  namely,  that  the  man  who 
takes  excessive  wattless  current  to  suit  his  own 
convenience  should  pay  for  the  privilege  of  so  doing. 
This  paper  contains  an  excellent  summary  of  the  possible 
methods  of  making  him  do  this.  The  magnitude  of 
the  problem  can  be  visualized  when  one  considers  that 
under  present  conditions  of  working  in  tliis  country 
there  is  annually  incurred,  at  a  very  modest  estimate, 
an  excess  expenditure  on  coal  alone  of  well  over  £500  000 
beyond  that  which  is  necessar)-,  and  in  addition  to  this 
there  must  be  an  unproductive  capital  expenditure 
of  not  less  than  20  million  pounds — expenditure  which 
could  have  been  applied  to  new  connections  or  in  other 
revenue-producing  directions  had  it  not  been  for  the 
power  factor  bogey.  The  author  says  on  page  92 : 
"  It  is,  therefore,  to  the  supply  company's  interest  that 
the  consumer  should  have  a  good  power  factor  not  only 
at  peak  load,  but  also  at  lower  loads."  I  should  prefer 
to  re-write  this  statement  somewhat  as  follows  :  "  It 
is  the  duty  of  the  consumer  to  have  a  good  power  factor 
not  only  at  peak  load,  but  also  at  lower  loads,  for  in  the 
absence  of  a  power  factor  clause  in  the  tariff  the  man  with 
a  good  power  factor  on  his  installation  is  bearing  part 
of  the  standing  charges  wliich  ought  to  be  met  by  his 
neighbour."  The  remedy  for  the  evil  of  bad  power 
factor  is  two-fold  ;  the  first  stage  is  preventive  and 
consists  of  missionary  work  amongst  consumers  ;  the 
second  stage  is  punitive  and  involves  the  imposition 
of  stiff  penalties  for  bad  power  factor,  with  a 
corresponding  bonus  for  improvement.     The  corrective 
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methods  which  may  be  employed  are  numerous,  as 
can  be  seen  from  the  paper,  and  it  is  not  feasible  to 
say  dogmatically  that  any  one  is  the  best.  Each  has 
its  proper  sphere,  but  of  the  importance  of  the  problem 
and  the  value  of  the  paper  there  is  no  room  for  two 
opinions.  The  subject  of  power  factor  correction  is 
receiving  a  great  deal  of  attention  at  present,  but  not 
more  than  it  ought  to  have  nor  more  than  it  will  have  as 
time  goes  on,  for  it  is  one  of  the  foremost  problems  facing 
electricity  supply  undertakings  to-day.  Power  factor 
is,  in  fact,  becoming  for  the  electricity  supply  industry 
somewhat  of  a  Frankenstein,  and  it  has  occurred  to 
me  that  the  whole  power  factor  question  is  really  a 
wonderful  advertisement  for  the  high-tension  d.c. 
system. 

Mr.  T.  Carter  :  The  practical  development  of  our 
art  and  of  our  industry  has  been  bound  up  to  an  extra- 
ordinary extent  with  the  work  of  Dr.  Kapp.  In  1885 
and  again  in  1886  he  read  papers  on  dynamo  design 
that  threw  a  flood  of  light  on  much  that  was  then  dark, 
and  now  he  has  left  behind  him  one  that  will  certainly 
be  of  enormous  assistance  to  us  all  in  the  consideration 
of  a  very  tangled  and  difficult  problem.  It  is,  I  think, 
particularly  useful  in  the  section  on  synchronous 
induction  motors,  because  of  the  details  of  designs 
collected  there,  and  because  of  the  clear  way  in  which 
it  shows  that  this  type  of  machine  to  have  a  respectable 
overload  capacity  must  work  at  a  leading  power  factor, 
or,  if  that  is  undesirable,  an  abnormally  large  machine, 
correspondingly  expensive,  must  be  chosen.  Written 
by  an  independent  expert,  the  paper  is  free  from  bias  ; 
all  manufacturers  and  suppliers  are  apt  to  have  their 
own  fancies  about  what  is  best,  but  here  we  have  a  general 
impartial  survey  of  the  whole  problem.  Although  a 
simple  rule  is  given  for  the  amount  by  which  it  is  useful 
to  improve  power  factor  in  a  new  and  straightforward 
case,  it  is  carefully  pointed  out  that  these  simple  cases 
seldom  occur,  and  the  most  diverse  considerations  have 
to  be  taken  into  account  in  settling  the  best  course  to 
pursue.  The  counsel  given  is  to  apply  power  factor 
improvement  with  discretion  and  not  to  imagine  that 
the  more  the  power  factor  can  be  increased  the  better. 
The  limits  of  the  several  possible  devices  are  clearly 
shown.  When  correction  has  to  be  applied  to  an  existing 
installation,  no  nice  balancing  of  relative  costs  is  usually 
possible,  and  only  a  rough  approximation  can  be  made 
to  the  most  economical  amount  of  improvement.  The 
injected  kVA  are  represented  by  (tan  <f)o  —  tan  ^),  and 
the  improvement  in  power  factor  is  represented  by 
(cos  (j)  —  cos  ^o)>  ^iid  since  d  tan  cfi/dcos  ^  is  a  mini- 
mum when  cos  0  is  y'j  or  0-8165,  correction  is  most 
cheaply  obtained  at  that  value.  But  the  curve  of  relative 
rates  of  change  of  tan  (j>  and  cos  cf)  is  approximately  hori- 
zontal between  cos  cf)  =  0-60  and  cos  <^  =  0-95,  both 
lagging,  and  practically  exactly  so  between  cos^  =0-70 
and  cos  ^  =  0-90,  and  the  correction  required  for 
a  given  amount  of  impiovement  is  reasonably  con- 
stant within  this  range  of  values.  Outside  this 
range,  including,  therefore,  a  change  from  lagging  to 
leading  power  factor,  the  kVA  require'd  for  a  given 
correction  become  excessive.  It  is  so  difficult  to  get 
exact  data  that  usually  neither  consumers  and  their 
advisers  on  the  one  hand,  nor  manufacturers  and  sup- 


pliers on  the  other,  are  in  a  position  to  furnish  informa- 
tion to  serve  as  the  basis  of  a  just  bargain.  All  purely 
commercial  bargaining  is  bad  both  when  it  is  based  on 
guesswork  and  when  it  is  not ;  supphers  throughout 
the  whole  country  should  make  up  their  minds  to  a 
principle,  and  adhere  to  it.  One  supplier  comes  to  a 
consumer  and  says  that  the  power  factor  of  his  motors 
must  not  be  less  than  0-  90.  When  he  is  asked  whether 
he  means  at  full-rated  load,  or  at  full  ordinary  duty, 
or  under  any  conditions  of  load  whatever,  he  begins 
to  feel  doubtful.  Another  says  that  new  apparatus 
should  work  at  unity  power  factor,  and  that  it  would  be 
even  better  if  a  slight  leading  power  factor  were  used. 
That  is  true,  but  better  for  whom  ?  And  how  is  the 
ordinary  consumer,  even  the  large  and  well-advised 
consumer,  to  know  when  the  terms  offered  are  fair 
both  to  him  and  to  the  supplier  ?  I  know  of  cases  where 
important  consumers  have  complained  that  the  price 
adjustment  for  variations  in  the  price  of  coal  is  unjust 
to  them,  and  they  have  supported  their  plea  by  quoting 
figures.  They  may  be  quite  wrong,  but  an  independent 
investigation  of  the  effect  of  all  sorts  of  variring  factors 
on  the  cost  of  production  would  restore  confidence,  and 
would  react  to  the  benefit  of  the  suppliers.  There  is 
an  infinite  variety  of  applications  of  electrical  driving. 
Some  of  them  require  a  large  number  of  small  motors, 
while  others  can  use  a  few  large  motors,  and  there  is 
much  to  be  said  for  the  principle  that  a  consumer  should 
not  be  penalized  because  he  is  a  small-motor  man,  whose 
installation  will  tend  to  work  at  a  lower  power  factor 
than  that  of  the  large-motor  man.  The  vital  question 
is  whether  each  is  doing  fiis  electrical  dri^^ng  in  the 
best  possible  way.  If  any  consumer  so  arranges  his 
drives  that  his  power  factor  is  needlessly  low  for  his 
type  of  installation,  he  ought  certainly  to  pay  for  that 
bad  design  ;  but  so  long  as  he  docs  the  best  possible 
for  his  own  job,  the  suppliers  ought  to  be  satisfied  with- 
out requiring  him  to  pay  more  per  unit  because  of  things 
over  which  he  has  no  control.  After  all,  power  factor 
difficulties  arise  because  suppliers  use  alternating  current 
for  their  own  convenience,  and  not  for  their  consumers'. 
The  paper  suggests  that  it  is  detrimental  both  to  the 
supplier  and  to  the  consumer  if  the  power  factor  is  low  : 
I  suggest  rather  that  the  bulk  of  the  burden  is  on  the 
supplier,  but  it  is  not  of  his  own  choosing,  and  he  ought 
not  to  grumble  at  the  characteristics  of  consuming 
apparatus  that  must  be  used  merely  because  he  offers 
an  alternating-current  and'not  a  direct-current  supply. 
I  think  that  suppliers  should  not  expect  to  be  recom- 
pensed by  each  consumer  in  exact  proportion  to  the 
badness  of  his  power  factor  for  their  greater  expenditure 
on  plant  ;  they  have  a  monopoly  of  the  right  to  supply, 
and  they  are,  therefore,  public  servants,  bound  to  consider 
each  consumer  from  his  point  of  view  as  well  as  from  their 
own.  By  being  essentially  fair  to  each  member  of  the 
commimity  they  will  bo  fair  to  the  whole.  That  is  one 
reason  why  the  maximum-demand  system  of  charging 
is,  as  the  author  points  out,  so  much  better  than  the 
others  ;  and  even  that  system  should  be  carefully 
applied  when  the  fixed  payment  is  not  purely  on  a 
kWh  basis,  but  on  a  kVA-iiour  basis  or  on  one  inter- 
mediate between  the  two.  I  should  be  inclined  to  fix.  as 
the  ideal,  not  unity  power  factor  in  every  case,  but  some 


118 


KAPP  :   THE    IMPROVEMENT   OF   POWER   FACTOR:   DISCUSSION. 


figure  suitable  to  the  type  of  installation,   perhaps  as 
high  as  0-95  in  the  best  cases  and  as  low  as  0-  75  in  the 
very  worst,  depending  on  the  average  size  of  motor  that 
ought  to  be  employed  for  the  work  and  its  usual  best 
commercial  power  factor.     I  would  then  determine  the 
maximum  demand  figure  from  the  maximum  kW  demand 
by  multiplying  it  not  by  l/(energy  factor)  but  by  (ideal 
power  factor)/ (energy  factor),  so  that  if  a  consumei  using 
small  motors  were  enterprising  enough  to  put  in  a  type 
with  unity  power  factor  he  would  benefit  comparatively 
more,  as  he  justly  should,  than  the  customer  who  has 
larger  motors,  since  their  power  factor  is  already  nearer 
to  unity.     For  example,  taking  the  symbols  at  the  end 
of  the  paper,  assume  two  consumers,  A  and  B,  each  with 
a  maximum  kW  demand  of  1  000,  but  let  A  have  an 
ideal   power  factor  of   0  ■  90,   while    B's    figure    is    only 
0-80.     Then  Pq  =  1  000;   and  let  m  =  £5  per  annum, 
U  =   2  000  000,  and  d  =   0-48d.     Suppose    each   con- 
sumer's average  power  factor  is  only  80  per  cent  of  his 
ideal  power  factor,  namely,  0-72  and  0-64,  respectively, 
then   A   will   pay  £11  000  per  annum   and  B  £11  800, 
a    difference   of    about   7   per  cent,  under  the  ordinary 
maximum-demand    system ;    whereas   if    each  of   them 
improved    liis   power   factor   to   unity    he   would     pay 
£9  000,  although  it  is  much  more  difficult  for  B  than  for 
A  to  reach  unity  power  factor.     But  if  the  ideal  power 
factor  were  used  for  the  purpose  of  discrimination,  and 
both  consumers  were  still  to  work  at  80  per  cent  of  the 
ideal  figure,  each  would  pay  the  same  amount,  namely, 
£10  250  on  the  basis  of  the  assumed  rates,  and  if  each 
of  them  then  improved  his  power  factor  to  unity,  A 
would    pay   £8  500,    while   B   would   pay   only    £8  000, 
which  would    recompense  B  for  his  greater  enterprise. 
It  should  be  understood  that  the  figures  used  are  merely 
assumed,  and  probably  the  rates  under  the  discriminative 
system  would  need  to  be  higher  than  under  the  present 
maximum-demand  system  so  as  to  maintain  the  requisite 
total  revenue   ;     but  the    comparison    between    A    and 
B  at  each  stage  is  correct  in  kind,  and  I   suggest  that 
some  such   scheme   as    I    have  proposed  would  permit 
the  conclusion    of    agreements   between    suppliers    and 
consumers  on  a  correct,  logical,  and  mutually  equitable 
basis.     The  essential  problem  is  :    A  certain  total  sum 
must  be  received  from  the  whole  body  of  consumers 
in  order  that  the  supplier  may  have  an  adequate  revenue  : 
how  is  the  demand  for  that  total  sum  to  be  apportioned 
amongst  the  consumers  so  that  each  may  pay  his  fair 
share  ?     It  is  this  question  "of  the  determination  of  the 
just  incidence  of  the  charge  on  individuals  that  I  think 
might  be  solved  by  the  adoption  of  what  I  have  called  a 
discriminative  system,  which  is  a  simple  modification 
of  the  ordinary  maximum-demand  system.     The  author 
uses  the  term  "  energy  factor  "  in  a  particular  sense, 
and  I  think  that  the  latter  part  of  the  paper  would  be 
more  clearly  followed  if  special  attention  were  drawn 
to  it  where  it  is  first  used   in   the  paper,  perhaps  by 
a  footnote   defining  it  more  specifically.     It  would,   in 
fact,  be  an  advantage  if  it  could  have  a  special  symbol 
instead  of  the  common  cos  (j).     One  of  the  few  slight 
weaknesses  in  the  paper  is  in  its  symbols  :    P  is  used 
with  different  meanings  in  different  places,  and  so  is  i^q- 
The  terms  "  cosine  meter  "  and  "  sine  meter  "  are  also 
used  in  a  particular  sense  in  the  paper,  and  without 


definition  their  meaning  may  not  at  first  be  obvious  ; 
here  again  I  should  like  to  suggest  that  Professor  Miles 
Walker  might,  with  advantage,  add  some  explanation. 
Mr.  A.  B.  MacLean  :  The  author  states  on  page  93 
that  "  we  may  consider  the  installation  of  rotary 
condensers  by  consumers  to  be  financially  unsound." 
I  am  inclined  to  think  that  this  statement  requires 
some  modification,  as  it  appears  to  me  that  with  the 
tariffs  now  offered  by  some  supply  companies,  in  which 
the  power  factor  of  the  consumer's  installation  is  taken 
into  account,  the  installation  of  a  rotary  condenser 
should  effect  a  considerable  reduction  in  the  total 
charges  for  current.  If  we  take  the  example  worked  out 
by  the  author,  apply  one  of  the  tariffs  mentioned  by 
him  as  a  pre-war  tariff,  and  alter  this  to  present-day 
conditions,  I  think  it  can  be  shown  that  the  installation 
of  the  600-kVA  condenser  will  show  a  good  profit.  In 
the  example  the  maximum  demand  has  been  taken  as 
1  000  kW  at  a  power  factor  of  0-75.  The  total  kVA 
demand  is,  therefore,  1  333.  After  the  condenser  is 
installed  the  peak  load  would  be  1  036  kW  and  the  total 
kVA  1  075.  The  power  factor  of  the  installation  is, 
therefore,  raised  from  0-75  to  0-965.  If  we  take  the 
tariff  given  on  page  106,  viz.  £1  per  quarter  per  kVA 
of  maximum  demand  plus  0-25d.  per  unit,  and  bring 
this  up  to  what  would  probably  be  a  corresponding 
present-day  tariff,  we  should  have  to  allow  an  increase 
in  the  demand  charge  to  cover  extensions  to  the 
company's  system  at  prices  much  greater  than  pre-war 
figures,  and  the  unit  charge  of  0-25d.,  which  is  largely 
governed  by  the  cost  of  coal,  would  probably  have  to 
be  increased  by  more  than  100  per  cent.  I  suggest 
that  the  corresponding  present-day  tariff  would  be 
approximately  2os.  per  quarter  per  kVA  of  maximum 
demand  plus  a  flat  rate  of  0-55d.  per  unit.  Taking  the 
author's  figures  of  consumption,  the  cost  of  current  to 
the  consumer  before  and  after  the  rotary  condenser  is 
installed  would  be  as  follows  : — 


Before  installation  of  condenser. 

1  333  kVA,  at  £5  .  . 

2  300  000  units  at  0-55d. 


After  installation  of  condenser. 

1  075  kVA,  at  £5  .  . 

2  383  000  units  at  0-55d. 


£6  665 
5  270 

£11  935 


£5  375 
5  460 

£10  835 


We  therefore  conclude  that  the  consumer  by  installing 
the  rotary  condenser  reduces  his  total  bill  for  current 
by  £1  100.  This  is  a  reduction  of  9-2  per  cent  in  the 
total  cost  of  current.  The  author  takes  a  figure  of  £3 
per  kVA  as  the  cost  of  the  rotary  condenser,  but  I 
believe  that  at  present-day  prices  this  should  be  consider- 
ably less,  and  that  the  cost  of  the  600-kVA  condenser 
should  not  be  more  than  £1  200.  A  machine  of  this 
kind  should  need  very  little  attention,  and  the  average 
consumer  insfelling  it  would  probably  not  require  to 
employ  any  aditional  labour,  but  could  make  arrange- 
ments to  have  the  machine  looked  after  by  the  existing 
staff.     The  cost  of  attendance  on  this  machine  would 
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probably  not  exceed  10s.  per  week.  The  total  costs 
involved  in  the  use  of  the  rotary  condenser  would  there- 
fore be  covered   by  the  following  : — 

Labour  at  10s.  per  week  .  .  .  .      £2(5 

Interest,  depreciation  and  main- 
tenance at  15  per  cent. .  ..    £180 

£20G 

If  we  subtract  this  figure  from  the  total  saving  in  the 
cost  of  current,  we  arrive  at  a  net  profit  to  the  consumer 
of  £894.  Referring  to  the  different  types  of  synchronous 
induction  motors  described,  I  presume  that  the  rotor  of 
the  machine  indicated  in  Fig.  id  has  a  two-phase  winding, 
that  the  two  phases  are  exactly  similar,  and  that  each 
covers  one-half  of  the  pole-pitch.     If  this  assumption  is 


conect,  then  each  phase  carries  the  same  current,  and 
the  distribution  of  magnetic  flux  produced  by  the  rotor 
current  alone  would  have  a  wave-shape  with  a  sharp 
peak.  If  the  voltage  of  supply  to  the  motor  varies 
approximately  as  a  simple  sine  function,  an  additional 
flux  of  third-harmonic  frequency  would  have  to  be 
produced  by  a  current  in  the  stator,  i.e.  the  motor 
draws  a  magnetizing  current  from  the  Hne  of  third- 
harmonic  frequencj^  This,  of  course,  may  be  of  very 
small  magnitude,  but  I  should  be  pleased  to  have 
Professor  Miles  Walker's  comments  regarding  the 
possibility  of  such  a  current  being  produced  by  this 
machine. 

[Prof.  Miles  Walker's  reply  to  the  discu?sion  wi:i  be 
found  on  page  134.] 


North  Midl.^nd  Centre,  at  Leeds,  21  November,  1922. 


Mr.  H.  E.  Yerbury  :  The  technical  and  mathematical 
part  of  the  paper  admirably  covers  the  field,  and  I 
shall,  therefore,  confine  my  remarks  to  the  commercial 
aspect.  As  supply  engineers,  we  know  that  a  low 
power  factor  is  a  condition  which  confronts  us — and 
not  a  theory.  I  submit  that  it  is  unreasonable  to  suggest 
that  any  consumer  should  take  steps  to  improve  his 
power  factor  unless  a  substantial  rebate  is  given  by  the 
supplier.  Every  individual  installation  should  be 
studied  before  a  decision  is  made  as  to  whether  it  is 
desirable  and  economical  to  install  a  device  which 
alters  the  characteristics  of  the  motors,  or  to  deal 
with  the  problem  of  low  power  factor  with  static  con- 
densers on  the  cables  supplying  such  motors.  If  the 
characteristics  of  the  motor  are  altered,  then  the  total 
costs  involved  must  be  taken  into  consideration.  For 
instance,  in  many  works  no  d.c.  supply  is  available, 
hence  the  cost  of  a  d.c.  generator  and  the  d.c.  energy 
should  be  added  to  the  cost  of  the  phase  advancer. 
This  is  not  an  expensive  matter  but  apparently  it  is 
not  taken  into  account  in  the  paper.  It  is  quite  obvious 
that  the  improvement  of  power  factor  is  tied  up  with 
the  question  of  tariffs.  A  two-part  tariff  is,  I  think, 
the  fairest  all-round  S)'stem  of  charging.  In  Sheffield 
we  charge  large  power  consumers  £4  per  kVA  of  maxi- 
mum demand  plus  0-25d.  per  unit,  plus  a  sliding  scale 
based  on  coal  at  10s.  a  ton.  Incidentally,  a  coal  clause 
disregarding  calorific  value  can  be  deemed  neither 
scientific  nor  equitable.  I  think  we  can  pass  over  the 
Arno  system  of  charging,  as  it  is  hardly  apphcable  to 
British  practice.  I  tliink  that  the  system  adopted  by 
the  Clyde  Valley  Electric  Power  Company  is  the  best 
submitted,  although  to  my  mind  it  is  a  debatable 
point  as  to  whether  a  consumer  of  250  kW  should  be 
charged  a  20  per  cent  higher  maximum-demand  rate 
than  a  consumer  of  1  000  kW.  It  is  conceivable  that 
the  smaller  installation  could  be  running  at  a  very  high 
load  factor  compared  with  the  larger  installation,  in  wlrich 
case  the  former  may  be  of  greater  benefit  to  a  supply 
department.  A  very  great  service  has  been  done  to 
the  industry  by  the  Electricity  Commissioners  in  the 
1922  Act.  Under  the  Electric  Lighting  Act  1899  a 
consumer  could  elect  to  be  charged  on  either  a  kVA  or 


kW  basis.  Happily,  that  clause  is  now  repealed  and 
a  supply  authority  can  decide  to  charge  any  consumer 
either  on  a  kW  or  on  a  kVA  basis.  For  the  sake 
of  economy  and  efficiency  I  think  that  steps  should  be 
taken  to  enforce  the  system  of  charging  on  a  kVA 
basis  as  soon  as  possible,  ever  remembering  the  word 
"  expediency  "  and  all  that  that  implies,  and  that  a  satis- 
fied consumer  is  the  best  advertisement  for  electricity. 
At  the  present  time  I  find  that  it  pays  a  consumer  with 
a  load  factor  of  less  than  30  per  cent  to  be  charged  on 
a  kWh  basis,  and  only  where  his  load  factor  exceeds 
about  33-^  per  cent  does  it  pay  him  to  be  charged  on 
a  kVA  basis.  Personally,  I  think  that  the  best  system 
for  the  supplier  is  to  declare  the  minimum  average 
power  factor,  say  0'8.  Then  the  price  per  kVA  of 
maximum  or  average  demand  above  or  below  that 
declared  power  factor  should  be  varied,  and  in  addition 
a  flat  rate  per  kWh  should  be  charged.  To  give  a 
consumer  the  advantage  of  night-time  phase-advancing 
nfight  be  advantageous  to  a  power  company  with  long 
transmission  fines  and  only  power  loads,  but  that  practice 
on  a  town's  general  supply  cannot,  I  think,  be  generally 
recommended.  It  appears  that  three  instruments  are 
essential  to  ascertain  a  consumer's  maximum  or  average 
demand,  and  also  his  kVA  and  kW  consumption.  There 
has  been  much  discussion  as  to  whether  one  should 
charge  on  a  maximum  demand  or  average  demand  over 
a  predetermined  period.  I  think  that  the  average  is 
fairer,  and  in  most  cases  the  average  is  taken  over  a 
period  of  approximately  20  minutes  with  a  thermal 
instrument. 

Dr.  T.  F.  Wall  :  I  have  recently  been  engaged  in 
studying  a  new  device  for  the  phase-advancing  of 
induction  motors,  in  which  the  electrical  energy  is 
stored  during  one  part  of  the  cycle  in  the  form  of  chemical 
energ\'  and  during  the  remainder  of  the  cycle  is  released 
in  the  form  of  electrical  energy.  Tlie  principle  is  thus 
the  same  as  that  of  a  secondary  battery,  such  a  battery 
being,  in  effect,  an  electrical  condenser  of  very  large 
capacity.  Suppose  two  lead  grids,  say  A  and  B,  are 
pasted  with  red  lead  (PbaO^),  immersed  in  dilute 
sulphuric  acid,  and  connected  in  circuit  witli  an  alter- 
nating-current   supply.     Then    during    one    half-cycle 
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the  paste  of  one  grid,  say  A,  becomes  oxidized  to  the 
higher  oxide  and  the  paste  on  the  other  grid  becomes 
reduced  to  the  lower  oxide.  In  other  words,  the 
arrangement  corresponds  to  an  accumulator  on  charge, 
the  grid  A  being  the  positive  plate.     During  the  next 
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half-cycle  the  action  is  reversed,  and  the  cell  becomes 
discharged  and  re-charged  in  the  opposite  direction. 
It  is  found  that  the  action  is  greatly  assisted  and 
improved  if  the  cell  works  at  a  relatively  high  tempera- 
ture,  say   about   80°  C.     When   the   temperature  is   so 
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increased  the  gassing  becomes  negligibly  small  and  the 
inherent  power  factor  becomes  very  low,  that  is  to  say, 
the  losses  are  low  and  the  phase  advance  of  the  current 
on  the  potential  difference  is  large.  In  Fig.  B  this 
effect  is  clearly  shown.     The  readings  were  taken   by 


2  3 

Load,  Lnh.K.p. 

Fig.  D. 

connecting  a  cell  to  a  low-frequency  supply  and  immersing 
the  cell  in  a  bath  the  temperature  of  which  could  be 
regulated.  It  is  clear  that  a  verj^  considerable  improve- 
ment of  the  action  of  the  cell  takes  place  up  to  about 
70°  C.  and  subsequently  the  improvement  is  less  marked 
with   increase   of   temperature.      In    Fig.    C   the  corre- 


sponding values  of  reactance  voltage  are  plotted  as  a 
function  of  the  temperature.  The  effect  of  increasing 
the  temperature  appears  to  be  two-fold,  viz.  (i)  The 
specific  resistance  of  the  electrolyte  is  reduced  ;  and 
(ii)  the  chemical  activitv'  of  the  components  of  the 
cell  is  stimulated.  With  regard  to  the  second  effect,  it 
is  of  interest  to  note  that  the  action  of  a  certain  t}^e  of 
hghtning  arrester  is  based  on  the  fact  that  the  chemical 
stability  of  lead  oxides  is  very  easily  upset  by  relatively 
small  temperature-rises.  Dry  lead  peroxide  (PbO^) 
has  a  specific  resistance  of  about  1  ohm  per  inch  cube, 
the  resistance  varying  with  the  pressure  with  which  the 
powder  is  compressed.  Ata  temperature  of  about  150°  C. 
lead  peroxide  is  reduced  to  red  lead  (Pb304),  which  has 
a  specific  resistance  of  about  24  x  lO^  ohms  per  inch 
cube.  At  sHghtly  higher  temperatures  red  lead  is 
reduced  to  htharge  (PbO),  wliich  is  practically  an 
insulator.*  In  Fig.  D  the  results  of  some  tests  on  a 
4  b.h.p.  induction  motor  are  given.  These  tests  were 
made  by  two  post-graduate  students,  Messrs.  G.  AUsop, 
M.Eng.,  and  C.  E.  Robinson,  M.Eng.  The  data  were 
obtained  with  one  cell  in  series  per  rotor  phase,  and 
clearly  show  the  beneficial  effects  to   be   obtained  by 
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this  type  of  phase  advancer.  The  tests  also  showed 
(see  Fig.  E)  that  the  efficiency  of  the  motor  was  greater 
when  the  phase  advancer  was  in  circuit  than  when  the 
machine  was  running  under  the  normal  conditions  of 
short-circuited  rotor. 

Mr.  J.  W.  J.  Townley  :  The  paper  is  very  interesting 
to  all  engineers  concerned  in  the  generation  or  distribu- 
tion of  alternating  current,  but  what  impresses  one  on 
reading  it  is  the  fact  that  so  much  has  been  done 
in  the  design  and  development  of  phase  advancers  and 
that  so  Uttle  use  has  been  made  of  them  in  practice. 
The  whole  trend  of  the  paper  has  been  in  the  direction 
of  encouraging  the  consumer  to  improve  his  power 
factor,  but  I  tliink  the  improvement  of  the  power 
factor  of  tlie  system  should  be  kept  in  the  hands  of  the 
supply  authority,  who  can  put  down  phase-advancing 
plant  in  those  areas  where  the  mains  are  fully  loaded,  and 
when  mains  extensions  are  carried  out  can  transfer  the 
phase-advancing  plant  to  another  part  of  the  system.  It 
is  usually  the  case  that  more  copper  has  to  be  laid  down 
than  is  reqmred  for  the  needs  of  the  moment,  owing  to 
the  heavy  cost  of  reinstatement,  and  this  copper  might 
just  as  well  be  loaded  by  consumers  who  pav  a  standing 
charge  based  on  their  kVA  demand.  One  has  only  to 
compare  the  tariffs  of  different  supply  authorities  to 
note  the  very  great  difference  betiveen  basing  the 
standing  charge  upon  kW  and  upon  kVA,  one  under- 
taking quoting,  say,  £4  per  kVA,  and  another  £8  per 
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kW.  If  the  consumer  who  is  paying  £4  per  kVA  has 
a  power  factor  of  0-7  he  is  actually  paying  £5  14s.  per 
kVV.  That  difference  represents  a  very  substantial  in- 
crease in  the  revenue  of  the  supply  undertaking,  and  this 
will  be  lost  under  present  methods  of  charging,  without 
much  compensating  advantage  if  the  power  factor 
improvement  is  left  entirely  in  the  hands  of  the  con- 
sumer. I  have  had  some  experience  witli  the  Kapp 
oscillating  phase  advancers  on  two  induction  motor- 
generator  sets,  each  of  1  500  kW  capacity,  ordered  in  _ 
1914  and  installed  in  1916.  These  machines  have 
operated  in  a  perfectly  satisfactory  manner,  and  my 
experience  has  been  such  that  I  would  always  recommend 
the  installation  of  induction  motor-generators  with 
phase  advancers  rather  than  synchronous  machines, 
as  the  former  give  all  the  advantages  of  a  synchronous 
set  but  with  the  great  additional  merit  of  simplicity 
of  starting. 

Mr.  W.  E.  Burnand  :  The  question  is  essentially 
div-sible  into  two  parts,  one  applying  to  the  supply 
authority  and  the  other  to  the  user.  So  far  as  the 
supply  undertaking  is  concerned  it  is  a  matter  of  simple 
arithmetic  and  a  httle  judgment  to  correct  the  power 
factor  when  it  is  necessary  and  advantageous.  As 
regards  the  consumer,  the  reason  that  tliis  power  factor 
question  has  become  of  importance  is  unsuitable  tariffs. 
I  should  like  to  point  out  that  the  current  taken  by 
motors  and  inductive  apparatus  is  quite  easily  divided 
into  two  parts,  one  at  unity  and  the  other  at  zero  power 
factor,  and  it  is  easy  to  get  meters  to  register  tliese 
readily.  The  ordinary  induction  meter  indicates  the 
power  units,  and  it  is  quite  easy  to  get  a  meter  that  will 
show  the  consumption  at  90°  from  those,  i.e.  the  wattless 
kVA.  Trouble  results  from  this  lagging  current,  wliich, 
while  it  may  be  wattless,  is  not,  however,  useless. 
The  magnetizing  current  acts  as  a  fulcrum  for  the  power 
current  to  work  upon.  The  wattless  current  costs  some- 
thing like  Jd.  per  kVA-hour  dehvered  to  the  consumer. 
Why  not  install  a  meter  and  sell  three  imits  for  Id. 
and  make  a  profit  on  it  ?  I  tliink  the  consumer  would 
understand  that.  If  these  magnetizing  units  can  be 
sold  to  him  at  a  profit,  I  think  it  will  be  more  satis- 
factory than  having  to  make  complicated  calculations 
and  using  power-factor  terms  which  would  not  convince 
the  consumer  that  he  was  being  charged  on  a  fair  basis. 
The  paper  describes  really  a  very  comprehensive  collection 
of  devices  for  improving  the  power  factor,  but  tliey  are 
all  of  them  expensive,  and  I  think  most  people  would 
call  them  complicated.  The  number  of  parts  is  often 
more  than  in  the  original  motor  the  power  factor  of 
which  it  is  intended  to  correct.  They  also  lower,  as 
a  rule,  the  efficiency  of  the  plant.  It  is  necessary  to 
offer  a  strong  inducement  to  a  consumer  before  he  will 
use  such  an  arrangement.  Excepting  static  condensers, 
these  are  chiefly  adapted  for  large  motors,  which  need 
not,  however,  have  a  low  power  factor,  if  run  from  |  load 
upwards,  so  that  it  ought  to  be  exceptional  to  find  a  low 
power  factor  on  a  large  motor.  The  paper  gives  me  the 
impression  that  the  power  factor  is  very  materially 
lower  with  these  special  macliines  with  the  exciter  not 
working  than  in  a  standard  machine.  That  is  due  to 
the  larger  air-gap  and  the  higher  density  of  the 
magnetic  flux  in  the  teeth  of  the  special  machine. 
Vol.  01. 


It  is  impossible  to  make  a  small  motor  which  will 
have  as  high  a  power  factor  as  a  large  one,  but  it  would 
appear  possible  to  improve  this  wathout  great  expense 
or  complication.  It  means  making  the  auto-transformer 
part  of  the  starter  about  four  times  normal  size,  and 
running  the  motor  when  on  light  loads  on  a  lower- 
voltage  notch  on  the  starter.  The  cost  would  be  small 
and,  so  far  from  introducing  a  complication,  strengthens 
a  weak  spot.  Even  witli  the  existing  tariffs  this  will 
generally  be  profitable.  The  reason  is  that  the  auto- 
transformer  if  it  is  properly  designed  is  a  more  efficient 
transformer  than  the  motor  itself.  Therefore,  with 
the  motor  at  I  load  the  power  factor  ■^\^ll  be  over  0-7 
and  the  efficiency  will  be  practically  equal  to  that  with 
the  motor  running  on  full  load.  Losses  in  the  motor 
are  saved  that  will  seldom  pay  less  than  20  or  30  per 
cent  on  the  original  extra  cost.  Under  present  conditions 
people  will  not  lay  out  more  money  than  necessary, 
and  these  are  not  in  such  great  demand  as  they  used 
to  be,  but  if  there  were  a  proper  tariff,  and  if  consumers 
had  to  pay  for  the  magnetizing  current,  the  power  factor 
would  be  raised  and  the  sales  would  increase. 

Mr.  W.  A.  A.  Burgess  :  As  a  large  user  1  should  hke 
to  refer  to  a  method  of  power  factor  improvement 
which  has  not  been  touched  upon,  i.e.  the  improvement 
of  power  factor  by  what  is  called  in  America  "  electrical 
service,"  that  is,  advice  to  the  consumer  as  to  the  proper 
use  of  his  electrical  equipment.  I  had  occasion  to  take 
over  a  works  containing  a  large  number  of  motors  and 
found  that  the  total  power  factor  was  0'41.  There  was 
obviously  something  wTcng  and  I  found  a  number  of 
motors  running  much  hotter  than  their  loads  warranted. 
On  some  it  was  found  to  be  a  question  of  excessive  air- 
gap.  As  there  may  be  many  users  who  do  not  know 
what  air-gap  means  to  them,  and  do  not  care,  they  should 
be  kept  informed  by  the  power  supply  authority  in  whose 
interests  it  is  to  secure  a  good  power  factor.  To  give 
an  instance  of  this,  I  found  in  the  works  in  question  that 
it  had  been  the  practice  when  a  rotor  fouled  a  stator 
to  take  out  the  rotor  and  take  a  cut  off  it  in  the  lathe, 
to  the  detriment  of  the  power  factor  and  the  insulation 
of  the  rotor  laminations,  whereas  what  realh'  required 
attention  was,  in  nearly  every  case,  the  motor  bearings. 
The  improvement  of  air-gap  is  often  erroneously  thought 
to  be  impossible,  but  I  found  it  profitable  to  buy  a  new 
rotor  in  many  cases  where  the  motor  was  otherwise  in 
good  condition,  while  in  other  cases  the  only  alternative 
was  to  replace  the  entire  motor.  If  service  advice 
had  been  given,  neither  contingency  would  have  arisen 
and  the  supply  authority  would  have  had  a  better 
power  factor.  After  improving  the  air-gap  the  various 
motors  must  be  arranged  to  carrj'  something  like  their 
normal  load  either  by  changing  over  or  getting  additional 
loads  transferred  to  them.  By  a  combination  of  these 
methods  and  a  rigid  specification  for  new  machines 
the  power  factor  of  the  works  in  question  was  raised  to 
0-7,  no  small  acliievement  w-here  90  per  cent  of  the  load 
consists  of  induction  motors.  In  connection  with  the 
general  question  of  power  factor  I  should  like  to  ask 
Prof.  iNIilcs  Walker  if  he  can  tell  us  the  exact  relation 
of  the  power  factor  to  the  starting  torque  as  far  a.s  the 
economic  design  of  a  commercial  motor  is  concerned. 
It  has  been  found  on  occasion  that  certain  motors  of 
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the  squirrel-cage  type  with  a  remarkably  good  power 
factor  at  half  and  full  loads  are  apt  to  fail  to  start  up 
against  full  load  and  in  some  cases  less  than  full  load. 
Is  this  a  case  of  locking  owing  to  a  too  small  air-gap, 
or  merely  an  accidental  coincidence  of  low  rotor 
resistance  ?  I  fail  to  see  why  there  should  be  such  a 
extreme  difference  between  the  costs  of  the  various 
apparatus  for  correcting  power  factor.  The  figures, 
given  by  the  author,  of  10s.  to  £5  or  £6  are  surely  a 
standing  reproach  against  certain  manufacturing  sections 
of  the  industry-.  For  less  than  10s.  per  k\V  on  a  reason- 
ably sized  motor,  say  one  of  500  h.p.,  one  can  get  a 
Kapp  vibrator  complete  with  switchgear  and  the  provision 
for  excitation.  I  recently  purchased  one  which  is  of 
the  horizontal  tj-pe  with  ball  bearings.  It  was  installed, 
connected  and  put  into  operation  and  has  up  to  the 
present  required  no  attention  beyond  general  running 
maintenance.  It  improves  the  power  factor  most 
satisfactorily  within  the  hmits  of  the  capacity  of  the 
motor  to  which  it  is  connected,  and  has  given  no  trouble 
whatever.  It  seems  to  me,  however,  that  power  factor 
improvers  of  the  Scherbius  and  the  Kapp  vibrator  type 
are  only  more  or  less  able  to  supply  power  factor 
correction  equivalent  to  the  load  on  the  motor,  while 
a  sjTichronous  motor  has  its  full  capacity  available 
for  power  factor  correction  at  hght  loads  as  well  as 
when  doing  useful  work.  One  speaker  raised  the  question 
of  the  cost  of  excitation.  In  the  case  in  question  the 
excitation  was  by  a  belt-driven  0-4  kW  generator  from 
the  main  shaft,  and  no  trouble  whatever  was  experienced. 
The  cost  of  static  condensers,  which  are  a  useful  form 
of  apparatus  for  the  improvement  of  power  factor, 
is  alarming.  That  one  should  have  to  paj'^  3,  4  or  5 
times  as  much  for  a  static  condenser  as  for  a  static 
transformer  indicates  to  my  mind  a  complete  failure 
on  the  part  of  the  manufacturers  to  cater  for  the  industry 
at  a  reasonable  price.  It  is  a  distinct  advantage  to  be 
able  to  apply  power  factor  correction  to  small  motors, 
wliich  probably  form  the  bulk  of  a  power-supplj'  load 
and  the  aggregate  power  factor  of  wliich  sliould  be  kept 
as  high  as  possible.  I  tliink  there  will  be  ver\^  few 
power-supply  authorities  who  do  not  desire  all  motors 
connected  to  tlieir  mains  to  have  a  power  factor  as  near 
unitj'  as  possible.  The  question  of  improving  power 
factor  by  static  condensers  has  given  me  considerable 
food  for  thought,  and  as  an  alternative  to  a  power-factor- 
improving  device  on  the  supply  mains  it  has  occurred 
to  me  that  one  might  be  able  to  use  some  form  of 
condenser  starter.  The  old  water-resistance  starter 
had  an  appreciable  capacity,  and  if  it  were  possible  to 
go  beyond  that  and  use  a  variable-condenser  device 
for  starting  instead  of  the  customarj'  auto-transformer 
starter,  and  then  leave  the  condensers  on  the  hne  while 
the  motor  is  running  and  switch  them  off  only  when  the 
motor  is  stopped,  I  think  we  should  get  something  cheap, 
efficient  and  acceptable  to  supply  authorities  and  con- 
sumers ahke.  I  am  quite  aware  that  there  are 
difficulties  in  the  way,  but  I  think  thev  need  not  be 
insurmountable  in  these  days.  In  regard  to  tariff, 
as  a  consumer  and  also  as  a  suppher  of  electricity 
I  agree  with  what  has  been  said  in  connection  with 
giving  the  consumer  a  fair  deal.  The  consumer  must 
be  given  all  the  satisfaction  possible,  and  he  must  be 


showTi  that  he  is  getting  value  for  his  money  in  every 
tariff  offered  to  him,  if  the  business  is  to  grow  and  be 
profitable. 

Mr.  A.  F.  Carter :  The  manner  in  which  some 
people — and  in  particular  mechanical  engineers — buy 
motors  .should  receive  attention.  They  have  a  machine 
they  wish  to  drive  and,  as  the  manufacturers  do  not 
know  what  horse-power  is  required,  they  take  a  guess 
and  add  50  per  cent  to  it,  and  the  result  is  perhaps  a 
10  h.p.  motor  for  a  6  h.p.  load.  This  is  repeated,  with 
the  result  that  the  mains  are  loaded  up  with  useless 
kVA,  whereas  the  energv-  actually  used  is  verj'  small. 
I  think  that  much  could  be  done  by  assisting  the 
mechanical  engineer  in  the  selection  of  the  powers 
required  for  his  various  loads.  I  recently  had  occasion 
to  measure  the  load  on  a  small  motor  of  2J  h.p. 
The  watt-hour  meter  was  registering  |  kWh  per  hour. 
This  ridiculous — though  not  unusual — state  of  affairs 
should  be  remedied.  On  page  100,  data  relating  to 
the  Birmingham  Corporation  Electricity  Supply  Depart- 
ment are  given,  and  it  will  be  seen  there  that  approxi- 
mately one-quarter  of  the  load  is  composed  of  rotary 
converters  and  one  or  two  motor-generators  with  a 
corresponding  high  power  factor  balancing  three- 
quarters  of  the  load,  which  consists  in  the  main  of  small 
motors  at  a  low  power  factor,  giving  an  average  power 
factor  of  0-  79.  No  doubt  if  motors  were  better  selected 
for  their  work  the  power  factor  could  be  brought  up 
to  at  least  0-  85  in  the  above  case.  I  feel  that  one  cause 
of  difficult}'  is  the  fact  that  in  some  cases  supply 
engineers  rule  that  the  current  taken  from  the  hne 
must  not  exceed  125  per  cent  of  full-load  current. 
This  often  results  in  a  larger  motor  being  used  than  is 
necessary  (particularly  with  squirrel-cage  motors)  in 
order  to  keep  down  the  percentage  overload  current 
at  starting.  If  the  125  per  cent  rule  were  suitably 
altered  and  more  attention  given  to  the  selection  of 
appropriate  starting  switchgear,  no  difficulty  would 
be  found  in  loading  motors  up  to  the  100  per  cent 
mark. 

Mr.  A.  V.  Clayton  :  I  think  that  the  question  of 
power  factor  is  a  burning  one,  especially,  I  presume, 
for  supply  companies,  but  I  think  that  they  are,  to  a 
large  extent,  to  blame  for  that.  Prior  to  the  war  I 
was  engaged  in  designing  machines  on  the  Continent, 
and  even  small  motors  were  being  built  with  high 
power  factors  ;  for  instance,  macliines  of  6,  8  and  10  h.p. 
at  1  OOOr.p.m.,  and  of  10,  15  and  20  h.p.  at  750  r.p.m. 
had  power  factors  of  0-93  to  0-945  at  full  load,  and 
of  about  0-89  at  half  load.  During  part  of  the  same 
period  I  was  engaged  in  designing  machines  for  some 
Enghsh  manufacturers,  and  as  the  power  factor  per- 
missible on  tlie  mains  of  tlie  supplv  companies  here 
was  0-8  we  took  advantage  of  this  to  design  motors  for 
the  Enghsh  market,  regardless  of  power  factor,  so  that 
they  were  the  cheapest.  Thus,  whilst  I  was  designing 
motors  with  power  factors  of  upwards  of  0-9  for  use  on 
the  Continent,  L  was  also  designing  machines  with 
power  factors  of  0-8  and  upwards  for  use  in  England. 
As  regards  the  cost  of  rectifying  low  power  factor  by 
means  of  phase  advancers,  some  httle  time  prior  to  the 
war  I  built  two  20-pole,  2o0-h.p.  machines  for  use  with 
Kapp    vibrators    as    a    trial   of   cost.     They   were   bad 
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motors   to    design   from   the   point  of  view   of    power 

factor,  because  they  were  comparatively  small  machines 
for  the  number  of  poles.  As  the  number  of  poles  in  a 
macliine  increases,  so  the  difficulties  in  obtaining  good 
power  factor  increase,  because  the  power  factor  depends 
to  a  large  extent  on  the  magnetizing  current,  and  hence  as 
the  number  of  poles  in  a  given  size  of  motor  is  increased, 
the  required  magnetizing  effect,  and,  therefore,  the 
magnetizing  current,  is  also  increased.  The  two  par- 
ticular machines  referred  to  were  designed  by  me  at 
Dr.  Kapp's  request  to  give  the  cheapest  possible 
machine  regardless  of  power  factor,  but  with  due  atten- 
tion to  temperature-rise.  FulfilUng  these  conditions 
the  calculated  natural  power  factor  was  0-835  and  on 
test  0  •  84.  The  cost  of  the  Kapp  vibrators  was  approxi- 
mately 33  per  cent  of  the  cost  of  the  motors,  and  even 
at  that  figure  there  was  no  profit  to  the  makers  on  the 
manufacture  of  the  vibrators.  Had  I  utihzed  a  little 
more  material  in  designing  the  motors  I  could  have  im- 
proved their  power  factor  to  0-92  at  full  load  and  to  0-87 
or  0'88  at  half  load.  The  increase  in  cost  of  manu- 
facture of  the  motors  would  then  not  exceed  12  per  cent 
of  their  former  cost,  because  the  mechanical  parts  of 
the  motors  would  remain  the  same,  the  labour  would 
be  practically  the  same  and  it  would  only  be  a  question 
of  using  a  httle  more  active  electrical  material  to 
obtain  the  higher  power  factor.  The  question  of  the 
length  of  air-gap,  which  of  course  has  a  very  large 
bearing  on  the  power  factor  of  motors,  is  entirely  a 
mechanical  one  and  should  receive  due  consideration 
with  regard  to  the  diameter  and  axial  length  of  the 
rotating  part  and  the  rigidity  of  the  mechanical  parts 
of  the  motor.  One  speaker  rather  gave  me  the  impression 
that  the  air-gap  could  be  adjusted  after  the  motor  is 
built ;  this,  however,  is  not  possible  except  by  building 
a  new  rotor,  rather  a  costly  proceeding.  I  was  surprised 
to  notice  in  the  paper  a  statement  that  private  enter- 
prises had  no  interest  in  increasing  the  power  factor 
of  their  load,  and  that  the  author  had  no  personal 
experience  where  such  cases  occurred.  I  have  known 
many  cases  of  private  generating  stations  desiring  to 
obtain  better  power  factors,  and  I  can  mention  two 
cases  in  this  country  where  I  think  it  will  be  admitted 
that  the  improvement  in  the  power  factor  of  their  own 
load  was  a  distinct  advantage.  One  was  the  case  of 
a  large  cotton  mill  where  a  1  000  kW  generator  was 
installed.  This  generator  was  an  old  type,  low- 
speed  machine  and  had  a  rather  small  magnetizmg 
effect  so  that  in  time,  as  the  load  increased,  it  would  not 
hold  its  voltage  and  the  steam  engine  could  not  be 
utihzed  to  anything  approaching  its  full  load.  There 
were  a  large  number  of  small  motors,  loom  motors,  etc., 
having  bad  power  factors,  and  eventually  a  stage  was 
reached  where  either  further  generating  plant  would 
have  to  be  installed  or  else  the  bad  power  factor  of  the 
load  would  require  rectification.  This  was  done  by 
instalhng  a  synchronous  phase  advancer  at  only  a 
fraction  of  the  cost  of  new  generating  plant.  The  cost 
of  this  synchronous  phase  advancer,  or  "  rotary 
condenser  "  as  it  is  sometimes  called,  was  not  nearly 
the  cost  (£3  per  kVA)  mentioned  by  the  author.  The 
cost  was,  in  fact,  considerably  less  than  half  tliis  and 
at  the  time   it  was   installed   in    1917    was   less   than 


£1  per  kVA  injected,  including  the  cost  of  exciter,  etc. 

I  tliink  that  the  author  also  states  that  the  cost  of  a 
synchronous  phase  advancer  is  the  same  as  that  of  a 
generator  of  like  capacity  in  kVA.  This  is  scarcely 
the  case,  because  in  the  phase  advancer  the  mechanical 
parts  are  negligible  and  we  only  have  to  deal  with  the 
electrical  energy  ;  moreover,  the  speed  can  be  chosen  to 
suit  the  most  economical  design,  whereas  in  a  generator 
the  speed  is  determined  by  that  of  the  prime  mover. 
(In  this  connection  the  fact  must  not  be  lost  sight  of 
that  the  highest-speed  machine  is  not  necessarily  the 
cheapest.)  Having  regard  to  the  electrical  and 
mechanical  conditions,  each  size  of  generator,  or  its 
analogy  the  synchronous  phase  advancer,  has  a  definite 
speed  for  a  given  kVA  output  at  which  it  can  be  designed 
most  economically,  and  this  speed  nearly  always  differs 
widely  from  the  natural  speed  of  a  prime  mover  of  similar 
capacity.  Many  speakers  have  mentioned  the  number 
of  small  motors  used  on  a  supply  company's  network 
and  it  would  be  very  interesting  to  know  the  average 
size  of  motor  connected,  because  on  that  depends  whether 
phase  advancers  could  be  used  extensively  to  obtain 
a  commercial  advantage.  In  tliis  connection  I  might 
mention  that  during  my  last  year  abroad  the  turnover 
of  our  works  was  a  Mttle  over  110  000  h.p.  of  electrical 
macliinery,  and  although  machines  of  500,  700  and 
1  000  to  2  000  h.p.  were  frequent  and  notliing  smaller 
than  3  h.p.  was  made,  it  surprised  me  to  find  that  the 
average  size  of  machine  produced  there  was  only  about 
32  to  35  h.p.  Phase  advancers  of  the  Kapp  vibrator 
type  can  only  be  used  at  a  reasonably  commercial 
cost  in  the  case  of  fairly  large  motors,  and  it  must  be 
remembered  that,  apart  from  the  vibrator  itself, 
macliinery  to  generate  a  supply  of  direct  current  must 
be  provided  with  them  (for  excitation  purposes)  unless 
such  supply  already  exists.  Moreover,  apart  from  the 
cost  there  is  the  question  of  a  fairly  complicated  system 
involving  at  least  three  commutators  per  motor  to  be 
attended  to,  as  against  the  simpUcity  of  the  straight- 
forward induction  motor  wliich  has  done  so  much  to 
popularize  the  use  of  electric  power.  My  experience 
is  that  tlie  Kapp  vibrator  cannot  be  used  to  increase 
the  power  factor  beyond  0-96  to  0-98  (lagging)  without 
disastrous  consequences  to  the  commutators,  involving 
much  wear  and  tear  and  very  considerable  attention. 
Rotary  converters,  also,  work  much  better  with  a  slightly 
lagging  power  factor,  and  attempts  to  over-excite  them 
usually  result  in  bad  "  hunting "  effects.  Kapp 
vibrators  can  be  used  to  only  a  veiry  hmited  extent, 
and  for  the  production  of  an  equal  effect  are  probably 
the  most  costly  piece  of  apparatus  used  for  phase- 
advancing.  Even  on  moderately  large  motors,  where 
their  use  would  improve  the  power  factor  from  0-92 
or  0-94  up  to  0-96  or  0-98,  the  e.\tra  compUcations 
involved  outweigh  the  little  advantage  gained.  It 
must  be  admitted  that  the  Kapp  vibrator  gives  constant 
power  factor  to  the  motor  from  about  one-tliird  full 
load  up  to  full  kiad,  but  large  motors  are  usually  fairly 
well  loaded  and  a  power  factor  of  0-88  or  0-89  could 
reasonably  be  expected,  even  at  half  load,  without  the 
vibrator.  I  believe  that  if  statistics  were  made  of  the 
various  supply  companies'  networks  it  would  be  found 
that  even  in  all  the  isolated  cases  where  Kapp  vibrators. 
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rotary  converters  or  other  phase-advancing  apparatus 
could  be  employed,  the  actual  improvement  at  the 
power  station  would  be  trivial,  and  not  nearly  so  much 
as  could  be  obtained  by  the  improvement  of  the  power 
factor  of  small  motors.  INIy  conclusion  is,  therefore,  that 
power  factor  improvement  should  be  sought  primarily 
by  removing  the  source  of  the  trouble,  viz.  the  bad 
power  factor  of  the  small  motors. 

Lieut. -Col.  H.  W.  Watts  {communicated)  :  One 
speaker  mentioned  that  engineers  were  sometimes 
responsible  for  instalhng  a.c.  motors  which  were  un- 
suitable for  their  work,  and  thus  obtaining  a  poor  power 
factor.  After  the  war  I  was  acting  as  consulting  electrical 
engineer  for  some  factories  in  India  and  had  occasion 
to  superintend  the  erection  of  a  large  number  of  a.c. 
motors,  the  lay-out  of  which  was  designed  by  someone 
in  this  country.  Wlien  they  were  set  to  work  I  found 
that  the  power  factor  of  the  installation  was  something 


under  0-4.  The  motors  varied  in  size  from  1  h.p.  to 
50  h.p.  and  the  majority  were  of  25  h.p.  I  found  that 
the  reason  of  the  low  power  factor  was,  in  nearly  every 
case,  due  to  the  motors  running  on  a  load  far  less  than 
that  at  which  they  were  designed  to  work.  The  makers 
guaranteed  these  motors  to  have  a  power  factor  of  over 
0-9  on  full  load  and  about  0-8  on  half  load.  By  re- 
arranging the  motors  to  run  on  their  proper  loads, 
the  power  factor  was  improved  and  brought  up  nearer 
to  the  requirements  of  the  supply  authority,  which  was 
laid  down  as  0-85.  I  think  it  an  excellent  idea  for  a 
supply  authority  to  have  a  clause  in  its  tariff  to  power 
users  to  give  the  consumer  a  bonus  should  liis  power 
factor  be  better  than  0-85.  The  Calcutta  Electric 
Supply  Corporation  allows  such  a  concession. 

[Prof.  Miles  Walker's  reply  to  the  discussion  will  be 
found  on  page  134.] 


Liverpool   Sub-Centre,  at  Liverpool,  27  November,   1922. 


Mr.  E.  M.  Hollingsworth  :  The  almost  universal 
appUcation  of  alternating  current  during  the  past  few 
years  has  brought  with  it  the  problem  of  power  factor 
improvement,  and  to  the  practice  in  many  cases  of 
installing  electric  motors  of  considerably  greater  power 
than  is  necessary,  a  reUc  of  the  direct-current  days,  is 
due  in  no  small  measure  the  low  power  factor  with 
which  many  supply  undertakings  are  faced.  In  view 
of  this  it  is  all  the  more  necessary  to  keep  in  touch 
with  consumers,  and  point  out  the  advisabiUty  of 
installing  motors  suitable  for  the  loads,  letting  theni 
understand  that  the  alternating-current  motor  is  capable 
of  wthstanding  considerable  overload  -H-ithout  any 
risk  of  failure.  Regarding  the  various  appliances  put 
forward  in  the  paper  for  compensating  for  low  power 
factor,  it  seems  to  me  that  in  many  cases  the  static 
condenser  has  the  advantage  both  as  regards  capital 
outlay  and  operating  cost.  Of  course,  in  the  case  of 
large  installations  with  motors  of  100  h.p.  and  upwards 
installed,  the  synchronous  induction  motor  or  rotary 
type  of  phase  advancer  should  be  considered.  Some 
months  ago  the  company  with  which  I  am  associated 
installed  a  static  condenser  in  the  small  power  station 
of  one  of  their  works,  and  we  are  very  satisfied  with 
the  results.  Before  instalhng  the  static  condenser  the 
power  factor  was  in  the  neighbourhood  of  0-5,  and 
the  question  of  instalhng  another  generator  at  a  cost 
of  £3  500  was  under  consideration.  The  static  con- 
denser was  installed  for  £700  and  has  improved  the 
power  factor  to  0-85,  with  the  result  that  the  two 
existing  generators  are  capable  of  deahng  with  the  load. 
That  part  of  the  paper  which  deals  \rith  meters  and 
tariffs  is  of  great  interest,  and  shows  how  necessary 
it  now  is  for  many  supply  authorities  to  adopt  a  tariff 
that  will  encourage  power  users  to  maintain  the  power 
factor  of  their  load  as  near  unity  as  possible.  With 
recollections  of  the  difficulty,  years  ago,  of  trying 
to  explain  to  the  prospective  consumer  the  intricacies 
of  the  maximum-demand  system  of  charge,  it  is  to 
be  hoped  that  history  will  not  be  repeated  in  this 
direction  and  that  some  suitable  tariff  will  be  arrived 


at  which  will  take  into  account  the  power  factor,  and 
at  the  same  time  be  simple  enough  for  the  ordinary 
consumer  to   tmderstand. 

Mr.  L.  Breach  :  I  always  feel  that  this  subject  is 
treated  from  the  wrong  point  of  view,  and  that  there 
should  be  no  necessity  to  improve  the  power  factor 
of  the  system,  but  rather  to  improve  the  design  of 
the  apparatus  connected  to  the  system.  One  looks 
fonvard  to  the  time  when  motors  and  other  plant 
will  have  embodied  in  their  design  the  necessary  cor- 
rection gear,  and  the  motor  with  a  high  power  factor 
will  be  started  up  in  the  same  way  as  at  present ;  perhaps 
in  the  future  supply  authorities  wdll  be  able  to  insist 
on  such  plant  being  installed.  Slip-ring  voltages  of 
the  figure  mentioned  on  open  circuit  will  require  special 
s\ritchgear  to  protect  the  operator,  and  all  apparatus 
must  require  little  attention,  because  if  one  tries  to 
persuade  a  consumer  to  install  correction  plant,  his 
argument  is  that  he  must  not  only  spend  more  on 
his  plant,  but  must  also  give  it  more  attention  when 
he  has  got  it.  "  Power  factor  "  is  an  expression  which 
should  be  capable  of  a  simpler  definition,  as  manj' 
engineers  have  a  very  vague  notion  of  what  it  really 
means  and  of  the  far-reaching  consequences  in  neglect- 
ing it.  The  consumer,  of  course,  knows  less  ;  he  gets 
several  estimates  for  a  motor,  and  on  looking  carefully 
over  the  efficiencies  and  weighing  up  the  question 
as  to  whether  eventually  a  more  expensive  motor 
with  higher  efficiency  will  not  benefit  him  most,  finds  it 
will  and  orders  the  same.  He  studies  the  power  factors 
and  dismisses  them  as  not  being  his  business,  but  the 
supply  undertaking's.  In  one  instance  with  which 
we  had  to  deal — a  consumer  with  about  150  kW  of 
proposed  load — we  installed  a  300  kVA  transformer 
in  our  substation  to  supply  him  at  400  volts.  An 
inspector  shortly  afterguards  informed  us  that  the 
transformers  were  carrj-ing  277  kVA.  On  investiga- 
tion the  consumer  was  found  to  have  an  actual  load 
of  132  kW  at  0-475  power  factor.  The  matter  was 
taken  up  with  the  consumer,  who  suggested  that  if 
our   transformers   were   not   big   enough   that   was   our 
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concern   and   not  his,    as  he   was   quite   satisfied   with 
his  plant.     However,   he  was  finally  persuaded  to  re- 
arrange   his    motors    to    get    better    loading,    with    the 
result  that  he  had  several  surplus   motors  to  help  in 
the  equipment  of  a  new  factor^'  which  he  was  building. 
At  the  present  time  our  system  power  factor  on  the 
peak  is  0-95,  with  a  daily  minimum  of  0-79  and  an 
average    of    0'883.     This   is,    of    course,    exceptionally 
good  and  is  accounted  for  by  the  large  number  of  rotary 
converters  in  our  converting  stations.     These  converters 
are  run  with  slightly  leading  power  factor,  and  on  peak 
load  about  22  000  kW  of  plant  of  this  type  is  running. 
There  is  also  about  23  000  kW  of  6  000-volt  induction 
motor-generator     plant    installed     in      the    converting 
stations,  with  an  average  power  factor  of  0-90  at  full 
load.     Perhaps    this    high    power    factor   was    attained 
by  the  designers  at  a  sacrifice  of  safety,  as  originally 
we  experienced  much  trouble  due  to  stators  elongating 
and   rotors   fouling.     This '  was   overcome   by   grinding 
the  rotors,   with  a  corresponding  loss  in  power  factor 
due  to  the  increased  air-gap.     The  d.c.  load  will  not, 
of  course,   increase  in  the  future  nearly  as  rapidly  as 
the   a.c.    load,    so   that   unless   some   encouragement   is 
given  to  the  consumer  or  plant  greatly  improved,   we 
must  expect  to  lose  the  advantage  which  we  hold  at  the 
present   time.     Up   to    now   we   have   had    no    special 
charges    on   account  of    power  factor,   but  the  matter 
is  under  consideration  as  we  are  fully  alive  to  the  fact 
that  something  must  be  done.     We  feel,  however,  that 
with  the  numerous  clauses  already  attached  to  agree- 
ments, the  simpler  the  new  arrangement  is,  the  more 
readily   it    can    be    understood.     The    kVA    maximum- 
demand    charge   with    units   charged    on    the    flat    rate 
by  a  cosine  meter  (as  the  author  calls  it)   requires  so 
much    less     explanation     than    the     "  preference     and 
penalty "    method,    which    becomes    very    comphcated. 
We  have  considered  giving  financial  assistance  to  the 
larger  consumers  to  get  them  to  install  phase-advancing 
plant.     In  addition,   we  are  constantly  trying  to  per- 
suade smaller  consumers  not  to  put  in  a  20  h.p.  motor 
if  a   15  h.p.  motor  will  do  the  work,  and  are  as  con- 
stantly met  with  the  reply  that  they  prefer  to  have 
something    in    reserve.     Perhaps    they    are    right,    but 
if  the  designer  will  produce  a  good  piece  of  plant  with 
a  good  power  factor  we  shall  agree  with  them  entirely. 
In  the  meantime  we  shall  do  our  best  to  maintain  a 
high   power   factor,    and    we   shall   look   to   the    motor 
designer  to  improve  it  for  us. 

Mr.  H.  Higham  :  The  question  of  power  factor 
improvement  is  rapidly  becoming  recognized  as  one 
of  great  importance,  and  the  present  paper  gives  con- 
sumers of  electrical  energy  a  very  useful  collection  of 
various  kinds  of  apparatus  suitable  for  the  purpose 
of  power  factor  correction.  With  regard  to  the  applica- 
tion of  the  various  kinds  of  apparatus  referred  to,  if 
a  suitable  load  can  be  provided  for  a  synchronous 
motor  this  method  could  be  applied.  If  large  slip- 
ring  motors  are  available,  phase  advancers  can  be 
applied  if  the  conditions  are  favourable.  In  the  case 
of  squirrel-cage  motors,  static  condensers  only  are 
applicable.  Rotary  condensers  are  sometimes  applied 
to  long  lines  where  lagging  or  leading  load  is  necessaiy 
in  order  to   control   the   voltage   and   power  factor   at 


the  end  of  the  lines.  In  all  cases  full  details  of  first 
cost,  and  particularly  of  running  losses,  must  be  care- 
fully compared  before  a  decision  can  be  made  as  to 
which  apparatus  is  most  economical.  It  frequently 
occurs  that  the  first  cost  of  a  static  condenser  is  higher 
than  that  of  other  apparatus  put  forward  for  power 
factor  correction,  but  on  comparing  the  running  losses 
and  the  amount  of  attention  required,  etc.,  it  is  found 
that  the  static  condenser  is  cheaper  in  the  long  run. 
I  have  frequently  seen  cases  where  a  synchronous 
motor  has  been  put  forward  for  power  factor  correction, 
and  for  doing  useful  work.  In  some  of  these  cases  the 
arrangement  is  not  very  economical.  Take,  for  example, 
a  system  wliich  requires  270  leading  kVA  to  give  90  h.p 
of  useful  work.  This  requires  a  synchronous  motor 
capable  of  giving  280  kVA.  The  losses  would  amount 
to  14  kW  and  at  7  000  hours  per  annum  at  Id.  per 
k^Vh  would  cost  £410.  If,  on  the  other  hand,  a 
90-h.p.  motor  had  been  installed  to  do  the  useful  work, 
and  a  270-kVA  static  condenser,  the  losses  in  the  com- 
plete equipment  would  amount  to,  say,  5  kW,  and  at 
7  000  hours  per  annum  at  Id.  per  kWh  would  cost 
£146,  showing  a  saving  of  £264  per  annum.  With 
regard  to  the  prices  mentioned  in  the  paper,-  viz.  10s. 
per  kVA  of  correction  for  a  phase  advancer  when 
used  with  a  very  large  induction  motor,  some  figures 
of  the  cost  when  used  with  motors  of,  say,  50  or  100  h.p. 
would  be  useful,  as  the  greater  number  of  power  users 
are  interested  in  motors  of  such  sizes.  I  am  inclined 
to  think  that  the  cost  would  then  be  more  in  line  with 
that  of  static  condensers.  A  supply  undertaking 
when  determining  the  charges  to  be  made  have  to  take 
into  consideration  the  power  factor  of  their  system, 
and  if  they  do  not  discriminate  with  regard  to  the 
power  factor  of  each  consumer  it  means  that  consumers 
with  a  good  power  factor  have  to  pay  more  than  they 
should  to  make  up  for  those  with  a  bad  power  factor. 
Moreover,  it  is  not  right  that  a  consumer  with  a  bad 
power  factor  should  interfere  with  the  voltage  of  supply, 
as  is  the  case  when  working  at  a  low  power  factor 
Penalty  clauses  are  nearly  always  included  in  agree- 
ments but  in  man)'  cases  are  not  enforced.  I  believe 
that  if  a  suitable  accurate  kVA  meter  were  available, 
it  would  be  of  considerable  assistance  in  helping  supply 
undertakings  to  arrange  their  tariffs. 

Mr.  F.  J.  Teago  :  I  should  like  to  call  attention 
to  the  footnote  on  page  90.  This  can  be  used  to  illu- 
minate many  of  the  author's  points.  Its  most  important 
use  is  that  it  enables  the  matter  on  page  91  to  be  repre- 
sented in  a  graphical  form  which  will  appeal  to  those 
to  whom  mathematical  equations  convey  no  mental 
picture  of  the  details  involved.  Set  out  the  triangle 
OEI  so  that  the  angle  <f>o  has  a  cosine  equal  to  0-75 
(see  also  the  note  by  Prof.  Walker  on  page  90  and  the 
author's  remarks  on  page  91).  Let  the  length  of  tlie 
vector  OE  represent  the  cost  of  the  electrical  plant 
at  unity  power  factor,  i.e.  £12  000.  The  length  of 
the  vector  OI  .will  then  represent  the  cost,  £16  000,  at 
a  lagging  power  factor  of  0-75,  and  the  length  of  any 
other  vector  between  the  point  O  and  the  Unc  EI  will 
represent  the  cost  at  a  power  factor  equal  to  the  cosine 
of  the  angle  between  that  vector  and  the  vector  OE^ 
Now,  to  a  suitable  scale,  the  length  of  the  vector  IE 
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represents  the  cost  of  the  power-factor-improving 
plant.  If  the  value  of  the  ratio  c/C  =1-0  then  the 
scale  of  EI  equals  the  scale  of  OE.  In  this  particular 
case  c/C  equals  0-25,  so  that  the  scale  of  EI  is  four 
times  that  of  OE.  Mark  off  from  I,  along  IE,  a  cost 
scale  as  shown  in  Fig.   F  and  join  O  to    convenient 

Cost  of  power-factor-improving  plant,  in  i 

1500  1000  500  0« Initial  ?.■?.=  0-675 

2000  1500  1000  500  O- •■•    ■•  "    =0-812 
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Fig.  F. 
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points  on  this  cost  scale.     Then,  on  improving  the  power 
factor  from  0-75  to  0-812,   the  net  saving  will  be 


Original  cost  of  plant  —  New  cost  of  plant  — 
power-factor-improving  plant 

or  £16  000  -  £14  800  -  £500  =  £700 


Cost  of 


The    percentage  saving  =  700  X  100/16  000  =  4-4  (ap- 
proximately). 


Repeat  this  for  other  values  of  the  improved  power 
factor  and  plot  the  results  as  showTi  by  the  full-line 
curve  in  Fig.  G.  This  curve  shows  that  the  maximum 
percentage  saving  equals  11-0  and  corresponds  to  an 
expenditure  of  £1  840  on  the  improving  plant.  From 
Fig.  F  it  is  seen  that  the  angle  at  which  this  maximum 
occurs  is  (^  =  14-5°  and  that  the  power  factor  is  0-968. 
Now  take  an  angle,  to  commence  with,  ha\-ing  a  power 
factor  of  0-812.  The  zero  value  of  the  cost  of  the 
improving  plant  under  these  conditions  coincides  with 
the  original  value,  £500.  On  improving  the  power 
factor  from  0-812  to  0-875  the  net  saving  will  be 

£14  800  -  £13  700  -  £500  =  £600 

The  percentage  saving  in  this  case  =  600  X  100/14  800 
=  4-1   (approximately) . 

Repeat  as  before  and  plot  the  results  as  shown  by 
the  dotted  curve  in  Fig.  G.  This  shows  that  the  maxi- 
mum percentage  saving  is  7-2  and  corresponds  to  an 
expenditure  of  £1  340  on  improving  plant,  and  it  is 
seen  that  an  expenditure  of  £1  340  under  the  new 
conditions  corresponds  to  exactly  the  same  improved 
power  factor  as  an  expenditure  of  £1  840  under  the 
old  conditions.  Tfiis  constant  angle  ^  equals  14-5°, 
the  sine  of  which  is  0-25.  Thus,  as  the  author  points 
out,  ^  depends  solely  on  the  value  of  the  ratio  c\C  and 
is  independent  of  the  original  value  of  the  angle  ^q- 

Mr.  T.  E.  Houghton  :  I  think  I  am  correct  in 
saj-ing  that  the  mathematical  determination  given  in 
the  paper  of  the  most  economical  value  of  the  power 
factor  to  which  a  system  can  be  brought  only  applies 
to  a  new  private  installation,  and  therefore  does  not 
hold  in  the  case  of  a  consumer  whose  present  power 
factor  requires  improving.  Nevertheless  it  seems  to 
me  to  be  possible  to  deduce  a  mathematical  relation  in 
this  case  also.  The  author  at  the  end  of  the  paper 
recommends  a  maximum  demand  tariff  based  on  kVA. 
Assuming  this  to  be  the  case,  I  find  that  the  economical 
phase  angle  for  a  consumer  so  charged  can  be  deter- 
mined from  the  expression  sin  ^=  Y/X,  where  Y 
=  annual  charges  plus  running  charges  per  kVAof  phase- 
advancing  plant,  and  X  =  charge  per  kVA  per  annum 
of  maximum  demand.  Shorter  periods  can,  of  course, 
be  used  to  suit  individual  cases.  Taking  the  usual 
values  of  X  and  Y ,  I  find  that  cos  ^  approximates  to 
unity.  It  is  also  possible  to  deduce  a  formula  for  the 
case  in  which  it  is  desired  to  reduce  the  losses  in  a 
transmission  or  distribution  system  by  improvement 
in  the  power  factor.  This  is  rather  more  compli- 
cated, but  I  find  that  the  economic  phase  angle  is  given 
by  the  equation  tan  ^  =  (oO/if )  x  17-'^-^.  where  K  =  per- 
centage losses  at  unity  power  factor,  M  =  actual  cost 
per  kW  per  annum  and  Y  has  the  meaning  given  above. 
In  this  case  also  cos  ^  approximates  to  unity.  I  think 
it  is  significant  that  the  author's  expression  and  those 
given  above  all  give  values  of  the  economic  power 
factor  very  near  to  unity,  whereas  it  has  been  generally 
accepted  that  the  improvement  in  power  factor  should 
not  be  carried  much  bej'ond  0-9.  Turning  to  methods 
used  for  power  factor  improvement,  several  speakers 
have  drawn  attention  to  the  fact  that  it  is  not  generally 
possible  to  use  a  synchronous  induction  motor  for 
this  purpose.     Taking  the  case  given  in  the  paper  of  a 
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1  000 -kVV  installation  which  required  600  kVA  of  phase- 
advancing  plant,  the  most  economical  power  factor 
at  which  to  operate  a  synchronous  induction  motor  is 
0-  707,  since  the  sum  of  kW  and  kVA  is  then  a  maximum. 
In  the  given  case,  therefore,  a  machine  of  600  kW 
capacity  would  have  been  required,  which  is,  of  course, 
excessive.  In  a  case  on  which  I  have  been  engaged 
with  Mr.  Holhngsworth,  we  had  to  improve  the  power 
factor  of  a  200  kVA  load  from  0-5  to  0-9,  in  order  to 
avoid  the  purchase  of  a  new  generating  set.  Thio 
entailed  the  injection  into  the  system  of  125  leading 
kVA,  and  to  provide  this  capacity  by  means  of  syn- 
chronous motors  would  have  necessitated  the  installa- 
tion of  a  125  kW  motor  working  at  0-7  power  factor, 
i.e.  more  than  the  existing  load.  In  any  case,  in  our 
business  we  rarely  require  a  motor  of  more  than  25  h.p., 
so  that  power  factor  improvement  by  this  means  is 
impossible.  Vibratory  phase  advancers  were  also  out 
of  the  question,  since  no  d.c.  supply  was  available. 
The  only  solution  was  a  static  condenser,  and  this 
has  been  most  satisfactory.  Regarding  the  question 
of  tariffs,  it  seems  to  be  generally  accepted  that  the 
maximum-demand  system  based  on  kVA  is  the  most 
suitable.  The  metering  problem,  however,  appears  to 
be  somewhat  complicated.  As  far  as  I  can  see,  with  the 
exception  of  the  Aron  Meter  Company's  maximum- 
current  meter,  no  attempt  is  made  to  determine  the 
true  maximum  kVA,  i.e.  the  maximum  kW  divided 
by  the  average  power  factor  is  taken  as  the  maximum 
kVA.  This  being  so,  I  should  like  Prof.  Miles  Walker 
to  say  what  is  the  objection  to  a  polyphase  cosine 
meter,  fitted  with  a  Merz  maximum  kW  demand 
indicator  working  in  conjunction  with  a  single-phase 
cosine  meter  connected  in  the  same  phase  as  one  of 
the  elements  of  the  polyphase  meter.  From  the  readings 
of  the  two  meters  the  average  power  factor  can 
easily  be  determined,  and  hence  the  maximum  demand 
in  kVA. 

Dr.  E.  W.  Marchant  :  The  paper  refers  to  nearly 
every  method  of  power  factor  correction,  including  the 
use  of  static  condensers.  It  may  be  interesting  to 
record  the  effect  of  capacity  on  long,  overhead  trans- 
mission lines.  A  long,  overhead  transmission  line 
has  very  considerable  self-induction,  but  it  also  has 
considerable  capacity,  and  in  one  case  that  has  been 
calculated  of  a  200-mile  transmission  using  three  over- 
head conductors  each  of  0-36  in.  diameter,  spaced 
6  ft.  apart,  it  may  be  shown  that  the  capacity  effect 
is  very  considerably  in  excess  of  the  reactive  effect 
due  to  self-induction.  At  60  periods  such  a  line,  if 
supplying  a  load  of  200  amperes  at  the  receiving  end 
with  60  000  volts  between  phases  at  a  power  factor 
of  0-9,  will  require  at  the  sending  end  a  pressure  of 
70  000  volts,  and  a  current  of  175  amperes  at  a  leading 
power  factor  of  0-966.  This  voltage  is,  of  course,  low 
for  a  200- mile  transmission  line,  and  the  constants  would 
have  to  be  varied  for  a  higher  pressure.  It  is  well 
to  bear  in  mind  that  a  phase  advancer  is  specially 
adaptable  to  large  motors.  Some  months  ago  I  made 
an  inquiry  for  one  to  be  used  in  connection  with  a 
10  h.p.  motor,  and  its  cost  was  very  nearly  as  largo  as 
that  of  the  motor.  For  motors  of  100  h.p.  or  more,  no 
doubt  the  phase  advancer  is  cheaper  as  compared  with 


the  motor.  The  rating  of  the  phase  advancer  for  a 
given  amount  of  leading  kVA  is  only  about  5  per  cent 
of  the  kVA  that  is  to  be  injected,  since  the  current  is 
injected  into  the  rotor  of  the  motor  by  the  phase 
advancer  at  the  slip  frequency  instead  of  at  the  line 
frequency.  Consequently,  the  current  required  to 
produce  the  necessary  compensation  for  the  magnetizing 
current  in  the  stator  will  have  to  be  supplied  at  a  much 
lower  voltage.  If  the  sUp  is  5  per  cent  the  voltage 
injected  will  be  only  5  per  cent  of  that  required  at 
the  line  frequency.  For  small  motors,  static  condensers 
are  the  cheapest  method  of  correcting  the  power  factor. 
For  larger  machines  the  phase  advancer  may  be  less 
in  capital  cost,  but  there  is  another  point  which  must 
be  taken  into  account.  If  we  take  a  motor  with  a 
phase  advancer  working  with  a  full-load  slip  of  5  per 
cent,  and  assume,  for  example,  that  it  is  necessary 
to  inject  200  kVA  of  leading  current,  only  10  kVA  will 
have  to  be  injected  by  the  phase  advancer,  but  the 
power  taken  by  the  phase  advancer  will  be  from  1  to 
1  •  5  kW.  If  condensers  were  used  instead,  vrith  a 
power  factor  of  0-0016,  the  power  that  would  be  required 
would  amount  to  only  0-32  kW,  or,  roughly,  one-third 
of  the  power  that  is  used  by  the  phase  advancer.  The 
actual  power  loss  is  small  and,  therefore,  the  cost  of 
the  extra  energy  used  per  annum  would  probably  be 
compensated  for  by  the  smaller  capital  charge  due  to 
the  phase  advancer.  It  would  be  interesting  if  Prof. 
Miles  Walker  could  give  in  his  reply  any  information 
as  to  the  Umit  of  power  of  motor  below  which  it  is  not 
economical  to  use  phase  advancers. 

Mr.    J.    C.    Prescott  :    The    number    of    condenser 
units   required   to   absorb   a   given   amount   of   lagging 
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kVA  is  found  from  the  equation  n  =  P\QPl[(j}ce.-),  where 
P  =  lagging  kVA,  c  =  capacity  of  each  condenser  unit, 
and  e  =  working  voltage  of  each  condenser  unit 
Although  this  woukl,  in  general,  give  the  exact 
number,  certain  other  conditions  must  be  fulfilled  for 
a  balanced  polyphase  load.  In  the  first  case,  n  must 
be  divisible  by  the  number  of  phases,  and,  further, 
the  units  for  each  phase  must  be  capable  of  arrange- 
ment in  an  integral  number  of  lines,  each  line  con- 
taining an  integral  number  of  units.  Thus  in  the 
three-phase  case  shown  in  Fig.  H  there  must  be 
//Secoj   complete   lines   in   parallel,    each  consisting  of 

V 

units. 
c 

Mr.  C.  Rettie  :    The  paper  apparently  deals  only 
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with  land  practice,  but  the  problem  is,  in  many  respects, 
applicable  to  the  electric  propulsion  of  ships,  although 
the  conditions  of  one  may  be  different  from  those  of 
the  other.  The  first  battleship  in  America  fitted  with 
electric  dri\-e  had  squirrel-cage  induction  motors  having 
two  windings  on  the  rotor  with  high  and  low  resistance, 
respectively.  The  efficiency  was  so  low,  however,  that 
in  the  other  ships  fitted  up  by  the  General  Electric  Co. 
of  America  the  system  was  altered,  the  principle  being 
the  same,  but  a  winding  on  the  rotor  was  introduced 
with  shp-rings  to  raise  the  power  factor,  the  winding 
being  cut  out  when  the  motors  were  up  to  speed.  In 
the  later  electrically-propelled  ships  in  the  merchant 
marine  built  in  this  country  and  America,  synchronous 
motors  have  taken  the  place  of  the  induction  motor, 
on  account  of  the  high  power  factor  to  be  obtained. 
In  a  paper  *  read  before  the  combined  meeting  of  the 
American  Institute  of  Electrical  Engineers  and  Naval 
Architects  last  winter  in  New  York  an  interesting 
discussion  took  place  between  the  author  and  Mr. 
W.  L.  R.  Emmet,  consulting  engineer  of  the  General 
Electric  Company,  on  this  question  of  power  factor. 
The  remarks  of  Mr.  Hollingsworth  would  apply  to  land 
practice  but  not  to  the  electric  propulsion  of  ships,  as  a 
big  reserve  of  power  is  essential.  In  a  recently  pubUshed 
report  of  a  voyage  of  the  U.S.S.  "  ]Mar\'land  "  (one  of 
the  latest  American  battleships  to  be  fitted  with  electric 
drive)  it  was  mentioned  that  at  times,  to  maintain 
an  average  speed  of  18  knots  for  the  7  000  miles  covered, 
rough  weather  being  experienced  all  the  way,  8  000  h.p. 
above  the  normal  had  to  be  used.  The  propellers  rising 
out  of  the  water  and  the  sudden  loads  thrown  on  the 
motors  show,  I  think,  that  the  conditions  are  totally 
different  from  those  experienced  in  land  practice. 
Phase  advancers  have  not,  up  to  the  present,  been 
used  in  connection  with  the  electric  propulsion  of  ships, 
but  they  were  proposed  by  Mr.  AV.  E.  Thau  in  the  paper 
mentioned  above  to  raise  the  power  factor  of  induction 
motors.  Synchronous  motors,  even  with  induction 
characteristics,  are  not  suitable  for  the  electric  pro- 
pulsion of  ships,  except  in  the  case  of  cargo  ships 
where  the  question  of  efficiency  does  not  apply  so 
much  as  economy.  In  battleships  and  large,  fast  pas- 
senger liners  where  efficiency  and  control  are  of  the 
greatest  importance,  however,  the  induction  motor  is 
the  best,  pro\-ided  some  means,  e.g.  phase  advancers, 
could  be  adopted  to  raise  the  power  factor. 

Mr.  A.  E.  Malpas  :  The  paper  gives  a  valuable 
review  of  the  various  methods  of  improving  power 
factor,  and  I  gather  from  the  various  remarks  that 
have  been  made  that,  at  all  events  for  a  moderate-sized 
installation,  the  static  condenser  method  is  still  the 
best.  With  this  view  I  agree,  although  in  the  future 
it  may  be  that  some  of  the  more  modem  types  of  rotary 
device  will  become  more  and  more  adopted.  The 
average  user,  however,  attaches  more  importance  as 
a  rule  to  reliability  than  to  the  last  word  in  improved 
power  factor.  As  a  user,  therefore,  I  would  ask  those 
who  are  inclined  to  criticize  too  severely  those  of  us 
who  put  in  motors  of  a  rather  higher  capacity  than 
is  absolutely  required  in   normal  working,   to  look  at 

*  Journal  of  the  American  Inslitule  o]  Electrical  Engineers, 
1921,  vol.  40,  pp.  1465  and  1319. 


the  case  occasionally  from  our  point  of  view.  In  the 
case  of  a  large  works  running  a  continuous  process, 
wherein  one  stage  of  the  operations  depends  on  the 
continuity  of  the  previous  stage,  it  is  not  permissible  to 
have  anj'  avoidable  interruptions,  and  the  blowing  of 
the  fuses  of  a  motor  is,  in  general,  one  of  the  avoidable 
interruptions.  In  the  case  of  water  pumps,  etc.,  it  is 
easy  to  arrange  the  motor  with  a  reasonable  margin 
for  safety,  but  in  others  it  is  not  so  easy,  e.g.  in  haulage 
gears,  furnace  drives,  etc.,  where  the  load  may  be 
very  variable  and  a  large  margin  over  the  ordinary 
average  load  must  be  allowed  to  cover  possible  con- 
tingencies. In  such  a  works,  considerations  of  power 
factor  take  a  very  minor  place,  with  the  result  that 
the  average  cos  0  may  be  as  low  as  0-5,  or  even 
less.  It  is  possible  for  this  state  of  affairs  to  continue 
for  years  until  the  time  arrives  when,  on  account  of 
extensions  to  process  plant,  the  question  of  extensions 
to  the  electrical  generating  plant  also  arises  and  then 
it  becomes  necessary  to  consider  de\dces  for  the  improve- 
ment of  power  factor.  Cases  have  been  known  where 
the  expenditure  of  a  comparatively  small  amount  on 
static  condensers  has  avoided  a  far  larger  expenditure 
i  on  generating  plant,  but  it  would  obviously  be  im- 
possible, from  capital  considerations,  to  scrap  a  large 
number  of  motors  in  an  existing  works  merely  to  sub- 
stitute others  of  some  of-the  t^'pes  mentioned. 

Dr.  T.  F.  Wall  :    Professor  ;\Ii!es  AA'alker  has  shown 
on  page  102  how  to  deduce  the  magnitude  of  the  con- 


Fig.  J. 

denser  capacity  to  which  the  vibrator  is  equivalent, 
and  it  is  of  some  interest  to  obtain  algebraical  expres- 
sions by  means  of  which  the  performance  of  the  motor 
may  be  calculated  for  any  value  of  the  slip  and  of  the 
equivalent  condenser  capacity.  These  expressions  are 
most  easily  derived  from  the  equivalent  circuit  by  the 
use  of  complex  quantities,  and  I  give  below  the  expres- 
sions so  deduced  for  the  stator  current  and  for  the 
torque.  Similar  expressions  for  the  other  characteristic 
quantities  are  easUy  obtained.  The  equivalent  circuit 
for  an  induction  motor  having  a  balanced  condenser 
system  connected  to  the  rotor  slip-rings  is  given  in 
Fig.  J,  where  P^  ^■olts  per  phase  is  the  supply  pres- 
sure ;  rj^  ohms  per  phase  is  the  stator  resistance  ; 
x^  ohms  per  phase  is  the  stator  reactance  ;  X12,  ohms 
per  phase  is  the  rotor  inductive  reactance  reduced  to 
the  stator  number  of  turns  and  stator  frequency  (i.e. 
the  frequency  when  the  rotor  is  stationary  )  ;  xqz  ohms 
per  phase  is  the  rotor  condenser  reactance  reduced  to 
the  stator  number  of  turns  and  stator  frequency  (i.e. 
the  frequency  when  the  rotor  is  stationary')  ;  r^  ohms 
per  phase  is  the  rotor  resistance  reduced  to  the  stator 
number  of  turns  ;  and  s  is  the  rotor  slip.  Further, 
assuming  a   three-phase  stator  winding,   let  u  be  the 
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ratio  of  the  number  of  turns  per  stator  phase  to  the 
number   of    turns    per    rotor    phase.      Then    for    any 

value  of  the  sHp  s 

Xc'->  =  U-Xc-y  =  — ^r-  ohms 

where  Co  farads  is  the  actual  value  of  the  condenser 
capacity  in  the  rotor  circuit,  and  co  =  2tt  X  (supply 
frequency) . 

If  ro  ohms  per  phase  is  the  actual  value  of  the  rotor 
resistance,   then 

'  o 

If  xjjo  ohms  per  phase  is  the  actual  value  of  the  rotor 
inductive  reactance  at  standstill,  that  is,  at  the  full 
frequency  of  supply,  then 

'  o 

c 
For  any  value  of  the  slip  s  the  impedance   vector 

of  the  reduced  rotor  circuit  (Fig.  J),  is  given  by 


simple  matter  to  determine  the  locus  of  the  primary 


•Z-i« 


•-  +  }\«Li  - 


'•C2 


Fig.  K. 

The   vector   o£    the    primary    current    may   then    be 
written 


1  ^\_Z^  +  KZ.^_\ 


Where  Z, 


r^  +  jx^  ;    Ya  =  ffa-  JK  !    K=l  +  Ya^i. 


Example. — A  50-h.p.,  8-pole,  three-phase  induction 
motor  with  star-connected  stator  is  connected  to  a 
supply  pressure  of  500  volts  at  a  frequency  of  50  periods. 
The  constants  of  the  machine  are  as  follows  : 


r,  =  0-129  ohm  ; 

7i  =  0129  -fy  0-605 

h„  =  0-0476  mho: 


.-c^  =  0  -  605  ohm  ; 

ga  =  0  0038  mho  ; 

Y^  =  0-0038-^0-0476 
r'.,  =  0- 165  ohm  ;  x'lo  =  0-545  ohm  ;   i«  =  3  ; 

K=  \  +  YaZi  =  1-029  (verj'  approximatel}^)  ; 


0  165 


./  0-0286\ 


.where  C2  farads  is  the  magnitude  of  the  capacity  per 
phase    connected    in    the    rotor   circuit.     It   is    thus   a 


current    vector,    /, 


for    any    value    of    the    condenser 
per    phase    in    the    rotor    circuit. 


capacity    connected 

If  the  rotor  sUp-rings  are  short-circuited,  this  condition 
corresponds  to  an  infinitely  large  value  for  Co,  so  that 
Xq.2  =  0,  and 

0-165 

■Z2s  = +j(0-545) 

The  formula  for  the  stator  current,  7^,  then  gives  the 
ordinary  circle  diagram  for  the  short-circuited  rotor.* 
In  Fig.  K  are  shown  the  current  diagrams  so  obtained 
for  the  following  three   cases,  viz. 

(i)  The   rotor  slip-rings   short-circuited,   i.e.   Co  in- 
definitely large. 
(ii)   A  capacity  of  10  F  per  phase  connected  to  the 

rotor  slip-rings,  i.e.  Co  =  10. 
(iii)  A  capacity  of   1  F  per  phase  connected  to  the 
rotor  slip-rings,  i.e.  Co  =  1. 

It  is  interesting  to  note  here  that  if  the  value  of  Co 
is  made  very  small  and  eventually  becomes  zero,  the 
current  diagram  shrinks  to  a  point,  viz.  the  open-circuit 
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point  A.  That  this  is  so  is  apparent  from  the  fact 
that  when  Co  =  0  the  condition  is  that  of  the  open- 
circuited  rotor.  The  torque  of  the  motor  is  given 
by  the  following  expression  : 

ZP\{r'ols) 
_ — ; ; ^ —  synchronous 

[{i\-VK[rils)J  +  [x^  +  K{xLo-[Xc-2ls-)}V-  wattsf 

In  Fig.  L  the  values  of  the  torque  are  plotted  for 
the  same  three  cases  as  are  represented  in  Fig.  K. 

[Prof.  IVIiles  Walker's  reply  to  the  discussion  will  be 
found  on  page  134.] 

»  See  E.  Arnold:  "Die  Wechselstromtechnik,"  vol.  5,  part  1, 
p.  68.  ^  

t  The  definition  of  tlie  term  "torque  in  synchronous  watts  is 
as  follows:  the  total  power  given  to  the  rotor  is  the  torque  in 
synchronous  wattfe  and  is  equal  to  the  actual  torque  on  the  rotor, 
iiiiUtiplied  bv  the  angular  velocity,  in  radians  per  second,  of  the 
rotatins  field.  If  it  is  desired  to  express  the  torque  in  pounds- 
feet  units,  then 

Torque  in  Ib.-ft.  =^'^'  X  (torque  in  synchronous  watts),  where 
ni  r.p.s.  is  the  speed  of  the  rotating  field. 
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Mr.  L.  H.  A.  Carr  :  The  information  contained  in 
the  paper  clearly  falls  into  two  classes.  The  first  deals 
with  the  financial  question,  i.e.  how  the  tariffs  should 
be  framed  so  as  to  allow  for  the  division  of  the  saving 
effected  by  the  use  of  power  factor  apparatus  ;  and  the 
second  concerns  the  actual  apparatus  which  can  be  used 
for  correcting  the  power  factor.  The  first  question — 
the  saving  to  be  effected  and  how  tariffs  should  be  made 
to  meet  the  point — is  one  with  which  I  cannot  deal 
adequately  ;  but  I  am  glad  that  the  author  has  stressed 
the  point  that,  as  the  consumer  has  to  pay  for  the  power- 
factor-correcting  apparatus,  the  supply  authorities 
must  persuade  him  to  use  it  by  making  some  difference 
in  their  tariffs.  Some  supply  authorities  do  not  give 
any  rebate  for  a  better  power  factor,  and  it  is  obviously 
not  economical  for  the  consumer  to  put  in  more  expensive 
machines  in  order  to  get  a  better  power  factor,  if  hs  is 
to  derive  no  benefit  from  doing  so.  The  question  of 
the  improvement  of  power  factor  is,  therefore,  really 
in  the  hands  of  the  supply  authorities  themselves  ;  if 
they  agree  to  make  a  tariff  which  will  give  some  sort  of 
a  fair  division  of  the  sa\'ing,  consumers  will  introduce 
the  power-factor-correcting  macliine,  but  if  no  advantage 
is  offered  they  will  not  do  so.  There  is  one  type  of 
machine  for  power  factor  correction  which  has  been 
practically  ignored  in  the  paper.  It  is  to  be  regretted 
that  the  author  has  said  so  little  about  the  ordinary 
salient-pole  synchronous  motor  with  squirrel-cage 
starting  winding.  This  machine  is  not  described,  as 
are  other  power-factor-correcting  appliances,  beyond 
the  single  mention  on  page  97  that  one  particular 
firm  manufactures  this  type  of  machine.  Possibly 
the  author  thought  that  it  was  too  well-known  to  need 
description,  but  I  suggest  that  it  should  be  emphasized, 
particularly  as  the  paper  will  probably  become  a  classic, 
that  the  salient-pole  synchronous  motor  with  squirrel- 
cage  damper  windings  for  starting  is  probably  the  most 
widely  used  machine  for  power  factor  correction  ;  and 
further,  since  names  of  manufacturers  have  largely 
been  used  in  the  paper,  it  should  be  recorded  that  this 
type  of  machine  is  made  by,  I  believe,  all  the  manu- 
facturers of  medium-  and  large-sized  machines  in  the 
coimtry.  Since  something  like  one-third  of  the  paper 
deals  with  the  sjmchronous  induction  motor,  I  propose 
to  deal  with  this  subject  at  some  length.  In  Fig.  4a  no 
exciter  change-over  switch  is  shown.  It  was  the  practice 
of  the  old  British  Westinghouse  Company,  and  is  the 
practice  of  the  present  Company,  to  use  a  switch,  either 
single-pole  or  three-pole,  to  cut  the  exciter  out  of  circuit 
when  starting  up.  In  fact.  Fig.  4°  shows  the  standard 
practice  which  has  been  adopted  by  this  firm  for  many 
years.  At  the  foot  of  page  97  the  author  states  that 
it  is  modern  practice  to  keep  the  moment  of  inertia 
of  a  synchronous  induction  motor  as  small  as  possible 
in  order  to  render  synchronization  more  easy.  This 
point  is  really  of  no  importance.  Investigation  shows 
that  the  modem  synchronous  induction  motor  will 
synchronize,  at  full  load  on  50  periods,  against  moments 
of  inertia  some  50  to  100  times  the  moment  of  inertia 
of  the  motor  itself,  with  correspondingly  greater  figures 


for  lower  periodicities.  The  moment  of  inertia  of  the 
load  is  thus  of  far  more  importance  than  the  moment 
of  inertia  of  the  motor.  In  one  case  recently  where 
a  synchronous  induction  motor  was  coupled  to  a  large 
low-speed  mine  fan,  it  was  found  that  at  full  load  the 
motor  would  synchronize  against  a  moment  of  inertia 
9-7  times  that  of  the  combined  fan  and  motor,  while 
in  the  case  of  the  high-speed  compressors  with  relatively 
light  flywheels  the  margin  is  verj'  much  greater.  On 
page  95  the  author  states  that  the  direct-current  excita- 
tion on  the  "  star  "  connection  must  be  ■y'2  times  as 
big  (in  amperes)  as  the  synchronous  alternating  current 
per  phase  for  the  same  copper  loss.  Referred  to  the 
fundamental  sine  wave  of  the  ampere-turn  space  curve, 
which  is  the  useful  portion  of  that  curve,  the  M.M.F.'s 
due  to  these  two  currents  are  identical.  This,  however, 
is  not  a  complete  statement  of  the  case,  since,  if  the 
excitation  were  fixed  at  the  above  figure,  the  pull-out 
torque  as  a  synchronous  machine  would  equal  the 
full-load  torque,  and  so  the  actual  direct  current  appUed 
must  be  increased.  If  saturation  be  neglected,  the 
excitation  current  will  be  exactly  proportional  to  the 
pull-out  torque.  This  means  that,  under  the  conditions 
stated,  the  exciting  current  in  amperes  must  be  from 
2^  to  3  times  as  great  as  the  asynchronous  secondary 
current  at  full  load.  Methods  of  reducing  this  ratio 
by  different  arrangements  of  the  windings  have  been 
discussed  elsewhere.*  While  it  is  true  for  the  "  star  " 
connection  that  the  same  M.M.F.  is  produced  for  the 
same  copper  loss  by  direct  current  as  by  alternating 
current,  it  does  not  always  follow  that  the  same  copper 
loss  is  always  accompanied  by  the  same  M.M.F.  Working 
again  in  terms  of  the  fundamental  sine  wave  of  the 
ampere-turn  space  wave,  it  is  found  that  with  either  of 
the  distributions  corresponding  to  the  two  limiting 
conditions  of  three-phase  excitation,  that  is  to  say, 
the  phase  bands  carrying  currents  in  either  the  ratios 
1,  ^,  i,  or  0  ■  866,  0  •  866,  0,  the  losses  for  the  same  ampere- 
turn  curve  are  the  same.  This  includes  three-phase 
windings  and  also  the  single-phase  winding  where  the 
correctly  spaced  two-thirds  of  the  rotor  periphery 
carries  the  excitation  current,  the  remainder  being  idle. 
If  the  rotor  be  given  a  uniform  current  distribution, 
however,  as  in  the  case  of  some  of  the  windings  illustrated, 
then,  other  things  being  equal,  the  copper  loss  for  the 
same  ampere-turn  wave  will  be  increased  by  12  per 
cent.  The  "  ingenious  arrangement  "  illustrated  in 
Fig.  4/  is  merely  the  well-known  star-delta  connection 
with  one  leg  omitted.  With  reference  to  Fig.  8  and 
similar  diagrams  in  the  paper,  it  should  be  emphasized 
that  the  right-hand  circle  truly  represents  the  asyn- 
chronous operation  of  the  machine  only  when  the  exciter 
is  cut  out  of  circuit.  It  does  not  represent  what  really 
happens  when  the  machine  is  overloaded  and  falls  out 
of  step  as  a  synchronous  machine,  as  under  these  cir- 
cumstances, in  addition  to  the  induction  motor  current 
shown  on  the  diagram,  there  is  superposed  on  it  a  large 

•  See,  for  instance,  L.  H.  A.  Carr  :  "  Induction-tvpe  Synchro- 
nous Motors,"  Journal  I.E.E.,  1922,  vol.  60,  p.  165,  and  the 
discussion  thereon. 
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oscillating  current  due  to  the  synchronous  action  of 
the  machine,  which  causes  heavy  surges  in  the  Una  and 
which  persists  so  long  as  the  exciter  remains  in  circuit. 

Mr.  S.  J.  Watson  :  The  question  of  power  factor 
correction  is  daily  becoming  of  greater  importance. 
Some  few  years  ago  when  three-phase  a.c.  distribution 
commenced,  it  was  not  of  much  importance,  because 
mains  were  not  utilized  to  anything  like  their  full 
capacity  ;  but  as  the  load  increased  and  the  power  factor 
fell,  difficulties  have  been  experienced  in  obtaining  the 
full  advantages  from  the  material  provided,  and  any- 
thing that  can  be  done  to  improve  the  power  factor  is 
in  the  right  direction.  Those  who  are  engaged  in 
industrial  areas  know  quite- well  that  the  main  cause 
of  a  low  power  factor  on  a  supply  system  is  the  use  of 
motors  on  a  very  small  percentage  of  their  full-rated 
duty.  This  occurrence  cannot  altogether  be  provided 
against,  although  I  think  that  some  improvement  in 
that  direction  is  taking  place  by  grouping  machines  on 
a  motor  instead  of  utilizing  individual  drives.  In  any 
case  the  advisability  of  raising  the  power  factor  so  as 
to  approach  unity  is  important  by  reason  of  the  extension 
of  the  use  of  a.c.  supplies.  Towards  the  end  of  the  paper 
the  author  deals  rather  fully  with  the  matter  of  charges 
and  this  undoubtedly  demands  attention,  because  if 
money  is  spent  on  generating  and  transmitting  a  certain 
kW  demand  with  an  assumed  power  factor,  if  the  power 
factor  is  lower  than  anticipated  the  capacity  of  the 
equipment  is  reduced,  and  it  is  impossible  to  obtain 
the  income  which  would  otherwise  be  available.  All 
supply  undertakings  have  not,  as  yet,  adopted  a  tariff 
based  upon  kVA  demand,  but  are  still  continuing  with 
a  charge  per  kW.  Sooner  or  later  some  modifications 
will  have  to  be  made  to  compensate  for  the  money 
spent  which  is  not  being  fully  utilized.  My  own  view 
is  that  there  should  be  one  tariff  based  upon  the  actual 
kW  demand,  and  then  a  somewhat  lower  figure  for  the 
difference  between  the  kW  and  kVA  demanded,  because 
the  costs  which  are  incurred  in  connection  with  genera- 
ting a  supply,  and  its  transmission,  are  not  all  based  on 
kVA.  For  instance,  the  costs  incurred  in  connection 
with  boiler-house  equipment,  prime  movers,  condensers, 
etc.,  depend  solely  on  the  kW  demand  and  are  quite 
unaffected  by  the  kVA  demand.  I  do  not  think,  there- 
fore, that  one  is  entitled  to  charge  the  same  price  per 
kW  and  per  kVA.  The  fairest  way  would  be  to  charge, 
say,  £4  or  £5  per  kW  demanded  and  make  a  lower  charge, 
say  of  £3  or  £4,  for  the  difference  between  kW  and 
kVA.  Such  an  arrangement  would  ensure  to  the  under- 
taking an  adequate  income  from  the  money  spent, 
which  is  the  main  object  of  a  tariff.  Regarding  the 
provision  of  power-factor-correcting  devices,  it  is  perhaps 
unfortunate  that  individual  pieces  of  apparatus  cannot 
be  made  so  that  they  are  self-compensating,  but  in 
the  majority  of  cases  it  will  be  found  expedient  for  the 
consumers  themselves  to  install  the  necessary  apparatus, 
and  they  will  be  encouraged  to  adopt  this  course  if  the 
tariff  is  designed  to  secure  to  them  an  appreciable 
reduction  in  their  accounts. 

Mr.  G.  G.  L.  Preece  :  The  paper  shows  how  many 
different  pieces  of  apparatus  have  been  evolved  for  the 
purpose  of  power  factor  correction  ;  but  I  should  like 
to  ask  what  is  the  use  of  spending  time  on  such  apparatus 


if  we  cannot  persuade  the  municipal  bodies  or  the  power 
companies  to  push  the  matter.  The  question  will 
certainly  lag  unless  something  is  done.  Municipal 
engineers  have  an  association  of  their  own.  I  suggest 
that  some  of  their  members  should  deal  with  the  subject 
and  formulate  some  fairly  uniform  system  of  charging, 
coupling  with  it  a  simple  way  of  explaining  the  condi- 
tions of  power  factor  correction.  It  is  difficult  to  get 
Lancashire  mill  manufacturers  to  discuss  this  question, 
but  if  it  could  be  made  more  thoroughly  understood 
much  more  apparatus  would  be  used,  which  of  course 
would  be  ultimately  for  the  benefit  of  the  power  stations. 
The  power  companies  appear  to  have  considered  the 
subject  of  power  factor  correction  more  than  the 
municipal  authorities  ;  probably  because  they  have  to 
look  after  everything  in  the  way  of  getting  as  economical 
a  supply,  as  possible  and  obtaining  the  maximum 
revenue.  Until  something  general  is  done  I  am  afraid 
that  power  factor  correction  will  remain  where  it  is. 
I  recognize  that  many  of  the  larger  municipal  stations 
have  seriously  considered  the  question  and  have  given 
benefits  for  high  power  factor,  but  there  are  a  large 
number  of  smaller  industrial  towns  which  have  done 
little  or  nothing.  The  paper  is  an  important  one  and 
I  am  sure  that  it  will  lead  to  the  building  of  a  great  deal 
of  additional  apparatus. 

Mr.  H.  C.  Lamb  :  On  page  92  the  author  states 
that  he  is  "  not  aware  of  any  instance  where  a  consumer 
drawing  his  supply  from  a  thermic  works  has  put  up 
a  rotary  condenser  on  his  own  premises  for  power 
factor  improvement."  If  the  Manchester  generating 
stations  are  "  thermic  works"  then  there  is  an  instance 
where  a  rotary  condenser  has  been  installed  on  the  con- 
sumer's premises  for  the  improvement  of  power  factor. 
That  installation  was  made  in  1917.  I  was-  much 
interested  to  see  in  the  paper  the  figures  given  for  the 
Birmingham  Corporation  power  supply.  Comparing  the 
Manchester  Corporation  supply  with  that  of  Birmingham, 
and  no  doubt  other  undertakings,  I  think  it  is  evident 
that  the  former  is  in  a  very  happy  position  as  regards  power 
factor.  That  is  because  such  a  large  proportion  of  the 
power  is  converted  to  direct  current.  With  a  load  on  the 
a.c.  generators  of  about  80  000  kW  one  half  is  converted 
to  direct  current.  The  result  is  that  at  times  of  maximum 
demand  the  power  factor  in  Manchester  is  over  90 
per  cent.  Some  of  the  converting  plants  have  a  slightly 
leading  power  factor  and  the  remainder  of  the  power 
supplied  as  alternating  current  evidently  has  a  power 
factor  of  over  80  per  cent,  which  seems  a  surprisingly 
good  result.  It  is  quite  evident  that  so  far  as  the 
Manchester  public  supply  is  concerned,  the  problem 
of  power  factor  improvement  is  not  so  acute  as  it  is 
with  many  undertakings,  and  that  perhaps  explains 
the  difficulty  which  is  in  the  mind  of  Mr.  Prcccc. 
Probably  most  municipalities  convert  a  considerable 
proportion  of  their  power  to  direct  current  for  traction 
supply  as  well  as  for  lighting  and  power,  and  it  certainly 
is  not  the  fact  that  municipal  engineers  are  less  keen  than 
company  engineers  on  obtaining  the  most  economical 
result.  The  real  reason,  I  think,  is  that  some  power 
companies  have  no  traction  supply,  and  convert  prac- 
tically nothing  to  direct  current,  with  the  consequence 
that  their  power  factors  are  often  very  low  indeed.     In 
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Manchester  we  have  recognized  the  need  for  encouraging 
the  consumer,  and  in  our  agreemsnts  with  large  power 
consumers  there  is  a  clause  which  gives  a  rebate  and  a 
penalty'  on  high  and  low  power  factor,  respectively. 
The  author,  I  think,  suggests  that  the  fixed  charge 
should  be  based  on  kVA  and  that  that  is  the  only 
sound  system,  but  there  is  something  to  be  said  on 
the  other  side,  because  it  is  the  continuous  power  factor 
and  not  merely  the  power  factor  at  the  time  of  maximum 
demand,  that  is  of  importance.  It  is  also  stated  that  some 
undertakings  base  their  charges  on  kVA  maximum 
demand  instead  of  k\V  maximum  demand,  but  I  beheve 
that  verj'  httle  has  been  done  in  that  way.  One  reason 
for  this  is  the  lack  of  suitable  kVA  meters.  In  the 
Manchester  tariff  what  has  been  aimed  at  has  been  to 
give  the  consumer  a  rebate  on  his  converted  power 
factor  taken  over  a  period,  and  we  have  taken  a  figure 
of  80  per  cent  as  a  standard.  The  average  power  factor 
is  obtained  by  the  readings  of  two  single-phase  watt- 
hour  meters  taken  over  a  monthly  or  a  quarterly  period. 
If  the  average  power  factor  so  obtained  is  over  80 
per  cent  the  consumer  is  allowed  a  discount  of  0-33  per 
cent  for  every  1  per  cent  improvement,  and,  similarly, 
there  is  a  penalty  if  the  power  factor  falls  below  SO  per 
cent.  I  shordd  be  glad  if  Prof.  Walker  would  say 
whether,  to  take  the  simple  example  of  a  consumer  with 
a  demand  of  1  000  k\V  and  an  annual  bill  of  £10  000, 
if  he  improved  his  power  factor  from  0-8  to  0-95,  for 
which,  under  the  system  I  have  mentioned,  he  would 
receive  a  discount  of  5  per  cent  (that  is,  £500),  that 
would  make  it  worth  his  while  to  install  power-factor- 
correcting  apparatus  and  bear  the  losses  in  it. 

Mr.  L.  Romero  :  I  should  like  to  associate  mvself 
with  Mr.  Preece's  remarks.  The  information  given  in 
the  paper  as  to  the  practice  of  ^•arious  power  companies 
in  adjusting  their  charges  to  compensate  for  power 
factor  is  of  great  interest.  The  systems  adopted  all 
seem  to  be  different,  and  in  my  opinion  none  of  them 
is  ideal.  For  instance,  the  system  of  charging  so  much 
per  kVA  instead  of  per  k\V  is  unfair,  as  it  makes  the 
low-power-factor  consumer  pay  more  than  he  equitably 
should,  and  the  high-power-factor  consumer  less.  It 
is,  I  think,  quite  time  that  the  various  supply  authorities 
evolved  a  really  equitable  system  of  charging  for  power 
factor  which  could  be  adopted  as  a  standard  all  over  the 
country.  It  is  important  that  any  variation  in  price  for 
variation  in  power  factor  should  bear  as  close  relation  as 
possible  to  the  actual  difference  in  the  cost  of  supplying. 
We,  in  Salford,  have  devised  a  sj-stem  of  charging  for 
power  factor  based  as  nearly  as  possible  on  the  actual 
costs.  Our  charge  for  energy  is  a  combined  one  of  so 
much  per  kW  per  annum  plus  so  much  per  unit,  and  is 
subject  to  advances  as  the  power  factor  falls  below 
unity.  These  advances  are  graded  to  follow  a  formula 
which  we  have  worked  out.  For  example,  the  variation 
from  unit>-  to  0 •  9  is  less  than  from  0 •  9  to  0  ■  8,  and  so  on. 
Mr.  G.  S.  Corlett :  I  propose  to  hmit  my  remarks 
purely  to  one  class  of  consumer  in  whom  I  am  particu- 
larly interested,  namely,  mining  plant.  While  one  is,  of 
course,  familiar,  so  fax  as  the  general  principle  goes, 
with  the  various  niethods  of  impro\-ing  power  factor, 
in  mining  plant  one  has  also  to  consider  that  all  these 
rotating  arrangements  for  the  correction  of  power  factor 


can  only  be  applied  when  they  are  rotating.  There  are 
relatively  few  continuous  operations  in  a  colliery-  except 
the  ventilation,  and  for  many  reasons  one  hesitates 
about  installing  synchronous  motors  for  driving  a  mine 
fan.  What  I  particularly  want  to  emphasize  is  this. 
I  am  responsible  for  purchasing  current  under  various 
tj-pes  of  agreements  from  pubUc  authorities  and  muni- 
cipal authorities  in  different  parts  of  the  country,  and 
the  different  principles  of  charging  may  be  summarized 
as  a  plain  flat  rate,  a  differential  rate — one  rate  by  day 
and  a  lower  rate  by  night  and  at  week-ends — and  the 
rest,  by  far  the  greater  majority,  on  a  maximum-demand 
kW-year  basis,  plus  a  unit  charge.  In  many  of  those 
cases  I  have  taken  up  the  question  of  a  consideration 
in  the  consumer's  bUl  for  an  improvement  in  power 
factor,  and  in  one  or  two  instances  have  been  met  with 
a  flat  refusal.  Obviously  one  cannot  recommend  a 
customer  to  spend  any  money  under  those  conditions, 
because  he  will  be  in  exactly  the  same  position  after 
doing  so  as  he  was  before.  In  other  cases  I  have  had  con- 
cessions offered,  but  the  practical  financial  result  has  been 
so  small  as  not  to  justify  any  expenditure.  I  am  pleased 
to  hear  from  Mr.  Lamb  that  in  Manchester  there  is 
a  uniform  bonus  and  penalty  for  variarions  up  or 
down  from  a  definite  standard  power  factor.  In  a 
case  which  I  had  to  consider  quite  recently  the  proposal 
was  that  the  power  factor  was  to  be  taken  at  0  •  8  ;  there 
was  to  be  a  vei^^  heavy  penalty  if  it  fell  below  this  and 
an  almost  infinitesimal  concession  if  it  was  exceeded.  For 
that  and  other  reasons  the  proposal  was  not  accepted. 
I  have  used,  with  extremely  satisfactory  results,  static 
condensers  on  colliery  generating  plants,  and  I  believe 
that  I  installed  the  first  such  equipment  on  3  000-volt 
mains.  It  has  worked  for  many  years  without  trouble 
or  any  maintenance  costs.  A  condenser  equipment 
possesses  the  following  advantages,  most,  if  not  all, 
of  which  are  absent  in  any  rotary  device  :  High 
efficiency  ;  continuous  operation ;  can  be  built  in  separate 
sections,  which  can  be  located  at  the  points  where  the 
low  power  factor  arises  ;  and,  consequently,  line  losses 
are  reduced  and  Une  capacities  increased. 

Mr.  A.  B.  Mallinson  :  On  reading  the  paper  I  was 
impressed  with  the  great  advances  that  have  been  made 
since  Mr.  Carr  read  his  paper  last  year.*  I  then  ventured 
to  suggest  that  the  supply  authorities  should  give  an 
inducement  to  customers  to  install  machines  which  would 
improve  their  power  factor,  and  I  was  rather  ridiculed 
for  thinking  that  such  a  thing  could  be  done.  Another 
point  that  occurred  to  me  as  an  adviser  of  consumers  is 
this.  One  may  be  told  :  "  Get  the  customer  to  pay  for 
the  improvement  device  when  he  is  putting  his  machines 
in,"  but  are  these  machines  absolutelv  as  reliable  as  the 
simple  motor  which  otherwise  would  be  installed  ? 
Particularly  is  this  important  when  it  is  borne  in  mind 
that  almost  invariably  there  will  be  such  a  de\'ice  on 
the  most  important  drive  in  the  installation,  one  that 
will  run  day  and  night.  If  a  machine  is  to  be  installed 
that  is  more  or  less  a  box  of  tricks,  and  the  risk  of 
interruption  of  supply  is  thereby  run,  naturally  the 
customer  will  hesitate.  I  was  pleased  to  hear  from  Mr. 
Lamb  that  direct  current  still  has  some  consideration 
in  electric  supply.  I  think  that  there  is  a  lot  to  be  said 
*  Journal  I.E.E^   1922,  vo}.  60,  p    165. 
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for  direct  current  as  against  alternating  current ;  and  to 
hear  that  Manchester  regards  the  direct-current  load 
as  being  of  great  assistance  from  the  point  of  view  of 
power  factor  is  very  refreshing. 

Mr.  G.  A.  Cheetham  :  One  speaker  has  commented 
on  the  diversity  of  charge  in  connection  with  power 
factor  tariffs.  In  my  opinion  that  is,  to  some  extent, 
due  to  the  difficulty  of  measuring  kVA.  If  this  did  not 
exist  there  would  be  more  uniformity  in  the  methods  of 
charging.  In  America  a  good  deal  of  attention  has  been 
given  to  this  subject  of  measuring  kVA,  and  many 
wonderful  devices  have  been  produced  to  bring  about 
the  desired  result.  It  is  possible  to  get  a  fair  approxima- 
tion to  kVA  measurement,  provided  that  the  range  of 
power  factor  change  is  known  to  begin  with,  and  much 
work  is  being  done  in  that  connection  at  the  present 
time.  A  customer  wants  to  see  a  simple  dial,  to  be  able 
to  read  it  in  the  way  in  which  he  read  his  watt-hour 
meter,  and  to  compute  the  bill  without  using  a  slide  rule. 
I  think  something  will  result  from  this  extension  of  the 
range  of  power  factor  over  which  kVA  can  be  measured, 
and  in  that  event  much  of  the  diversity  of  charging 
will  disappear. 

Mr.  V.  Mallalieu  :  It  has  been  remarked  that  the 
paper  can  be  divided  into  two  parts,  first  the  financial 
and  secondly  the  technical  part.  In  spite  of  what  has 
been  said  by  the  previous  speakers  the  technical  side 
has  been  quite  well  taken  care  of,  and  the  author  gives 
a  number  of  different  methods  of  improving  the  power 
factor.  The  static  condenser  method  does  not  entail 
the  use  of  running  machinery  ;  it  has  been  applied  to 
large  plants  and  is  absolutely  reliable.  I  agree  with 
Mr.  Preece  that  if  the  supply  authorities  will  begin  to 
educate  the  consumer  as  to  the  advantages  of  power 
factor  improvement,  and  give  him  a  financial  benefit, 
users  in  turn  will  buy  the  apparatus,  which  can  be  readily 
supplied.  It  is  really  a  move  on  the  part  of  the  supply 
authorities  which  is  wanted  now.  Mr.  Watson  remarked 
that  the  cause  of  bad  power  factor  is  largely  to  be  found 
in  underloaded  motors  and  in  the  use  of  small  motors. 
That  is  quite  true,  but  I  disagree  with  him  when  he 
advocates  the  use  of  larger  motors  and  group  driving 
as  against  the  smaller  motors.  That  is  entirely  against 
the  trend  of  present-day  practice  and  future  develop- 
ment. The  full  advantage  of  electrical  transmission 
is  only  obtained  when  the  motor  is  brought  up  to  the 
machine.  In  the  case  of  a  factory  or  a  works  it  is  no 
good  bringing  electricity  to  the  factory  and  putting  in 
a  large  motor  in  the  place  of  a  steam  engine.  The  full 
advantage  of  electricity  can  only  be  obtained  by  sub- 
dividing the  driving,  and  the  choice  of  the  size  of  the 
motors  should  be  governed  by  factors  such  as  works 
organization  and  the  characteristics  of  the  machines 
that  have  to  be  driven.  We  must  give  the  best  service 
possible  for  the  particular  operations  involved,  and  leave 
the  question  of  power  factor  improvement  to  the  experts 
who  are  capable  of  dealing  with  it.  I  recently  saw 
a  curve  showing  the  changes  during  the  last  10  years 
in  the  practice  in  American  textile  mills  in  regard  to  the 
size  of  motors.  In  this  curve  the  average  horse-power 
per  motor  was  plotted  against  years,  and  it  was  astonish- 
ing to  see  how  the  average  horse-power  per  motor  had 
decreased  in  tliat  period,  the  present  average  size  of 
motor  being  only  about  5  h.p. 


Mr.  E.  P.  Hill  :  In  connection  with  the  author's 
remarks  on  the  rotary  condenser,  there  are  three  1  250- 
kVA  sets  installed  on'  the  South  Metropolitan  supply 
at  Crayford,  which  are  started  up  by  starting  motors  on 
the  self-synchronizing  prmciple,  the  starting  motor 
windings  being  connected  in  series  with  the  main 
condenser  windings.  After  the  set  ias  pulled  into 
step  these  motors  are  short-circuited  in  the  same 
manner  as  rotary  converters.  This  considerably  reduces 
the  starting  kick  as  compared  with  tap  starting,  and 
avoids  the  necessity  of  synchronizing,  so  that  less 
skilled  attention  is  required,  the  sets  being  ready  for 
load  in  approximately  1  minute  from  standstill.  The 
beneficial  influence  of  a  rotary-converter  load  upon  the 
power  factor  of  several  municipal  central  stations  has 
been  brought  out  both  in  the  paper  and  during  the 
discussion,  and  the  importance  of  this  factor  in  actual 
practice  warrants  preferential  treatment  for  the  rotary 
converter  over  other  types  of  converting  plant,  the  power 
factor  of  which  is  not  so  good.  Although  the  armature 
copper  loss  of  a  six-phase  rotary  converter  will  increase 
about  30  per  cent  for  a  30  per  cent  wattless  component, 
this  copper  loss  is  only  a  small  part  of  the  total  losses 
in  the  converter.  For  example,  in  a  1  500-k\V  rotary 
converter  the  total  loss  would  be  of  the  order  of  65  kW 
at  full  load  and  the  armature  copper  loss  at  unity 
power  factor,  say,  12  kW,  which  would  increase  at  30 
per  cent  wattless  current  to  15-5  k\V  and,  together  with 
the  increased  field  loss,  would  bring  up  the  total  loss 
to,  say,  70  kW,  i.e.  the  total  losses  have  been  increased 
by  7  •  5  per  cent  only.  The  small  extra  copper  required 
for  this  amount  of  wattless  component  can  usually 
easily  be  accommodated  and  is  advisable  as  a  safeguard 
against  overloads  and  improper  use  in  service.  A  normal 
rotary  converter  is,  therefore,  capable  of  running  with 
a  reasonable  amount  of  leading  wattless  component 
without  any  fear  of  serious  overheating,  so  that  approxi- 
mately unity  power  factor  can  be  obtained  on  the  high- 
tension  side  of  the  transformer,  the  rotary  converter 
taking  care  of  its  transformer  magnetizing  current 
and  the  necessary  reactance  embodied  in  its  transformer 
for  voltage  control.  If  a  heavier  leading  wattless  current 
were  required,  it  might  become  essential  to  reduce  the 
d.c.  output,  but,  as  has  been  shown  in  the  paper, 
most  valuable  improvement  of  station  power  factor 
is  obtained  by  running  at  unity  power  factor  or 
with  only  a  reasonable  amount  of  leading  wattless 
current. 

Mr.  E.  R.  Fry  :  The  importance  of  this  subject  from 
the  supply  company's  point  of  view  has  scarcely  been 
mentioned  in  this  discussion.  Loads  have  been  steadily 
rising  and  in  the  case  of  some  power  companies  it  is 
not  a  matter  of  transmission  feeders  12  miles  long 
as  mentioned  by  a  previous  speaker,  but  more  nearly 
100  miles.  Lighting  loads  as  represented  by  three- 
phase  low-tension  distribution  networks  have  to  be  fed 
from  the  end  of  these  long  feeders,  and  the  regulation 
of  the  line  has  to  be  kept  very  good  indeed.  Cases  do 
arise  when  it  is  a  question  whether  to  lay  duplicate 
lines  or  to  install  power-factor-correcting  machinery. 
and  I  think  that  the  tendency  of  the  large  power  com- 
panies to-day  is  to  adopt  the  latter  alternative  and 
improve  the  line  regulation,  rather  than  incur  the  expense 
of  dupHcate  feeders. 


134 


KAPP  :   THE   IMPROVEMENT  OF   POWER   FACTOR  :   DISCUSSION. 


Professor  Miles  Walker's  Reply  to  the  Discussion. 


Professor  Miles  Walker  (in  reply)  :  Several  of 
the  speakers,  including  Dr.  S.  P.  Smith  and  Mr.  Ayres, 
have  spoken  of  the  weak  points  of  the  synchronous 
induction  motor.  It  is  generally  admitted  that  this 
type  of  motor  when  properly  designed  does  the  work 
required  of  it  in  a  perfectly  satisfactory'  manner  and 
can  be  run  at  unity  or  a  leading  power  factor.  It  is 
of  interest  to  compare  the  performance  of  this  type 
with  that  of  an  induction  motor  suppUed  with  a  Leblanc 
phase  advancer.  First,  with  regard  to  overload  capacity, 
it  is  seen  from  the  locus  curve  shown  in  Fig.  13  that 
the  induction  motor  with  a  phase  advancer  can  take 
a  much  greater  overload  than  a  motor  having  either 
of  the  locus  curves  shown  in  Fig.  5.  One  cannot,  of 
course,  count  the  Heyland  circle  as  part  of  the  locus 
curve  of  the  synchronous  induction  motor,  because  the 
motor  is  not  designed  or  intended  to  run  on  that  part 
of  the  curve.  The  torque  then  is  irregular  and  the 
power  factor  very  bad.  Even  if  the  synchronous 
induction  motor  is  over-excited  so  as  to  take  full  load 
at  0-9  power  factor,  the  characteristic  is  not  nearly  so 
desirable  in  shape  as  that  shown  in  Fig.  13.  Now  we 
have  seen  that  to  give  the  synchronous  induction  motor 
a  reasonable  overload  capacity,  it  is  necessary  that  it 
shall  carry  a  very  great  field  excitation,  and  this  means 
more  I~R  losses  in  the  rotor  than  would  be  necessary 
in  an  asynchronous  motor  when  taking  normal  load. 
That  is  one  of  the  reasons  why  the  synchronous  induction 
motor  costs  more  than  the  plain  asynchronous  type. 
In  a  great  number  of  cases  an  induction  motor  fitted  with 
a  phase  advancer  could  be  built  on  a  smaller  frame 
than  is  ordinarily  employed  for  a  standard  motor 
without  phase  advancer.  This  is  because  the  phase 
advancer  makes  a  little  motor  stand  up  to  its  work  and 
one  can  safely  put  in  a  smaller  motor  to  do  the  work, 
provided  the  average  heating  due  to  the  load  is  not 
going  to  be  too  great.  \\'hen  phase  advancers  come 
to  be  made  in  greater  numbers  they  should  not  cost 
much  more  than  the  exciters  now  supplied  with  the 
synchronous  type.  The  average  load  on  the  phase 
advancer  will  be  less.  As  against  the  slight  disadvantage 
of  having  three  brush  arms  to  the  d.c.  exciter's  two, 
the  average  current  per  brush  arm  will  be  considerably 
less  than  two-thirds  of  that  required  to  be  collected 
from  the  commutator  of  the  d.c.  exciter. 

The  Leblanc  phase  advancer  may  be  regarded  as  an 
exciter  in  which  the  current  slowly  alternates  and 
allows  the  motor  to  slip,  while  the  power  factor  is  kept 
near  unity,  or  leading,  as  desired.  There  is  practically 
no  difficulty  in  the  commutation,  owing  to  the  fact 
that  the  current  is  alternating  slowly.  In  the  problem 
of  the  commutation  of  a  d.c.  generator  we  must  make 
pro\'ision  for  reversing  the  current  under  the  brush 
in  1/1  000  second  or  less.  It  adds  very  Uttle  to  the 
difficulty  of  the  problem  if  the  current  is  alternating 
at  one  period  per  second.  The  phase  advancers  which 
have  so  far  been  built  commutate  perfectly. 

When  advancers  are  standardized  and  manufactured 
in  numbers  the  price  should  be  very  little  more  than 
the  price  of  d.c.  exciters,  and  can  be  partlj',  if  not  com- 


pletely', paid  out  of  the  saving  in  cost  of  the  main  motor. 
The  real  reason  why  a  very  large  number  of  phase 
advancers  have  not  been  sold  in  this  country  is  that, 
until  recently,  very  few  of  the  supply  companies  had 
made  it  worth  while  for  the  consumer  to  improve  his 
power  factor.  Now  that  concessions  on  a  reasonable 
scale  are  being  given,  consumers  are  looking  around 
for  the  best  apparatus  for  the  purpose.  Where  the 
a.c.  motors  are  small  the  most  convenient  apparatus 
on  the  market  is  the  static  condenser. 

Many  of  those  taking  part  in  the  discussion  have 
testified  to  the  efi&ciency  of  the  static  condenser  for 
this  class  of  work.  For  big  motors  the  Leblanc  phase 
advancer  contains  less  material  for  the  same  output 
than  the  Kapp  \'ibrator,  because  it  can  be  run  at  a 
higher  average  speed.  Moreover,  there  is  only  one 
armature  as  compared  with  three  armatures,  and  only 
one  set  of  brushes  per  phase  is  required,  instead  of  two 
sets.     This  reduces  the  brush  losses. 

As  between  the  phase  advancer  of  the  Scherbius  type 
having  no  field  magnet,  and  one  of  the  type  described 
in  the  Journal,  1913,  vol.  50,  p.  329,  ha\'ing  a  field 
system  designed  to  give  an  injected  electromotive 
force  of  any  required  phase  relation  to  the  current, 
the  latter  type  is  much  to  be  preferred  in  my  opinion, 
for  the  following  reasons. 

By  giving  the  injected  E.M.F.  a  slight  component  in 
the  same  direction  as  the  E.M.F.  generated  in  the  rotor 
winding,  the  sUp  can  be  reduced  instead  of  increased, 
as  described  on  page  101  of  the  paper.  The  effect 
of  this  is  to  reduce  the  size  of  the  phase  advancer.  Now 
suppose  that  the  slip  of  the  motor  were  originally  1-5 
per  cent,  then,  taking  the  figures  from  page  101,  a 
Scherbius  phase  advancer  in  order  to  inject  250  kVA 
on  the  primary  side  would  need  to  have  a  capacity 
of  6-3  kVA  if  the  slip  were  to  be  increased  to  2-5  per 
cent.  By  using  a  properly  designed  field  sj'stern  the 
shp  could  be  reduced  to  0-75  per  cent,  so  that  the 
kVA  rating  of  the  advancer  would  fall  to  about  2-5  kVA. 
This  would  mean  a  much  cheaper  machine  and  would 
give  better  speed  regulation  on  the  induction  motor. 
In  the  case  of  high-speed  motors  the  advancers  can 
conveniently  be  connected  direct  to  the  shaft. 

When  the  induction  motor  has  a  squirrel-cage  rotor 
it  may  in  some  cases  be  worth  while  to  get  the  manu- 
facturer of  the  motor  to  change  the  rotor  to  the  slip-ring 
type  having  a  winding  suitable  for  the  phase  advancer. 
There  being  very  Uttle  iron  loss  in  the  rotor  of  an 
induction  motor  the  temperature-rise  is  frequently 
very  much  smaller  than  that  found  in  the  stator.  For 
this  reason  there  is  a  tendency  to  reduce  the  amount 
of  copper  used  in  the  rotor,  the  shp  being  increased 
accordingly. 

If  we  consider  the  capital  cost  of  the  extra  copper 
required  to  give  a  low  slip,  we  find  that  the  interest 
on  this  and  the  depreciation  amount  to  very  much 
less  than  the  cost  of  the  power  wasted.  Even  if  no 
advancer  were  used  a  rotor  should  (from  the  economic 
point  of  view)  have  about  twice  as  much  copper  as  is 
ordinarily  used  by  the  manufacturer,  as  long  as  prices 
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of  power  and  copper  are  as  we  find  them  at  present. 
If  twice  as  much  copper  were  to  be  put  into  the  rotor 
winding  it  could  carry  the  magnetizing  current  with  the 
greatest  ease  and  thus  relieve  the  stator,  which  is 
usually  very  tight  in  design  because  provision  must  be 
made  for  high  insulation,  and  for  the  iron  and  copper 
losses. 

I  do  not  agree  with  Mr.  Ayres  when  he  says  :  "  It  is 
not  economical  to  correct  power  factor  much  beyond 
unity  with  phase  advancers."  The  case  for  the  in- 
duction motor  fitted  with  phase  advancer,  and  the 
synchronous  induction  motor  fitted  with  exciter,  are 
on  exactly  the  same  lines  except  that  the  heating  for  an 
average  load  is  less  in  the  case  of  the  machine  with 
phase  advancer.  It  is  mainly  a  question  of  whether 
we  shall  adopt  a.c.  or  d.c.  excitation.  The  a.c.  excita- 
tion requires  the  smaller  current  at  normal  load. 

As  to  the  economical  limit  of  size  of  machines  to 
which  phase  advancers  can  be  attached,  my  belief 
is  that  as  soon  as  engineers  awake  to  the  true  position, 
phase  advancers  will  be  made  and  standardized,  and 
though  at  first  they  may  not  be  supplied  to  motors  less 
than  about  100  h.p.,  it  will  be  found  that  their  cost  will 
be  so  much  less  than  that  of  static  condensers  doing  the 
same  work,  that  they  will  ultimately  be  used  for  smaller 
and  still  smaller  motors  until  we  have  phase  advancers 
of  only  a  few  watts'   capacity. 

The  advantages  of  the  static  condenser  for  the  over- 
excited induction  motor,  mentioned  by  Mr.  Dorey, 
disappear  as  soon  as  a.c.  excitation  is  employed. 

In  reply  to  Mr.  H.  D.  Wilkinson,  I  beg  to  refer  him 
to  the  following  papers  : 

"  The  Improvement  of  Power  Factor  in  Alternating 
Current  Systems,"  Journal  I.E.E.,  1908,  vol.  42, 
p.  599. 

"  Design  of  Apparatus  for  the  Improvement  of 
Power  V&ctor,"  ibid.,   1913,  vol.   50,  p.   329. 

Many  of  those  taking  part  in  the  discussion  have 
spoken  of  the  difficulty  of  explaining  low  power  factor 
to  their  customers.  If  a  charge  were  made  on  maximum 
kVA  demand  it  would  be  sufficient  to  have  an  ammeter 
and  to  point  out  that  the  kVA  is  proportional  to  the 
reading.  If  the  customer  were  allowed  to  watch  this, 
he  would  soon  understand  how  to  operate  his  plant 
so  as  to  keep  down  the  maximum  demand. 

Mr.  Edgcumbe's  statement  corroborates  what  is 
said  in  the  paper  and  also  by  a  number  of  speakers. 


viz.  that  a  charge  based  upon  maximum  demand  in 
kVA  to  pay  for  the  capital  expenditure,  and  another 
charge  for  kilowatt-hours  supplied,  constitute  not  only 
a  simple  but  also  probably  as  fair  a  method  as  any 
other. 

I  am  glad  that  Mr.  Teago  puts  the  matter  in  a  very 
simple  light  showing  at  once  the  relation  between 
the  various  figures  in  the  paper. 

Mr.  Houghton's  comment  in  extending  the  theory 
to  a  case  where  an  installation  is  already  in  being,  is 
of  great  interest. 

In  reply  to  Professor  Marchant,  it  is  not  possible 
to  fix  the  limit  of  power  of  motors  below  which  it  is 
uneconomical  to  use  a  phase  advancer.  This  is  purely 
a  question  of  standardization  in  manufacture. 

The  figures  that  Dr.  Wall  gives,  relating  to  the  con- 
denser depending  upon  electi'o-chemical  action,  are 
of  great  interest,  and  it  is  hoped  that  this  type  of 
apparatus  will  soon  be  upon  the  market. 

In  reply  to  Mr.  H.  C.  Lamb  I  would  say  in  the  first 
place  that  a  rebate  of  only  0'33  per  cent  for  each 
1  per  cent  power  factor  improvement  is  very  small. 
I  presume  that  it  is  because  Manchester  is  so  well 
off  as  to  power  factor  that  it  cannot  afford  a  bigger 
rebate.  Even  with  this  small  allowance  it  would  be 
worth  while  for  the  consumer  to  install  static  con- 
densers costing,  say,  £500  per  100  kVA  installed.  To 
improve  the  power  factor  from  08  to  095  in  the  case 
quoted  would  require  static  condensers  ha\-ing  an  input 
of  420  kVA  costing,  say,  £2  100.  Taking  the  interest 
and  depreciation  at  10  per  cent,  this  would  cost,  say, 
£210  per  annum.  The  losses  in  the  condensers  would 
be  about  2  kW,  costing,  say,  £20 :  total,  £230  per 
annum  to  be  deducted  from  the  £500  rebate.  The 
cost  of  improving  the  power  factor  would  depend 
upon  the  kind  of  load  and  the  apparatus  available. 
A  very  favourable  case  would  be  where  the  whole 
load  consists  of  new  induction  motors  to  be  installed. 
In  this  case  the  motors  could  be  built  with  extra 
copper  in  the  rotors  at  an  extra  cost  of  £30,  and 
phase  advancers  of  2  kVA  capacity  could  be  provided. 
Suppose  these  cost  £70  ;  the  total  capital  expenditure 
would  then  be  £100  (say  £10  per  annum).  The  total 
losses  in  the  induction  motors  and  phase  advancers 
when  running  at  095  power  factor  would  be  less 
than  in  ordinary  motors  running  at  0'8  power  factor. 
The  saving  would  then  be  £500,  less  £10,  or  £490 
Dcr   annum. 
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By  Professor  W.  Cramp,  D.Sc,  Member. 

{Address  delivered  at  Birmingham,  25;A  October,   1922.) 


The  story  of  man's  work,  individual  or  collective,  is 
written  not  alone  on  parchment  in  ox  gall  and  black 
ink,  but  on  warmest  human  flesh  in  crimson  blood. 
For  every  result  of  human  endeavour,  be  it  an  Empire, 
Institution,  Industry  or  smallest  touching  poem,  some 
human  being  or  beings  must,  in  part  at  least,  have  died. 
Tills  is  a  universal  law,  not  sufficiently  recognized  in 
these  days  ;  that  Ufe,  vigour,  true  vitality,  can  only  be 
transfused — not  created.  For  the  reaUzation  of  an 
idea  a  man  vdW  die,  \vi\\  give  his  life — give,  I  say,  not 
sell.  And  this  life,  so  given,  will  vitalize  his  idea,  endow 
it  also  with  the  power  of  living  in  e.xact  proportion  as 
the  hfe  was  given  \rithout  grudge  or  reluctance.  There 
is  no  surer  way  of  discovering  to  what  purpose  a  man 
lived  than  by  the  answer  to  the  question  :  For  what 
did  he  die  ?  There  is  no  better  gauge  of  the  stability 
and  vitality  of  an  institution  than  the  exact  tally  of 
human  beings  prepared  to  lay  down  their  lives  volun- 
tarily for  its  sake.  Note  how  important  is  the  quaUfy- 
ing  adverb  !  Institutions  may,  in  truth,  be  fed  and 
maintained  by  wTongful  human  sacrifice,  as  much 
commercial  enterprise  has  been,  and  doubtless  again 
will  be.  But  life  acquired  in  this  way  is  temporary, 
galvanic, — a  mere  Moloch  life,  and  no  true  existence 
at  all.  To  endow  work,  and  the  results  of  work,  with 
true  vitality  we  must  give  ourselves  freely,  without 
money  and  without  price.  This  is  the  test  of  seU- 
sacrifice,  of  real  genuineness  and  sincerity. 

I.   Of  a  Man. 

To  the  life  and  work  of  one  who  since  the  end  of  last 
session  has  left  us,  we  need  not  fear  to  apply  this  test. 
But  a  few  months  ago  he  sat  here  in  characteristic 
attitude  with  head  bent  forward,  and  keenest  scrutin- 
izing gaze  ;  his  piercing  eyes  half  hid  beneath  the  bushy 
overhanging  brows.  One  look,  one  word,  enough  to 
tell  us  that  here  we  have  to  do  with  a  man,  an  indivi- 
duality with  purposefulness  and  intention  flashing 
formidable  from  him.  No  mere  commercial  engineer 
this,  we  should  say,  with  one  eye  upon  his  customer 
and  the  other  on  his  pass  book  ;  but  a  forceful  and 
resolute  real-presence,  not  afraid  of  declaring  that 
which  in  the  round  soul  of  him  he  feels  to  be  true.  A 
rugged  and  even  despotic  temperament,  impatient  of 
triflers,  yet  having  withal  that  greatest  of  attributes, 
sincerity. 

He  had  his  hobbies  too,  this  genius  !  All  the  more 
man  for  that,  I  think.  Buying  a  house,  adding  a  music 
room,  living  in  it  for  a  space,  and  again  moving  to 
repeat  his  experiment  appears  to  have  been  one  of 
them.  No  house  was  a  home  to  him  without  a  music 
room,  it  would  seem.  Since  the  invention  of  his 
vibrator,  no  public  speech  of  his  could  avoid  reference 


to  that  machine,  it  was  said.  Possibly  so  ;  but  I  will 
not  beheve  that  there  was  an  ulterior  and  commercial 
motive  in  these  references, — not  if  he  could  not  live 
without  a  music  room.  Stratagems  and  spoils,  I  think, 
are  not  compatible  with  a  music  room. 

He  is  gone  from  us.  And  so  is  Kelvin,  and  S.  P. 
Thompson  and  John  Hopkinson.  They  made  a  harmony 
in  their  time,  this  quartette  !  Kelvin  in  the  highest 
soprano  flights  of  physics,  dipping  ever  and  anon  to 
indulge  in  the  mezzo  of  engineering  application. 
Thompson,  the  suave  teacher  and  melodious  alto  of 
the  group  ;  half  physicist,  half  engineer.  Hopkinson, 
with  his  strong  constructive  sense,  making  great  engines 
possible  by  his  grasp  of  the  principles  upon  which  they 
depended,  and  Kapp,  the  engineer,  to  whom  all  pure 
physics  was  as  nothing  save  in  so  far  as  it  could  be 
expressed  in  terms  of  veritable  assemblies  of  finest 
materials  made  to  serve  the  purposes  of  man.  They 
have  gone,  I  say,  these  four  ;  but  we  still  hear  their 
harmonies  and  may  yet  read  their  scores,  wherein  they 
have  recorded  so  much  of  their  inner  music  as  they 
could  transmit  to  us  their  successors. 

In  the  writings  of  Kapp  we  shall,  if  we  search  care- 
fully, find  the  real  entity  lying  behind  his  character, 
life  and  work,  to  which  we  may  then  apply  our  test 
of  sacrifice.  What  was  it  that  as  a  man,  and.  a 
writer,  he  was  concerned  to  do  ?  Did  he  feel  that  he 
had  actually  and  veritably  some  message  from  the 
True  and  Eternal  as  yet  unwTitten  ?  Let  us  admit 
that  there  is  no  difficulty  in  selecting  from  a  man's 
writings  how  much  he  did  because  the  soul  in  him  was 
longing  to  express  itself,  and  how  much  for  the  pub- 
lisher's fee.  This  I  find  not  difficult,  even  in  a  case 
Uke  that  of  Scott,  where  the  true  and  the  false  are  most 
closely  intermingled.  How  much  less  in  the  case  of 
Kapp,  where  true  and  false  are  almost  synonymous 
ivith  new  and  old  !  Truly,  when  a  man  chooses  the 
written  word  as  his  medium,  he  declares  thereby  openly 
to  what  extent  he  is  a  preacher,  what  gospel  or  good 
news  he  has  in  him  burning  to  deliver  itself,  and 
which  must  get  itself  declared,  be  it  at  the  cost  of  his 
very  life. 

The  good  news  wliich  Kapp  preached,  as  I  read  it 
from  his  writings,  was  in  effect  this  :  That  electrical 
macliines  could  be  lifted  from  the  region  of  the  labora- 
tory ;  could  be  designed  on  principles  not  very  different 
from,  and  at  least  as  certain  as,  those  already  current 
among  mechanical  engineers  ;  that  the  formulae  of  the 
physicist,  enhghtening  as  they  were,  could  not  be  left 
for  the  engineer  in  the  form  of  x,  y,  and  z  known  or 
unknown  :  but  that  each  symbol  must  to  him  stand 
for  sometMng  of  hardest  fact,  reducible  to  terms  of  the 
dimensions  of  the  apparatus  to  be  constructed. 
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In  Captain  Marryatt's  novel  "  Poor  Jack,"  there  is 
a  conversation  between  one  of  liis  beloved  tars  and 
a  French  sailor.  "  I  asked  him  what  he  called  the 
mizzen-mast,"  says  the  English  boy,  "  and  he  told  me 
the  mar-dartymarng.  How  is  it  possible  to  work  a 
ship  in  such  a  lingo  ?  "  "  Quite  unpossible,"  says  Ben. 
Much  like  this  of  the  poor  sailor  must  have  been  the 
attitude  of  Kapp — himself  no  great  mathematician — 
when  he  first  tried  to  "  work  the  ship  "  from  the  lingo 
of  the  physicists.  "  Quite  unpossible  "  he  found  it ; 
no  sliip  could  be  worked  in  such  a  lingo.  But  that 
which  was  not  "  unpossible  "  was  to  interpret  the  said 
lingo  in  terms  and  language  with  which  the  engineer  was 
already  familiar.  And  this  he  set  himself  to  do  with 
intense  and  characteristic  earnestness.  Fully  cognizant 
of  the  fact  that  all  engineering  is  a  matter  of  intelligent 
compromise,  we  watch  liim  tossing  carelessly  aside 
useless  mathematical  refinements,  and  seizing  with  un- 
canny certainty  upon  those  essentials  wliich  lie  at  the 
very  centre  and  heart  of  the  matter.  "  All  very  well," 
he  seems  to  say,  "  for  Maxwell  and  his  disciples  to 
express  the  behaviour  of  a  transformer  in  terms  of 
L  and  M,  but  what  in  stern  utilitarian  practice  must 
the  values  of  L  and  M  be,  and  how  are  these  related 
to  the  actual  number  of  real  cubic  inches  of  metal  from 
which  the  transformer  must  in  fact  be  made  ?  "  These, 
and  matters  like  these,  were  to  Kapp  the  very  essence 
of  electrical  engineering,  and  he  set  himself  first  to  find 
the  essential  relationships,  then  to  put  them  into 
practice,  and  finally,  by  teaching  and  writing — what  I 
have  called  preaching  the  gospel — to  hand  them  on  freely 
and  ungrudgingly  to  whomsoever  would  listen.  He 
crystallized  diaphanous  and  filmy  formulae  into  very 
visible,  tangible  and  robust  machines,  capable  of  trans- 
muting day  and  night  the  power  of  many  horses  into 
the  new  manifestation  known  as  electricity  ;  and  he 
showed  others  how  to  do  the  same.  This,  as  I  under- 
stand it,  is  engineering  and  the  teaching  of  engineering. 
First  and  last  he  was,  according  to  my  notion,  an 
engineer. 

Into  the  dissemination  of  this  gospel  Kapp  put  all 
his  life  and  heart,  working  without  stint  early  and  late 
if  so  be  he  might  predict  more  certainly  the  behaviour 
of  a  machine,  or  elucidate  one  point  to  an  earnest 
student.  To  do  this  work  he  wore  himself  slowly  out 
as  the  years  went  by,  endowing  thereby  some  of  his 
students,  his  books  and  his  inventions,  with  his  own 
life  ;  in  virtue  of  which  that  part  of  his  work  must  and 
will  continue  to  have  vitality,  vigour  and  real  meaning, 
for  us  and  for  others  long  after  us.  He  was,  as  I  said, 
an  engineer  ;  more  than  that — a  pioneer — one  who, 
having  with  whatsoever  difficulty  cut  his  little  path 
through  a  thick  jungle,  did  not  hesitate  to  show  it  to 
others. 

That  the  University  of  Birmingham  did  not  benefit 
by  the  best  of  him  as  teacher  is  certain  enough  ;  how 
could  it,  when  he  was  already  53  years  old  before  he 
entered  upon  his  career  there  ?  But  if  any  would 
know  what  he  could  appear  to  a  student,  let  them  read 
the  words  of  B.  A.  Behrend  in  his  work  on  the  "  Induc- 
tion Motor  "  :  "To  my  friend  and  teacher,  Mr.  Gisbcrt 
Kapp,  I  inscribe  this  work,"  he  \\Tites  ;  and  again, 
"  the  following  presentation  by  Mr.  Gisbert  Kapp  .  .  . 
Vol.  (31. 


is  reprinted  from  his  book  .  .  .  because  it  is  the  clearest 
and  most  concise  logical  evolution  of  the  principles 
underlying  the  theory."  And  yet  again,  "  it  will  repay 
the  student  to  go  over  Mr.  Kapp's  presentation  of  the 
subject  .  .  .  after  having  become  thoroughly  familiar 
with  this  extract  from  the  work  of  a  master  of  the  art 
of  exposition."  This  is  high  praise  from  an  old  student. 
Would  that  all  of  us  who  are  teachers  or  writers  might 
deserve  a  like  encomium. 

"  His  contributions  to  the  Proceedings  of  the  Institu- 
tion of  Electrical  Engineers  were  always  highly  valued," 
says  Mr.  Weekes  in  the  Electrical  Review.  True  enough  ; 
and  his  presence  among  us  as  a  member  of  this  Centre 
was  hignly  valued  also.  We  do  not  sit  with  engineer- 
pioneers  and  great  teachers  every  day.  Pioneering 
is  apt  in  every  direction  to  become  more  and  more 
an  exhausted  occupation  as  the  years  proceed  ;  the 
widening  of  the  path,  and  the  duty  of  making  the 
crooked  straight  and  the  rough  places  plain,  taking  its 
place.  This  is  the  work  for  us — the  successors  of  Kapp 
and  his  like.  Let  us  see  to  it  that  it  be  done  with 
humihty,  honesty  and  sincerity,  worthy  of  the  best 
work  of  the  pioneer.  And  as  we  do  it  let  us  think 
sometimes  of  those  who,  with  great  labour  and  many 
heart-searchings,  first  trod  that  way  ;  and  let  us  remem- 
ber especially  him  who  often  met  us  here  without 
egoism  or  formality,  and  to  whom  to-night  we  bid  a 
formal  adieu,  standing  for  one  moment  in  silence,  to 
mark  our  respect  for  his  work  and  his  worth. 

II.   Of  the  Institution. 

The  Institution  has  become  the  Chartered  Institute. 
It  has  for  the  moment  reached  the  goal  of  its  ambition. 
All  honour  to  those  through  whose  self-sacrificing 
labours  this  result  has  been  achieved  !  ]\Iore  still  ;  the 
Institution  has  achieved  popularity  wdth  the  profession  ; 
has  become  indeed  the  nucleus  and  life  centre  thereof, 
insomuch  that  affiliation  with  it  in  some  degree  has 
become  a  necessity,  and  membership  of  it  a  hall-mark. 
There  are  more  than  10  000  members,  and  the  net 
increase  in  this  great  number  was  for  the  year  nearly 
9  per  cent. 

All  this  is  a  very  visible  indication  of  life  and  pros- 
perity, which,  witli  an  income  of  more  than  £30  000 
per  annum,  has  the  ability  to  be  a  great  power  and 
influence  in  the  world  if  administered  with  wisdom  and 
judgment,  and  if  continually  vitalized  by  that  personal 
sacrifice  of  which  I  have  already  spoken.  But  who- 
soever reads  history  will  find  that  all  great  collective 
endeavours,  whether  Empires,  Industries  or  Institu- 
tions, do,  at  the  very  moment  when  they  are  greatest, 
and  even  because  of  that  greatness,  contain  the  germ 
of  the  disease  which  ultimately  leads  to  their  deteriora- 
tion and  decay. 

It  behoves  us,  therefore,  at  this  time  specially,  to 
search  carefully  the  body  politic  of  our  Institution  for 
indications  of  the  presence  of  any  such  undesirable 
microbe.  Let  us  consider  whether  wisdom  and  judgment 
are  being  exercised  in  the  administration  of  our  affairs, 
and  whether  that  life-stream  of  individual  sacrifice  is 
being  poured  unceasingly  into  the  arteries  of  our  under- 
taking, without  which  progress  will  cease  and  the  body 
begin  to  waste. 

10 
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We  remark  here  that  Presidents  and  Councils,  not 
less  than  Kings  and  Cabinets,  are  nominally  ministers 
— servants,  that  is — and  should  intrinsically  be  such, 
called  and  chosen  on  account  of  their  wisdom,  to  express 
the  best  thought  and  intention  of  the  community,  and 
to  carrj'  these  into  effect.  If  President  and  Council  do 
wrong,  the  responsibihty  is  general,  and  rests  not  upon 
the  executive  alone.  It  is  for  the  electors  to  get  the  best 
and  wisest  elected  in  whatsoever  way  they  can,  and 
summarily  to  eject  any  whose  service  they  discover  to 
be  disservice.  Moreover,  if  any  man  seek  office  openly 
or  clandestinely,  that  man  is,  in  my  judgment,  ipso 
facto  unfit  for  office,  as  having  no  proper  appreciation 
of  the  responsibilities  whereunto  he  is  called.  Nomina- 
tion, voting,  and  the  method  of  election,  are  therefore 
serious  privileges,  far  too  lightly  esteemed  among  us. 
No  pains  are  taken  by  our  members  generally,  to  select, 
nominate,  and  elect  those  to  whom  the}'  wish  to  entrust 
their  affairs,  either  in  the  local  committees  or  in  the 
general  Council ;  nor  when  the  time  of  voting  arrives 
is  the  return  of  voting  papers  at  all  representative. 
Too  much  trouble,  it  would  seem,  is  involved  in  the 
thinking  out  of  what  we  wish  to  get  done,  how  it  is  to 
be  carried  out,  and  who  are  the  best  men  among  us  to 
get  it  done.  Tliis  is  not  the  hfe-giving  spirit  of  sacri- 
fice. This  is  the  microbe  of  utter  indifference,  which 
has  a  hold  already  in  us  as  individual  members,  and 
through  us  is  affecting  the  whole  Institution.  It  is 
the  mild  form  of  a  very  insidious  disease,  apparent  as 
one  of  the  prevailing  causes  of  the  downfall  of  many 
institutions  greater  than  ours.  Its  root  and  first  mani- 
festation is  in  the  individual  member,  and  with  him  lies 
the  cure.  The  Council  may  do — does  in  fact — much 
to  stimulate  interest  in  itself  and  its  doings  ;  but  this 
alone  will  not  suffice  as  a  cure — it  is  only  a  tonic.  It 
is  a  question  of  conscience  for  each  member  to  see  to 
it  that  he  votes  for  no  man  of  whom  he  knows  nothing, 
or  of  whom  it  may  be  said  that  he  acts  specifically  for 
some  "  interest." 

That  the  spirit  of  hfe-giving  sacrifice  is  alive  in  the 
Institution  is,  however,  apparent  from  the  Annual 
Report  of  the  Council.  Some  twenty-five  voluntary 
committees,  holding  nearly  400  meetings  in  the  year, 
bear  eloquent  testimony  to  this  ;  to  say  nothing  of 
the  forty  bodies  upon  wliich  nominees  of  the  Institution 
serve.  Here  is  time  to  the  value  of  thousands  of  pounds 
per  annum  in  hard  cash  given  most  willingly  ;  and  to 
this  not  inconsiderable  amount  much  might  be  added 
of  time  given  by  referees  and  others  in  divers  unnamed 
ways. 

Yet  while  thus  joyfully  admitting  such  good  evidence 
of  life,  it  is  still  incumbent  on  us  to  ask  to  what  purpose 
this  life  is  directed,  what  motive  lies  behind  its  manifes- 
tations, to  be  clear  in  our  minds  as  to  the  road  we  are 
choosing  and  whither  it  leads.  If  we  look  back  over 
the  past  twenty  years,  we  find  a  vast  extension  of  the 
activities  of  the  Institution.  It  is  a  matter  of  no  small 
interest  to  con  old  numbers  of  the  Journal,  and  remark 
how  this  and  that  professor  was  asked,  from  time  to 
time,  to  provide  at  the  eleventh  hour  a  paper  or  subject 
for  discussion  ;  failing  which  there  would  have  been 
no  meeting  at  all.  The  Institution  in  those  days  en- 
couraged   and    recorded    the    knowledge    of    electrical 


engineering,  and  did  little  else.  Its  activities  outside 
London  were  neghgible.  Now,  like  a  huge  Briareus,  it 
spreads  its  hundred  arms  all  over  the  world,  embracing 
all  manner  of  subjects,  from  wiring  rules  to  German 
reparation  payments.  The  growth  has  passed  un- 
marked, because  so  gradual.  But  wliile  thus  extending 
our  activities,  let  us  never  forget  the  lofty  objects  for 
w-hich  the  Institution  was  founded,  lest  we  fall  into  the 
position  of  a  mere  trade-defence  organization.  There 
is  need  for  tliis  warning  !  Has  the  Institution  any  call 
to  deal  with  German  reparation  payments,  E.P.E.A., 
and  such  like  semi-pohtical  trade-guild  work  ?  Politics 
are  no  concern  of  ours,  I  think,  and  can  only  lead  to 
diffusion  of  energy  better  employed  in  other  ways  ;  it 
is  but  a  small  step  from  reparation  payments  to  ques- 
tions of  tariffs.  Keep  clear  of  politics,  I  say.  Better, 
far  better,  to  maintain  and  extend  our  original  and 
highly  successful  expansion,  resulting  in  the  system  of 
Local  Centres.  Has  not  the  real  growth  and  success 
of  the  Institution  been  due  to  tlus  wise  move  more  than 
to  any  other  ?  Listen  to  the  bitter  complaints  of  the 
provincial  members  of  the  Institution  of  Mechanical 
Engineers  ;  and  remark  how  they,  as  well  as  the  Civil 
Engineers,  are  being  obhged  to  follow  our  example  in 
this  matter.  I  can  never  sufficiently  admire  the  fore- 
sight and  genius  of  those  who  first  established  our 
Local  Centres. 

If,  however,  in  the  matter  of  local  devolution  we  have 
been  able  to  set  the  fashion  for  other  Institutions, 
there  still  remains  the  question  of  their  kinship  with 
us,  which  at  the  present  time  fills  me  with  much  mis- 
giving. Their  number  increases  alarmingly,  and  one's 
list  of  subscriptions  becomes  a  matter  of  importance. 
Besides  the  three  major  Institutions,  we  have  the  Iron 
and  Steel  Institute,  the  Junior  Engineers,  the  Society 
of  Civil  and  Mechanical  Engineers,  the  Association  of 
Mining  Electrical  Engineers,  the  Faraday  Society,  the 
Electrochemical  Society,  and  I  know  not  how  many 
others.  Each  has  its  own  office  and  staff,  its  own 
Journal  and  meetings  and  subscription.  Curious,  too, 
how  a  given  subject  will  go  the  round  of  them  with 
repetition  of  discussion  ad  nauseam,  and  monstrous 
accumulation  of  redundant  printing.  Clearly  the  matter 
cannot  be  left  where  it  is  ;  co-operation  or  affiliation 
must  be  compassed  in  some  manner,  or  we  shall  be 
crushed  under  the  mass  of  printed  stuff  waiting  to  be 
read. 

But  how  to  do  it  ?  That  is  the  question.  The 
Institution  of  Civil  Engineers  has  called  a  conference 
on  the  subject  and  is  apparently  in  labour.  Will  it 
bring  forth  anything  ?  If  not,  the  Institution  of 
Electrical  Engineers  should  and  must  take  it  up,  as 
being  concerned  in  the  matter  more  vitally  than  any 
other.  But  we  know  the  difficulties.  Three  great 
Institutions,  each  with  its  own  palace,  and  all  within 
one  square  mile !  Did  man  ever  hear  the  like  of  it  ? 
More  than  half  a  million  sterling  spent  by  engineers 
on  three  piles  of  bricks  and  mortar  in  the  neighbour- 
hood of  Westminster,  and  nothing — not  so  much  as 
would  shelter  three  blind  mice — provided  in  Manchester, 
or  Liverpool,  or  Leeds,  or  Sheffield,  or  Birmingham,  or 
Bristol,  or  Glasgow,  or  anywhere  where  engineers  live 
and  move  and  do  verily  make  engines  !     All  the  accom- 
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modation  put  near  Westminster,  where  some  plans  are 
indeed  made,  but  virtually  no  engineering  is  actually 
done  !  Tliree  palaces,  I  say,  three  libraries,  containing 
largely  tlie  same  books,  and  three  secretariats  with  all 
their  appurtenances  and  vested  interests !  Wliich  is 
going  to  give  way  ?  I  confess  that  I  have  no  panacea 
to  offer  as  an  instantaneous  cure  for  these  evils.  Nay, 
more  ;  to  put  forward  cures  is  not  really  my  business. 
It  is  my  business  to  do  what  in  me  lies  to  get  intrinsic 
wisdom  on  to  the  Council  by  means  of  my  vote,  and 
then  from  time  to  time,  as  now,  to  point  out  such 
defects  as  appear  to  me  to  await  the  attention  of  intrinsic 


by  a  judicious  arrangement  with  one  of  the  other  great 
Institutions,  increasing  thereby  the  present  wretched 
load  factor  on  their  buildings,  there  might  have  existed 
by  now  at  least  an  Institution  library  and  reading- 
room  in  every  important  centre  in  the  Kingdom. 
Wliat  a  spread  of  fellowship  would  this  have  produced 
among  us  ;  what  opportunities  for  intercourse,  exchange 
of  ideas  and  for  reading !  Contrast  it,  if  you  have 
imagination  enough,  with  London  and  its  maximum 
of  1  651  attendances  in  the  library  per  annum,  5  per 
day  !  There  would  have  been  nothing  like  it  in  the 
world  ! 


Comparison  of  three 

Institutions,   1921. 

Civils 

Mechanicals 

Electricals 

Total 

Capital  expended  on  land  and  buildings  in  London      .  . 

£ 

352  000 

£ 
100  800 

£ 

73  000 

£ 

525  800 

Annual  subscriptions 

24  100 

22  260 

28  360 

74  720 

Approximate  Annual  Costs  of  London  Buildings. 


Civils 

Mechanicals 

Electricals 

Total 

- 

Rents,  rates  and  establishment  charges    . . 
Interest  on  mortgages  and  loans    .  . 

Interest  on  balance    of   capital  at  5  per  cent  less  rents 
received     . . 

£ 
11  300 
1044 

15  900 

£ 

5  300 
1  361 

3  680 

£ 

5  600 
1  243 

1  900 

£ 

22  200 

3  648 

21  480 

Total          

£28  244 

£10  341 

£8  743 

£47  328 

Interesting  Annual  Items. 


Civils 

Mechanicals 

Electricals 

Total 

£ 

£ 

£ 

£ 

Salaries  and  wages,   1921 

11  000 

9  450 

9  400 

29  850 

Salaries  and  wages,   1914 

7  650 

4  200 

3  330 

15  180 

Local  Centres  .  . 

940 

390 

2  370 

3  700 

Research 

— 

790 

218 

1008 

wisdom.  Yet  lest  my  comments  should  appear  to  be 
merely  destructive,  I  will  presently  put  forward  with 
great  submission  five  suggestions  as  a  basis  for  the 
better  administration  of  our  affairs. 

In  the  meantime,  let  us  lay  this  to  heart,  namelv, 
that  if  we  had  known  our  business  the  situation  had 
never  been  so  bad  as  it  Ls.  We  were  the  last  to  buy 
a  building,  and  with  us  also  lies  the  responsibility  for 
the  existence  of  at  least  three  of  the  societies  that  I 
have  named.  For  consider  what  might  have  been 
done  with  the  £73  000  spent  upon  our  London  palace. 
In  1913,  Manchester  engineers  equipped  a  whole  club 
for  £2  000,  paying  an  annual  rental  of  £600.  If  in 
London  we  had  been  content  to  limit  our  expenditure 


Such  a  combination  of  interests  might  have  led, 
nay  might  still  lead,  to  other  advantages,  of  which 
not  the  least  would  be  the  reduction  of  our  annual 
charges.  Our  subscriptions  amount  to  £28  000,  of 
which  £11000  is  spent  upon  management.  Now  to 
light,  heat,  and  pay  the  ground  rent,  rates  and  taxes, 
on  our  London  building  costs  £7  000  per  annum,  or 
a  quarter  of  all  our  subscriptions,  without  including 
interest  on  mprtgages  and  on  the  capital  sum  in- 
vested. If  we  add  these  amounts  and  allow  for  the 
rents  received  we  find  that  to  maintain  our  dignity  and 
prestige  we  are  content  to  pay  not  less  than  £18  000 
every  j^ear.  Our  idea  of  the  value  of  the  papers  we 
receive  as  shown   by  the  premiums  awarded  is  £208, 
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axid  our  contributions  to  research  amount  to  £218 ! 
Does  this  indeed  represent  the  relative  importance  of 
these  items  ?  And  are  not  our  colleagues  of  the  other 
Institutions  in  a  worse  case  ?  Look  at  the  table  which 
I  have  given  on  page  139,  and  see  whether  such  a 
scheme  of  co-operation  as  I  have  suggested  ought 
to  be  regarded  as  impossible  ;  ought  not  rather  to  be 
regarded  as  the  one  thing  necessary,  and  therefore  most 
possible  and  urgent ;  the  only  way,  in  fact,  to  achieve 
further  territorial  expansion,  and  adequately  to  develop 
the  Students'  Sections. 

I  will  not  harrow  you  by  attempting  a  picture  of 
what  might  have  been  had  the  Civil  Engineers  not 
been  so  very  uncivil  to  George  Stephenson,  nor  describe 
the  Great  Institution  of  Engineers  that  then  had  been 
possible.  I  will  not  suggest  the  multifarious  activities 
in  which  our  own  Institution  might  more  profitably 
be  engaged  ;  not  at  least  until  some  of  those  25  com- 
mittees have  got  their  work  finished  and  themselves 
disbanded.  I  desire  to  simpUfy  the  issues  rather  than 
to  make  them  more  comple.x.  There  are  indeed  many 
suggestions  that  I  might  make,  but  we  have  reached 
our  conclusions  and  must  conclude. 

Here  then  led  me  refer  to  the  table  containing  some 
comparative  data  of  the  three  greater  Engineering 
Institutions  from  which  my  statements  may  be  checked, 
wherefrom  also  some  grain  of  comfort  is  plainly  derivable. 
For  while  our  capital  commitments  are  seen  therein 
to  be  the  smallest,  our  income  from  subscriptions  is 
also  seen  to  be  the  largest ;  and  while  our  contributions 


to  local  Centres  are  indeed  nothing  to  boast  of,  they 
do  amount  to  nearly  twice  those  of  our  two  sisters 
taken  together.  These  are  signs  of  grace  upon  which 
we  are  entitled  to  look  hopefully.  But  far  better  were 
it  to  ignore  them  altogether  than  to  blind  our  eyes  to 
the  microbes  of  the  diseases  wliich  I  have  diagnosed 
as  existing  in  our  system,  and  for  whose  extermination 
I  have  now  the  temerity  to  put  forward  the  following 
prescription  : — 

(1)  Whole-hearted  devotion  on  the  part  of  the  rank 
and  file  to  the  objects  for  wliich  the  Institution  was 
established  ;  more  interest  in  the  discussions,  and  in 
the  selection  and  election  of  representatives  on  the 
Committees  and  Council.  It  would  be  well  if  all  would 
read  over  the  objects,  as  stated  in  the  Memorandum 
of  Association,   at  least  once  a  session. 

(2)  The  elimination  from  our  activities  of  any  concern 
with  pohtical  or  semi-pohtical  movements,  industrial 
relationships,  or  trade-guild  propaganda. 

(3)  The  encouragement  and  extension  of  the  Local 
Centres,  and  a  more  generous  treatment  of  these 
financially.  In  particular,  the  reduction  of  expenses 
in  London  in  so  far  as  that  is  practicable,  and  the 
estabhshment  of  Institution  accommodation  and  hbraries 
in  the  pro\-inces. 

(4)  Encouragement  and  more  generous  treatment  of 
the  Students'  Sections. 

(5)  Co-operation  and,  if  possible,  fusion  with  other 
Engineering  Institutions,  ultimately  to  form  one  great 
English-speaking  Institution  of  Engineers. 
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By  E.  C.  Handcock,  Member. 

{Address  delivered  at  Dublin.  26(/(  October,   1922.) 


The  subject  of  my  Address  is  :  "A  Consideration  of 
the  Present  and  Immediate  Future  of  tlie  Irish  Centre 
of  the  Institution  and  of  the  Electrical  Industry  of  Our 
Country." 

I  propose  first  to  touch  briefly  on  two  developments 
of  engineering  interest  wliich  have  crystallized  since 
our  last  session,  and  which  may,  I  hope,  be  described 
as  being  on  the  border  of  fact,  namely,  the  advent  of 
two  much-talked-of  water-power  schemes  and  wireless 
broadcasting ;  and  then  to  consider  some  questions 
intimately  affecting  this  Centre,  and  finally  the  possi- 
bihties  of  an  electrical  manufacturing  industry  in  our 
country. 

River  Bann  Scheme. 

The  River  Bann  will,  from  present  appearances, 
be  the  first  of  our  Irish  rivers  to  be  harnessed  on  a  sub- 
stantial scale  for  the  generation  of  electricity.  A  strong 
syndicate  has  this  electrification  in  hand,  and  hopes  to 
get  a  Bill  through  the  Parhament  of  Northern  Ireland 
in  the  immediate  future.  We  can  be  certain  that,  as 
soon  as  the  legal  path  is  cleared,  no  time  will  be  lost  in 
converting  this  hydrauUc  energy  for  tlie  service  of  the 
factories,  villages  and  towns  along  the  banks  of  the 
Bann. 

River  Liffey  Scheme. 

The  harnessing  of  the  Liffey  for  electric  power  supply 
has  been  a  subject  of  much  discussion.  This  Centre 
and  other  engineering  societies  have  discussed  its 
possibihties.  It  is  well  known  that  they  have  been 
actively  investigated  for  some  time  past,  and  we  are 
now  awaiting  the  final  recommendations. 

Assuming  these  recommendations  to  be  favourable,  it 
is  to  be  hoped  that  the  decisions  covering  the  method  of 
finance  and  control  will  be  taken  and  published  without 
delay.  These  decisions  wiU  be  very  important,  as  they 
will  form  a  precedent  for  other  schemes.  Seeing  that 
the  water  power  is  a  national  resource,  I  hope  that  national 
money  resources  will,  at  least  to  some  extent,  be  apphed 
to  its  development,  giving  the  principal  consumers  (in 
this  particular  case  Dublin  Corporation  would  of  course 
be  the  largest)  an  important  voice  in  the  control. 

It  is  reasonable  to  assume  that  in  some  12  to  15  years, 
after  a  considerable  portion  of  the  capital  has  been 
repaid,  this  scheme  could  prove  a  valuable  source  of 
revenue  to  the  nation. 

I  can  imagine  the  control  board  of  this  scheme  being 
of  further  service  by  forming  a  common  centre  where 
the  different  electricity  supply  authorities  in  the  Dubhn 
area  might  meet  and  agree  to  mutually  advantageous 
ajrangements   for   the  distribution  of  electrical  power. 


Wireless. 

Wireless  application  is  at  present  being  hampered 
by  restrictions  foreign  to  its  technical  side,  but  it  is 
developing  and  increasing  in  vitahty  out  of  sight, 
so  that  immediately  these  restrictions  are  withdrawn 
it  will  spring  up  with  just  so  much  the  greater  vigour. 
This  latest  branch  of  our  profession  is  one  that  wll 
appeal  more  perfectly  to  the  community  than  perhaps 
any  other  section  of  electrical  work.  It  brings  with  it  not 
only  a  young  and  enthusiastic  set  of  men  in  its  service, 
but  also  a  vast  number  of  the  pubhc,  anxious  to  know 
something  of  the  use  of  this  truly  uncanny  development. 
It  may  be  mentioned  that  the  Wireless  Exliibition  held 
in  London  at  the  beginning  of  this  month  was  visited 
by  over  25  000  people. 

It  largely  rests  wth  us  as  to  whether  we  retain  a 
directing  control  in  the  formation  of  the  technical  rules 
and  regulations  in  connection  with  wireless  services. 
To  do  this  we  must  actively  interest  ourselves  in  this 
new  science,  co-operate  with  those  speciaUzing  in  it,  help 
them  from  our  wider  experience  in  electrical  matters, 
and  especially  give  these  young  men  facihties  for 
meetings  and  papers  on  their  own  subject. 

I  now  come  to  a  matter  of  the  utmost  importance  : 
How  are  the  recent  changes  of  Government  in  Ireland 
going  to  affect  this  Centre  and  our  profession  ?  In 
the  following  remarks  it  should  be  clearly  understood 
that  I  am  referring  to  the  Irish  Free  State  only,  and  that 
any  suggestions  or  opinions  put  forward  are  of  course 
purely  personal. 

To  try  to  outhne  the  effect  of  the  change  of  Govern- 
ment, the  steps  to  be  taken  in  the  immediate  future, 
and  the  general  tendency  along  wliich  this  Centre  should 
travel,  will  necessitate  going  over  matters  aheady  w'ell- 
known  to  all.  It  is,  however,  desirable  to  re-state  our 
position. 

The  Institution. 

The  Institution  of  Electrical  Engineers  is  rightly 
called  the  mother  of  electrical  engineering  societies. 
We  belong  to  tlie  youngest  of  the  professions.  Neverthe- 
less, the  membership  of  the  Institution  is  well  over 
10  000.  The  standing  of  its  members  is  acknowledged 
in  every  part  of  the  world  to  be  of  the  higliest.  This 
is  of  exceeding  personal  importance  to  all  of  us,  as  we 
electrical  engineers  in  Ireland,  as  elsewhere,  are  liable 
to  go  abroad. 

The  record  of  our  Institution  is  practically  that  of 
electricity.     Ireland    has    given    it    many   of   its    most  I 
prominent   men,    from   Lord    Kelvin    to    that    of    our 
present  President  (Mr.  F.  Gill)  who  is  not  only  a  Dublin 
man  but  also  one  of  the  original  members  of  this  Centre. 
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The  Standard  Rules  accepted  throughout  our  country 
for  electrical  work  are  those  of  this  Institution.  The 
development  of  our  profession  is  so  rapid,  and  improve- 
ments take  place  so  quickly,  that  the  Institution  has 
had  to  form  many  standing  Committees  for  the  effective 
control  of  these  developments.  Their  results  and 
records  will  be  of  inestimable  value  to  us. 

.  Irish  Centre. 
The  Irish  Centre  consists,  for  all  practical  purposes, 
of  the  electrical  engineers  of  experience  and  authority 
in  Ireland.  It  comprises  electrical  engineers  of  all 
branches  of  electrical  work  except  one  (at  least  as  far 
as  the  Irish  Free  State  is  concerned),  and  that  one  is 
the  industrial  or  manufacturing  side.  Our  number  is 
small,  being  148  for  the  whole  of  Ireland,  but  I  venture 
to  say  that  no  similar  number  of  men  in  Ireland  have 
the  control  of  such  power,  hterally  and  figuratively, 
in  their  hands.  The  community  rely  on  this  small 
body  of  men  for  its  supply  of  electricity  for  hghting, 
industrial  power,  tramways,  telephones,  telegraphs, 
railway  signalUng,  etc. ;  in  fact  there  is  not  a  profession 
or  trade  that  is  not  in  a  major  or  minor  degree  applying 
electricity  to  its  service. 

I  say  that  it  is  a  good  tiling  for  the  community  that 
we  have  a  due  sense  of  our  responsibihty. 

There  are  one  or  two  points  that  it  is  desirable  to 
touch  on  for  the  welfare  of  tliis  Centre.  The  first  is 
the  question  of  a  home  and  an  address.  At  present  we 
have  no  home.  I  should  be  satisfied  if  we  had  one 
room  of  any  kind  for  the  housing  of  our  hbrary,  and  I 
am  quite  confident  that  with  a  place  to  keep  our  posses- 
sions, those  possessions  would  grow.  Having  a  room 
we  could  build  up  that  very  desirable  tiling,  a  good 
up-to-date  reference  hbrary. 

This  question  is  also  of  importance  to  our  Graduates 
and  Students.  We  are  anxious  to  increase  the  number 
of  these  and  they  would  feel  more  at  home  and  free 
from  restraint  when  meeting  in  a  room  belonging  to 
the  Institution. 

It  is  very  desirable  that  all  electrical  engineering 
students  in  our  technical  colleges  should  know  the 
advantages  of  belonging  to  the  Institution.  They 
should  automatically  join  as  Students  when  starting 
the  last  year  of  their  college  courses.  The  younger 
men  ought  to  understand  that  in  a  few  years'  time 
they  will  not  be  accepted  as  quahfied  electrical  engineers 
unless  they  belong  to  the  Institution,  any  more  than  a 
man  is  accepted  as  a  chartered  accountant  unless 
he  has  quahfied  and  passed  the  examinations  of  his 
Association. 

I  should  also  like  to  say  a  few  words  with  regard  to 
Associates.  It  is  not  sufficiently  well  known  among 
the  pubhc  that  an  Associate  of  the  Institution,  by  the 
mere  fact  of  being  an  Associate,  admits  that  he  is  not 
a  professional  electrical  engineer.  This  class  is  created 
for,  and  open  to,  all  members  of  other  professions  whose 
admission  would  conduce  to  the  interests  of  the  Institu- 
tion. I  cannot  help  feehng  that  there  are  many  men 
eminent  in  other  professions  in  Ireland  whose  admission 
would  be  mutually  advantageous. 

On  the  one  hand  we  should  learn  from  them  their 
very  speciahzed  apphcations  of  electricity,  and,  on  the 


other  hand,  once  we  knew  their  exact  requirements  we 
could  lay  ourselves  out  to  give  them  perhaps  sometliing 
better  in  the  way  of  electrical  apparatus  than  they 
have  at  present.     Contact  is,  however,  necessary. 

Effect  of  Ch.\xge  of  Government. 

Having  dealt  with  these  minor  but  important  matters 
I  come  to  the  broad  question  as  to  how  the  change  of 
Government  is  going  to  affect  this  Centre  and  our  pro- 
fession as  a  whole. 

To  begin  with,  it  is  necessary  to  reaMze  clearly  that 
we  are,  and  shall  be  for  some  time,  carrying  on  with 
electrical  rules,  regulations  and  laws  more  or  less  in  a 
state  of  suspense.  Tliis  means,  as  I  see  it,  that  our 
existing  rules  are  replaced  by  blank  sheets  of  paper. 
Inter  alia  I  would  remark  that  in  the  past  we  have 
accepted  all  these  various  rules,  regulations  and  laws 
controlhng  our  profession,  which  others  have  provided 
for  us,  without,  I  fear,  any  appreciation  of  the  labour 
and  trouble  that  the  compilation  of  these  has  meant. 
Now,  bluntly,  the  question  is  whether  we  are  going 
to  help  to  rewrite  those  blank  pages.  There  are  two 
paths  open  to  the  Irish  Centre  : — 

One,  that  of  apathy,  allowing  others  to  accept  the 
responsibihty.  If  we  remain  apathetic,  can  we  expect  to 
be  taken  seriously  if  we  protest  against  any  technical 
rules  or  regulations  of  which  we  disapprove  ? 

The  second,  and  to  me  the  only  possible  path,  will  be  to 
accept  manfully  our  responsibihty  and,  further,  to  make 
it  clear  to  all  concerned  that  our  members  interested 
cannot  reasonably  be  expected  to  carry  out  and  be 
responsible  for  the  application  of  technical  rules  and 
regulations  governing  our  profession  unless  the  Irish 
Centre  has  a  voice  in  their  framing. 

I  pointed  out  before  that  we  had  a  sense  of  responsi- 
bihty to  the  community,  but  at  the  same  time  we  are 
aware  of  our  value  as  well  as  our  duty. 

Responsibility  reflects  responsibility.  Accordingly, 
those  acting  for  the  community  will  no  doubt  reahze 
their  responsibihty  to  our  profession  and  appreciate 
the  advantage  of  having  in  existence  the  Irish  Centre 
of  this  Institution  to  co-operate  with  in  the  re-affirming, 
revising,  or  recasting  of  our  liighly  technical  rules  and 
regulations,  making  them,  where  necessary,  more  suit- 
able to  our  local  requirements.  JMy  remarks  are  purely 
personal,  but  I  have  no  hesitation  in  affirming  that  if 
and  when  called  upon  by  those  in  authority  to  do  this 
work,  this  Centre  will  give  of  its  best  for  this  duty. 

It  will  be  absolutely  necessary  for  us  to  rise  to  this 
opportunity,  for  which  we  shall  require  all  the  experience, 
foresight,  and  wisdom  possible. 

It  means  the  framing  of  rules  and  regulations  affecting 
generations  to  come.  It  will  be  of  the  utmost  importance 
not  to  fall  into  the  mistakes  made  by  other  countries 
in  making  the  framework  of  their  rules  too  rigid.  The 
framework  must  be  made  so  as  to  be  adjustable  from 
time  to  time,  to  give  flexible  control,  regulation  and 
standardization.  In  this  connection  I  would  point  out 
one  very  important  point  where  the  future  will  be  very 
different  from  the  past,  and  the  sooner  it  is  appreciated 
by  all  concerned  the  better.  Regulations  will  have 
to  be   hved    up   to.      For   instance,    there    will   be  no 
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more  self-constituted  electric  supply  authorities  without 
authority. 

The  change  of  Government  is,  in  my  opinion,  going 
to  be  beneficial  to  tliis  Centre  in  the  ratio  that  we 
accept  responsibiUty,  and  work,  and  use  our  influence 
for  the  good  of  our  profession  and  the  community. 

Before  leaving  this  subject,  and  in  the  hope  that  these 
few  words  may  reach  the  proper  quarter,  I  repeat  the 
great  desirabihty,  nay  necessity,  for  a  definite  under- 
standing between  tliis  Centre  and  the  Government 
Department  responsible  for  the  making  of  technical 
regulations  governing  the  generation  and  supply  of 
electricity,  or  in  connection  with  electrical  apparatus. 

Electrical  Manufacturing  in   Ireland. 

The  other  question  with  which  I  wish  to  deal  to-night 
is  one  on  which  I  feel  strongly.  It  is  that  of  the  possi- 
bihty  of  electrical  manufacture  in  the  Irish  Free  State. 
After  writing  that  last  sentence  I  sat  and  looked  at  its 
grotesqueness.  A  country  with  3|-  million  inhabitants, 
setting  up  its  own  Government  with  an  Army  and  other 
Government  Departments,  and  yet  I  have  to  write 
"  possibility  of  manufacturing  "  in  regard  to  the  most 
necessary  and  vital,  most  progressive  and  most  rapidly 
developing  of  all  industries.  Yet  it  is  perfectly  true  ; 
for,  with  the  possible  exception  of  one  small  company, 
I  know  of  nobody  attempting  electrical  manufacture  in 
this  country. 

This  is  a  most  unhealthy  state  of  affairs,  not  only 
for  our  profession  but  also  for  the  country.  It  is  an 
explanation  of  the  meagreness  of  our  membership  as  a 
whole,  and  especially  of  our  Graduate  and  Student  sections. 

What  is  the  reason  for  tliis  state  of  affairs  ?  I  have 
often  asked  this  question  but  have  never  got  a  satis- 
factory reply,  so  I  am  quite  certain  that  I  shall  not 
satisfy  you  by  a  definite  statement. 

I  shall,  however,  treat  it  indirectly  by  asking  if  we 
electrical  engineers  have  used  our  influence  to  create 
an  electrical  industry.  We,  who  are  familiar  with  elec- 
trical apparatus  and  know  that  it  is  not  so  difficult  to 
manufacture  or  so  mysterious  as  the  pubUc  may  think, 
have  we  endeavoured  to  interest  capital  ?  Or  have  we 
taken  up  the  attitude  that  it  is  impossible  to  make 
anything  in  Ireland  ? 


I  definitely  maintain  that  those  of  us  who  are  in  a 
position  to  influence  the  investing  of  capital  in  our 
profession  should  do  so,  in  addition  to  giving  all 
possible  support  to  a  home  industry,  contingent  on 
that  industry  showing  that  it  is  seriously  endeavouring 
not  to  obtain  a  high  price  for  an  inferior  article. 
It  is  regrettable  that  many  people  have  taken  up  the 
attitude  that  we  are  unable  to  manufacture.  The  verv 
first  thing  necessary  is  to  get  nd  of  that  frame  of 
mind.  It  does  not  matter  how  small  the  article  is  to 
start  with,  but  let  people  get  interested  in  production 
and  the  good  work  would  go  on. 

Another  frequent  answer  is  that  there  is  not  the 
demand  in  this  country.  There  is  not,  of  course  the 
demand  for  the  production  of  turbo-alternators  and 
large  macliines,  but  there  are  some  3|^  millions  of  people 
in  the  Irish  Free  State,  and  if  the  home  market  alone 
cannot  support  a  reasonably  good  electrical  manufactur- 
ing industry,  then  tliis  is  only  due  to  some  artificial 
cause  wliich  must  be  got  rid  of.  But  there  is  no  such 
reason. 

Let  us  take  some  other  European  countries.  The 
population  of  Denmark  is  2f  milUons,  Norway  2J, 
Switzerland  3|:,  and,  as  is  well  known,  those  countries 
manufacture  electrical  apparatus  extensively,  not  only 
for  their  own  purposes  but  actually  to  export  a  consider- 
able quantity. 

Canada  is  in  a  very  similar  condition  to  ours,  in 
that  she  is  next  door  to  a  country  with  immense  pro- 
duction facilities,  a  country  continually  looking  out  for 
markets  for  her  products.  In  1904  the  population  of 
Canada  was  5|  millions.  I  take  that  date,  partly  because 
her  population  was  much  smaller  than  at  present,  and 
partly  because  I  had  an  opportunity  to  see  some  of 
her  electrical  facihties. 

At  that  time  the  Canadian  General  Electric  Company 
had  a  factory  occupj'ing  40  acres,  where  they  turned 
out  practically  everything  electrical.  The  Canadian 
Westinghouse  Company  had  a  similar  organization, 
and  in  addition  there  were  numerous  small  factories, 
all  forming  a  young  and  vitally  ahve  industry. 

The  High  Commissioner  for  the  Commonwealth  of 
AustraUa  has  kindly  sent  me  the  following  particulars 
of  w^liat  is  being  done  there. 


Number  of  Manufacturers  of  Electrical  Apparatus. 


New  South  Wales 

Victoria 

South  Australia 

Western 
Australia 

Queensland 

Tasmania 

Population  (1911) 

1  650  000 

1  315  000 

408  000 

282  000 

605  000 

191  000 

Motors 

12 

18 

1 

2 

■ — 

Starters 

8 

8 

1 

— 

— 

Switchboards 

17 

15 

1 

— 

4 



Switchgear 

7 

3 

— 

— 

— 

— 

Transformers 

3 

10 

— 

— 

— 

— 

Travelhng  cranes 

3 

1 

—  - 

— 

— 

— 

Instruments 

8 

7 

— 

— 

— 

— 

Machinery  .  . 

4 

5 

— 

1 

— 

— • 

Fittings 

14 

13 

1 

2 

1 

1 
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These  figures  taken  in  proportion  to  the  population 
show  what  can  be  done.  Compare  them  ^\1th  the 
Irish  Free  State. 

The  change  of  Government  is  going  to  give  a  strong 
inducement  that  was  previously  absent.  Government 
Departments  are  now  in  a  position  to  place  contracts 
at  home  for  quantities  which  will  ensure  a  manufacturer 
having  a  reasonable  and  continuous  output  from  the 
start.  This  will  enable  him  to  produce  at  reasonable 
prices  whilst  developing  his  business  along  the  usual 
trade  channels. 

Without  such  contracts  it  is  difficult  to  face  competition 
with  manufacturers  already  estabhshed  and  holding 
such  contracts  from  their  own  Governments. 

When  speaking  of  electrical  manufacturing  it  should 
not  be  overlooked  that  it  is  in  a  very  large  degree 
mechanical  work,  and  work  that  a  number  of  our  well- 
equipped  mechanical  workshops  in  Dubhn  could  under- 
take if  they  would  only  look  into  it  and  add  an  electrical 
engineer  to  their  staff  to  ensure  that  the  design  and 
finished  product  were  in  accordance  with  electrical 
requirements. 

P.\TEXTS. 

The  question  of  patents  is  a  dehcate  one.  It 
■will,  however,  be  disappointing  if  the  practice  of 
other  countries  is  not  followed  in  making  it  necessary 
for  patentees  to  manufacture  in  our  country  in  order  to 
retain  their  pri\aleges.  In  this  connection  it  might  be 
worth  while  putting  forward  a  suggestion  as  to  the 
possibihty  of  eventually  estabhshing  a  permanent 
Inventions  Bureau  follo^'ing  the  practice  of  Great  Britain 
during  the  European  War. 

Research. 

This  automatically  brings  me  to  the  question  of 
research  work.  Important  developments  are  some- 
times the  result  of  a  "  brain  wave  "  but  more 
generally  are  the  cumulative  effect  of  patient  research 
work.  Research  work  costs  monej',  and  the  only 
method  by  which  it  can  be  undertaken  is  by  Govern- 
ment aid,  or  where  huge  trusts  or  combines  are  in  such 
a  strong  financial  position  that  they  can  put  on  one 
side  an  allowance  for  this  work.  Having  no  electrical 
manufacturers,  much  less  combines,  the  only  alternative 
is  Government  aid. 

Dr.  E}Te,  Director  of  the  Linen  Research  Institute 
installed  outside  Belfast,  has  kindly  sent  me  particulars 
of  this  Institute  and  its  method  of  support. 

It  fits  into  the  comprehensive  scheme  that  each 
industry  is  made  responsible  for  its  own  research  work. 
The  different  companies  subscribe  annually  an  amount 
corresponding  to  their  capital.  For  example,  in  the 
linen  industry  a  company  vnth  a  capital  of  £17  000 
subscribes  £10  ;  from  £17  000  to  £26  000  the  subscrip- 
tion is  £15,  and  so  on,  the  Government  voting  a  grant 
which  is  allocated  pro  rata  on  the  amount  contributed 
by  the  industry-.  This  is  an  admirable  scheme  but 
impracticable  for  us.  I  would  suggest  that  there  should 
be  a  laboratory-  capable  of  research  work  at  each  of  our 
electrical  engineering  technical  colleges.  Further,  that 
one  of  the  staff  in  each  college  should  be  appointed  on 
account   of  his   outstanding   merit   on   research   work. 


The  results  of  such  work  should  be  given  to  our  own 
manufacturers  in  the  first  instance.  \Miere  such 
results  were  patentable  the  resulting  fees  (due  allowances 
being  made  to  the  inventor)  should  in  due  time  help 
to  support  this  work. 

\Miat  I  call  "  educational  engineers "  might  be 
termed  "  manufacturers  "  from  one  point  of  view, 
in  that  they  are  taking  raw  material  (our  young 
manhood),  representing  the  most  vital  part  of  the 
capital  of  the  country,  increasing  its  value  by  a  tech- 
nical training,  and  then  exporting  it  abroad,  for  the 
simple  reason  that  we  have  no  electrical  industry  to 
absorb  our  young  electrical  engineers. 

Technical  Education. 

The  apparent  situation  is  that  tens  of  thousands  of 
pounds  of  national  mone}'  is  annually  expended  in  our 
technical  colleges,  covering  the  first  definite  step  in 
the  education  of  our  young  electrical  engineers,  and 
for  the  second  and  nationally  more  important  step  of 
consohdating  their  college  training  in  a  manufacturing 
works  neither  national  nor  private  capital  has  expended 
a  penny.  This  second  step  is  nationally  more  im- 
portant, as  in  order  to  get  this  experience  these  young 
men  leave  the  country  and  seldom  return.  If  one- 
tenth  of  this  money  had  been  available  for  commerical 
enterprise  it  would  not  be  a  case  of  writing  as  to 
the  possibility  of  an  electrical  industrj'. 

Do  not  think  that  I  w-ould  \\-ish  to  suggest  the  reduc- 
tion of  the  grants  for  technical  education.  The  remedy 
does  not  lie  in  this,  but  in  creating  and  developing 
work  at  home  so  that  those  young  men  can  make  a 
hvehhood  and  devote  their  energies  to  their  profession 
without  going  abroad,  and  I  hope  that  in  the  near  future 
this  will  be  possible. 

The  term  "  educational  engineers "  has  been  used 
in  order  to  get  away  from  the  more  academical  term  of 
"  professor."  Our  educational  engineers  should  not 
have  the  idea  that  they  are  simply  responsible  for  getting 
into  the  heads  of  their  students  suificient  knowledge  of 
a  technical  nature  to  enable  a  reasonable  percentage 
of  them  to  pass  their  final  examinations.  Those  in 
charge  of  our  colleges  should  remember  that  they  are 
part  of  the  electrical  industry  of  this  country  and  that 
they  are  in  their  positions  for  the  sole  purpose  of  further- 
ing the  interests  of  this  industry  as  a  whole.  It  is  true 
that  their  primary  concern  is  to  educate  our  young 
manhood,  but  it  is  also  important  for  them  to  keep 
in  contact  %vith  the  operating  side  of  their  profession, 
placing  themselves  and  their  laboratories  at  the  service 
of  the  industry.  This  would  automatically  mean  that 
they  could  place  their  students  along  hnes  of  maximum 
efficiency. 

This  Centre  is  common  ground  for  all  the  branches 
of  our  profession.  It  would  be  gratifying  to  see  it 
made  use  of  by  the  interested  parties  for  the  purpose 
of  bringing  about  a  research  arrangement  as  outlined 
above,  and  for  bringing  our  technical  colleges  into  more 
intimate  relation  with  our  electrical  industries  in  the 
future. 

We  are  a  relatively  small  community',  and  are  at 
a  most  critical  period  in  our  economic  development. 
We  are  starting  pecuharly  free  from  precedent  and  vested 
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rights.  This  is  a  combination  that,  given  team  work, 
makes  for  efficiency.  In  the  past  we  have  allowed  our 
individuahty  to  overrun  our  team  work,  hence  our 
more  or  less  watertight  compartments. 

Co-operation. 

It  is  most  desirable  that  everybody  interested  in 
electricity,  whether  he  be  an  electrical  engineer,  a 
member  of  the  Government,  or  a  shareholder  in  a 
village  electric  hghting  company,  should  co-operate 
through  liis  respective  association  or  institution  so  that 
electrical  engineering,  acting  as  a  hving  whole,  may 
most  efficiently  play  the  part  in  building  up  our  country 
that  it  has  in  others.     Tliis  part  is  of  the  greatest  national 


importance,  entering  into  the  health  and  well-being, 
industrial  and  physical,  of  the  community  as  a  whole. 

If  my  remarks  to-night  have  had  any  effect  in  bringing 
home  to  this  Centre  our  responsibihties  in  the  immediate 
future,  I  shall  be  satisfied.  At  the  same  time  I  sincerely 
trust  that  some  of  the  suggestions  put  forward  will 
be  such  as  to  stimulate  thought. 

In  conclusion,  I  hope  that  the  vigour  of  this  Centre, 
which  has  steadily  increased  under  the  energetic  and 
capable  direction  of  our  last  three  Chairmen,  Messrs. 
R.  Tanham,  A.  G.  Bruty,  and  R.  N.  Eaton,  will  be 
made  full  use  of  for  the  control,  development  and 
efficiency  of  that  most  vital,  rapidly  growing,  and 
important  profession  to  our  country,  the  profession 
of  electrical  engineering. 


NORTH-WESTERN    CENTRE  :    CHAIRMAN'S    ADDRESS 
By  A.  S.  Barnard,  Member. 

{Address  delivered  at  Manchester,   lith  November,   1922.) 


I  should  first  like  to  draw  attention  to  the  step  taken 
last  year,  largely  on  the  initiative  of  our  new  Hon. 
Secretary,  Mr.  A.  B.  Malhnson,  and  Mr.  W.  A.  Coates, 
in  the  inauguration  of  Informal  Meetings.  From  these 
meetings  the  reporter  is  rigorously  excluded,  and, 
judging  by  the  success  attained  last  year,  I  think  we 
may  look  forward  to  their  proving  a  most  useful  and 
interesting  feature  of  the   present  session. 

The  range  of  activities  covered  by  our  membership 
is  now  so  extraordinarily  diverse  that  there  are  a  host 
of  comparatively  small  matters — wliich  might  be  called 
side-hnes  of  electrical  engineering — wliich  are  of  interest 
to  members,  but  which  very  possibly  do  not  warrant 
the  devotion  of  a  whole  evening's  debate  to  the  one 
subject.  The  informal  meeting  affords  an  opportunity 
for  arranging  short  discussions  to  deal  briefly  with 
two  or  three  such  subjects  at  one  meeting. 

Wlien  it  is  remembered  that  electrical  engineering  in 
its  widest  sense  has  now  a  foothold  in  almost  every 
human  activity,  it  becomes  obvious  that,  important 
as  are  the  questions  of  cheap  generation  and  distribution 
of  electric' ty,  these  are  not  the  only  matters  which  the 
Institution  must  consider,  or  in  which  alone  it  will 
be  looked  to  by  its  members  for  guidance.  For  example, 
in  the  electrical  equipment  of  ships,  or  of  railway 
rolling  stock  ;  the  use  of  electricity  in  surgery  and 
therapeutics  ;  electricity  in  mining,  agriculture,  textile 
mills,  or  chemical  industries  ;  and  wireless  telegraphy 
and  telephony,  there  are  very  many  members  of  the 
Institution  who  are  interested  and  who  could  interest 
us  in  these  and  similar  applications  of  electrical  engineer- 
ing. I  should  hke  to  see  some  of  our  informal  meetings 
devoted  to  discussions  not  only  on  theory  and  design. 


but  also  on  a  working  experience  in  many  of  the 
lesser  side-hnes  of  electrical  engineering. 

I  propose  to  deal  very  briefly  with  some  of  these 
minor  subjects  which  I  have  described  as  side-lines. 

Why  is  it  that  we  still  have  gas-hghted  passenger 
trains  in  Great  Britain  ?  Have  we  as  an  Institution 
ever  taken  any  steps  to  develop  the  use  of  electricity 
in  this  direction  ?  Surely  there  have  been  sufficient 
examples  of  the  danger  to  life  from  gas-hghted  coaches 
to  afford  us  a  text  for  a  strenuous  campaign  in  favour 
of  the  only  safe  illuminant.  Train  lighting  by  electricity 
remains,  however,  a  comparative  side-Une  in  the  hands 
of  a  few,  and,  so  far  as  I  am  aware,  it  is  not  even 
necessarily  installed  in  the  new  rolling  stock  built 
to-day.  The  obvious  advantage  of  being  able  to  hght 
up  a  train  as  it  enters  a  tunnel  is  so  frequently  exemphfied 
in  the  police  courts  that  one  wonders  why  it  is  not 
made  compulsory. 

The  subjects  of  wiring  for  power  in  works  and  factories, 
and  the  kindred  one  of  domestic  electric  hghting,  must 
receive  attention  at  the  hands  of  the  Institution  if  we 
are  really  concerned  in  the  development  of  the  industry 
on  the  right  hnes.  The  final  authority  in  these  matters 
is  the  consumer  who  pays  the  bill.  If  wiring  is  made 
too  expensive  by  elaborate  specifications  and  regulations, 
less  wiring  will  be  done,  for  the  consumer  will  object 
to  the  cost.  If  on  the  other  hand  we  tolerate  incliicient 
and  shoddy  wiring,  there  will  be  httle  use  in  building 
super-power  stations  and  oflfcring  cheap  current  to  a 
man  who  experiences  trouble  and  expense  through  the 
inefficiency  of  the  installation  on  his  own  premises. 
The  wiring  contractors  are  probably  in  more  direct 
touch  with  the  consumer  than  any  other  members  of 
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the  electrical  industry,  and  for  that  reason,  if  for  no 
other,  they  have  a  big  responsibiUty  in  the  matter  of 
wiring  practice.  They  will  help  themselves  and  the 
whole  industry  if  they  will  discuss  their  difficulties  and 
troubles  with  the  Institution  as  freely  as  do  plant 
manufacturers  and  central  station  engineers. 

This  session  will,  I  hope,  see  some  attention  paid  to 
the  important  work  that  is  being  done  by  the  electrical 
engineer  in  the  colheries.  My  earUest  experience  of 
electrical  work  was  gained  in  the  collieries  of  South 
Wales,  and  I  still  remember  the  joy  of  switching  on  new 
lights  underground,  or  starting  up  a  motor-driven  pump 
by  the  light  of  a  Davy  lamp.  I  am  afraid  that  the 
immunity  from  electrical  disaster  of  those  early  installa- 
tions must  be  ascribed  to  something  else  than  the 
excellence  of  the  work  which  we  carried  out,  or  of  the 
machinery  we  installed,  for  I  have  recollections  of  old 
Gramme  machines  with  open  (and  by  no  means  spark- 
less)  commutators,  and  cables,  switches  and  accessories 
that  would  prove  an  endless  source  of  worry  to  the 
present-day  mining  engineer.  Electricity  in  mines  has 
now  gone  far  beyond  the  experimental  stage,  but  I 
am  sure  that  there  are  yet  many  problems  of  great 
interest  wliich  could  with  advantage  be  discussed  by 
tlais  Institution — problems  ranging  from  the  heavy 
engineering  of  haulage  and  \vinding  to  the  relatively 
small  but  important  question  of  the  design  of  a  miner's 
portable  lamp. 

Electricity  in  agriculture  is  a  side-line  which  perhaps 
may  not  be  expected  to  be  of  particular  interest  to 
this  Centre,  though  it  is  conceivable  that  if  we  devoted 
more  attention  to  the  subject  of  smoke  abatement  we 
might  develop  a  more  personal  interest  in  this  very 
fascinating  appUcation  of  electricity.  As  things  are, 
the  smoke-clouds  of  Manchester  and  the  neighbouring 
towns  are  responsible  for  a  tremendous  waste  of  energy 
on  the  part  of  farmers  and  gardeners  who  plant  hope- 
fully, and  reap  occasionally.  When  we  reach  the  All- 
Electric  Age,  and  when  open  domestic  fireplaces  and 
smoke-making  locomotives  are  tilings  of  the  past,  we 
may  hope  for  a  great  improvement  in  agriculture. 

There  is  one  branch  of  agriculture  largely  practised 
in  our  area  which  seems  to  me  to  offer  a  promising 
field  for  research.  If  we  could  devise  an  electrical  treat- 
ment of  seed-potatoes  that  would  render  the  crop 
immune  from  wart  disease,  we  should  confer  an  immense 
boon  on  the  potato  growers  of  Lancashire,  and  earn 
the  gratitude  of  thousands  of  allotment  holders.  You 
may  say  that  this  is  not  electrical  engineering,  but  I 
claim  that  it  is  a  proper  matter  for  consideration  by 
electrical  engineers,  and  I  need  only  point  to  the  results 
obtained  in  Herefordshire  through  interesting  the 
farmers  in  electricity,  to  show  what  a  bearing  these 
side-hnes  can  have  on  the  larger  problems  of  pubhc 
electricity  supply. 

We  in  this  country  are  too  prone  to  leave  it  to  others 
to  show  us  what  can  be  done.  We  established  electricity 
supply  stations  to  supply  electric  hght.  The  supply 
of  current  for  power  purposes  was  an  experiment,  and, 
in  the  view  of  very  many  people,  not  too  hopeful  a 
one.  Electric  trams  were  said  to  be  working  successfully 
in  America,  and  gradually  we  learned  to  tolerate  the 
overhead  troUey  wires  in  our  cities.     Are  we  to  wait 


until  the  whole  of  the  American  railways  are  electrified 
before  we  really  tackle  the  problem  of  main-hne  electrifi- 
cation in  Great  Britain  ?  We  know  that  the  electrification 
of  the  railways  will  benefit  the  nation  ;  we  know  that 
sooner  or  later  it  will  be  carried  out ;  surely,  therefore, 
we  should  educate  public  opinion  in  the  matter,  and 
make  the  advantages  so  clear  to  the  ordinary  traveller 
by  train  that  he  will  insist  on  the  electrification  of 
railways.  I  think  there  can  be  no  doubt  that  the 
matter  would  advance  more  rapidly  if  the  electrical 
engineers  of  this  country  would  make  a  decided  and 
authoritative  pronouncement  as  to  what  should  be  the 
system  to  be  adopted  ultimately  throughout  the  main 
lines  of  the  British  railways.  I  think  also  that 
the  Electrical  Development  Association  might  usefully 
devote  some  of  its  energy  and  resources  to  cultivating 
pubhc  opinion  and  creating  a  more  insistent  demand 
for  this  reform. 

Legitimate  advertising  and  publicity  are  forces  which 
we  can  no  longer  ignore,  and  the  work  of  the  Electrical 
Development  Association  is  a  side-line  which  will 
require  more  and  more  attention  at  the  hands  of  the 
Institution. 

I  look  upon  the  storage-battery  industry  in  which 
I  spend  my  time  as  being  another  of  these  side-lines. 
There  was  a  time  when  the  central  station  for  the  supply 
of  electricity  in  a  town  consisted  of  one,  two  or  three 
direct-current  generators,  driven  by  vertical  steam 
engines,  usually  of  the  high-speed,  single-acting  type. 
In  those  days  the  storage  battery  was  an  essential 
part  of  the  scheme,  making  for  economy  by  enabling 
the  running  plant  to  be  shut  down  for  several  hours 
in  the  night,  and  even  over  the  whole  of  the  week-end. 
These  early  installations  have  been  scrapped  or  super- 
seded as  the  growth  of  the  industry  called  for  larger 
and  more  economical  generating  stations,  and  as  the 
turbo-alternator  was  developed  to  meet  that  demand. 
In  many  instances,  however,  the  original  direct -current 
station  has  left  a  legacy  in  the  form  of  a  direct-current 
network  of  mains,  to  which  are  connected  large  numbers 
of  consuming  devices  and  installations  designed  for 
direct  current  alone.  It  happens,  therefore  that  in 
many  of  our  larger  cities  the  densely  loaded  d.c.  network 
survives  in  the  heart  of  the  important  business  area, 
whilst  the  outer  manufacturing  or  residential  areas 
are  supplied  by  a.c.  distributing  mains.  This,  of  course, 
leads  to  some  comphcations  and  a  measure  of  inefficiency, 
and  the  question  arises  as  to  whether  there  is  any 
justification  for  the  survival  of  these  large  d.c.  networks. 
My  own  opinion  is  that  a  plebiscite  of  consumers  would 
show  an  overwhelming  majority  of  power  users  in 
favour  of  a.c.  supply,  but  an  equally  overwhelming 
majority  of  private  users,  shopkeepers  and  residents, 
who  would  favour  direct  current.  The  exact  reasons 
for  this  preference  would  take  too  long  to  discuss,  but 
one  of  the  justifications  can  be  found  in  the  possibility 
with  direct  current  of  holding  a  little  in  reserve  in  a  way 
which  is  practically  impossible  with  alternating  current, 
depending  as  it  does  on  running  machinery  and  a  constant 
supply  of  labour  and  fuel  in  the  boiler  house. 

It  is  easy  to  ridicule  the  idea  of  using  storage  batteries 
to  deal  with  the  immense  loads  on  the  mains  in  a  city 
like   Manchester    or    Birmingham    in    the    event    of   a 
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complete  breakdown  of  the  generating  plant.  It  may 
be  said  that  this  risk  is  insured  against  by  hnking  up 
with  adjacent  supply  undertakings,  and  I  grant  that 
this  does  give  a  very  real  safeguard  to  the  continuity 
of  supply.  At  the  same  time,  it  must  be  remembered 
that  the  conditions  which  are  temporarily  upsetting  the 
plant  may  be  affecting  other  supply  stations  also.  The 
fact  remains  that  a  few  thousand  kilowatts  in  a  storage 
battery  at  a  substation,  instantly  available  and  under 
direct  control,  may  easily  convert  what  would  have 
been  a  serious  interruption  or  curtailment  of  supply, 
into  a  slight  irregularity  which  would  pass  unnoticed 
by  the  majority  of  consumers. 

A  year  or  two  ago,  when  both  labour  and  fuel  con- 
ditions were  at  their  worst,  the  peak-load  supply 
apparently  became  a  nightly  difficulty  in  more  than 
one  large  electricity  undertaking.  I  was  somewhat 
surprised  to  see  how  calmly  the  consumers  accepted 
the  dictum  of  the  engineers  and  committees  that  the 
supply  would  be  curtailed  or  restricted  between  certain 
hours,  or  as  regards  certain  classes  of  consumer.  Of 
course  there  are  commercial  limits  to  the  value  of 
storage,  but  I  cannot  help  thinking  that  in  the  past 
some  of  the  failures  to  meet  obhgations  to  the  consumer 
have  been  due  to  an  over-zeal  for  economy,  rather  than 
to  that  hoary  scapegoat  "  The  act  of  God."  And 
what  supply  authority  has  really  tested  the  commercial 
possibilities  of  storage  ? 

When  one  examines  the  comparative  statistics  given 
in  the  Electrical  Times  and  sees  how  very  few  of  the  pubhc 
supply  systems  are  working  with  a  load  factor  of  more 
than  25  per  cent,  one  wonders  what  would  be  the  effect 
on  the  average  cost  per  unit  if  the  load  factor  were 
brought  up  to  unity,  or  even  to  50  or  60  per  cent.  The 
figures  of  one  large  station  are  as  follows  : 


Total  units  sold 
Maximum  demand 
Load  factor   . . 
Total  works  cost 


137  000  000 
67  100  kW 
23-29  per  cent 
l-73d.  per  unit. 


Is  it  not  conceivable  that  with  a  really  comprehensive 
system  of  storage,  for  example  a  system  that  would 
bring  this  load  factor  up  to  50  or  60  per  cent,  the  works 
cost  could  be  brought  down  to  l-23d.  per  unit,  with 
a  gross  saving  of  137  000  000  half-pence  per  annum  or, 
in  round  figures,  £250  000  per  annum  ?  The  maximum 
load  of  67  000  kW  may  be  regarded  as  plant  having 
a  capacity  of  32  000  kW  running  at  50  per  cent  load 
factor,  and  a  further  35  000  kW  capacity  running  idle 
all  the  time.  Storage  that  could  take  charge  of  35  000  kW 
for,  say,  two  hours  per  day  would,  in  all  probability,  be 
amply  sufficient  to  ensure  that  the  running  plant  neces- 
sary to  meet  the  maximum  demand  would  work  year  in 
and  year  out  at  a  load  factor  of  50  instead  of  23-29 
per  cent.  Battery  substations  to  provide  this  storage 
would  cost,  so  far  as  I  have  been  able  to  ascertain, 
somewhere  about  £1  000  000,  and  there  would  be  a 
problematical  £250  000  per  annum  to  pay  for  the  capital 
and  working  expenses.  I  know  that  the  idea  will  be 
scouted,  but  I  submit  that  the  question  of  storage  is 
not  generally  treated  seriously  enough,  or  looked  at 
with  a  sufficiently  large  and  wide  vision.  A  reserve  of 
energy  of  35  000  kW  for  two  hours,  or  nearly  55  000  kW 


for  one  hour,  is  a  consideration  not  to  be  ridiculed,  even 
if  the  million-pound  capital  expenditure  is  a  big  sum, 
and  even  if  the  battery  losses  and  maintenance  costs 
would  account  for  a  large  proportion  of  the  £250  000 
per  annum  that  I  have  suggested  might  be  saved  by 
an  improved  load  factor. 

We  have-  had  in  the  past  some  very  useful  discussions 
on  the  subject  of  specifications  and  the  work  of  the 
consulting  electrical  engineer,  but  I  do  not  think  that 
the  last  word  has  yet  been  said  on  that  matter.  The 
difficulty  of  drawing  a  specification  which  shall  define 
while  it  does  not  exclude,  seems  to  be  insuperable, 
and  is  only  equalled  by  the  difficulty  experienced  by 
the  contractor  in  gauging  the  exact  percentage  of 
deviation  from  the  "  letter  "  that  will  be  accepted  as  still 
being  in  accordance  with  the  "  spirit  "  of  the  engineer's 
requirements.  So  long  as  the  system  of  competitive 
tenders  survives,  the  contractor  is  haunted  by  the 
knowledge  that  the  quotation  which,  on  being  first 
read,  shows  the  lowest  figure  as  the  "  contract  sum  " 
has  secured  a  psychological  advantage  over  all  others. 
Close  investigation  will  often  show  that  this  is  not 
really  the  cheapest  tender,  but  the  first  impression 
has  been  created,  and  it  requires  an  effort  on  the  part 
of  the  consulting  engineer  to  clear  that  impression 
away  and  secure  equal  consideration  for  the  remaining 
tenders.  Under  these  circumstances  it  is  not  surprising 
if,  in  tendering  for,  say,  a  sliip,  the  contractor  is  tempted 
to  omit  the  tar  and  thereby  reduce  his  tender  to  a 
figure  lower  than  his  competitors'. 

It  is  my  conviction  that  the  high  standard  of  engineer- 
ing work  attained  in  our  municipal  power  stations  has 
been  reached  in  spite  of,  and  certainly  not  because  of, 
our  system  of  public  invitation  to  tender  ;  and  now 
that  there  is  a  certain  amount  of  standardization  in 
prices  for  standard  work,  it  calls  not  for  less,  but  for 
greater  care  on  the  part  of  the  consulting  engineer  to 
secure  that  liis  client  shall  obtain  the  best  bargain. 

Another  matter  wliich  I  tliink  concerns  us  as  an 
Institution,  is  the  quahfication  of  the  electrical  contractor 
who  carries  out  the  installation  work  in  our  houses 
and  factories.  I  am  well  aware  that  this  work  of  wiring 
is  hedged  around  with  regulations  and  rules,  and  quite 
frequently  is  inspected  on  behalf  of  a  supply  authority 
or  insurance  company.  For  all  that,  it  is  obvious 
that  a  certain  amount  of  shoddy  work  is  still  being  done, 
and  shoddy  work  in  wiring  brings  discredit  on  the 
electric  fighting  industry,  and  thereby  on  the  whole 
electrical  profession,  more  quickly  almost  than  any 
other  factor.  I  feel  that  until  we  evolve  some  system 
of  national  registration  of  electrical  engineers  we  shall 
continue  to  expose  a  very  vulnerable  point  in  our 
armour  to  the  attacks  of  those  who  work  for  immediate 
returns  in  hard  cash,  without  regard  to  the  effect  of 
their  work  on  the  industry  as  a  whole.  Any  such  system 
would  have  to  include  the  registration  of  master  con- 
tractors as  well  as  of  wiremen  and  electrical  mechanics. 
Were  it  merely  a  question  of  workmanship  on  the  part 
of  the  wireman  the  matter  might  safely  be  left  to  the 
trade  unions  concerned  and  it  would  gradually  right 
itself,  but  scamped  work  is  as  liable  to  originate  in 
the  office  as  it  is  to  occur  on  the  actual  job.  I-"urther- 
more,    it    is    common    knowledge    that    the    electrical 
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contractor  is  often  the  customer's  sole  adx-iser  and 
consultant,  and  when  it  is  remembered  how  largely 
electrical  engineering  is  judged  by  the  rehability  of  | 
the  hght  in  the  Uving  room,  it  can  be  appreciated  how 
much  we,  as  an  Institution,  are  concerned  in  the  status 
of  the  wiring  contractor. 

I  think  that  the  electricity  supply  industry  is  to  be 
congratulated  on  the  thorough-going  manner  in  which 
it  has  adopted  the  scheme  of  Whitley  Councils.  I  am 
sure  that  this  scheme  wiU  go  a  very  long  way  towards 
stabihzing  and  consohdating  the  labour  in  this  industrj-, 
where  stabihty  and  continuity  of  service  are  matters 
of  great  value.  I  know  from  experience  that  the 
works  committee  can  be  a  powerful  agent  for  good 
in  a  factory,  and  I  feel  sure  that  the  results  that  can 
be  obtained  by  the  open  discussion  of  difficulties  will 
be  none  the  less  marked  in  a  supply  undertaking. 
Certainly  the  managerial  representatives  on  a  works 
committee  such  as  that  in  the  factory  with  which  I 
am  associated  find  the  time  well  spent,  if  it  is  only 
in  their  o\vn  education.  I  would  urge  employers  of 
labour  to  trust  the  works  committee  more  and  more, 
remembering  that  responsibiUty  begets  a  sense  of 
responsibihty,  and  trust  engenders  loyalty. 

This  principle  might  with  advantage  be  extended  in 
other  directions  and  apphed  to  the  relations  between 
buyers  and  consulting  engineers  on  the  one  hand,  and 
manufacturers  and  contractors  on  the  other.  I  should 
say  that  the  surest  way  to  get  scamped  work  from  a 
contractor  or  manufacturer  would  be  to  let.  him  think 
that    you    expected    it.     Treat    him    honourably,    and 


expect  him  to  treat  j'ou  so,  and  the  dances  are  that 
you  will  not  be  disappointed.  In  other  words,  when 
you  are  treated  as  a  gentleman,  you  instinctively  try 
to  behave  hke  one. 

Our  War  IMemorials  have  another  function  to  which 
I  should  hke  to  allude  very  briefly.  They  serve  to 
emphasize  our  dependence  on  each  other,  and  the 
uncertainty  of  accompUshment  of  our  indi\'idual  plans. 
In  a  large  Institution  such  as  ours  there  are  ine\'itably 
many  members  whose  plans  will  be  upset  and  who 
\\^ll  fall  by  the  wayside.  We  are  all  aware  of  this,  but 
I  think  we  do  not  all  fully  appreciate  the  significance 
of  the  facts  in  relation  to  ourselves.  If  we  did  I  feel 
that  there  would  be  a  greater  response  to  the  appeal 
for  regular  annual  subscriptions  to  the  Institution 
Benevolent  Fund,  the  onh'  hmitation  to  which  at  present 
is  the  fact  that  its  power  for  good  is  at  present  hm'ted 
only  by  the  inadequacy  of  its  material  resources. 

In  conclusion  I  wish  to  direct  j'our  attention  to  an 
event  which  I  hope  will  be  a  source  of  great  pleasure 
to  us  all.  In  June  next  the  Institution  will  visit  the 
North-Westem  Centre  for  its  Summer  Meeting.  Friends 
from  all  over  the  country  will  be  coming  to  see  what 
we  have  to  show  them  of  electrical  and  scientific  interest, 
and  it  will  be  our  verj^  pleasant  duty  to  make  their 
visit  as  enjoyable  as  possible.  As  a  Centre  embracing 
Manchester,  Liverpool  and  North  Wales  we  have 
unrivalled  opportunities,  and  your  Committee  is  deter- 
mined to  make  the  occasion  a  memorable  one.  I  am 
sure  that  in  so  doing  we  shall  have  the  whole-hearted 
support  of  every  member  of  this  Centre. 
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By  A.  S.  Hampton,  Member. 

THE  ECONOMIC   ASPECT   OF   RAILWAY   ELECTRIFICATION. 

{Address  delivered  at  Glasgow,   \Uh  November,   1922.) 


Experience  gained  steadily  confirms  the  liigli  value 
of  the  results  obtained  from  the  electrification  of  suit- 
able railway  sections,  and  but  for  the  present  financial 
difficulties  there  would  be  considerable  activity  in  the 
extension  of  tliis  class  of  working. 

So  far  no  movement  with  regard  to  electrification 
has  taken  place  in  Scotland,  and  if  reference  is  made  to 
the  map  of  England  it  will  be]  noticed  that  at  every 
point  where  electrification  has  been  adopted  there  is 
density  of  population  and  a  consequent  density  of 
passenger  traffic. 

With  the  exception  of  Glasgow  and  the  Clj'de  Valley 
area  there  is  notliing  like  the  same  density  of  passenger 
traffic  in  any  part  of  Scotland  as  obtains  in  England, 
and  in  the  evidence  given  before  the  National  Wages 
Board  in  connection  with  the  case  for  a  reduction  in 
railwaymen's  wages  it  was  stated  that  for  every  mile 
of  railway'  in  England  77  777  pasengers  were  carried, 
as  against  33  675  for  every  mile  of  railway  in  Scotland, 
but  these  figures  only  in  a  measure  account  for  the  slow 
movement  in  the  direction  of  electrification  on  the  part 
of  Scottish  railway  management. 

There  was  the  difficulty  of  obtaining  reliable  figures 
as  to  the  value  of  the  results  following  electrification, 
the  absence  of  uniformity  of  equipment  necessary  for 
the  interchanging  of  locomotives  and  rolhng  stock, 
and  the  undeveloped  condition  of  the  electric  power 
industry. 

The  situation  to-day  is  entirely  different  and  the 
liigh  cost  of  railway  working  has  made  it  necessary 
to  seek  for  every  means  of  economy.  If  it  is  ultimately 
found  that  the  electrification  of  suitable  railway  sections 
offers  advantages  over  the  present  system  of  operating, 
taking  into  consideration  the  increased  capital  expendi- 
ture, electrification  will  no  doubt  be  adopted. 

The  Electrification  of  Railways  Advisory  Committee 
have  submitted  their  final  report  in  regard  to  regulations, 
so  that  future  electrification  in  this  country  may  be 
carried  out  to  the  best  advantage  in  regard  to  the 
interchange  of  electric  locomotives  and  roIUng  stock, 
uniformity  of  equipment  and/or  other  matters,  and, 
wliile  the  Committee  recommend  certain  conditions, 
they  do  not  put  any  difficulties  in  the  way  of  the  adop- 
tion in  future,  with  the  approval  of  the  Ministry  of 
Transport,  of  any  improvement  in  methods  or  appliances 
which  may  from  time  to  time  become  available  with 
increasing  knowledge  and  experience. 

The  Railways  Act  of  1921  is  another  factor  in  the 
direction  of  uniformity,  and  wlrile  there  may  be  differ- 
ences in  detail  of  equipment  between  groups,  it  is  obvious 
that  within   groups  there  will  be  absolute  imiformity 


in  order  to  obtain  the  greatest  economy  and  interchange 
of  locomotives,  rolhng  stock  and  other  apparatus. 

While  the  recommendations  of  the  Advisory  Com- 
mittee may  seem  easy  of  fulfilment,  it  must  be  pointed 
out  that  many  costly  alterations  will  require  to  be 
made  to  the  existing  running  line  before  electrification 
can  become  generally  adopted,  especially  in  regard  to 
overhead  equipment. 

It  will  also  be  found  that  many  bridges  and  tunnels 
have  not  the  necessary  clearance,  and  both  rail-level 
and  overhead  equipment  will  have  to  be  provided. 

The  problem  now  facing  railwa}'  management  is 
not  merely  based  on  the  average  number  of  passengers 
or  tons  per  train-mile  ;  it  is  more  in  the  direction  of 
finding  a  cheaper  and  quicker  means  of  transportation 
over  the  existing  fines,  giving  less  congestion  at  terminals 
and  yet  providing  for  the  future  growth  of  traffic. 

In  general,  railway  receipts  are  proportional  to 
ton-miles,  and  operating  expenses  to  train-miles,  and 
wliile  every  effort  has  been  made  to  increase  train  loads 
it  has  not  been  possible  to  dispense  wth  the  frequent 
train  service  demanded  by  traders  and  passengers, 
and  at  a  time  like  the  present,  when  loads  are  at  a 
minimum,  practically  the  same  number  of  trains  has 
to  be  run  as  if  loads  were  at  a  maximum — with  the 
consequent  difficulty  of  making  the  ton-miles  receipts 
meet  the  train-miles  expenses. 

Motor  vehicles,  run  over  main  pubhc  roads  maintained 
at  the  taxpayer's  expense  (and  the  railway  companies 
are  perhaps  the  largest  taxpayers  in  the  country),  are 
to-day  competing  with  rail  transportation  for  passenger 
and  goods  traffic,  and,  while  it  would  seem  that  railway 
transportation  should  be  cheaper,  it  is  undoubtedly 
the  delays  inseparable  to  slow-moving,  heavy  traffic 
that  have  materially  contributed  to  estabUsliing  the 
miotor  vehicle  industry,  which  offers,  as  its  one  chief 
asset,  quick  dehvery  to  the  point  where  the  goods 
are  required. 

If  the  present  system  of  traffic  working,  especially 
short-haul  traffic,  does  not  efficiently  serve  the  more 
congested  districts  tlu-ough  wliich  the  railways  pass, 
something  should  be  done  to  make  certain  that  the 
traffic  is  not  diverted  to  motor  vehicles,  as  it  is  by 
no  means  certain  that  the  revenue  raised  from  long- 
distance traffic  alone  would  pay  for  the  upkeep  of  the 
railways. 

It  has  to  be  admitted  that  the  experience  already 
gained  in  this  country  goes  to  show  that,  generally 
speaking,  the  existing  electrified  lines  have  justified 
their  existence  by  paying  their  way  and  creating  new 
traffic. 
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So  far  the  principal  field  for  electrification  has  been' 
short-haul  passenger  service,  and  the  greatest  advantage 
is  quicker  acceleration  and  deceleration.  In  the  case 
of  short-haul  suburban  traffic,  electrification  has  not 
only  brought  about  an  improved  all-day  business  but 
has  relieved  the  congestion  at  termini. 

Multiple-imit  trains  have  proved  themselves  to  have 
enormous  advantages  over  steam  trains  for  this  class 
of  service,  inasmuch  as  the  system  gives  greater  flexi- 
bility, and  train  loads  can  be  varied  according  to  the 
amount  of  traffic.  The  space  of  platform  occupied  is 
very  much  reduced,  and  short  trains  at  frequent  intervals 
can  be  run,  as  against  long  trains  at  less  frequent 
intervals.  Multiple-unit  trains  for  suburban  traffic 
also  lead  to  niany  economies  when  compared  with 
the  corresponding  steam  trains,  inasmuch  as  there  is 
more  mileage  per  day  from  guards  and  motormen, 
giving  greater  efficiency  and  less  cost  per  train-mile. 
Power  is  used  only  when  actually  wanted,  and  there  is 
an  entire  absence  of  smoke  and  cinders.  In  addition, 
there  is  less  shunting  and  a  consequent  saving  in  staff, 
and,  as  reduced  shunting  means  fewer  movements  of 
points  and  crossings,  the  life  of  these  expensive  items 
is  lengthened  and  maintenance  cheapened. 

Station  premises  have  been  re-designed  and  put  to 
a  more  valuable  use,   and  the  adjoining  property  has    j 
increased  in  value  ;   also,  it  is  recognized  that  residential 
districts  improve  in   popularity  when   given   a  service 
of  electric  trains. 

During  the  past  few  j'ears  great  progress  has  been 
made  in  the  design  of  electric  locomotives,  and  the 
substitution  of  electric  for  steam  locomotives,  notably 
on  the  North-Eastern  Railway,  is  an  indication  that 
the  advantages  and  economies  are  known  and  appreci- 
ated. 

The  fundamental  difference  between  an  electric 
locomotive  and  a  steam  locomotive  hes  in  the  fact 
that  while  the  latter  generates  its  own  power  the  former 
only  acts  as  a  transformer  of  the  power  generated  at 
a  power  station  into  haulage  power  on  the  track. 

Sir  Vincent  Raven,  K.B.E.,  the  Chief  Mechanical 
Engineer  of  the  North-Eastern  Railway,  in  a  recent 
paper  *  gave  the  mechanical  disadvantages  of  the 
steam  locomotive  as  follows  : — 

"  The  locomotive  being  a  complete  independent  unit, 
its  power  cannot  be  greater  than  the  capacity  of  the 
boiler. 

"  To  increase  the  boiler  capacity  obviously  impUes 
increased  dimensions  and  weight,  both  of  which  offer 
great  difficulties  in  regard  to  clearances  and  strengthening 
of  bridge  structures. 

"  On  many  British  railways  the  limit  of  weight 
has  been  reached  and  further  development  of  power 
is  only  possible  at  enormous  expense. 

"  The  boiler,  cylinders,  valve  gear,  crank-shafts  and 
all  reciprocating  parts  are  costly  to  maintain.  Turn- 
tables, fuelling  plant  and  water-supply  apphances  must 
be  provided. 

"  The  cab  is  small  and  open  to  the  weather,  involving 
discomfort  to  the  locomotive  crew. 

"  The  locomotive  radiates  heat  and  uses  coal  all  the 

*  Transactions  of  the  North-East  Coast  Institution  of  Engineers 
and  Shipbuilders,   1921-22,  vol.  38,  p.   173. 


time  steam  is  up,  that  is,  during  many  hours  when  it 
is  doing  no  work   and  either  standing-by  or  coasting. 

"  The  wear  and  tear  of  the  locomotive  on  the  track 
is  considerably  increased  by  the  impossibihty  of  accur- 
ately balancing  the  reciprocating  parts." 

Sir  Vincent  Raven  said  that  the  electric  locomotive 
is  not  hampered  by  any  of  the  above-mentioned  objec- 
tions and  that  it  possesses  other  important  quahfica- 
tions,  such  as  : — 

The     simplicity     of     mechanical     construction     and 

operation. 
The  increased  power  of  acceleration. 
A   high   scheduled   speed,   due   to  the   possibility   of 

heavy,    short-period    overloads,    resulting   in    more 

frequent  service  and  the  increased  use  of  existing 

tracks. 
A  uniform  turning  effort,  resulting  in  a  better  factor 

of  adhesion  at  starting  and  on  gradients. 
The    absence    of    all    reciprocating    movement,    and 

accurate  balancing  of  all  rotating  parts. 
Facihties  for  driving  from  both  ends  of  a  locomotive. 
The  accessibihty  of  mechanical  and  electrical  parts. 
Better    accommodation    for    locomotive    crews,     by 

reason  of  the  increased  available  cab  area  and  by 

the  closing-in  and  heating  of  the  cab. 
The  possibihty  of  couphng  two  or  more  locomotives 

together  under  the  control  of  a  single  driver. 

It  is  evident  that  the  working  of  a  steam  engine  depends 
to  a  large  extent  on  the  skill  of  the  crew  in  attending 
to  the  fire  and  the  water-level,  and  in  looking  after  a 
number  of  mechanical  parts  and  generally  "  nursing  " 
the  engine  so  as  to  get  the  best  out  of  it. 

The  process  of  preparing  a  steam  engine  for  a  day's 
work  involves  considerable  time  and  labour,  and  after 
the  day's  work  is  finished  there  is  another  process 
of  cleaning  up  and  inspecting  which  also  takes  much 
time  and  labour. 

The  electric  locomotive  is  always  available  for  service, 
as  it  is  only  necessary  to  keep  the  motor  clean,  lubricated 
and  provided  with  brushes  in  order  that  it  may  be 
always  ready  for  immediate  use  by  simply  connecting 
it  to  the  power  line.  The  driver  has  only  to  step  on 
board,  close  certain  switches  and  move  the  controller 
j  handle,  and  when  the  day's  work  is  over  notliing  has 
I  to  be  done  except  ordinary  examination,  oihng  and 
cleaning  for  the  next  trip. 

The  electric  locomotive  can  remain  in  continuous 
service  if  the  traffic  can  be  so  arranged  for  at  least 
20  hours  in  every  24,  that  the  lubrication  and  the 
small  amount  of  cleaning  necessary  for  the  electrical 
equipment  can  be  given  by  the  crew  at  wayside  stops 
during  running  and  between  trips.  The  driver  will, 
of  course,  be  fully  occupied  during  running  in  watching 
signals  and  controlhng  the  speed,  but  as  the  second 
man  is  not  required  directly  in  operating  he  will  have 
plenty  of  opportunity  to  attend  to  the  cleaning  and 
inspection  of  all  parts,  where  tliis  can  be  done  without 
interfering  with  the  running  and  without  risk  to 
liimself. 

The  shed  work  is  reduced  to  the  cleaning  and  inspection 
of  brake  blocks  and  the  less  accessible  parts  between 
the  frame.    These  differences  in  preparation  for  service 
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and  operation  make  it  evident  that  the  electric  loco- 
motive can  remain  longer  in  actual  service  and  do  more 
train-miles  than  the  steam  locomotive. 

These  are  only  a  few  of  the  advantages  of  electric 
locomotives  over  steam  locomotives  and,  wliile  they 
may  seem  to  be  all-important,  it  remains  a  fact  that 
there  are  only  very  few  of  them  working  in  this  country. 

The  handicap  of  electric  traction  is  that  it  must  be 
instituted  on  a  large  scale.  It  is  not  possible  to  change 
one  train  only  as  in  the  case  of  a  sliipping  company, 
which  might  put  one  vessel  of  a  new  type  into  com- 
mission at  a  time  without  interfering  in  any  way  with 
any  other  ship.  To  form  a  fair  guide,  any  experiment 
has  to  be  tried  on  a  scale  which  involves  heavy  capital 
expenditure,  which  in  these  days  is  difficult  to  arrange 
for  satisfactorily,  while  the  risk  of  a  comparative  failure 
has  to  be  carefully  avoided.  The  term  "  failure  " 
does  not  imply  mechanical  or  electrical  breakdown  or 
even  financial  ruin,  but  it  is  obvious  that  if  to  the 
present  capital  an  additional  capital  equal  to  the  cost 
of  electrification  has  to  be  added,  the  improvement 
in  operation  must  be  equal  to  furnish  a  return  covering 
the  whole. 

The  smallest  experiment  in  the  direction  of  electrifi- 
cation would  involve  a  tremendous  addition  to  the  capital 
expenditure,  with  the  consequent  difficulties  of  earning 
the  additional  interest  charges  thereby  involved. 

It  has  been  pointed  out  that  all  the  first  costs  of 
electrification  need  not  necessarily  be  charged  to  capital, 
e.g.  the  cost  of  electric  locomotives  or  rolhng  stock 
can  properly  be  charged  to  revenue  under  the  ordinary 
process  of  renewals,  as  obsolete  steam  plant  requires 
replacement  and  in  many  areas  it  would  not  be  necessary 
to  incur  the  cost  of  power  stations,  as  under  the  Elec- 
tricity (Supply)  Act,  1919,  energy  can  be  purchased 
in  bulk  from  the  public  supply  companies  at  probably 
a  lower  cost  than  energy  could  be  generated  by  the 
railway  company. 

Electricity  would,  of  course,  only  be  purchased  in 
cases  where  the  supply  was  adequate  in  quantity  and 
regularity  to  meet  the  demand,  and  there  is  every 
reason  to  expect  that  the  concentration  of  supply  for 
railways  and  other  purposes  will  bring  about  lower  rates. 

It  has  been  said  that  the  greater  utihzation  of  the 
available  water  power  in  Scotland  would  bring  cheap 
energy  to  the  assistance  of  the  Scottish  railways,  but 
it  has  to  be  remembered  that  there  is  a  limit  to  the 
length  of  the  transmission  line,  i.e.  a  point  at  wliich 
the  advantage  of  the  hydro-electric  power  station  is 
wiped  out,  and  it  is  very  doubtful  whether  hydro- 
electric power  stations  will  ever  be  able  to  compete 
with  turbo-generating  stations  in  industrial  areas. 

It  cannot  be  said  that  the  Advisory  Committee  in 
standardizing  a  pressure  of  1  500  volts  d.c.  added  to  the 
cost  of  electrification,  and  up  to  the  present  no  other 
system  has  been  put  fonvard  giving  more  economical 
results  in  working  or  showing  less  capital  expenditure 
for  equipment  and  rolling  stock.  The  importance 
of  having  a  standard  system  will  undoubtedly  lead 
to  more  definite  progress  and,  as  a  result,  cheaper 
equipment.  As  the  result  of  standardization  the 
manufacturing  companies  have  made  great  preparations 
to  cope  with  the   railway  demand.     They  are  at  the 


present  time  spending  considerable  sums  on  research 
work  and  so  far  they  can  claim  to  have  carried  out 
all  the  electrification  of  British  railways. 

During  the  past  year  many  papers  were  read  before 
this  Institution  descriptive  of  new  or  improved  methods 
of  deahng  with  the  problem,  and  it  is  known  to  those 
interested  in  the  subject  that  progress  is  being  made 
along  Hues  which  will  eventually  reduce  the  cost  of 
installation. 

The  practice  of  British  railways  has  been  to  build  and 
maintain,  with  considerable  credit,  their  own  steam 
locomotives  and  rolhng  stock,  and  whether  tliis  practice 
of  building  will  be  continued  under  electrification  is 
a  question  for  the  future. 

Shops  for  maintenance,  repair  and  renewal  will 
always  be  necessary,  and  the  valuable  experience 
gained  in  this  direction  would  seem  to  indicate  that 
there  \vill  be  httle  if  any  change  in  the  practice.  It 
will,  of  course,  be  necessary  to  purchase  electrical 
equipment  for  some  time,  but  there  is  no  reason  why 
the  mechanical  part  should  not  be  built  by  the  railway 
company,  who  know  exactly  what  is  required  for  their 
particular  line. 

Sir  Vincent  Raven,  in  liis  paper  already  referred 
to,  deals  with  tliis  aspect  of  the  subject  and  he  has 
built  the  mechanical  parts  of  all  the  electric  locomotives 
in  use  on  the  North-Eastem  Railway,  the  electrical 
equipment  being  purchased  from  manufacturers  of 
electncal  plant. 

Mr.  Roger  T.  Smith,  Chief  Electrical  Engineer  of 
the  Great  Western  Railway,  read  a  paper  before  the 
Institute  of  Transport  on  JMay  8,  1922,  in  which  he 
said  that  it  seems  worth  wliile  on  the  eve  of  a  demand 
for  electric  locomotives  for  the  railway  companies  to 
consider  whether  an  organization  and  workshops  design 
for  efficient  and  successful  maintenance  is  the  best 
for  constructing  electric  locomotives  requiring  electrical 
and  mechanical  research  of  the  highest  order,  and  the 
employment  of  every  advance  in  electrical  and  engineer- 
ing knowledge,  not  only  in  locomotive  building  but 
in  several  branches  of  electrical  engineering.  He 
went  on  to  say  that  it  also  seems  worth  wliile  to  con- 
sider whether  it  would  not  pay  the  railways  of  this 
country  at  least  to  give  a  fair  trial  to  the  policy  of 
helping  to  build  up  the  manufacture  of  the  electric 
locomotive  by  commercial  firms  who,  with  an  impor- 
tant home  market  as  well  as  a  foreign  market,  would 
have  an  opportunity  of  creating  a  world  trade. 

Very  little  has  been  said  in  regard  to  the  cost  of 
electrical  equipment  for  ordinary'  railway  lines  used 
for  both  goods  and  passenger  traffic,  and  in  his  paper 
already  referred  to  INIr.  Roger  T.  Smith  gives  the  cost 
per  single  mile  of  track  at  £4  000,  i.e.  £2  000  for  line 
equipment  and  £2  000  for  substations  spaced  10  miles 
apart.  This  sum  does  not  include  anything  for  trans- 
mission, wliich  might,  in  the  case  of  some  districts 
of  Scotland,  cost  a  great  deal. 

It  cannot  be  said  that  all  the  pioneer  work  has  been 
done  ;  but  what  has  been  done  has  proved  to  be  wonder- 
fully successful.  The  element  of  uncertainty  has  been 
entirely  eliminated  :»nd  I  am  of  opinion  that  electrifica- 
tion will  go  forward  as  rapidly  as  economic  conditions 
justify  the  expenditure. 
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By  H.  West,   Associate  Member. 

(Address  delivered  at  Sheffield,  loth  November,   1922.) 


I  have  decided  to  take  for  my  address  a  subject 
■wdth  which  I  have  been  closely  associated  for  the  past 
26  years,  that  is,  "  The  Use  of  Electricity  in  the  Iron 
and  Steel  and  Allied  Industries."  In  revieTOng  this 
subject  it  is  not  my  intention  to  go  \'eTy  closely  into 
details,  but  to  confine  myself  to  a  general  outline  only, 
of  what  has  been  accomplished,  followed  by  a  brief 
statement  regarding  the  important  question  of  supply, 
and,  finally,  comments  on  some  defects  associated  with 
present-day  apparatus. 

It  is  generally  admitted  that  the  iron  and  steel 
industries  have  for  ages  occupied  a  position  of  vast 
importance  in  the  world,  nor  can  the  statement  be 
gainsaid  that  the  economdcal  production  of  these  metals 
is  a  matter  of  national  importance.  Iron  and  steel 
have  played  a  greater  part  in  the  upbuilding  of  the 
material  side  of  our  civilization  than  any  other  metals. 
They  represent  an  enormous  investment  of  capital  and 
are  produced  upon  a  scale  not  attained  by  any  other 
industr}',  and  it  is  undoubtedly  true  to  state  that  the 
enormous  progress  which  has  been  made  in  the  develop- 
ment of  the  industry  during  recent  years  is  in  a  great 
measure  due  to  the  economies  effected  by  improved 
facihties  for  driving  plant,  handling  materials,  and 
conducting  certain  electro-thermal  and  electro-chemical 
processes  which  naturally  followed  the  introduction  of 
electricit)\ 

The  services  rendered  during  the  recent  war  estab- 
lished beyond  doubt  the  great  superiority  of  electricity 
as  a  means  of  transmission  and  utihzarion  of  power 
over  all  other  methods  ;  in  fact  it  is  now  universally 
conceded  that  it  stands  first  and  that  there  is  no  good 
second. 

Those  who  have  visited  a  modern  iron  and  steel 
works  of  large  size  will  agree  that  there  is  no  industry 
in  wliich  there  exists  a  greater  variety  or  number  of 
difficult  problems  to  be  solved  than  in  the  application 
of  electricity  to  the  requirements  of  such  works,  and  that 
this  application  has  made  gigantic  strides  during  the 
short  period  which  has  elapsed  since  its  introduction. 

It  is  probably  true  to  say  that  more  electrical  power 
per  head  of  working  force  is  used  in  the  steel  industry 
than  in  any  other  industry  ;  in  fact  it  has  become  so 
much  a  part  of  the  everyday  life  of  the  plant  that 
few  realize  how  dependent  we  are  upon  it.  From  the 
office  to  the  despatch  bay  in  the  works  it  plays  an 
important  part,  whether  it  be  used  for  addressing 
envelopes,  ringing  bells,  or  driving  the  heaviest 
machinery  ;  in  fact,  directly  or  indirectly,  every  opera- 
tion is  dependent  upon  its  aid. 

Some  idea  may  be  formed  as  to  the  magnitude  of 
the  equipment  required  to  meet  the  needs  of  a  concern 
engaged  in  the  production  of  iron  and  steel  and  the 


associated  businesses  of  shipbuilding  and  railway  roIUng- 
stock  manufacture,  when  it  is  considered  that  for  this 
purpose  a  total  of  something  like  2  800  motors  are 
required,  having  an  aggregate  brake  horse-power  of 
about  90  000,  and  ranging  in  size  from  a  fraction  of 
1  h.p.  to  a  little  under  20  000  h.p.,  with  generating 
and/or  substation  plant  sufScient  in  capacity  to  meet 
the  demands  created  by  these  motors,  together  with 
that  due  to  other  uses  of  electricity. 

During  the  later  years  of  the  war  a  number  of  the 
best-known  concerns  in  this  district  were  collectively 
using  something  like  220  000  000  units  of  electricity 
per  annum.  The  requirements  of  tliis  same  group  were 
met  immediately  before  the  war  by  something  under 
80  000  000  units  in  the  same  period.  Nevertheless,  a 
little  over  30  years  ago  an  electric  motor  was  a  rarity 
in  a  steel  plant  in  this  country,  although  some  progress 
had  been  made  abroad  in  this  direction.  Prior  to  that 
time,  electrical  engineers  at  home  had  devoted  so 
much  attention  to  the  then  important  questions  of 
central  electric  light  and  traction  stations  that  they 
had  Httle  time  to  consider  the  industrial  use  of  elec- 
tricity which  was  destined  to  play  such  an  important 
part  in  the  years  wliich  followed.  True,  a  few  far- 
sighted  men  were  using  this  drive  for  certain  specific 
purposes,  but  these  applications  formed  conspicuous 
exceptions.  In  general,  those  connected  -with  the 
industry  were  sceptical  regarding  the  suitability  of  an 
electric  motor  to  meet  the  exacting  demands  of  steel- 
works practice.  The  drives  then  in  use  were  at  least 
satisfactory  and  represented  what  engineers  had  found 
to  be  the  best  after  many  years  of  experience.  If  the 
plant  was  making  money,  what  need  to  change  ?  If 
not,  the  cost  of  installing  motors  was  prohibitive. 

Some  of  these  early  applications  related  to  machines 
which  required  to  be  diffused  rather  than  concentrated, 
e.g.  punching,  shearing,  and  bending  and  straightening 
machines,  cold  saws,  etc.  It  had  been  the  general 
practice  to  place  a  separate  non-condensing  engine  to 
operate  each  of  such  machines  and  distribute  the  power 
thereto  by  an  extensive  system  of  steam  pipes  from 
centrally  placed  boilers,  or  from  a  multiplication  of 
boilers  distributed  in  small  groups,  each  group  requiring 
separate  labour  for  firing  and  for  coal-  and  ash-handUng. 
Not  only  was  the  production  and  delivery  of  the  steam 
to  the  various  points  wasteful,  but  there  was  also  a 
tremendous  loss  in  its  use,  as  a  consequence  of  the 
continuous  running  of  most  of  the  engines,  although 
they  were  doing  useful  work  for  only  a  small  portion  of 
the  time. 

The  advent  of  electricity  rendered  possible  a  great 
advance,  as  a  more  economical  type  of  engine  centrally 
placed   could   be   employed   to   drive   a   dynamo,   with 
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cables   instead    of   steam    pipes,    and    motors    directly 
applied  to  the  machines. 

Following  the  class  of  machinery  already  mentioned, 
steps  were  taken  to  drive  machine  tools,  live  rollers, 
screw-down  and  skid  gears,  and  cranes  of  various  types. 
In  every  instance  the  displacement  of  uneconomical 
engines  and  long  lengths  of  steam  pipes  or  shafting 
led  to  further  economies  in  the  cost  of  labour,  fuel 
and  upkeep,  and  a  much  more  flexible  and  efficient 
form  of  drive  was  secured,  with  the  advantage  that 
the  driven  machines  could  be  more  conveniently 
placed  in  relation  to  each  other  and  the  work  in 
hand. 

In  the  face  of  many  failures  of  these  early  machines, 
the  motor  attained  a  responsible  position,  and  the  new 
system  became  so  unanimously  recognized  as  being 
sound  that  the  progress  of  conversion  of  existing  plants 
and  the  apphcation  of  motors  to  new  drives  where 
possible  went  fonvard  with  great  speed,  until  to-day 
the  electric  drive  is  the  only  one  considered  for  all 
purposes  to  which  it  can  be  applied. 

With  the  ever-widening  duties  of  the  motor  came 
attempts  to  apply  it  to  the  heavy  main  drives  of  the 
rolling  mills  themselves,  and  in  entering  tliis  field,  so 
long  held  exclusively  by  the  steam  engine,  it  met  \vith 
the  greatest  opposition  on  reversing  mills,  the  major 
causes  of  which  were  probably  prejudice  and  initial 
cost.  The  progress  made  in  this  direction,  however, 
can  also  be  recorded  as  remarkable.  During  late  years 
it  is  represented  by  a  verv  steeply  rising  curve,  and 
there  now  remains  very  little  argument  in  favour  of  the 
steam  engine  for  such  drives.  In  connection  with  tliis 
curve,  it  may  be  of  interest  to  mention  that  the  first 
electrically-driven  mill  was  set  to  work  in  Sweden 
about  the  year  1890,  and  the  first  large  equipment  in 
this  country  was  installed  in  1904. 

To-day,  according  to  a  recent  table,*  there  are  now 
over  600  electrically-driven  mills  in  operation,  the 
driving  equipment  for  which  was  supplied  by  British 
manufacturers,  and  the  great  bulk  of  wliich  are  installed 
in  steel  works  in  this  country.  The  list  constitutes  a 
marvellous  record  of  development,  and  comprises  mills 
capable  of  turning  out  all  classes  and  forms  of  rolled 
materials,  inclusive  of  tubes,  t}Tes,  sheets,  rails,  girders, 
etc.  Considerable  impetus  to  the  advancement  of  this 
class  of  drive  was  created  by  the  development  of 
adequate  and  reliable  gearing.  This  rendered  the  low- 
speed  motor,  to  a  large  extent,  unnecessary-,  thereby 
reducing  the  cost  of  many  installations. 

There  are  naturally  a  number  of  varieties  and  types 
of  these  applications,  depending  upon  the  drive  in 
question.  If  the  drive  is  a  continuous  one,  i.e.  if  the 
mill  is  so  arranged  that  the  motor  runs  continuously 
in  one  direction  at  a  constant  speed,  the  apphcation  is 
comparatively  simple,  as  the  wound  rotor,  three-phase 
induction  motor  serves  the  purpose  admirably. 

If  the  drive  in  question  is  one  demanding  reversal, 
with  or  without  speed  regulation  in  either  direction, 
the  application  of  the  motor  becomes  more  complicated, 
due  mainly  to  the  size  of  macliine  required,  coupled 
with  the  rapid  reversals  necessary.  In  tliis  case  one 
has  recourse  to  the  Ilgner  system  which  has  previously 
*  FAcclrician,  1921,  vol.  87,  p.  647. 
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met  with  great  success  in  its  application  to  large  mine 
hoists. 

Other  methods  have  been  developed  for  meeting 
special  requirements,  but  I  do  not  propose  to  dwell 
further  upon  tliis  subject. 

There  still  remain  a  very  large  number  of  engine- 
driven  mills,  and  it  would  seem  that  the  greatest  field 
for  additional  motor-drives  in  the  next  few  j^ears  hes 
in  replacing  many  of  these  engines,  as  doubtless  such  a 
step  would  lead  in  many  cases  to  economy  and  increased 
output. 

One  of  the  fundamental  considerations  controlling 
the  rapidity  of  production  of  steel  is  the  handling  of 
materials  at  all  stages  during  the  process  of  manufacture, 
and  in  this  connection  overhead  and  other  numerous 
special  types  of  cranes  have  contributed  in  a  ver)'  large 
degree  to  the  present-day  highly  developed  state  of 
the  plant,  but  again  such  progress  was  only  rendered 
possible  by  the  adaptabihty  and  ease  of  control  of  the 
electric  motor  for  this  purpose.  Adherence  to  the 
earher  methods  employed  for  the  transmission  of  power 
to  cranes  would  have  rendered  unattainable  the  varied 
movements  and  operation  which  are  to-day  possible. 

One  great  extension  in  the  use  of  cranes  is  due  to 
the  increasing  emploj-ment  of  electromagnets  for 
rapidly  and  cheaply  handhng  materials  at  various 
stages  between  the  stock  yards  and  the  shipping  depart- 
ment. Very  great  economies  in  this  item  of  labour 
alone  have  been  effected  by  such  means. 

Apart  from  apphcations  involving  power  supply  for 
mechanical  operations,  electricity  has,  of  course,  been 
employed  for  a  great  number  of  years  as  the  principal 
fighting  agent,  and  it  has  found  new  fields  for  itself 
in  connection  with  the  reduction  of  ore,  the  melting 
and  refining  of  steel,  the  electro-deposition  of  pure  iron, 
and  the  electrostatic  precipitation  of  suspended  particles 
in  blast-furnace  gases  intended  for  use  in  gas  engines. 
It  has  also  been  successfully  employed  as  a  means  of 
producing  liigh  temperatures  for  re-heating  purposes, 
and  again,  through  the  medium  of  the  pjTometer,  for 
indicating  and  recording  temperatures  in  connection 
with  all  parts  of  the  plant. 

As  a  means  of  jointing  metals,  in  repairing  cracks 
or  breaks,  salvaging  defective  castings,  and  for  metal- 
cutting  purposes,  all  included  under  the  general  heading 
of  "  Electric  Welding,"  electricity  has  proved  of  great 
service.  Prior  to  the  war,  little  had  been  done  in  tliis 
respect,  but  great  strides  were  made  when  the  confidence 
of  the  engineering  world  was  estabhshed  due  to  the 
successful  welding  carried  out  on  the  damaged  parts 
of  the  interned  German  ships  at  New  York  in  the  spring 
of  1917. 

In  a  lesser  degree  it  has  been  of  service  to  the  metal- 
lurgical chemist,  who  has  appLcd  the  electrolytic  method 
to  the  separation  and  determination  of  several  of  the 
metallic  constituents  of  steel.  Up  to  the  present — 
setting  aside  the  question  of  lighting — the  production 
of  electric  steelis  the  most  important  of  these  special 
applications. 

The  use  of  the  electric  furnace  was  somewhat 
limited  before  1914.  It  was,  however,  making  headway, 
although  then  regarded  as  being  in  its  experimental  stage. 
After  the  outbreak  of    war,  the  demand  for   a  greatly 
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increased  output  of  special  alloy  steels,  coupled  with 
the  necessity  for  providing  a  means  of  dealing  with 
the  enormous  accumulations  of  turnings  produced  in  the 
manufacture  of  munitions  of  war,  resulted  in  the  number 
of  furnaces  being  rapidly  increased,  until  at  the  cessation 
of  hostilities  there  were  upwards  of  140  in  service  or  in 
course  of  erection .  About  1 20  of  these  were  for  purposes 
of  steel  manufacture  and  had  a  total  charging  and 
kVA  capacity  of  384  tons  and  98  769  kVA,  respectively, 
and  a  total  nominal  output  of  about  31  000  tons  per 
month,  based  upon  five  days  per  week  and  four  weeks 
per  month.  These  figures  are  quoted  from  a  paper 
by  Mr.  R.  G.  iVIercer,*  to  which  I  would  refer  members 
for  very  valuable  information  on  this  subject. 

Unfortunately,  I  cannot  enlarge  here  upon  the 
processes  of  electro-deposition  of  pure  iron  or  electro- 
smelting  of  iron  ore.  I  shall,  therefore,  confine  myself 
to  the  statement  that  both  processes  have  been  success- 
fully employed  on  a  commercial  scale  and  offer  great 
possibilities  for  the  future,  given  an  abundant  and 
cheap  supply  of  po^^•er. 

A  question  which  has  recently  caused  a  great  deal 
of  controversy  in  steel  works  circles  is  that  relating  to 
the  respective  merits  of  alternating-current  and  direct- 
current  plant  for  the  purposes  of  any  particular  service. 
Each  system  possesses  peculiar  merits  of  its  own,  and 
as  the  iron  and  steel  works  of  to-day  either  generate  or 
receive  at  least  a  portion  of  their  energy  from  public 
supply  mains  on  a  liigh-tension  multiphase  system, 
there  is  an  increasing  tendency  to  utihze,  wherever 
possible,  a.c.  apparatus  in  place  of  the  d.c.  type  wliich 
so  long  held  the  field,  owing  to  the  saving  which  can 
be  effected  in  copper,  transformers  and  converting  plant. 

With  regard  to  motors,  the  principal  factor  deciding 
the  type  is  that  of  speed  control,  but  it  may  be  generally 
stated  that  macliines  of  either  class  will  give  equal 
satisfaction  on  certain  drives  if  at  the  time  of  selection 
all  phases  of  the  problem  receive  full  and  proper  con- 
sideration. Tliis  statement  is  based  upon  my  experience 
in  connection  with  an  a.c.  plant  laid  down  16  j'ears 
ago  for  all  purposes  in  one  of  the  works  over  which 
I  have  control.  The  drives  included  cranes  and  mill 
auxiliaries,  comprising  "  screwdowns,"  skids  and  live 
rollers,  and,  though  much  trouble  was  experienced  due 
to  certain  motor  defects  to  \\liich  I  shall  refer  later, 
I  am  confident  that  the  duties  were  as  satisfactorily 
performed  by  tliis  class  of  machine  as  would  have  been 
the  case  had  any  of  the  available  d.c.  machines  been 
used  in  their  place. 

No  matter  in  what  branch  of  electrical  work  a  man 
may  be  engaged,  he  is  always  interested  in  electric 
power  generation.  From  the  foregoing  general  outline 
of  what  one  may  term  the  consuming  devices  in  his 
charge,  it  will  be  readily  conceded  that  the  problem  of 
supply,  whether  it  be  derived  from  outside  sources, 
or  generated  witliin  the  works,  is  of  profound  impor- 
tance and  interest  to  the  steel  works  electrical  engineer. 

The  question  of  supply  is  to-day  a  much  more  vital 
one  than  when  lighting  constituted  the  main  bulk  of  the 
load,  and  the  three  main  considerations,  all  of  equal 
importance,  are  continuity  of  service,  safety  of  plant 
and  workers,  and  low  cost  per  unit. 

*  Journal  I.E.E  ,  1919,  supplement  to  vol.  57,  p.  254. 


Considering  the  capital  involved  and  the  nature  of 
the  work  in  hand,  an  interruption  of  the  supply,  even  for 
a  few  moments,  is  a  very  serious  matter,  and  ever^• 
precaution  should  be  taken  to  avoid  it,  as  not  only 
does  it  lead  to  loss  of  output,  but  the  Hves  of  many  of 
the  employees  are  placed  in  jeopardy,  partly  due  to 
the  extinguisliing  of  the  lights,  should  the  failure  occur 
during  the  night,  but  mainly  due  to  their  position  in 
relation  to  molten  or  hot  metal.  In  many  cases  great 
monetary'  loss  is  occasioned  by  the  cessation  of  supply 
during  casting  operations,  rolling,  forging  or  otherwise 
deahng  with  molten  or  hot  metal.  Damage  also 
frequently  occurs  to  electrical  and  other  machinery  due 
to  the  inability  to  remove  it  from  hot  places  or  out 
of  contact  with  heated  materials.  Danger  also  arises 
due  to  the  impossibihty  of  operating  pumps  for  the 
purpose  of  the  works  water  supply  or  the  important 
duty  of  boiler  feeding. 

For  many  years  all  the  electric  power  was  produced 
witliin  the  works  by  privately  owned  plants  wliich, 
from  very  small  beginnings,  had  been  extended  from  time 
to  time  to  keep  in  step  with  the  ever -increasing  demands 
made  upon  them,  until,  in  many  cases,  such  plants 
were  of  relatively  large  capacity  compared  with  the 
then  existing  central  generating  stations.  There  was 
then  no  question  as  to  the  advisabihty  of  generating 
their  own  power,  as  tliis  was  the  only  way  in  wliich 
it  could  be  obtained. 

These  earlier  installations  were,  in  the  main,  of  the 
d.c.  type,  the  supply  pressure  being  usually  220  volts, 
determined  by  the  initial  class  of  motor  available, 
and  partly  also  by  considerations  of  safety.  The 
handicap  of  this  low  voltage  was  keenly  felt,  as  the  load 
and  areas  to  be  covered  increased,  due  to  the  continued 
extensions  of  the  plant.  This  difficulty  was  overcome 
in  some  instances  by  the  simple  plan  of  modifying  the 
arrangement  to  that  of  the  three-wire  system,  balancing 
all  existing  motors  and  lights  on  either  side  of  the  neutral 
and  connecting  any  additional  motors  across  the  outers. 
In  other  instances,  plant  laid  down  for  extension  was 
of  the  a.c.  type,  giving  a  supply  at  medium  or  high 
pressure  which  could  be  applied  direct  to  many  motors 
without  the  intervention  of  either  transforming  or 
converting  apparatus. 

Since  many  of  these  stations  had  been  kept  up  to 
date  by  replacing  obsolete  equipment  as  more  efficient 
and  larger  units  became  available,  and  especially  in 
those  cases  where  waste  heat  was  utilized  for  generating 
purposes,  the  cost  of  electricity  was  exceedingly  low. 
^Moreover,  as  the  questions  of  simplicity  and  reliability 
were  constantly  uppermost  in  the  minds  of  those 
responsible  for  the  lay-out  and  operation,  it  naturally 
followed  that  the  three  important  requirements  already 
quoted  were  usually  met  in  a  most  satisfactory 
manner. 

The  feeling  of  security  associated  with  tliis  state  of 
affairs  was,  for  a  time,  a  deterrent  to  the  adoption  of 
a  supply  for  part  or  the  whole  of  the  requirements, 
derived  from  a  company-owned  or  municipally-owned 
station.  Later,  however,  this  class  of  service  was 
accepted  in  many  instances  in  preference  to  e.xtending 
or  renewing  the  private  plant,  especially  where  waste 
heat   was   not    available   in   sufficient    quantitj',    or   in 
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congested  areas  when  the  question  of  space,  or  of  water 
for  condensing  purposes,  presented  difficulties. 

It  is  seldom  that  a  failure  of  supply  can  be  attributed 
to  a  total  shut-down  of  station  plant.  ^lore  often  than 
not  it  is  due  simply  to  the  opening  of  a  feeder  switch. 
When  tliis  occurs  in  the  case  of  the  privately  owned 
plant  situated  witliin  the  works,  it  is  a  matter  of  only 
a  few  moments  to  restore  the  supply.  In  the  worst 
case,  assuming  that  the  whole  of  the  generating  units 
are  disconnected  from  the  busbars,  the  engines  will 
continue  to  run  with  the  machines  excited,  thus  enabling 
one  of  their  number  to  be  immediately  put  into  service 
to  supply  those  departments  where  risks  of  loss  of 
molten  or  hot  metal  are  existent. 

The  matter  is  not  so  simple  in  the  case  of  a  large 
consumer  dependent  upon  an  outside  supply,  as  due  to 
the  nature  and  pressure  of  the  supply  considerable 
extra  apparatus  is  required  to  deal  \\-ith  it  before  it 
can  be  passed  on  to  the  works,  and,  unlike  the  illustration 
given  for  a  private  station,  much  additional,  valuable 
time  is  lost  for  the  purpose  of  starting  and  synchronizing 
converting  machinery  and  operating  the  extra" switch- 
gear  involved. 

Interruptions  of  longer  duration  due  to  causes  of 
a  more  complex  nature  almost  invariably  lead  to  a 
greater  loss  in  the  case  of  an  outside  supply  than  with 
private  plant,  as  in  such  instances  one  is  usually  ignorant 
as  to  when  work  may  be  resumed.  This  leads  to  great 
uncertainty  concerning  the  best  course  to  adopt  in 
order  to  reduce  the  consequential  loss  and  danger  to 
a  minimum. 

Although  the  cost  of  electricity  does  not  represent 
a  very  large  proportion  of  the  total  cost  of  each  ton  of 
metal  produced,  with  the  exception,  perhaps,  of  that 
used  for  melting  purposes,  it  is  nevertheless  of  the 
utmost  importance,  considering  the  enormous  amount 
of  the  annual  bill,  that  every  endeavour  should  be  made 
to  reduce  it  well  below  the  prices  ruling  at  present. 
In  view  of  tliis,  and  also  the  necessity  for  conserving 
the  nation's  fuel  supplies,  it  would  seem  to  be  incumbent 
upon  those  concerned  with  the  reorganization  of  the 
electricity  supply  of  the  country  seriously  to  consider 
close  co-operation  with  steel  and  other  works  with  a 
view  to  the  utilization  of  all  available  waste  heat,  as 
undoubtedly  tliis  would  hghten  the  burden  arising  out 
of  the  high  cost  of  fuel  and  its  conveyance  to  the  point 
of  use. 

Any  further  segregation  of  the  power  plant  from  the 
steel  works  will  depend  largely  upon  the  success  of  efforts 
in  tliis  direction,  and  also  upon  the  requirement  that 
uninterrupted  service  throughout  the  year  can  be 
guaranteed  by  the  provision  of  adequate  devices  for 
the  purpose  of  isolating  faulty  apparatus,  or  sections, 
without  interference  with  the  sound  ones. 

Another  serious  handicap  to  the  immediate  displace- 
ment of  all  private  plant  and,  to  some  extent,  the  con- 
tinued safe  operation  of  apparatus  alreadv  connected  for 
the  control  of  outside  supply,  arises  out  of  the  present-day 
trend  towards  increased  capacity  and  the  connecting 
together  of  public  generating  stations.  Tlus  centraliza- 
tion of  large  amounts  of  energy  introduces  serious 
possibihties  of  considerable  destruction  should  a  short- 
circuit    occur    on    a   consumer's    premises,    and    places 


very  great  responsibihty  upon  the  reUable  operation  of 
high-voltage  apparatus,  in  particular  upon  extra-high- 
tension  switchgear.  The  capital  expenditure  required 
to  guard  against  such  possibihties  will  be  greater  than 
that  entailed  when  connecting  up  to  a  less  pretentious 
scheme,  thus  tending  to  discount  an}'  advantage  to 
be  gained  by  the  utihzation  of  Icirge  and  more  efficient 
units.  This  fact  alone  renders  necessarj'  a  reduction 
in  the  unit  charge  for  extra-high-tension  energy  to 
enable  the  outside  supply  to  compete  favourably  with 
the  private  plant  from  the  point  of  view  of  cost  per  unit 
at  the  low-tension  works  switchboard. 

I  have  already  stated  that  steel-works  present  a  number 
of  difficult  problems  in  the  application  of  electrical 
apparatus.  These  difficulties  do  not  disappear  with 
the  installation  and  setting  to  work  of  the  macliines, 
etc.,  but  rather  give  way  to  a  number  of  others  arising 
out  of  the  unsuitabihty  for  this  special  purpose  of  much 
of  the  available  equipment. 

Generally  speaking,  the  steel-works  plant  itself  is 
massive,  rough,  and  subject  to  severe  shocks  and  stresses. 
Its  limits  of  adjustment  are  wide,  and  it  is  in  the  care 
of  men  who  are  accustomed  to  materials,  tools  and 
methods  wliicli  are  the  reverse  of  dehcate.  It  is,  therefore, 
necessarj'  that  the  electrical  equipment  should  be  selected 
with  care,  the  purpose  in  mind  being  reliability, 
simphcity,  the  human  element,  interchangeability  and 
easy  renewal  and  repair.  Above  all,  it  should  be  rugged 
in  build  and  not  hable  to  deterioration  due  to  the  ever- 
present  corrosive  gases  and  dirt-laden,  hot,  and  often 
humid  atmosphere. 

Since  the  processes  are  continuous  ones,  and  the 
stoppage  of  one  machine  frequently  holds  up  a  whole 
section  of  the  plant,  it  is  just  as  important  to  guard 
against  breakdown  as  it  is  to  ensure  continuity  of  supply 
to  the  macliines.  The  first  equipments  included 
apparatus  of  the  then  standard  designs,  bht  it  was  soon 
evident  that  sometliing  entirely  different  was  required 
for  this  special  service.  The  early  motor  at  least,  with 
all  its  faults,  was  a  more  reliable  article  than  the  starter 
of  those  days,  and  much  excitement  was  at  times 
occasioned  when  starting  up  some  of  the  motors,  due 
to  the  nature  of  the  only  available  starters,  which 
consisted  of  coils  of  iron  wire  arranged  to  be  cut  out  in. 
steps  by  means  of  a  multiple-contact  switch,  but  with- 
out any  device  to  protect  the  contacts  from  the  destruc- 
tive sparking  wliicli  occurred.  A  separate  switch — not 
interlocked  with  the  starting  handle  as  is  usual  to-day — 
was  provided  in  the  shunt  field  circuit.  The  latter  was, 
of  course,  intended  to  be  closed  before,  and  opened 
after,  manipulating  the  starter  handle.  On  occasions 
this  sequence  \\as  followed,  and  when  the  unsupported 
resistance  coils  or  the  arm  and  contacts  of  the  starter 
did  not  form  too  close  attachment  for  each  other  the 
motor  in  due  course  acquired  full  normal  speed.  There 
were  times,  however,  v.hen  the  operation  was  incorrectly 
performed,  and  both  the  operator  and  the  motor  exceeded 
the  speed  limit,  often  with  disastrous  results  to  tlic 
latter. 

As  most  of  you  are  famihar  with  the  great  improve- 
ments which  are  embodied  in  the  starting  and  controlling 
apparatus  available  to-day,  numerous  types  of  wliich 
ha\e' been  developed  to  overcome  the  difficulties  which 
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bitter  experience  has  pointed  out,  and  to  meet  the 
demands  of  modem  practice — assisted  in  great  measure 
bj-  the  requirements  of  the  Home  Of&ce  Regulations — • 
it  is  not  my  intention  to  refer  to  the  various  stages  through 
wliich  progress  in  tliis  connection  has  carried  us,  but  I 
should  hke  to  point  out  that,  notwithstanding  the 
many  excellent  examples,  there  still  remains  room  for 
considerable  improvement  ■\\ath  a  view  to  the  reduction 
of  the  cost  of  upkeep  and  the  removal  of  the  uncertainty 
in  regard  to  correct  operation.  For  instance,  resistances 
in  many  cases  are  deplorable.  They  are  neither  durable 
nor  dependable,  due  to  their  habilitj-  to  corrosion  and 
breakage.  The  method  of  assembling,  clamping  and 
ventilation  often  leads  to  endless  trouble.  Then,  again, 
the  smtch  parts  and  contact  surfaces  are  frequently 
incorrectly  proportioned,  thus  causing  heating.  Inter- 
locks, forming  a  very  vital  part  of  many  modern  equip- 
ments, are  much  too  flimsy  in  character. 

Much  of  the  switchgear  of  other  classes  required 
for  use  in  steel  works  also  leads  one  to  hope  for  improve- 
ments. Overcrowding  of  details,  and  unnecessarily 
light  construction,  often  lead  to  trouble,  while  many 
otherwise  excellent  designs  are  frequently  marred  by 
the  inclusion  of  terminals  or  trifurcating  boxes  totally 
unsuited  to  the  size  of  cable  required  for  the  job  in  hand. 
Back  or  internal  connections  are  also  a  constant  cause 
of  failure,  in  consequence  of  the  slipshod  manner  in 
which  thev  are  arranged. 

Unfortunately,  the  trials  of  the  engineer  do  not  end 
with  switchgear.  Motors  also  cause  him  much  anxiety, 
due  to  their  deficiency  in  mechanical  strength.  The 
frequency  of  reversal,  and  the  heavy  jars  to  wliich  the 
motors  are  subjected,  often  lead  to  fractured  end-brackets 
or  to  the  armature  or  rotor  core  rotating  round  the  shaft. 
The  use  of  insulating  materials  unable  to  withstand 
the  rough  usage  or  action  of  corrosive  gases  leads  to 
frequent  failure,  and  manj-  instances  exist  of  other^rise 
good  machines  being  spoiled  by  the  inclusion  of  shoddy 
terminals  or  brush-holders. 

Again,  we  have  all  at  some  time  or  other  suffered 
inconvenience  and  expense  because  of  the  difference 
in  speed,  rating  and  dimensions  of  the  various  makes 
of  macliines.  It  is  not  always  possible  to  carry  sufficient 
spares  of  each  type  to  meet  all  demands,  and,  although 
the  differences  mentioned  are  often  apparently  small, 
there  are,  nevertheless,  definite  limitations  to  the  substi- 
tution of  one  make  of  motor  for  another.  In  the  early 
days,  and  even  at  the  present  time,  the  manufacturers 
have  standardized  this  lack  of  interchangeabihty. 
An  initial  order  for  motors  seemed  to  be  considered  a 
virtual  guarantee  of  subsequent  orders,  due  to  the  well- 
recognized  reluctance  to  carry  a  greater  range  of  spares 


than  necessary  ;  yet  the  modifications  introduced  by 
the  makers  themselves  in  the  normal  improvement 
of  design  have  rendered  many  of  the  earher  features 
obsolete,  and  have  thus,  in  effect,  increased  the  number 
and  range  of  spares  required  even  where  a  given  make 
of  motor  may  have  been  retained  tliroughout  the 
works. 

The  steel  industrj^  constituting,  as  it  does,  one  of 
the  most  remunerative  fields  for  the  activities  of  the 
electrical  equipment  manufacturer,  it  would  seem  to 
be  well  worth  while  to  spare  no  efforts  to  develop  a 
fine  of  apparatus  and  machines  in  every  respect  adapted 
to  meet  the  exacting  requirements  outhned.  Something 
has  been  done  in  tliis  direction  so  far  as  the  "  five  roll  " 
motor  is  concerned,  but  surel)'  it  should  be  possible, 
tlirough  the  medium  of  their  organization,  definitely 
to  fix  the  principal  mechanical  dimensions  of  these  and 
other  machines,  such  as  the  length  and  diameter  of 
shaft,  the  size  of  bearings,  the  distance  from  the  centre 
hne  of  the  shaft  to  the  underside  of  the  base,  the  spacing 
and  size  of  foundation  bolts,  as  well  as  horse-power 
rating,  Speed,  and  type  of  brush. 

With  limitations  only  of  these  characteristics,  each 
manufacturer  would  still  be  at  liberty  to  improve, 
if  possible,  details  of  both  mechanical  and  electrical 
design,  and  thus  maintain  wholesome  competition  and 
progress. 

Before  bringing  my  remarks  to  a  close,  I  should  like 
to  thank  the  authors  of  several  previous  addresses  and 
articles  which  have  appeared  in  the  technical  Press 
upon  which  I  have  drawn,  to  some  extent,  for  the 
purpose  of  finding,  in  some  instances,  a  better  way  of 
expressing  what  I  so  strongly  think  and  feel. 

In  conclusion,  I  would  remind  you  that  the  iron  and 
steel  industr)-  is  passing  tlirough  the  most  tr^-ing  time 
that  has  ever  been  kno\\Ti  or  heard  of,  and  that  when  we 
do  again  get  the  whole  of  the  wheels  turning  it  will  be 
incumbent  upon  each  one  of  us  concerned  to  exercise 
the  utmost  economy'  in  the  arrangement  and  running 
of  our  plant,  so  that  by  its  greater  efficiency  it  may 
assist  in  no  small  degree  in  meeting  the  competition 
wliich  is  certain  to  be  encountered. 

With  due  regard  for  established  precedent,  we  should 
be  ever  alert  to  grasp  the  significance  of  new  ideas  and, 
wdth  the  courage  of  our  convictions,  to  adopt  them, 
but 

Be  not  the  first  to  cast  the  old  aside. 

Nor  yet  the  last  by  whom  the  new  is  tried. 

Such  advice  is  indeed  conservative,  and  by  following 
it  we  can  make  the  electrical  departments  of  our  steel 
works  of  enormous  service  and  value,  not  only  to  the 
great  industry  itself,  but  also  to  the  nation  in  general. 
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By  W.  P.  Richmond,  Associate  Member. 

(Abstract  o/  address  delivered  at  Middlesbrough,   \6th  November,   1922.) 


At  the  beginning  of  the  last  session  the  trade  of 
tliis  district  was  in  a  very  bad  state,  and  we  hoped 
that  by  now  conditions  would  have  become  more  normal, 
but  there  is  no  doubt  that  Cleveland  is  passing  through 
the  darkest  days  in  its  liistory,  with  perhaps  the  one 
exception  of  the  crisis  in  1879.  The  present  crisis  differs 
from  all  its  predecessors,  however,  in  that  it  is  universal. 
Our  trade  conditions,  bad  indeed  as  they  are,  prevail 
throughout  the  United  Kingdom  and  extend  to  every 
corner  of  the  globe. 

To  understand  properly  the  present  crisis,  we  must 
first  of  all  investigate  the  general  causes  underlining 
the  ■world-\vide  depression,  applpng  the  results  of 
that  examination  to  our  own  patricular  case,  and  then 
take  into  consideration  any  local  or  immediate  difficulty. 

We  shall  see  that  the  causes  are  of  two  orders  : 
(1)  General  and  international ;    (2)  National  and  local. 

Although  these  two  are  inextricably  related,  I  pro- 
pose, for  purposes  of  clarity,  to  deal  with  the  two 
separately. 

General  and  International  Causes  of  Trade 
Depression. 

For  any  industrial  country  to  be  prosperous  it  must 
have  foreign  trade,  and  the  non-existence  to-day  of 
international  trade  is  the  cause  of  the  present  world- 
stagnation.  The  causes  of  the  non-existence  of  inter- 
national trade  are  threefold  : 

(a)  Reparations,  and  allied  and  other  debts. 

(b)  Fluctuations  in  foreign  exchanges. 

(c)  Bad  pohcy  in  the  new  commercial  treaties  and 

regulations. 

(a)  Reparations,  and  allied  and  other  debts. — Following 
well-known  economic  laws,  the  payment  of  war  debts 
naturally  forces  up  taxation  on  the  one  hand,  and  on 
the  other  produces  an  adverse  effect  on  national  credit 
abroad.  The  allied  nations  must  be  in  unison,  and  it  is 
obvious  that  the  only  remedy  is  one  wliich  will  set 
Central  Europe  upon  her  legs  again,  first  so  as  to  be 
able  to  pay  any  reasonable  demand  made  upon  her, 
and  secondly  so  that  she  can  again  become  a  fruitful 
market  for  our  produce.  With  tliis  should  be  coupled 
some  desirable  method  for  the  liquidation  of  war  debts. 

(b)  Instability  of  foreign  exchanges. — Immediately 
after  the  war  the  German  exchange  began  to  fluctuate 
enormously,  largely,  as  we  have  seen,  as  the  direct 
result  of  war  debts. 

At  the  same  time,  the  exchanges  in  other  countries 
began  to  fall,  for  similar  reasons,  only  perhaps  not  to 
such  a  colossal  extent,  and  gradually  ail  foreign  markets 
became  closed  both  to  ourselves  and  to  America,  because 


our  prices  were  prohibitive,  and  eventually  the  exchange 
question  developed  to  such  a  degree  that  foreign  iron 
and  steel  could  be  sold  in  the  Tees-side  district  at 
shilhngs  below  our  cost  of  production  and  still  give  a 
good  profit  to  the  foreign  manufacturer. 

This  state  of  affairs  must  be  remedied  before  inter- 
nationaL  trade  can  be  re-established  to  its  pre-war 
degree,  with  certainty,  profit  and  mutual  advantage. 
The  remedy  lies  in  reverting  to  a  gold  standard  in  all 
countries,  as  well  as  in  keeping  annual  national  ex- 
penditure witliin  the  hmits  of  annual  national  revenue, 
tliis  latter,  of  course,  applj-ing  particularly  to  Central 
Europe.  This  means,  above  all,  considerable  reduction 
in  the  amount  spent  on  armaments.  At  the  International 
Financial  Conference  at  Brussels  in  1920  it  was  shown 
that  on  an  average  over  20  per  cent  of  national  revenues 
were  spent  on  armaments  ;  also  that,  as  far  as  Great 
Britain  is  concerned,  60  per  cent,  or  12s.  in  the  pound, 
of  the  taxes  is  spent  on  wars,  either  old  or  new. 

(c)  Bad  commercial  policy. — Several  countries  have 
introduced  since  the  Armistice  various  trade  regulations 
whereby  the  importation  of  certain  articles  is  pro- 
hibited. The  object  of  these  regulations  seems  to  be 
to  make  exports  exceed  imports.  Now,  it  is  wrong  to 
imagine  that  because  a  country  exports  more  than  it 
imports  it  must  be  flourishing,  since  the  exact  opposite 
might  easily  be  the  case.  Actually  the  ratio  of  exports 
to  imports  has  no  direct  bearing  upon  the  flourisliing 
condition  or  otherwise  of  a  country.  This  scheme  must 
not,  however,  be  confused  with  legitimate  tariff  reform, 
which  has  as  its  object  the  raising  of  national  revenue. 
The  obvious  remedy  in  tliis  case  is  the  abolition  of 
such  regulations,  with  a  view  to  fostering — not  hindering 
— trade.  Time,  however,  will  do  much  to  teach  misguided 
countries  that  such  methods  are  wrong,  and  will  only 
defeat  their  own  objects. 

Such,  then,  are  the  general  causes  of  the  present 
world-wnde  depression,  and  it  would  be  well  now  to 
investigate  the  immediate  causes  in  the  light  of  the 
foregoing,  remembering  always  that  Cleveland  and  its 
trade  form  but  the  part  of  a  wliole. 

National  and  Local  Causes  of  Trade  Depression. 
Iron,  steel  and  shipbuilding  are  our  local  staple 
industries,  and  on  the  cessation  of  hostilities  in  1918 
the  whole  world  was  crying  out  for  iron  and  steel. 
Various  industries  had  been  starved  during  the  long 
years  of  waf .  Railroads  badly  needed  repairing ; 
in  some  cases  even  replacing,  and  rolling  stock,  etc., 
was  depleted.  Yet,  as  we  have  seen,  the  lH)om  was 
but  short-lived.  Whilst  the  demand  was  good,  the 
supply  fell  far  short  of  expectations.  There  was  a 
shortage  of  coal  supplies,  and  also  of  ironstone.     To 
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this  difficulty  was  added  another,  namely,  the  truck 
shortage,  causing  delays  in  securing  supplies  and  despatch 
of  finished  products.  Then  came  the  moulders'  strike, 
the  engineers'  strike,  the  coal  strike  and  the  railway 
strike.  The  combined  effect  of  these  was  to  cause  manv 
furnaces  to  damp  down,  wliilst  others  on  reduced  blast 
were  only  able  to  produce  poor  quality  pig  instead  of 
good  marketable  brands.  Much  valuable  coke  was 
thus  uselessly  consumed.  Then,  because  our  supply 
in  no  way  met  the  demand,  iron-masters  refused  to 
allow  the  export  of  pig  iron  until  the  home  markets 
were  satisfied.  The  removal  of  the  embargo  was  subse- 
quently brought  about,  but  unfortunatelj-  not  until 
foreign  markets  were  closed  to  us. 

Such  was  the  position  in  1919,  but  by  the  end  of  1920 
the  reverse  was  the  case,  for  what  little  demand  existed 
was  met  by  cheap  foreign  iron  and  steel. 

The  Future  of  the  Cleveland  Industries. 

On  the  eve  of  war  the  world  consumed  80  milUon 
tons  of  pig-iron  and  steel  ingots  per  annum.  As  a 
consequence  of  eight  years'  abnormal  conditions  there 
is  a  world  shortage  of  iron  and  steel  of  at  least  300 
million  tons,  the  major  portion  of  which  wnll  have  to 
be  replaced  within  a  reasonable  period.  This  is,  of 
course,  speaking  in  the  abstract,  but  there  are  signs 
of  immediate  requirements.  Nine  countries  out  of  ten 
are  needing  vast  railway  replacements  and  extensions. 
Projected  schemes  in  Brazil  alone  wiU  consume  16 
million  tons  of  steel.  South  Africa  has  just  passed 
a  new  Railway  Construction  Act  and  has  sent  out 
inquiries  for  material.  India  requires  additional  railways 
of  a  mileage  greater  than  that  for  the  whole  of  Great 
Britain.  Bulgaria,  Lat\'ia,  Belgium  and  Spain  will 
soon  be  in  the  market  for  railway  material. 

We  have  also  at  the  moment  3  milUon  tons  of  steel 
ships  over  the  age  hmit  waiting  to  be  broken  up  and 
replaced  as  soon  as  the  price  of  steel  falls  sufficiently 
to  enable  new  ones  to  be  built.  Each  2'1  tons  of  shipping 
requires  1  ton  of  steel  ;  thus  more  than  an  additional 
li  mUhon  tors  of  steel  are  required  for  .ships  alone. 

For  some  years  our  pig-iron  exports  have  been  falhng, 
but  our  steel  exports  are  rising,  which  in  itself  is  a  good 
thing,  for  it  means  that  more  work  \\ill  be  done  in  the 
country  and  in  this  district.  Unfortunately,  however, 
the  pig-iron  production  is  not  up  to  the  steel  require- 
ments in  quantity.  Steel  is  fast  becoming  our  staple 
industry,  and  we  must  realize  the  fact  and  work  ac- 
cordingly. Dui-ing  the  war  the  productive  capacity 
of  our  countrv^  had  been  permanently  increased.  Many 
new  works  were  laid  down  ;  many  reconstructed  or 
remodelled  and  extended,  and  there  is  now  an  ample 
sufficiency  of  plant.  This  also  apphes  to  Cleveland  and 
we  ought  therefore  to  be  in  a  position  to  supply  steel  to 
a  degree  hitherto  unkno«-n.  Moreover,  railway  rates, 
while  falling,  are  hardly  ever  likely  to  reach  the  pre-war 
rate.  So,  instead  of  shipping  hematite  pig  to  Sheffield 
to  be  converted  into  forgings  or  boiler  plate — as  was 
formerly  done — often  to  be  returned  to  the  seaboard 
for  shipbuilding  or  for  export,  the  tendency  \vi\l  be  to 
lay  down  additional  steel  plant  in  Cleveland.  The  future 
of  Cleveland  therefore  appears  to  be  verj'  hopeful. 


Electrical  Progress. 

Turning  our  attention  now  to  the  electrical  side  of 
the  question,  I  think  we  can  congratulate  ourselves  that 
the  Xorth-East  Coast  is  one  of  the  most  progressive  parts 
of  the  country.  Our  power  company  is  the  largest  in 
!  Great  Britain,  and  ranks  as  one  of  the  largest  in  Europe. 
We  have  a  railway  company  which  has  adopted 
entirely  new  methods,  and  has  attained  extremely  good 
results.  We  have  mines  wholely  electrically  operated, 
and  iron  and  steel-works  almost  entirely  so.  It  is  the 
apphcation  of  electricity  to  iron  and  steel-works  which 
mostly  concerns  us  in  this  district. 

One  of  the  first  mills  to  be  driven  bv  a  motor  in 
this  countr\-  \\as  a  small  one  at  the  Oueensferry  works 
of  Messrs.  Willans  and  Robinson.  This  was  used  for 
cogging-do\\n  ingots  into  blooms  from  which  the  tubes 
for  their  water-tube  boilers  were  made.  The  motor 
was  of  285  h.p.,  direct  current  and  compound  wound. 
When  the  load  came  on,  the  motor  slowed  down  by 
reason  of  the  compounding  and  allowed  the  flywheel 
to  take  effect.  The  power  was  transmitted  to  the  miU 
by  means  of  a  rope  drive.  This  plant  was  installed 
in  about  1904. 

During  the  next  few  years  manv  small  dri\'es  with 
no  particular  points  of  interest  were  put  in  for  tin-plate 
mills  and  the  like.  In  1905,  however,  a  very  much 
bolder  scheme  ■i\as  adopted  at  the  Birkenhead  works 
of  the  McKenna  Process  Company,  their  works  being 
entirely  electrically  driven.  There  were  several  points 
of  interest  in  this  plant.  It  was  the  first  time  that 
rolls  had  been  directly  driven  electrically  ;  the  prime 
movers  were  the  first  turbines  made  bj-  a  firm  other 
than  ^Messrs.  Parsons,  and  it  was  the  first  large  three- 
phase  installation  manufactured  in  England.  This 
plant  may  be  taken  as  the  first  serious  attempt  to 
electrify  rolling  mills.  A  few  j-ears  later  two  small 
reversing  mills  were  installed  in  this  district,  followed 
almost  immediately  by  several  "  three-high  "  variable- 
speed  mills.  In  1906-7  the  first  Hgner  sets  were  put 
in  for  the  Clyde  Navigation  Trustees  at  their  new 
"  Rothesay "  dock  at  Clyde  Bank,  to  operate  coal 
hoists  and  cranes. 

These  large  flywheel  sets  pa\ed  the  way  for  large 
reversing  rolling  mills,  and  in  1911  a  large  12  000  h.p. 
reversing  mill  was  installed  in  this  district,  and  electrical 
power  had  been  applied  to  rolling  mills  of  all  sizes. 

There  is  little  doubt  that  the  duty  of  live-roll  motors 
is  the  most  severe  that  any  motor  is  ever  called  upon 
to  perform.  Particularly  so  is  the  case  of  that  im- 
mediately before  the  saw.  Motors  in  such  positions 
are  constantly  being  started,  stopped  and  reversed, 
so  that  the  power  used  in  starting  and  reversing  is 
much  in  excess  of  that  absorbed  in  doing  useful  work. 
For  the  same  reason  they  have  to  be  put  in  of  much 
larger  size  than  the  actual  horse-power  required,  on 
account  of  the  excessive  heating,  ^^"hat  is  required 
is  a  reversible  clutch,  and  a  constantly  running  motor. 
Recently  there  have  been  several,  sometimes  termed 
hydraulic  clutches,  put  on  the  market.  These  are  not 
only  a  clutch  but  are  made  with  a  gear  ratio  between 
the  priman.-  and  secondary  motion.  If  these  devices 
will  withstand  rolling  mill  work,  and  I  belie\-e  they 
will,   the}-  will   be  of  great  advantage  for  rolling-mill 
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auxiliary  drives.  Not  only  will  they  supersede  con- 
trollers or  contactors,  which  require  much  attention, 
but  they  will  allow  of  the  use  of  the  ordinary  industrial 
type  of  motor,  as  there  will  be  no  excessive  heating 
caused  by  reversing.  Still  further  advantage  will  be 
gained  and  lower  first  cost  attained  if  the  ratio  of  the 
clutch  can  be  made  so  as  to  eliminate  entirely  any 
further  reduction  gear.  Such  first  costs  would  be  much 
less  than  at  present,  when,  besides  the  special  motor 
now  employed,  the  controller  or  contactor  and  the 
gears — two  are  usually  employed — could  be  dispensed 
with. 

The  Power  House. 

For  several  reasons  it  is  somewhat  difficult  to  com- 
pare generating  costs  in  works  with  those  of  public 
supplies.  The  wages  in  works'  power  houses  usually 
fluctuate,  the  men  being  paid  according  to  the  price 
of  iron  and  steel.  The  plant  has  grown  with  the  works, 
and  the  plant  units  are  possibly  not  of  a  size  best 
calculated  to  keep  down  costs.  The  load  factor  is  in 
favour  of  the  works,  which,  of  course,  generate  more 
cheaply  than  they  can  buy.  On  the  whole,  however, 
I  think  that  the  cost  of  generation  might  be  still  further 
reduced. 

Both  in  the  lowness  of  running  costs  and  in  the 
small  amount  of  adjustment  and  attention  required, 
the  steam  turbine  is  far  in  advance  of  the  gas  engine. 

Electric  Locomotives. 

In  a  few  years'  time,  when  the  electric  locomotive 
has  taken  the  place  of  the  steam  locomotive,  we  shall 
look  back  on  the  boiler,  firebox,  cylinder,  side  rods, 
etc.,  of  the  steam  locomotive  as  a  bad  dream,  for  the 
electric  locomotive  is  bound  to  come. 

The  disadvantages  of  a  steam  locomotive  are  that 
the  boiler,  cylinder,  valve  gear,  crankshafts  and  all 
reciprocating  parts  are  costly  to  maintain.  The  cab 
is  small  and  open  to  the  weather,  thus  involving  dis- 
comfort to  the  locomotive  crew.  The  engine  radiates 
heat  and  uses  coal  while  steam  is  up,  i.e.  during  many 
hours  when  it  is  doing  no  work.  The  wear  and  tear 
of  the  locomotive  on  the  track  is  considerably  increased 
by  the  impossibihty  of  accurately  balancing  the 
reciprocating  parts. 

The  electric  locomotive  is  not  subject  to  any  of  the 
above-mentioned  objections,  and,  in  addition,  it  possesses 
many  other  important  advantages. 

The  North-Eastern  Railway  have  had  eight  years' 
experience  with  the  locomotives  on  the  Newport-Shildon 
line,  and  Sir  Vincent  Raven  in  his  paper  read  before 
the  North-East  Coast  Institute  of  Engineers  and  Sliip- 
builders  in  December,  1921,  gives  the  figures  for  repairs 
of  two  steam  and  one  electric  locomotive  as  follows  : — 

The  first  steam  locomotive  after  running  51  000  miles 
cost  5d.  per  mile. 

The  second  steam  locomotive  after  running  56  000 
miles  cost  5572d.  per  mile. 

The  electric  locomotive  after  running  100  010  miles 
cost  r316d.  per  mile. 

In  other  words,  the  cost  of  repairs  for  the  electric 
locomotive  was  only  one-quarter  of  that  for  the  steam 
locomotive.  In  the  United  States  the  cost  of  repairs 
is  rather  more   in    favour  of    the   electric   locomotive, 


being    only    about    one-fifth    of    that    for    the    steam 
locomotive. 

It  is  not,  however,  the  main-line  locomotive  which 
is  of  the  greatest  interest  to  us,  but  rather  the  shunting 
locomotive  suitable  for  use  in  iron  and  steel-works. 
Such  locomotives  are  of  two  types,  the  straight  electric 
locomotive,  i.e.  that  getting  its  supply  of  electricity 
from  an  outside  source,  and  the  battery  locomotive, 
and  sometimes  a  combination  of  both  types. 

Sir  Vincent  Raven  in  his  paper  read  before  the  Insti- 
tution of  Mechanical  Engineers  in  August  of  this  year 
instances  two  straight  locomotives  winch  for  17  years 
have  been  working  on  the  Quaj-side  hne  at  Newcastle 
for  shunting  purposes.  They  have  been  in  the  shops 
only  three  times  for  thorough  overhaul,  and  their  daily 
service  occupies  about  18  hours.  For  the  whole  of  the 
year  1921  the  average  cost  per  engine  for  repairs,  inspec- 
tion, preparing,  cleaning,  etc.,  was  £103.  This  figure 
is  rather  high,  as  it  includes  in  one  of  the  locomotives 
some  special  repairs  which  would  not  be  required  in  an 
ordinary  year.  The  corresponding  figure  for  steam 
locomotives  doing  the  same  class  of  work  for  the  year 
1921  would  be  about  £610. 

The  straight  electric  locomotive  is  undoubtedly  a 
better  engine  than  the  battery  locomotive,  owing  to 
the  fact  that  the  latter  must  necessarily  impose  certain 
restrictions  which  do  not  exist  in  the  straight  electric 
locomotive.  In  making  tliis  statement  I  am  not  in 
any  way  detracting  from  the  usefulness  of  the  battery 
locomotive,  as  experience  has  proved  beyond  doubt 
that  the  battery  locomotive  is  an  almost  ideal  class 
of  engine  for  industrial  shunting-yard  duty,  and  in 
the  majority  of  cases  it  is  admissible  where  the  trolley 
electric  locomotive  could  not  be  considered. 

It  is  impossible  to  use  the  straight  electric  locomotive 
in  the  works  proper,  on  account  of  the  necessary  over- 
head line  or  third  rail,  but  it  is  advantageous  in  some 
cases,  e.g.  where  slag-tips  or  raw-material  stores  are 
at  some  distance  from  the  works,  to  use  a  combination, 
the  battery  being  the  source  of  supply  in  the  works 
and  an  overhead  line  in  the  outlying  parts. 

Probably  the  first  question  to  be  asked  is  :  Will  an 
electric  locomotive  do  all  that  a  steam  locomotive  will 
do  ?  The  reply  is,  of  course,  in  the  affirmative.  An 
electric  locomotive  requires  only  80  per  cent  of  the 
adhesive  weight  needed  by  a  steam  locomotive. 

When  deahng  with  the  battery  locomotive  there  is  a 
certain  hmitation  due  to  the  heavy  rate  of  discharge 
which  is  demanded  of  the  battery  when  hauhng  a  load 
up  the  maximum  gradient,  but,  generally  speaking, 
there  is  httle  doubt  that  most  batteries,  if  carefully 
designed,  are  capable  of  deahng  with  any  ordinary 
shunting-yard  gradient.  One  may  take,  sa)-,  3j  to 
4  per  cent  as  representing  a  very  severe  gradient,  and 
I  consider  that  good  results  would  be  obtained  on  such 
a  gradient  if  the  battery  capacity  is  suitably  selected. 
There  are  quite  a  number  of  battery  locomotives 
running  in  this  country  and  doing  quite  satisfactorily 
all  that  is  required  of  them,  and  in  the  United  States 
at  present  there  are  2  400  in  operation. 

First  cost. — The  question  of  first  cost  is  a  very  im- 
portant one  and  is  governed  largely  by  local  conditions. 
If  one  takes  the  worst  conditions,  where  only  one  steam 
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locomotive  is  used,  and  consequently  one  battery 
locomotive  is  to  take  its  place,  then  the  first  cost  may 
be  a  serious  handicap,  as  the  capital  value  will  possibly 
be  in  the  nature  of  1'8  for  electric  battery  traction  to 
I'O  for  steam  traction,  but  there  are  few  yards,  however 
small,  where  one  could  afford  to  risk  allotting  the 
shunting  duty  to  one  steam  shunter.  However,  when 
one  comes  to  consider  the  substitution  of  a  batch  of 
steam  locomotives  by  electric  locomotives,  the  capital 
costs  are  much  more  in  favour  of  the  latter.  From 
my  experience  I  should  say  that  8  battery  locomotives 
w-Quld  carry  out  the  same  duties  as  a  fleet  of  10  steam 
shunters. 

On  the  Newport-Shildon  line  10  electric  locomotives 
replaced  27  steam  locomotives,  the  former,  of  course, 
being  a  more  powerful  engine  than  the  latter.  In  iron 
and  steel-works  we  are  not  in  such  a  happy  position, 
as  we  are  not  able  to  make  our  engines  heavier  and 
so  reduce  the  number. 

Recently  a  scheme  was  investigated  for  replacing 
14  large  steam  locomotives,  each  weigliing  34  tons,  by 
electric  locomotives.  It  was  decided  that  it  would  be 
advisable  to  purchase  12  electric  locomotives  at  a  cost 
of  £115  000.  The  operating  charges  of  the  existing 
steam  locomotives  were  examined  very  thoroughly, 
and  only  proved  results  were  taken  as  the  operating 
costs  for  the  electric  locomotives,  and  it  was  found  that 
an  annual  saving  of  not  less  than  £21  000  would  result. 

Saving  oj  fuel. — Although  the  saving  of  fuel  due  to 
the  use  of  electric  locomotives  in  place  of  steam  on 
main  lines  is  very  great,  it  is  not  nearly  so  great  as 
that  showm  in  a  shunting  yard.  The  sa\-ing  is  again 
increased  in  iron  and  steel-works  on  account  of  the 
locomotives  having  to  stand  inactive,  waiting  for 
furnaces  to  tap,  and  the  like,  for  long  periods. 

From  a  great  many  tests  taken  on  many  sizes  and 
tj'pes  of  steam  locomotives,  it  has  been  found  that 
for  every  13  lb.  of  coal  consumed  on  a  steam  locomotive 
1  kWTi  is  required  from  the  batterj-  of  an  electric  loco- 
motive. Now,  allowing  for  a  battery  efficiency  of 
70  per  cent,  then  1  kWTi  of  battery  input  is  neces- 
sary for  every  9-1  lb.  of  coal  consumed  in  the  steam 
locomotive.  In  a  modern  power  station  1  kWh  can  be 
generated  by  2  lb.  of  coal  or  its  equivalent  of  other  fuels, 
which  shows  a  fuel  saving  of  4|  to  1  in  favour  of  the 
electric  locomotive.  At  present-day  prices  coal  such 
as  is  used  in  a  power  station  costs  17s.  6d.  per  ton, 
whilst  that  suitable  for  a  steam  locomotive  costs  26s.  6d. 
per  ton,  showing  a  7  to  1  saving  in  the  cost  of  fuel  in 
favour  of  electric  batters'  locomotives. 

In  some  cases  it  may  be  impracticable  to  charge  the 
batteries  direct  from  the  generating  plant,  and  some 
means  of  conversion,  such  as  a  motor-generator,  may 
be  necessary.  The  saving  of  fuel  in  such  cases  wiU  not 
be  so  great,  as  the  efficiency  of  the  converting  plant 
will  have  to  be  accounted  for.  So  as  not  to  favour 
unduly  +he  electric  locomotive,  let  us  say  that  the 
efficiency  of  conversion,  and  the  loss  in  the  mains  is 
80  per  cent.  This  would  leave  us  with  savings  in  the 
amount  and  cost  of  fuel  of  3-6  to  1  and  5-6  to  1, 
respectively,  in  favour  of  the  electric  locomotive. 

Batteries. — I  consider  that  one  would  be  quite  safe 
in  taking  the  life  of  lead  cells  to  be  about  3  years, 
and   of  nickel-iron  batteries  at  least   7   years.      \Miile 


the  cost  of  the  nickel-iron  batten,'  is  verv  much  greater 
than  that  of  lead  batteries,  I  find  that  the  nickel- 
iron  is  the  more  economical  when  capitalized  over 
6  or  7  years.  In  addition,  the  nickel-iron  battery  has 
several  other  advantages. 

Another  verj'  important  point  is  the  charging  of  the 
battery,  and  its  ability  to  run  a  shift  vrithout  charging. 
It  is  not,  however,  necessary  to  let  the  battery  run 
down  until  it  requires  to  be  completely  re-charged, 
but  it  can  be  partially  charged  at  such  time  as  the 
locomotive  is  idle.  It  is  quite  practicable  to  install  a 
battery  to  give,  with  the  tvpes  of  cell  now  manufactured, 
an  efiecive  output  of  170  kWli  on  a  2-axle  loco- 
motive. It  follows,  therefore,  that  a  2-axle  electric 
locomotive  will  do  the  work  performed  by  a  steam 
locomotive  consuming  up  to  nearly  1  ton  of  coal  per 
shift,  and  will  do  this  work  without  any  boosting. 

These  remarks  apply  to  battery  locomotives  weighing 
from  15  to  20  tons  (adhesive  weight),  as  compared 
with  steam  locomotives  of  the  4-coupled  tj-pe  weighing 
about  25  tons.  I  am  in  possession  of  information  showing 
that  the  average  locomotive  of  the  above  type  does  not 
consume  nearly  1  ton  of  coal  per  shift.  A  batch  of 
14  steam  locomotives  which  I  have  in  mind  consume 
only  8  cwts.  of  coal  per  locomotive  per  shift  ;  but  to 
be  on  the  safe  side  we  may  add  25  per  cent  to  this 
figure  and  call  it  half  a'  ton.  Under  these  conditions 
the  locomotive  will  do  nearly  two  shifts  without 
boosting. 

The  same  remarks  again  apply  to  the  4-axle  double- 
bogie  electric  type  weighing  up  to  35  tons,  as  it  is  possible 
to  put  double  the  battery  capacity  on  a  double-bogie 
as  on  a  single-bogie  locomotive. 

Cost  of  maintenance. — I  have  previously  quoted  the 
figures  given  by  Sir  Vincent  Raven  for  the  maintenance 
of  two  straight  electric  locomotives.  For  a  battery 
locomotive  it  is  of  course  necessary  to  add  to  these 
figures  the  cost  of  maintenance  of  the  battery. 

Running  costs. — The  total  cost  for  oil,  grease  and 
waste  and  cleaning  materials  for  16  months  of  an  electric 
locomotive  doing  shunting  work,  running  700  miles 
and  performing  35  000  ton-miles  of  shunting  work, 
was  £1  lOs.  Distilled  water  for  the  battery  cost  £1  12s. 
These  two  items  covered  the  whole  of  the  running  costs, 
exclusive  of  wages. 

Repairs  and  renewals. — Of  the  electrical  equipment 
no  renewals  of  any  description  were  necessary,  the 
only  repair  being  an  ammeter   lead. 

Of  the  mechanical  parts,  the  brake  shoes  have  been 
renewed  once,  at  a  cost  of  £4  lOs.  The  wear  of  the  brake 
shoes  has  since  been  much  reduced  by  a  more  extended 
use  of  the  rheostatic  brake. 

Battery. — The  Chloride  battery  is  guaranteed  for  two 
years,  and  after  16  months  it  shows  no  falling  off,  either 
in  capacity  or  efficiency,  and  this  is  borne  out  by  the 
fact  that  it  will  still  work  over  its  full  range.  The 
original  setting  of  the  ampere-hour  meter  fixing  the 
proportion  of  the  charge  ampere-hours  to  discharge 
ampere-hours  has  not  been  altered. 

The  average  annual  cost  of  a  standard  2-axle  battery 
locomotive  weighing  17  to  20  tons,  as  compared  with 
steam  locomotives  of  22  to  25  tons,  has  been  well  within 
£15  per  year  for  all  maintenance  costs,  including  repairs 
and  small  stores,  such  as  oil,  grease,  etc. 


CONLY  :   THE    MEASUREMENT   OF   FLUX   DENSITY. 


161 


THE     MEASUREMENT    OF    FLUX    DENSITY    IN    THE    AIR    PATH    OF    A 

MAGNETIC    CIRCUIT. 

By  W.  P.  CoNLY,  B.Sc,  Student. 

(Abstract  of  paper  read,  before  the  South  Midland  Students'  Section,  Ith  March,   1922.) 


Summary. 

A  new  form  of  magnetic  balance  has  been  devised  for  the 
accurate  measurement  of  the  intensity  of  field  at  any  point 
in  the  air  path  of  a  magnetic  circuit,  the  instrument  being 
sufficiently  delicate  to  detect  differences  in  intensity  of  field 
amounting  to  one  line  per  square  centimetre,  whereas  exist- 
ing methods  measure  only  the  average  intensity  over  the 
whole  field,  or  are  only  sensitive  to  differences  of  l.'iO  to 
200  lines/cm=. 

The  distribution  of  the  lines  of  force  issuing  from  the  sides 
of  a  bar  magnet  has  been  plotted  and  the  surface  of  the  magnet 
discovered  not  to  be  an  equipotential  surface. 

Biot-Savart's  law  has  been  experimentally  proved. 


Attempts  to  measure  with  accuracy  the  flux  density 
in  the  air  path  of  a  magnetic  circuit  have  met  with 
little  practical  success.  There  is  an  increasing  necessity 
for  more  exact  measurement  of  flux  density  in  air. 

The  following  well-known  metliods  are  in  general 
use  for  measuring  this  quantity  : — 

(1)  Flux  meter  method.* 

(2)  Faraday  disc  method. 

(3)  Bismuth  spiral  method. t 

(1)  The  flux  meter  actually  measures  only  the  flux 
issuing  from  an  electromagnet  where  the  exciting 
current  may  be  rapidly  reversed. 

In  modern  instruments  the  scale  has  50  divisions  on 
either  side  of  zero.  The  linkage  for  one  scale  division 
is  of  the  order  of  10  000  inaxwells.  Thus  it  may  be 
seen  that  if  the  pilot  coil  is  composed  of  100  turns  of 
fine  wire  and  if  the  flux  in  the  magnet  is  reversed, 
then  1  scale  division  =  10  000/(2  x  100)  =  50  lines. 

Owing  to  the  very  slight  controlhng  force  acting 
upon  the  instrument  the  periodic  time  is  of  the  order 
of  1  minute,  so  that  it  is  very  difficult  for  an  observer 
to  read  the  deflection  to  witliin  3  or  4  scale  divisions 
without  much  practice.  This  means  that  under  the 
above  conditions  it  is  difficult  to  read  the  total  flux  to 
witliin  150  to  200  lines,  i.e.  6  to  8  per  cent  of  the 
maximum. 

In  addition  to  these  sources  of  error  the  flux  meter 
is  not  accurate  unless  the  resistance  of  the  circuit 
containing  the  coil  is  maintained  constant  at  the  value 
used  when  it  was  calibrated,  and  this  is  seldom  the 
case. 

The  following  mode  of  procedure  ma}'  be  used  for 
measuring  the  strength  of  the  field  of  a  permanent 
magnet. 

*  Sociite  Franfaisc  de  Physique,  SC-ances,  1904,  p.  27,  and 
Electrician,  1906,  vol.  5(5,  p.  560  ;  also  Journal  de  Physique,  1904, 
vol.   ,•),  p.   69B. 

t  Complcs  Rcndus,   1886,  vol.   102,  p.  358. 


The  pilot  coil  is  placed  between  the  poles  of  the  magnet, 
the  plane  of  the  coil  being  normal  to  the  lines  of  force, 
and  the  deflection  of  the  flux  meter  noted  when  the 
pilot  coil  is  jerked  away.  This  method,  however, 
besides  being  clumsy,  has  a  disadvantage  in  that  it 
is  difficult  to  ensure  that  only  that  flux  wliich  threaded 
it  in  its  initial  position  is  cut  by  the  pilot  coil. 

(2)  In  the  Faraday  disc  method  a  disc  of  copper  is 
rotated  at  constant  speed  between  the  poles  of  the 
magnet  the  flux  of  which  is  to  be  measured,  a  brush 
being  in  contact  with  the  spindle  of  the  disc  and  another 
with  its  periphery.  The  voltage  generated  will  depend 
upon  the  field  strength  and  speed,  as  in  any  other  type 
of  dynamo.  The  speed  being  known,  the  field  strength 
can  thus  be  deduced.  Tliis  method  is  liable  to  give 
inaccurate  results,  owing  to  mechanical  difficulties. 

Both  the  flux  meter  and  the  Faraday  disc  merely 
measure  the  total  flux  in  a  portion  of  the  magnetic 
circuit,  i.e.  the  sum  of  all  the  flux  den.sities  over  a 
definite  area.  The  flux  density  is  then  obtained  from 
the  expression  ; 

Flux  density  =  Total  flux/Area  of  path 

Tliis  is  merely  an  average  flux  density  and,  although 
approximately  correct  for  the  iron  portion  of  the 
magnetic  circuit,  it  is  not  representative  of  the  true 
flux  density  at  any  part  of  the  air  path.  In  the  centre 
of  the  air-gap  the  lines  of  force  are  grouped  together, 
whilst  towards  the  edges  they  are  dispersed  and  a 
fringe  is  formed  so  that  considerable  variations  from 
the  average  are  actually  present  but  are  not  recorded 
by  the  method  of  measurement. 

From  tliis  point  of  view  the  bismuth  spiral  is  superior 
to  both  the  previous  methods  as  it  measures  the  actual 
intensities  at  any  point  in  the  field.  This  method 
follows  upon  a  discovery  made  by  Hall  in  18S0,  that 
if  certain  metals  are  placed  in  a  strong  magnetic  field 
their  resistance  changes.  The  greatest  effect  is  obtained 
with  bismuth. 

If  the  resistance  of  a  strip  of  bismuth  be  taken  before 
it  is  placed  in  the  magnetic  field,  and  the  rise  in  resist- 
ance noted  after  it  is  so  placed,  the  field  strength  may 
be  calculated.  Because  of  the  very  small  increase  of 
the  resistance  with  a  large  increase  of  field,  a  change 
of  field  intensity  of  less  than  1  000  lines/cm-  cannot 
be  measured. 

.\ny  instrument  for  mea.suring  intensity  of  field 
must,  to  meet  modern  requirements,  be  capable  of 
measuring  not  merely  the  real  intensity  from  point  to 
point  in  the  field,  but  also  minute  differences  in  intensi- 
ties, e.g.  50  lines/cm2.     Such  an  instrument  has  been 
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constructed,  based  on  the  principle  of  balancing  by  a 
weight  the  force  deflecting  a  short  conductor  placed  in 
a  magnetic  field.* 

The  author  has  lately  constructed  a  new  form  of 
magnetic  balance  based  on  this  principle,  and  this  is 
illustrated  in  Fig.  1,  A  long  balance  arm  of  ash, 
AB,  is  dehcately  balanced  by  means  of  a  pair  of  knife 
edges  P  in  V  grooves  in  the  top  of  a  brass  column. 
At  one  end  of  the  beam  A  is  fixed  a  search  coil  consisting 
of  10  turns  of  silk-covered  wire.  Tliis  search  coil  is 
bent  in  the  arc  of  a  circle  of  radius  r  ^  OA,  the  sides 
a  and  ^  being  parallel.  The  side  y  is  1  cm  long  and 
radial.  The  two  ends  of  this  coil  are  carried  along 
the  beam  and  connected  by  means  of  two  copper  spirals 
S,  Sj  to  two  terminals  on  the  insulated  collar  E.  These 
spirals  are  made  of  the  finest  wire  wliich  will  carry 
1  ampere  and  are  roUed  flat  and  annealed  in  oil,  and  they 
are  placed  as  close  together  as  possible  without  danger  of 
touching.  These  precautions  are  necessary  as  it  is  essential 
that  any  tension  or  compression  of  the  spiral  shall  have 
only  a  neghgible  effect  upon  the  movement  of  the  arm. 


field  of  unit  strength  (i.e.  1  line/cm"-)  with  a  force  of 
1  dyne.  The  search  coil  consists  of  10  turns.  Thus 
if  a  current  of  1  ampere  flows  round  this  coil  in  a  certain 
direction,  and  the  magnet  has  a  field  of  unit  strength, 
the  length  y  of  1  cm  is  pulled  downwards  in  a  direction 
normal  to  its  length  with  a  force  of  1  dyne.  If  weights 
are  placed  in  the  scale  pan  the  arm  can  be  brought  back 
to  zero.  Thus  the  mass  in  the  scale  pan  will  give 
an  indication  of  the  field  strength  of  the  magnet. 
Now,  since  1  mg  weight  =  0-981  dyne,  if  the  ratio 
OA/OB  =  0-981/1  then  1  mg  in  the  scale  pan  will 
counteract  the  force  of  1  dyne  on  the  arm  y.  There- 
fore if  1  mg  on  the  scale  pan  is  necessary  to  bring  the 
spot  back  to  zero  position  on  the  scale,  the  permanent 
magnet  has  unit  intensity  of  field,  i.e.   1  line/cm-. 

It  might,  however,  be  argued  that  the  portion  of 
the  limbs  a  and  jS  in  the  magnetic  field  also  carrj'  a 
current  and  ^^^ll  also  be  deflected,  but  a  closer  examina- 
tion will  show  that  as  these  arms  are  parallel  to  one 
another,  and  as  the  current  flowing  along  them  is  in 
relatively  opposite  directions,  the  effect  of  one  counter- 
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Fig.  1. 


The  terminals  on  the  insulated  collar  are  connected  to  two 
terminals  T,  Tj,  on  the  baseboard.  At  the  point  B  on  the 
other  arm  is  hung  a  light  aluminium  scale-pan  upon  a 
pair  of  knife  edges.  A  rider,  d,  shdes  along  the  arm  OA 
to  enable  a  fine  adjustment  of  balance  to  be  obtained. 
Immediately  above  the  central  knife  edges  is  firmly 
fixed  to  the  beam  a  small  mirror,  so  that  the  ray  of 
light  from  the  lamp  is  reflected  on  to  the  scale  Sc. 
Thus  any  shght  deviation  of  the  balance  arm  from  the 
zero  position  can  be  readily  and  accurately  detected. 
A  small  glass  beaker,  f,  is  placed  round  the  scale  pan 
to  act  as  an  air  damper.  The  permanent  magnet  to 
be  tested,  PM,  is  fixed  to  the  baseboard  in  such  a 
position  that  the  flux  to  be  measured  threads  the 
search  coil,  and  the  hues  of  force  are  normal  to  the 
plane  of  the  coil.  This  permanent  magnet  must  be 
in  such  a  position  that  the  radial  arm  y  of  the  search 
coil  is  always  in  the  magnetic  field  when  the  balance 
arm  swings.  At  the  end  B  of  the  beam  is  fixed 
another  coil,  b,  which  will  be  referred  to  later. 

From    first    principles,    a   wire    1    cm   long   carrying 
1  C.G.S.  unit  of  current  is  attracted  or  repelled  by  a 

*  .\.    Gr.w  :      "  Absolute    Measurements    in    Electricity    and 
Magnetism,"  vol.  2,  pt.  2,  p.  700. 


acts  the  other  and  the  only  tendency  is  for  them  to  be 
forced  apart  until  the  coil  encloses  a  larger  area.  This 
tendency  is,  however,  counteracted  by  the  rigidity  of 
the  coil  itself. 

The  short  length  of  coil  at  A  also  carries  a  current 
and  it  might  be  thought  that  a  serious  error  would  be 
caused  by  the  mutual  action  between  this  current  and 
the  stray  field  of  the  magnet.  It  is  found  in  practice, 
however,  that  as  this  portion  of  the  search  coil  is  remote 
from  the  air-gap  of  the  magnet,  the  leakage  flux  and 
the  resultant  error  are  negligiblj'  small. 

The  instrument  just  described  was  constructed  in 
the  electrical  laboratory  of  the  Birmingham  University', 
and  is  now  being  used  as  a  laboratory  instrument.  By 
its  use  changes  of  field  strength  of  1  line/cm-  may  be 
detected  with  ease.  As  an  example  of  its  sensitiveness 
it  may  be  stated  that  during  one  test  upon  a  magneto 
magnet  with  an  air-gap  of  4  cm,  a  small  nickel  coin 
was  suspended  in  the  air-gap  between  the  search  coil 
and  one  Umb  of  the  magnet.  Although  the  difference 
in  the  reluctance  of  the  magnetic  circuit  caused  by  this 
slightly  diamagnetic  object  was  so  small  as  to  be  usually 
neghgible,  yet  the  instrument  registered  quite  an  appreci- 
able  difference.     As   the   instrument   is  so   sensitive   it 
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is  absolutely  necessary  that  the  current  through  the  search 
coil  be  perfectly  constant  and  accurately  measured. 

The  plane  of  the  search  coil  must  be  absolutely  at 
right  angles  to  the  flux  in  the  air-gap,  so  that  the 
maximum  number  of  lines  of  force  thread  the  coil. 
This  may  be  accomplished  by  turning  the  magnet 
slightly  until  the  scale  registers  a  maximum  deflection. 

In  the  above-mentioned  test  it  could  be  seen  that 
the  field  was  weaker  in  the  centre  of  the  air-gap  than 


Test     to     Find     the     Distribution     of     Magnetic 
Field   along   the    Side    and    Euge   of    a   Per- 
manent Bar  Magnet. 
For   this   purpose   a   wooden   wedge-shaped   table   is 
made,  the  surface  of  which  is  parallel  to  the  search-coil 
arm  y  when   the  balance  arm  is  in  the  same  position. 
On  the  surface  of  this  table  is  glued  fine  emery  paper 
to    prevent   the   magnet   from   slipping.     The   table   is 
placed  in  such  a  position  that  the  distance  from    the 
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it  was  near  either  limb,  thus  showing  that  the  lines  of 
force  spread  out  as  they  leave  the  magnet  limbs,  in 
the  same  manner  as  shown  by  the  iron-filings  method. 
Finer  adjustments  may  be  accomplished  by  placing 
weights  in  the  scale  pan  until  an  approximate  balance 
is  obtained,  and  then  varying  the  current  in  the  search 
coil  until  the  spot  of  light  returns  to  the  zero  position. 
Then  the  weight  in  the  scale  pan  in  milligrams,  multi- 
plied by  the  search-coil  current  in  amperes,  will  give 
lines/cm-  direct. 


arm  y  to  its  upper  surface  when  the  instrument  is 
balanced  is  half  the  width  of  the  magnet.  NVhen  the 
magnet  is  placed  on  its  edge  upon  the  table  the  arm 
y  lies  along  tlie  centre  line  of  the  magnet  and  as  near 
to  it  as  possible  without  actually  touching  it.  This 
arm  y  now  lies  in  the  magnet  field  emanating  from  the 
magnet  and  is  at  right-angles  to  a  certain  component 
of  that  field.  By  passing  a  current  round  the  search 
coil  we  can  measure  the  strength  of  this  component 
of  the  field  in  lines/cm-  by  tlie  method  described  above. 
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If  the  lines  of  force  leave  or  enter  the  magnet  all  along 
the  surface  at  right  angles,  then  the  instrument  reads 
direct  in  lines/cm^  leaving  or  entering  the  magnet  at 
the  point  under  the  seach-coil  arm  y.  The  magnet 
can  be  slid  up  and  down  the  table  and  a  curve  plotted 
showing  the  strength  of  field  at  every  point  along  it. 
Fig.  2  shows  such  curves,  curves  1  and  2  being  attained 
for  a  magnet  25-5  cm  long,  2  cm  wide,  and  0-5  cm 
thick.  The  abscissae  represent  distances  from  the 
centre  of  the  magnet,  wliile  the  ordinates  represent  the 
strength  of  field  emanating  from  the  magnet  at  corre- 
sponding points.  Curve  1  (not  corrected)  shows  the 
readings  along  the  side  of  a  bar  magnet. 

The  search  coil,  however,  carries  a  current  which 
produces  around  itself  a  magnetic  field.  Owing  to  the 
close  proximity  of  the  iron,  the  reluctance  of  the 
magnetic  path  of  the  field  is  affected.  Since  the  ten- 
dency of  any  coil  carrying  a  current  producing  lines  of 
force  is  to  move  so  that  more  hnes  will  be  embraced, 
the  search  coil  moves  down,  thus  covering  more  of  the 
magnet.  Tliis  downward  movement  is  independent  of 
the  direction  of  the  current,  and  can  be  taken  as  being 
constant  all  along  the  magnet  as  a  low  point  on  the 
saturation  curve  is  being  used.  The  value  of  tliis 
error,  wliich  might  be  called  the  "  inductive  effect," 
can  be  found  for  the  working  current  of  1  ampere  in 
the  coil  by  replacing  the  magnet  by  a  similar  bar  of 
unmagnetized  steel.  The  inductive  effect  must  be 
subtracted  from  the  curve  of  field  intensities.  There 
is,  however,  another  error  which  is  not  independent 
of  the  direction  of  the  current,  i.e.  the  error  due  to  the 
earth's  field,  and  its  value  may  be  determined  by  remov- 
ing the  magnet  and  reversing  the  current  in  the  search 
coil.  Tins  error  must  be  added  to  the  uncorrected 
curve  on  one  side  of  the  centre  and  subtracted  on  the 
other.  Thus  a  corrected  curve  is  obtained  of  the  flux 
density  emanating  from  the  side  of  a  bar  magnet, 
assuming  that  the  surface  of  the  magnet  is  very  nearly 
equipotential. 

In  Fig.  2  at  the  point  marked  X  there  is  a  pronounced 
kink  in  the  otherwise  regular  curve.  This  is  probably 
due  to  the  fact  that  at  this  point  there  is  a  slight  "  soft 
spot  "  in  the  magnet.  The  material  at  tliis  spot  being 
more  permeable,  a  greater  proportion  of  the  lines  of 
force  due  to  this  spot  flow  along  the  axis  of  the  magnet, 
and  a  smaller  proportion  flow  out  at  the  side  as  leakage. 

Curve  2  shows  the  corrected  distribution  along  the 
edge  of  the  same  magnet.  It  is  to  be  noticed  that  the 
intensity  of  field  up  to  about  9  cm  from  the  centre  is 
far  greater  than  is  the  case  along  the  side  of  the  magnet. 

Curve  3  shows  the  case  of  a  short  bar  magnet 
4  in.  X  J  in.  x  \  in.,  where  every  care  was  taken  in 
hardening  and  magnetizing  the  magnet  to  keep  it 
homogeneous  and  uniformly  magnetized.  Tlie  magnetic 
moment  of  this  magnet  (found  by  the  tangent  galvano- 
meter and  vibration  magnetometer  method)  is  1  377 
d\-ne-cm. 

Up  to  this  point  it  has  been  assumed  that  for  all 
practical  purposes  the  flux  along  a  bar  magnet  is 
normal  to  the  surface.  Tliis  being  the  case,  the  above 
curves,  which  actually  represent  the  component  of 
magnetic  field  normal  to  the  surface,  become  curves 
representing  the  total  intensity  of  field   at  any  point 


along  the  magnet.  To  find  how  far  tliis  assumption  is 
correct  another  test  is  required. 

An  aluminium  extension,  the  length  of  which  is 
adjustable,  is  fixed  to  the  scale-pan  end  of  the  beam, 
and  on  the  end  of  this  extension  is  rigidly  fixed  a  long 
rectangular  search  coil.  The  plane  of  tliis  second 
coil,  b  (Fig.  1),  is  such  that  the  length  of  the  beam  is 
normal  to  it.  The  length  of  tliis  extension  and  the 
width  of  the  coil  are  such  that  if  the  coil  be  placed  in 
a  field  of  1  hne/cm-  and  1  ampere  flows  round  the  coil 
in  such  a  direction  that  the  coil  is  repelled,  then  1  mg 
in  the  scale  pan  brings  it  back  to  its  normal  position. 

A  table  of  adjustable  height  is  placed  under  tliis 
second  search  coil,  upon  wliich  the  magnet  is  laid. 
If  in  the  position  shown  in  Fig.  1  the  hnes  of  force 
leave  the  surface  at  an  angle  0,  there  will  be  a  component 
if  cos  Q  of  the  lines  of  force  tending  to  move  the  balance. 
If  a  current  of  1  ampere  flows  in  the  search  coil  this 
force  can  be  counterbalanced  by  putting  weights  into, 
or  removing  weights  from,  the  scale  pan.  If  there  is 
no  pull,  then  cos  0=0,  i.e.  all  the  lines  leave  the 
surface  at  right  angles. 

Due,  however,  to  the  inductive  effect  of  the  search 
coil,  a  constant  and  known  force  must  be  apphed  to  the 
remote  end  of  the  balance  to  tear  the  coil  away. 
Measurements  may  be  made  by  placing  an  assortment 
of  weights  in  the  scale  pan,  and  then  balancing  these 
weights  by  means  of  the  adjustable  rider  when  the 
current  is  switched  off.  As  the  current  of  1  ampere 
is  now  being  caused  to  flow  round  the  search  coil,  the 
force  of  attraction  may  be  measured  by  taking  weights 
out  of  the  scale  pan  until  the  balance  arm  moves.  This 
force  of  attraction  consists  of  the  resultant  of  the 
followng  three  forces  : — 

(1)  Force  due  to  the  inductive  efiect. 

(2)  Force  due  to  the  earth's  field. 

(3)  Force   due  to   the   horizontal  component   of  the 

magnetic  field. 

Forces  (1)  and  (2)  being'known,  the  horizontal  component 
of  the  magnetic  field  of  the  magnet  may  also  be 
determined. 

In  practice  it  is  found  that  the  horizontal  component 
is  so  small  that  it  is  impossible  to  weigh  it  except  at 
the  extreme  ends  of  the  magnet,  in  fact  so  small  that 
for  the  purpose  of  determining  the  distribution  of  field 
intensity  the  fines  of  force  may  be  taken  as  issuing 
at  right  angles  to  the  surface  of  the  magnet. 


Proof  of  Biot-S.\v.\rt's  L.\w  by  Me.\xs 

OF    THE    M.\GNETIC    B.\L.\XCE. 

Let  a  wire  AB  carrj'  a  current  /  ;  then  the  force 
on  a  unit  pole  placed  at  any  point  P  due  to  a  short 
elemental  length  of  conductor  =  df. 


df: 


I  sin  a  d.v 


where  dx  =  elemental  length  of  wire  AB  ; 

y  =  distance  from  P  to  dx  at  any  instant  ;    and 
a  =  angle     between     Pdx    and     wire     at     any 
instant. 


THE   AIR   PATH   OF  A   MAGNETIC  CIRCUIT. 
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(This  is  generally  known  asBiot-Savart'slaw,  but  was 
originally  stated  by  Laplace.) 

Multiplying   numerator   and    denominator   by   sin-  a 
we  obtain 

/  sin-*  adx 


Now 


y  sin-  a 
r  =  y  sin  a 


where  r  is  the  perpendicular  distance  from  the  point  P 
to  the  conductor ;  and  the  perpendicular  cuts  the 
conductor  at  C, 


therefore 


But 


dS  = 


I  sin''  adx 


X  =  r  cot  a 

where  x  =  length  of  wire  from  C  to  dx. 
Substituting  da  for  dx  we  have 


dj 


I     . 
—  sm  arfa 


■'irl2 


sin  ada  (where  a;  =  CA  and  a  =  angle  CAP) 


•f  =  7  [cos  a]"/2 

/ 

=  -  cos  a 
r 


r  ■  ^/[r-  +  X-) 

If  length  CB  =  CA,  then  force  F  on  unit  pole  P  due 
to  whole  length  AB 

_2/ 
r 


V(r2  +  a:2)        "      " 
Thus  for  a  wire  of  infinite  length 

00  (for  the  whole 


(1) 


^       21 

~    r  '  \/(r^^+lx'^)   length  of  wire) 
_  2/ 


(2) 


It  is  possible  by  means  of  the  magnetic  balance  to 
demonstrate  whether  this  formula  holds  good  in  prac- 
tice. It  is,  however,  impracticable  to  measure  the 
force  of  attraction  between  two  wires  carrying  a  current 
when  placed  a  distance  r  apart ;  it  is  the  force  of 
repulsion  which  must  be  measured. 

We  have  found  that  the  force  upon  a  unit  pole  placed 
at  a  distance  r  from  a  wire  of  infinite  length  and  carrying 
a  current  /  is  2//?-  dynes. 

This  formula  is  in  general  use  and  is  frequently 
wrongly  applied  to  the  case  of  a  wire  carrying  a  current, 
irrespective  of  the  length  of  that  wire.  It  has  been 
previously  shown  that  for  a  wire  of  definite  length 
2x  carrying  a  current  /  the  force  upon  a  unit  pole 
placed  at  a  distance  r  from  it  is 

21  X 


r      \/{r-  +  x-) 

By  means  of  the  balance  the  error  caused  by  using 
formula  (2)  in  place  of  formula  (1)  in  the  case  of  a  wire 


12  cm  long  has  been  found.  The  wire  carried  50  amperes, 
and  the  search-coil  arm  was  placed  at  a  distance  of 
1  cm  from  it. 

For  the  purpose  of  experimentally  proving  Biot- 
Savart's  law  coil  b  (Fig.  1)  is  used  as  in  Fig.  3.  The 
lengths  of  the  two  arms  of  the  beam  are  such  that  if 
the  width  of  this  coil  be  0-844  cm,  then  1  dyne  per  cm 
length  is  balanced  by  1  mg  in  the  scale  pan.  In  Fig.  3, 
AEFB  represent  the  movable  search  coil  ;  EF  is  bisected 
at  O"  ;  AB  is  bisected  at  O' ;  and  CD  is  a  wire  160  cm 
long.  This  length  is  such  that  leads  connected  to  the 
ends  of  the  wire  do  not  appreciably  affect  the  balance 
whilst  carrying  a  current.  The  remote  ends  C  and  D 
of  this  wire  are  soldered  to  wire  stretchers  which  keep 
it  taut,  and  these  slide  up  or  down  slots  in  the  end 
brackets  for  altering  the  distance  between  the  wire 
and  the  coil.  A  fine  adjustment  is  made  in  this  distance 
by  means  of  a  brass  differential  jack  J  fastened  to  the 
baseboard,  whilst  the  inner  screw  of  the  jack  is  secured 
to  the  wire  but  insulated  frona  it. 


Fig.   3. 

A  steady  current  of  1  ampere  is  maintained  in  the 
search  coil  while  currents  varying  from  0  to  150  amperes 
are  sent  along  the  wire  CD.  The  leads  from  the  search 
coil  circuit  are  plaited  together  and  taken  to  some 
remote  distance  before  being  connected  to  the  ammeter 
and  other  apparatus,  in  order  that  thejr  shall  have  no 
effect  whatever  upon  the  reading  of  the  balance.  For 
the  same  reason  the  leads  from  the  wire  are  carried 
away  as  far  as  possible. 

As  the  instrument  is  highly  sensitive,  extreme  care 
must  be  taken.  During  recent  experiments  with  this 
balance  a  mysterious  inconsistency  in  results  was 
definitely  traced  to  the  fact  that  the  operator  was 
carrying  a  thin  steel  nail-file  in  his  pocket. 

The  theoretical  force  of  repulsion  may  be  calculated 
by  means  of  formula  (I)  and  compared  with  the  result 
obtained  in  practice. 

The  arm  AB  (Fig.  3)  is  repelled  by  CD,  but  the  arm 
EF  carrying  a  current  in  a  relatively  opposite  direction 
is  attracted.   ^ 

Let  a  force  of  repulsion  be  taken  as  positive,  and 
let  a  force  of  attraction  be  taken  as  negative.  The 
algebraic  sum  of  the  forces  gives  the  resultant  force. 
The  effect  of  CD  upon  EA  is  balanced  by  the  effect  of 
CD  upon  FB. 
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Calculation  of  the  force  upon  the  search  coil. — 

Let  AB  =  EF  =  0-844  cm, 

FB  =  EA=  11-4  cm, 
OO'  =  ?•  =  1  cm, 
CD  =  (OC  +  OD)  =  160  cm. 

CD  carries  50  amperes  =  5  C.G.S.  imits. 

(a)  Force  on  AB  due  to  CD. — According  to  the  above 
theorem  the  field  strength  at  the  centre  O'  of  the  coil 
side  AB  due  to  a  current  of  I  amperes  in  CD  would  be 

2/  X 

where  a;  =  CO  =  OD,  and  r  =  OO'. 

Owing  to  the  displacement  of  any  point  on  AB  other 
than  O'  the  field  strength  will  be  a  little  different  from 
the  above,  but  calculation  shows  that  these  differences 
are  so  small  with  lengths  such  as  AB  and  CD  that 
they  may  be  neglected,  and  the  field  strength  along 
AB  may  be  regarded  as  constant. 


Thus 


/o 


5  .To         (where  r  =     1  cm, 

0  *  -VW+x'^)  ^o'.=  80  cm) 

80 


2 
10  X 


-V/(1  -f  6  400) 
=  10  dynes  per  cm  length  (approx.) 


(b)  Force  on  FF  due  to  CD.- 


Force  on     O"  = 


80 


12-4     ^[(12-4)2-^(80)2] 

^  _     J0_    80 

"  12-4*  ^(133- 76  -f  6400) 

_  10    /    80    \ 

12-4  Uo-93y 
=  —  0  -  796  dyne  per  cm  length 

The  total  resultant  force  on  the  coil  is  -f  10  —  0-796, 
or  9-204  dynes  per  cm  length. 

Fig.  4  shows  curves  connecting  current  in  amperes 
wdth  dynes  per  cm  length,  or  weight  in  milligrams  in 
the  scale  pan.  Three  sets  of  curves  are  shown  and  all 
are  straight  lines,  proving  that  the  force  is  directly 
proportional  to  the  current.  Dotted  lines  show  calcu- 
lated curves,  while  full  lines  show  curves  obtained 
from  the  readings  of  the  magnetic  balance. 

Sources  of  error. — In  all  three  cases  there  is  a  veiy 
slight  de\dation  between  the  calculated  curves  and 
those  obtained  from  the  readings,  but  these  inconsis- 
tencies can  be  accounted  for. 

Take  as  an  example  the  case  where  r  =  0-75  cm.  It 
wll  be  noticed  that  the  calculated  curve  falls  slightly 
above  the  curve  given  by  the  instrument  (the  measured 
curve). 

There  are  several  causes  which  would  account  for 
this.  It  is  very  difficult  to  measure  exactly  the 
distance  between  the  centre  of  the  wire  and  the  centre 


of  the  arm  AB.  Two  more  calculated  curves  are  drawn 
for  r  =  0-7  cm  and  0-8  cm,  respectivelv. 

The  measured  curve  falls  well  between  these  limits, 
so  that  an  error  of  much  less  than  0-25  mm  in  this 
measurement  would  give  rise  to  this  error  in  the  measured 
curve. 

Besides  the  difficulty  of  measuring  the  correct  dis- 
tance from  centre  to  centre  of  wire  and  coil  side  the 
following  sources  of  inaccuracj'  also  arise  ; 

(1)  It  is  almost  impossible  to  ensure  that  the  corners 

at  A  and  B  are  exactly  square,  so  that  the 
effective  length  of  the  arm  AB  maj-  be  shorter 
than  its  apparent  length. 

(2)  The  arm  AB  may  not  be  exactly  parallel  to  CD. 

A  dotted  line  is  drawn  showing  the  effect  produced 
if  the  projected  length  of  the  arm  AB  upon  the  wire 
CD  =  OSS  cm.  It  is  found  that  this  dotted  line  almost 
coincides  with  the  measured  curve,  showing  that  the 
latter    would    coincide    with    the    calculated    cur\-e    if. 
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Current  m  wire,  an  amperes 
Fig.  4. 
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owing  to  either  source  of  in  accuracy  given  above,  the 
projected  length  of  AB  upon  CD  =  083  cm. 

Although  every  care  was  taken  during  the  experiments 
to  avoid  such  errors,  the  methods  of  measuring  lengths 
such  as  AB  and  r  do  not  admit  of  an  accuracy 
compatible  with  the  sensitiveness  of  the  instrument, 
but  the  result  appears  to  afford  good  evidence  as  to 
the  validity  of  the  expression 

27       X 

~    r       \/(r2  —  X-) 
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ELECTRICITY   AS    APPLIED    TO    MINES. 


By  J.  C.  Stewart,  Student. 

(Abstract  of  paper  read  before  the  Scottish  Students'  Section,   lOth  March,   1922.) 


Summary. 

The  paper  deals  in  a  ver>'  general  way  with 
electricity  in  collieries.  The  tjfpes  oi  generators, 
cables  are  explained,  and  the  factors  governing 
each  particular  type  are  discussed. 

A  brief  outline  ot  the  mechanical  plant  used  in 
with  motors  is  given,  including  pumps,  haulages, 
and  winders. 

Diagrams  are  given  of  a  typical  haulage,  as  used 
in  this  country,  a  turbine  pump,  a  disc  coal  c 
small  electric  winder. 


the  use  of 
motors  and 
the  use  of 

conjunction 
coal  cutters 

extensively 
utter  and  a 


Introduction. 


For  the  past  few  years  the  ordinary  individual  has 
had  brought  to  his  notice  phases  of  industry  wliich  before 
he  was  wont  to  regard  as  necessary  but  noxious.  This 
appHes  very  truly  to  the  coal  industry.  More  recently 
the  eyes  of  the  community  were  focussed  on  the  coal 
mines  and  a  more  general  knowledge  of  the  mining 
industry  and  its  absolute  necessity  to  the  life  of  this 
country  was  then  gained.  In  the  present  period  of 
economic  unrest  and  bad  trade  every  industry  is  trying 
earnestly  to  cut  down  costs  and  increase  efficiency,  and 
in  this  project  they  have  no  better  ally  than  electricity. 

But  for  electricity,  coal  mines  would  be  of  no  value 
to  us.  Since  the  earliest  days  of  coal  mining  the  use  of 
machinery  has  slowly  but  surely  ousted  purely  manual 
labour,  as  in  most  other  industries.  The  problems 
presented  by  winding,  pumping,  ventilation  and  haulage 
have  been  very  gradually  solved  to  the  satisfaction  both 
of  engineers  and  workers. 

Twenty  years  ago  the  use  of  electricitv  was  confined 
to  lighting  on  the  surface  and  to  long-distance  under- 
ground signalling  with  batteries.  To-day  there  is  not 
a  single  instance  in  the  application  of  power  where 
electricity  has  not  been  employed,  in  most  cases  success- 
fully. 

By  far  the  greatest  number  of  collieries  have  direct- 
current  installations,  owing  to  the  fact  that  the  common 
load  in  pre-war  days  was  in  the  neighbourhood  of  .300  kW 
and  an  installation  of  this  kind  is  cheaper  with  direct 
than  with  alternating  current.  The  tendency  at  the 
present  time  is,  however,  where  possible,  to  take  a  bulk 
supply  ;  where  the  power  companies  have  not  run 
mains  and  where  there  is  a  fairly  big  demand  for  power, 
turbo   sets  up  to  ,5  000  kW  have  been  installed. 

Voltages  vary  from  80  to  550  with  direct  current 
and  from  400  to  6  600  with  alternating  current,  and 
periodicities  with  the  latter  are  25,   ."50,   40  and  50. 

Generally  speaking,  an  a.c.  system  is  to  be  preferred 
to  a  d.c.  system.  With  the  former,  it  is  easier  to  comply 
with    mining   regulations   if   the   mine   is  liable  to  gas. 


Direct-current  motors,  on  the  other  hand,  are  more 
liable  to  open  sparking  and  for  this  reason  in  fiery 
mines  they  have  to  be  totally  enclosed.  This  is  prac- 
ticable up  to  about  40  h.p.,  but  above  this  the  overall 
dimensions  become  abnormal. 

In  the  case  of  a.c.  motors,  enclosure  is  necessary  only 
at  the  slip-rings,  while  squirrel-cage  motors  can  be  left 
open. 

An  ideal  system  is  a  combination  of  both  alternating 
and  direct  current,  but  this  is  not  always  possible. 

Motors. 

All  types  of  motors  in  use  for  industrial  purposes  are, 
generally  speaking,  employed  underground  ;  they  are 
modified,  however,  to  suit  the  conditions.  The  overload 
capacities  are  extended,  for  the  motors  may  have  to 
be  e.xplosion-proof  and  withstand  damp  atmospheres. 

Again,  although  laid  down  in  places  where  thej-  will 
be  protected,  they  encounter  troubles  not  associated 
with  surface  plants.  The  men  in  charge  cannot  always 
make  systematic  and  regular  visits  to  all  the  motors, 
as  in  some  cases  thej'  are  so  ^\idely  distributed,  and 
the  attendants  are  usually  kept  busy  with  actual 
repairs. 

In  fiery  mines  or  those  liable  to  gas,  motors  and 
switchgear  must  be  flame-proof  to  lessen  the  possibility 
of  danger  from  explosions  by  sparking.  Mining  regula- 
tions are  becoming  very  stringent  in  this  matter  and  it 
is  not  always  permissible  to  install  electrical  plant  where 
the  possible  danger  from  gas  is  very  great. 

To  overcome  this,  the  inclination  is  towards  the  use 
of  alternating  current,  when  the  risks  from  open  sparking 
are  considerably  lessened.  Motors  are  placed,  where 
possible,  in  intake  airways,  i.e.  where  the  fresh  air  is 
entering. 

SwiTCHGE.i.R. 

In  common  with  motors,  mining  switchgear  when 
underground  follows  the  lines  of  ordinary  switchgear. 
The  same  laws  governing  the  installation  of  motors 
apply  equally  to  switchgear.  Switches  have  large 
machined  faces  where  joints  occur,  are  as  far  as  possible 
fool-proof,  and  must  have  plenty  of  space  inside,  to 
lessen  any  risks  of  short-circuits  or  earths  caused  by 
damp  or  deposit. 

The  human  element,  in  a  great  many  cases,  is  largely 
responsible  for  the  success  or  failure  of  electrical  plant 
underground.  The  man  in  charge  of,  say,  a  haulage  or 
a  coal  cutter  is  usually  more  concerned  in  keeping  up 
his  production  than  in  shutting  down  for  the  electrician 
to  repair  any  small  trouble,  and  this  usually  leads  to 
more  serious  breakdowns. 
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Fig.   1. — Arrangement  of  250-li.p.  main-and-ta'il  haulage. 
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Pumping. 

In  all  the  uses  to  which  the  motor  has  been  put  in 
mining,  no  better  results  have  been  obtained  than  in 
the  driving  of  pumps,  as  they  have  to  operate  in  some 
cases  where  no  other  power  than  electricity  could  be  used 
efficiently.  Both  reciprocating  and  turbine  pumps  are 
in  use  for  mine  drainage,  but  of  late  years  the  turbine 
pump  has  become  more  prominent,  the  determining 
factor  for  this  being  largely  the  small  amount  of  space 
occupied  and  the  advent  of  multi-stage  pumps.  The 
time  is  past  when  turbine  pumps  were  considered  suit- 
able for  low  lifts  only,  as  any  required  head  can  now  be 
obtained. 

A  brief  description  of  both  types  of  pumps  would 
perhaps  be  appropriate  here.  A  reciprocating  pump 
consists  of  three  separate  single-acting  plunger  pumps 
connected  to  common  suction  and  discharge  pipes. 
The  cranks  on  the  shaft  are  placed  120°  apart,  so  that  the 
discharge  is  practically  continuous.  Occasionally,  how- 
ever, separate  suction  and  discharge  pipes  are  built 
with  the  pump,  so  that  if  one  plunger  pump  break."  down 
it  is  possible  to  carry  on  with  the  other  two  until  repairs 
are  effected.  The  speed  of  the  rams  varies  from  35  to 
60  ft.  per  minute,  and  to  obtain  this  the  motors  require 
to  be  geared  down. 

The  turbine  pump  is  made  up  of  a  series  of  single- 
stage  centrifugal  pumps.  Each  rotating  disc  or  impeller 
has  its  own  chamber.  The  water,  after  leaving  the 
first  impeller,  passes  through  a  guide  port  to  the  second, 
and  so  on  until  it  reaches  the  delivery  column.  The 
head  generated  depends  upon  the  peripheral  speed  and 
diameter  of  the  impellers,  the  best  speeds  being  from 
1  000  to  3  000  r.p.m. 

For  turbine  pumps,  alternating  current  is  to  be 
preferred  for  high  speeds  and  large  horse-powers,  but 
there  are  quite  a  number  of  direct-current  motors  running 
up  to  1  800  r.p.m.  which  is  about  the  limit,  as  commuta- 
tion troubles  become  considerably  increased  at  higher 
speeds. 

The  limiting  feature  with  direct  current  is,  as  mentioned 
above,  the  necessity  for  enclosing  a  motor  on  account 
of  gas  in  the  mine.  To  avoid  this,  it  is  usual  to  install 
two  or  more  pumps  of  smaller  capacity  and  divide  the 
total  lift  into  two  or  more  stages. 

With  alternating  current,  squirrel-cage  motors  are 
much  used,  and  it  is  not  an  infrequent  practice,  where 
there  are  large  quantities  of  water  to  be  dealt  with  on 
a  fairly  high  head,  to  install  high-tension  or  even  extra- 
high-tension  motors  for  driving  pumps. 


Haulages. 

The  conveying  of  material  from  the  coal  face  to  the 
bottom  was  a  problem  which  until  recent  years  was  not 
satisfactorily  solved.  The  advent  of  larger  electrical 
installations,  however,  has  resulted  in  a  marked  tendency 
towards  electrical  haulage  for  the  large  plants  on  the 
surface,  while  for  secondary  haulages  underground 
electricity  has,  of  course,  no  rival. 

The  methods  of  haulage  may  be  divided  into  the 
following :  Direct-acting  haulage,  main-and-tail  rope 
haulage  and  endless-rope  haulage.  To  this  might  be 
added  endless-chain  haulage  and  haulage  by  locomotive. 

Vol.  6L 


although  these  latter  do  not  find  much  favour  in  this 
country. 

The  features  determining  which  type  shall  be  used 
are  the  circumstances  existing  at  each  particular  colliery, 
and  it  is  quite  common  to  find  more  than  one  system 
in  operation  at  the  same  colliery. 

In  the  direct-haulage  system,  the  motor  and  haulage 
gear  are  placed  at  the  top  of  the  incline,  the  full  hutches 
are  drawn  up  the  incline  by  the  haulage,  and  the  empties 
are  afterwards  run  back  down  the  gradient,  carrying 
the  rope  with  them.  The  inclinations  must  be  sufficient 
to  ensure  this,  e.g.  up  to  1  in  20,  and  must  be  fairly 
uniform.  One  line  of  rails  is  used,  though  a  double- 
drum  haulage  and  double  rail  can  quite  well  be  used. 
The  average  speed  is  about  6  m.p.h. 

The  main-and-tail  haulage  is  generally  used  on  veirying 
gradients,  where  it  is  necessary  to  haul  the  hutches 
both  inbye  and  outbye.  Two  drums  are  used,  both 
being  fixed  to  the  same  shaft  and  driven  by  clutches, 
one  carrying  the  main  rope  and  the  other  the  tail  rope. 
The  load  of  full  hutches  is  drawn  out  by  the  main  rope, 
the  tail  rope  being  fixed  behind  the  rake.  Both  drums 
revolve  at  the  same  time,  one  being  driven  by  the  motor 
direct  and  the  tail  drum  being  turned  by  the  tail  rope  as 
it  is  drawn  off.  If  the  gradient  at  any  part  of  the  road 
favours  the  load,  the  main  rope  is  detached  and  the 
load  allowed  to  run  forward  by  gravity,  but  controlled 
by  the  brake  on  the  tail  drum.  When  the  load  is  brought 
out,  empty  hutches  are  attached  and  hauled  inbye  with 
the  tail  rope,  the  main  rope  being  now  used  for  the 
control.  .  Speeds  up  to  10  m.p.h.  are  usual  with  this 
type. 

The  endless-rope  or  chain  haulage  has  one  chain  or 
rope  running  over  the  entire  system  of  both  sets  of  niils, 
one  set  going  in  and  the  other  out.  The  hutches  are 
sometimes  attached  singly  about  10  yards  apart,  and 
sometimes  8  or  10  of  them  are  fixed  on  to  the  rope 
together. 

Haulage  by  locomotive  is  so  closely  allied  to  tramway 
haulage  or  traction  that  it  needs  no  description.  It 
is  gr.  atly  used  in  America  where  the  inclinations  of 
the  seams  are  not  quite  so  steep  as  in  this  country. 

Motors  for  Haulages. 

All  types  of  motors  are  in  use  with  haulages,  depending, 
of  course,  on  the  system  of  supply.  Whatever  the  type, 
it  has  a  large  ov<  rload  capacity  and  a  fairly  high  rating. 
Series  motors  are  sometimes  used,  but  compoimd- 
wound  motors  are  most  generally  installed  if  the  system 
is  a  direct-current  one.  In  the  case  of  an  a.c.  system 
slip-ring  motors  are  usually  the  type  most  in  favour 
owing  to  the  large  starting  torque  requied. 

The  resistance  cf^ls  on  the  starting  gear  must  be 
capable  of  withstanding  full-load  current  for  several 
minutes,  as  in  some  of  the  roads  with  steep  gradients 
there  are  bad  bends  to  be  encounter^  d,  and  these 
necessitate  the  slowing  down  of  the  motor. 

Coal  Cutting. 
The  practice  of  working  coal  seams  by  machinery  is 
one    that    has    become    necessary   for   several    reasons. 
For  instance,  it  is  more  profitable  to  work  thin  coal 
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seams  by  mechanical  than  by  manual  labour.  The 
thickness  of  coal  seams  varies  from  12  in.  to  about 
€  ft.,  although  there  are  few  seams  of  the  latter  thickness 
left  in  Scotland.  The  average  thickness  is  24  in. 
and  this  is  therefore  the  chief  determining  factor  in  the 
height  of  a  coal  cutter. 

The  length  of  face  is  usually  about  100  yards,  and  this 
is  split  up  b}'  roads  or  gates  every  10  yards  or  so.  The 
cut  is  generally  made  under  the  coal  to  a  depth  of 
from  3  to  6  ft.,  and  about  5  in.  thick.  Sometimes, 
however,  better  results  are  obtained  by  cutting  in  the 
coal  if  the  underlying  strata  be  too  hard,  and  if  the  coal 


to  methods  of  working  coal,  as  circumstances  vary  with 
each  seam,  and  each  particular  stratum  of  coal  has  to  be 
considered  on  its  own  characteristics. 

At  the  present  day  there  are  three  distinct  types 
of  coal  cutters  in  successful  operation,  viz.  the  disc, 
the  bar  and  the  chain.  The  oldest  of  these  is  the  disc 
machine,  which  might  be  described  as  an  adaptation  of 
the  circular  saw.  The  disc  or  wheel  has  cutting  tools 
or  picks  fixed  on  its  periphery-.  The  disc  is  supported 
from  the  general  body  by  a  strong  bracket  so  that  the 
cutting  portion  projects  to  the  required  amount.  The 
body  of  the  coal  cutter  consists  of  a  motor,  gear-box 
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FiG.  2. — Genera!  arrangement  of  the  "  Crescent"  coal-cutter  ;    B  type  with  d.c.  motor. 


is  very  hard  it  is  usual  to  cut  in  any  soft  band  which 
appears  in  the  coal.  The  coal  is  then  parted  from  the 
upper  strata  by  blasting  or  hand  laboui ,  filled  into  hutches 
and  taken  away.  This  method  is  known  as  the  "  long- 
wall  "  system  of  coal  cutting. 

Another  method,  largely  used  in  England,  is  the 
stoop-and-room  or  pillar-and-stall  system.  This  is 
only  carried  out  where  the  coal  seams  are  fairly  thick, 
e.g.  4  ft  and  upwards.  In  this  method  the  coal  is  cut 
into  rectangular  pillars  or  stoops  by  stalls  or  rooms 
driven  at  right  angles  to  each  other,  the  pillars  or  stoops 
being  afterwards  taken  out. 

It  is  not  possible  to  lay  down  hard-and-fast  rules  as 


for  driving  the  disc,  haulage  drum  and  gear,  and  starting 
switch.  These  are  all  encased  in  strong  steel  boxes 
and  mounted  on  skids  or  a  base-plate  extending  the  full 
length  of  the  bod)-.  By  reason  of  its  general  robustness 
and  massive  construction,  this  t^-pe  of  coal  cutter  is 
capable  of  doing  harder  work  than  the  chain  or  bar 
type. 

Bar  coal  cutters  differ  from  both  the  disc  and  chain 
types  in  their  cutting  action,  in  so  much  that  the  bar 
might  be  likened  to  a  taper  twist-drill  in  the  threads 
of  which  picks  have  been  fixed.  To  this  bar  is  given  a 
revolving,  reciprocating  motion.  Due  to  this  recipro- 
cating motion,  part  of  the  hoUngs  work  their  way  out 
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Fig.  3. — Arrangement  of  ICO-h  p.  haulage  gear. 
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along  these  threads.  Where  the  coal  is  at  all  friable  the 
bar  machine  gives  wonderful  results  and  a  much  higher 
speed  can  be  attained  by  the  actual  picks. 

Judging  from  old  records,  it  appears  that  the  chain 
machine  claims  priority  for  the  number  of  patents 
taken  out  in  connection  with  it.  It  has  a  j.b  carrying 
a  heavy,  case-hardened  endless  chain  with  a  pitch  of 
about  7  inches.  The  cutter  picks  are  fixed  in  recesses 
in  shaped  cutter  blocks  on  the  chain,  ai.d  are  held  in 
position  by  set-screws.  The  chcun  is  earned  round  a 
sprocket  wheel,  the  centre  of  which  is  bellowed  out  to 
form  an  oil  reservoir  for  the  wheel.  The  tension  of  the 
chain  can  be  varied  by  an  adjusting  screw  and  the  jib 
locked  securely  in  position.  Within  late  years  there 
have  been  more  of  this  type  of  coal  cutter  installed 
than  of  the  bar  or  disc  type,  a  fact  pecuharly  significant 


Winding. 

\\li;le  there  have  been  a  number  of  cases  where 
electricity  has  been  apphed  successfully  in  place  of  steam, 
there  is  not  the  same  chance  for  economy  as  in  most 
other  branches  of  mining  work.  Very  little  would  be 
gained  in  most  cases  by  substituting  electricity,  the  chief 
difficulty  being  the  large  mass  wliich  must  be  started 
from  rest,  accelerated  often  to  60  ft.  per  sec.  and  brought 
to  rest  in  less  than  90  seconds.  Added  to  tliis  is  the 
fact  that  the  motor  in  a  great  many  cases  would  be  in 
the  region  of  1  000  h.p.  and  would  have  to  compete 
against  a  steam  engine  applied  directly  to  the  work 
and  in  close  proximity  to  the  boilers. 

In  addition,  the  demand  for  anything  up  to  1  500  h.p. 
at  short  notice  would  be  somewhat  difficult  to  cope 
with,  although  the  advent  of  super-stations  would  make 


Fig.  4. — Sectional  arrangement  of  multi-stage  turbine  pump. 


of  the  practice  necessary  in  collieries  at  the  present 
day. 

Electricity  was  first  apphed  to  coal  cutters  about  30 
years  ago.  Motors  of  from  10  to  12  h.p.  were  fitted, 
but  the  attempt  was  a  complete  failure,  which  is  not 
surprising  considering  that  motors  of  28  to  40  h.p.  are 
used  to-day,  and  even  these  are  not  sufficient  in  some 
cases.  The  motors  are,  of  course,  of  the  totally  enclosed 
type.  For  use  with  direct  current  they  are  four-pole 
and  doubly  compounded.  Some  makes  have  series 
fields  which  give  them  a  very  heavy  starting  torque, 
but  the  armatures  all  run  about  1  000  r.p.m.  and  are 
geared  down  to  the  disc,  chain  or  bar. 

In  alternating-current  installations  for  smaller  sizes 
of  coal  cutters,  squirrel-cage  motors  are  fitted  and,  for 
heavier  machines,  wound  rotors.  Due  to  the  small 
amount  of  height  permissible  in  coal  cutters  the  arma- 
tures and  rotor  cores  are  very  long  \\^th  small  diameter. 
In  addition,  a  reversing  switch  is  carried,  and  the 
starting  switch  and  resistance  are  of  heavy  construction 
as  they  usualh'  have  to  withstand  a  great  deal  of 
"  inching." 


this  factor  of  little  account.  Despite  this,  electricity 
has  been  tried  out  in  quite  a  number  of  cases  and  there 
are  now  both  d.c.  and  a.c.  winding  installations.  The 
motors  are  of  the  open  type,  running  at  normal  speeds 
and  controlled  by  heavy  reversing  switches,  and  have 
to  be  capable  of  severe  overloads. 

The  main  advantages  of  electric  vending  are  that 
maintenance  is  considerably  less  than  for  steam,  smaller 
pit-head  frames  are  needed,  and  economical  operation 
is  obtained  in  the  period  taken  by  the  colliery  to  reach 
its  full  output. 

Ventilation. 
This  is  the  most  permanent  load  of  any  in  mining  work 
and,  for  this  reason,  fans  should  all  be  electrically  driven, 
in  order  to  improve  the  net  load  factor  of  the  plant. 
Tills  is  even  more  so  at  the  present  day  when  most 
collieries  employ  the  smaller  high-speed  centrifugal 
suction  or  force  fans  very  suitable  for  direct  couphng 
to  a  motor,  instead  of  the  large  Guibal  fans  of  former 
days,  which  would  require  a  large  low-speed  motor  for 
their  operation.     Added  to  this  is  the  fact  that  when  a 
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colliery  is  first  opened  (and  for  several  years  afterwards) 
the  full  air  delivery  is  not  required,  and  electrically 
driven  fans  can  be  run  at  lower  speeds  without  undue 
losses. 

For  ventilation  work  a.c.  motors  are  preferable, 
although  there  is  no  reason  why  d.c.  machines  should 
not  give  satisfactory  results.  A  synchronous  motor  is 
eminently  suited  for  this  work,  as  the  load  is  constant. 
Miners  are  gradually  losing  their  fear  of  electrical 
breakdowns,  and  for  tliis  reason  we  may  expect  that 
in  the  future  very  few  steam  ventilating  fans  will  be 
installed. 

The  tliree  following  apphcations  of  electricity  in 
mines  have  now  reached  the  stage  where  at  least  one  of 
them  has  no  competitor,  the  other  two  being  impossible 
without  electricity,  viz.  shot-firing,  telephones  and 
signalling. 

For  the  first-named,  a  small  magneto  exploder  is 
generally  used,  although  some  managers  still  favour  a 
battery  of  cells.  The  magneto  armature  is  hand-driven 
tlirough  gearing  at  from  2  000  to  3  000  r.p.m.  at  the 
moment  of  closing  the  firing  key.  Both  low-tension 
and  high-tension  exploders  are  in  use,  and  series  con- 
nection ensures  that  no  part  is  fired  unless  all  the  fuses 
are  in  order. 

Telephone  connection  is  now  legally  enforced  between 
the  generating  station,  pit  head  and  pit  bottom.  The 
telephones  are  the  same  as  in  general  commercial  use, 
but  care  is  taken  to  make  them  very  strong  and  water- 
tight. 

For  signalling  circuits  large  batteries  are  installed 
with  a  maximum  voltage  of  25.  Enclosed  pull-switches 
are  installed  every  hundred  yards,  and  thus  any  danger 
of  open  sparking  is  eliminated.  Signals  are  indicated 
both  visually  and  by  means  of  a  bell,  so  that  the  risk 
of  receiving  the  wrong  signal  is  checked.  Arrangements 
are  made  to  prevent  confusion  of  signals,  the  signals 
being  automatically  returned  to  the  sender  so  that 
mistakes  can  be  rectified. 

Lighting. 
Both  carbon  and  metal  filament  lamps  are  used  for 
lighting  the   pit  bottom  and   for    100  yards   from   the 


bottom,  but  at  the  face  Davy  lamps  still  predommate. 
A  recent  report  showed  that  there  were  4  300  electric 
hand-lamps  and   720  000  oil  hand-lamps  in  use. 

The  efficient  lighti  g  of  working  places  underground 
helps  to  increase  both  the  output  and  the  safety  of 
working.  Electric  hand-lamps  consist  of  an  aluminium 
case  in  which  is  a  lead  storage  cell.  The  lamp  itself 
is  further  protected  by  a  thick  glass  cover.  The  casing 
is  so  arranged  that  if  the  outer  glass  cover  is  broken  the 
lamp  is  automatically  extinguished.  The  Home  Office 
regulations  require  that  at  least  1  c.p.  must  be  given 
after  9  hours'  continuous  burning. 

There  are  various  makes  in  use,  but  they  differ  very 
little  in  principle.     The  usual  weight  is  about  4  lb. 

The  objection  that  electric  lamps  give  no  indication  of 
fire-damp  has  been  overcome  by  the  introduction  of 
various  fire-damp  detectors.  One  make  gives  indication 
of  as  little  as  0-25  per  cent  of  gas. 

Miscellaneous. 

One  other  piece  of  machinery  largely  in  use  in  collieries 
now-a-days  is  the  shot  drill.  This  consists  of  a  rotary 
drill  driven  by  a  4  h.p.  motor,  and  the  whole  carcass 
is  fixed  on  wheels  so  that  it  can  be  moved  quickly  from 
place  to  place. 

These  machines  are  used  chiefly  for  drilUng  holes  in 
the  coal  after  it  has  been  cut  hv  the  coal  cutter.  In  these 
holes  are  placed  explosive  cartridges  which  are  fired, 
the  coal  consequently  being  blown  down. 

The  following  are  some  figures  in  connection  with  a 
fairly  large  collierjf  in  Scotland,  and  these  figures  are 
fairh'  typical  for  the  whole  of  Scotland  : — • 


Output  per  week  . . 
Consumpt  on  per  week    .  . 
Water  used  per  week 
Water  per  ton  of  coal 
Consump  ion  per  ton  of  coal 
Average  load  factor 


8  200  tons 
67  000  units 
32  000  tons 
4  tons 

8-2  units 
44  per  cent 


The    overall    output     is    6- 5  lb.    of    coal    per     unit 
generated. 
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HYDRO-ELECTRIC   POWER   SUPPLY. 
By  A.  TusTiN,  M.Sc,  Student. 

(Abstract  of  paper  read  before  the  Xorth-Western  Students'  Section,   Ulh  February,  1922.) 


Summary. 
The  objects  of  the  paper  are:  (1)  To  describe  briefly  the 
chief  constituent  parts  of  a  hydro-electric  development,  and 
their  functions  ;  (2)  to  discuss  some  of  the  economic  factors 
controlling  the  development  and  operation  of  water-power 
plants  ;  and  (3)  to  consider  the  question  of  tidal  power  where 
it  exemplifies  the  working  of  these  economic  factors. 


Types  of  Development. 

A  stream  ol  water,  in  which  Q  lb.  of  water  per  second 
flow  so  that  they  fall  through  a  vertical  head  of 
H  feet,  necessarily  loses  QH  ft. -lb.  of  potential  energy 
per  second.  In  the  state  of  nature  this  is  turned  into 
the  kinetic  energy  of  irregular  motion,  and  by  fluid 
friction  into  heat.  The  task  of  the  water-power  engineer 
is  to  reduce  fluid  friction  by  guiding  the  water  into  a 
uniform  stream-Una  flow,  and  abstracting  its  energj* 
b}'  means  of  water  turbines. 

A  given  power  may  be  provided  either  by  a  small  stream 
of  water  falling  through  thousands  of  feet,  or  by  an 
immense  mass  of  water  falling  through  a  few  feet. 
There  is  no  real  difference  between  the  principles  by 
which  the  water-power  engineer  deals  with  the  one  or 
the  other,  but  naturally  they  lead  to  plants  widely 
differing  in  engineering  structure  and  appearance. 

No  two  water-power  stations  are  identical,  owing 
to  local  geography,  the  power  available,  and  the  con- 
stant progress  in  technique  ;  but  for  descriptive  pur- 
poses we  may  disringuish  two  characteristic  types  of 
plant,  i.e.  low-head  plants  of  the  dam  or  barrage  type, 
and  higher-head  plants  of  the  pipe-line  type.  The 
two  merge  into  each  other. 

In  the  dam  type  the  power  house  itself  is  built  across 
the  river  so  as  to  form  a  dam,  or  part  of  a  dam.  The 
water  rises  on  the  up-stream  side,  and  is  allowed  to 
flow  through  turbines  in  the  power  house  under  the 
head  so  obtained. 

In  the  pipe-line  type  the  water  is  accumulated  in  a 
catch  pool  at  a  higher  level,  and  is  brought  down  to 
the  power  house  by  a  pipe  or  pipes,  which  may  be  miles 
long. 

Pressure  Pipe  or  Penstock. 

The  design  of  pipe  lines  for  hydro-electric  work 
presents  a  very  varied  series  of  problems.  There  is  a 
wide  choice  of  material :  riveted  boiler  plate,  reinforced 
concrete,  wood  staving,  cast  iron,  welded  steel  and 
weldless  steel  all  being  met  with. 

The  number,  size  and  location  of  the  pipes  must 
be  determined,  and  due  thought  given  to  the  questions 
of  anchorage,  temperature  expansion,  water-hammer 
effects,  and  mechanical  strength,  both  as  a  beam  and 
whilst  partly  filled  or  under  sudden  suction  due  to 
increase  of  load. 


Actually  pipes  are  met  with,  varjang  from  more 
than  12  ft.  in  diameter  and  some  |  in.  thick  at  low 
heads,  to  a  diameter  of  19  in.  and  1|  in.  thickness  of 
weldless  steel,  as  in  the  5  000-ft.  head  pipe-line  at  Lac 
Fully,  in  Switzerland. 

The  w-ater  pressure  upon  the  interior  of  the  pipe 
increases  proporrionally  to  the  head  as  the  pipe  descends 
from  the  forebay  to  the  power  house.  For  this  reason: 
long  pipes  are  sectionalized,  and  the  material,  size, 
thickness  and,  occasionally,  the  number  of  pipes,  are 
varied  so  as  best  to  suit  the  conditions  of  each  particular 
section. 

With  regard  to  the  choice  of  the  number  of  pipes 
to  convey  a  given  quantity  of  water,  the  best  practice 
is  to  make  the  number  as  small  as  possible,  often  using 
one  only.  This  may  be  seen  by  considering  that  the 
total  section  of  the  pipes  is  kept  unchanged  w-hile  the 
number  is  varied.  The  smaller  pipes  will  not  need  to 
be  so  thick,  both  thickness  and  diameter  being  propor- 
tional to  -\/(l/n),  where  n  is  the  number  of  pipes.  The 
area  of  metal  per  pipe  is  therefore  proportional  to  1/n, 
and  the  total  metal  n  X  (1/n)  is  unaltered.  At  the 
same  time,  however,  the  efficiency  of  the  pipe  is 
decreased,  as  the  frictional  loss  of  head,  being  roughly 
proportional  to  the  wetted  surface,  is  increased  by 
using  a  number  of  small  pipes. 

In  practice  more  than  one  pipe  is  used,  and  some- 
times as  many  as  five  or  ten.  This  is  sometimes  due 
to  the  fact  that  the  installation  is  made  step  by  step, 
or  to  manufacturing,  transport,  or  erection  consider- 
ations. For  pipe  lines  up  to  a  few  hundred  feet  in 
length  it  is  a  common  practice  to  put  one  pipe  to  each 
turbine,  thus  giving  reliability  and  avoiding  the  losses 
inherent  in  the  distributor  pipe  which  would  otherwise 
be  necessar}'. 

Choice  of  Diameter. 
The  basic  principle  upon  which  all  economical  design 
depends  is  that  an  additional  small  investment  of  capital 
upon  any  part  or  item  of  the  plant  should  give  the 
same  return,  and  that  that  return  should  be  equal 
to  the  market  rate  of  interest  on  this  investment,  plus 
the  annual  depreciation  on  this  investment  at  a  per- 

\    centage  suited  to  the  item  in  question,  plus  an  allow- 

•    ance  for  profit. 

In  this  case  an  increase  in  the  diameter  of  the  pipe 
would  result  in  a  definite  additional  capital  outlay.  It 
would  result  in  a  gain  because  the  decrease  in  the 
frictional  loss  would  render  an  equal  amount  of  energy 
saleable,  and  the  gain  would  be  the  sale  price  of  this 
energy.     It   w^ould   also   result  in   a   loss   because   the 

j  turbine  and  the  generator  would  have  to  be  correspond- 
ingly larger,  working  at  a  sUghtly  higher  head  because 
of  the  decrease  in  the  frictional  loss. 
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The  annual  value  of  the  energy  gained  should  be 
just  sufficient  to  pay  for  the  interest,  depreciation, 
and  profit  charges  on  the  increase  in  cost  of  the 
pipe  and  the  increase  in  cost  of  the  generating  unit. 
This  consideration  enables  an  economic  limit  to  be 
arrived  at. 

Water  Turbines  and  Specific  Speed. 
In   practice   only   two   types   of   water   turbines   are 
generally    used,    the    Pelton    impulse    wheel,    best    for 
small  powers  and  high  heads,  and  the  Francis  reaction 
turbine,  best  for  large  powers  and  low  heads. 

The  conditions  determining  which  type  is  the  more 
suitable  for  a  given  case  are  largely  summed  up  in  the 
specific  speed,  which  depends  solely  upon  the  geometrical 
proportions  and  shape  of  the  wheel,  and  not  upon  its 
size. 

If  a  runner  of  given  geometrical  form  be  placed  under 
a  given  head  there  will  be  only  one  speed  at  which  the 
velocity  of  flow  of  the  water  and  the  velocity  of  the 
blade  are  so  related  that  the  water  enters  without 
shock  and  leaves  with  low  velocity,  and  therefore  only 
this  speed  will  give  the  best  efficiency.  The  spouting 
velocity  of  water  at  a  head  H  is  proportional  to  \/H, 
and,  therefore,  keeping  the  turbine  always  running 
so  that  the  water  enters  without  shock,  the  velocity 
of  the  blades  must  be  proportional  to  -y/if  and  the  speed 
(r.p.m.)  to  \/H/D. 

The  power  developed  is  the  product  of  the  quantity 
of  water  and  the  head,  i.e.  it  is  also  proportional  to 
'\/HD"H,  since  the  area  of  the  water  passages  for 
geometrically  similar  wheels  is  proportional  to  £)-. 

We  have  then  the  two  proportions  : 


and 


PiXHx^HD-,   or     Dec 


Pi 
Hi 


Eliminating  D,  we  have 

N(X. 

r  N  =  K 


Pi 

Pi 


where  K  is  defined  as  the  specific  speed. 

Pelton  wheels  have  specific  speeds  of  less  than  5  or 
6.  Francis  turbines  have  specific  speeds  of  from  15 
to  125.  Intermediate  values  may  be  obtained  by 
using  more  than  one  Pelton  wheel  mounted  on  the 
same  shaft,  or  wheels  with  more  than  one  jet.  Since 
for  a  given  turbine  speed  the  specific  speed  must  vary 
as  '^/PfH'i,  it  will  be  seen  how  the  head  and  power 
determine  the  choice  of  type  of  wheel. 

Draught  Tube. 

The  draught  tube  is  an  integral  part  of  the  turbine, 
as  it  is  used  to  recover  the  energy  represented  by  the 
head  which  the  water  retains  when  leaving  the  turbine, 
and  the  energy  due  to  the  velocity  with  which  it  leaves 
the  turbine. 


Headworks  and  Foreb.^y. 

The  forebay  at  the  head   of  the  pipe  line  has  two 
main  functions  : — 

(1)  To    supply    water    capacity    to    meet    a    sudden 

change  of  load,  as  the  water  in  a  long  canal 
or  flume  cannot  quickly  adjust  its  flow  to  new- 
conditions.  If  no  capacity  were  provided  at 
the  forebay  a  sudden  increase  of  load  would 
drain  the  forebay,  and  a  sudden  decrease  of 
load  would  cause  it  to  overflow,  owing  to  the 
inertia  of  the  water  running  into  it. 

(2)  To   remove   foreign   bodies   from   the   water,   the 

water  velocity  is  reduced  so  that  sand  and 
grit  settles,  and  straining  racks  (trash  racks) 
are  provided,  first  of  coarse  and  then  of  fine 
mesh. 

Storage  and  Regulation  of  Flow. 
There  are  really  two  distinct  reasons  for  providing 
hydro-electric  plants  with  water  storage,  as  follows  : — 

(1)  During  any  day  the  mean  power  which  may  be 
generated  is  proportional  to  the  total  flow  of  water. 
For  most  purposes,  however,  the  load  curve  is  peaked, 
and  the  flow  of  water  must  follow  the  peaked  load  curve, 
and  if  the  whole  of  the  available  water  is  to  be  used, 
some  of  it  must  be  stored  at  times  of  low  load,  so  as  to 
be  available  for  times  of  peak  load.  This  storage  is 
sometimes  called  "  pondage,"  and  is  often  placed 
at  or  near  the  forebay,  so  that  the  works  above  the 
forebay  may  be  designed  to  meet  only  the  mean  load, 
not  the  peak  load. 

(2)  Storage  from  wet  to  dry  parts  of  the  year,  and 
from  dry  to  wet  years.  The  whole  problem  is  very 
similar  to  that  of  ordinary  town  water-supply,  but  is 
usually  on  a  larger  scale.  It  is  worth  noting  that  storage 
at  the  head  of  a  river  serves  for  the  seasonal  regulation 
of  all  water-power  stations  farther  down  the  river. 
This  is  one  reason,  amongst  several,  why  the  water 
development  of  a  river  must  be  considered  as  a  whole, 
i.e.  as  one  problem  from  source  to  mouth. 

Two  factors  largely  decide  the  desirability  of  storage, 
the  first  being  the  head  at  which  the  plant  works.  A 
given  quantity  of  water  stores  an  amount  of  energy  pro- 
portional to  its  head.  For  example,  a  10-ft.  cube  of 
water  at  a  head  of  5  000  feet  represents  about  120  kWh, 
but  at  a  head  of  20  feet  represents  only  about  0-5  kWh. 
For  this  reason  high-head  plants  are  provided  with 
storage  wherever  the  ground  permits,  but  low-head 
plants  never  have  storage. 

The  second  factor  is  the  frequency  with  which  the 
reservoir  is  filled  and  emptied.  Clearly,  the  mean 
power  from  a  given  storage  is  proportional  to  this. 
This  is  the  reason  why  daily  pondage  presents  so  few 
problems,  as  compared  with  seasonal  storage.  It  is 
also  the  reason  why  storage  from  dry  to  wet  years 
is  practically  never  found,  and  why  a  district  with 
two  wet  seasons  favours  storage  more  than  docs  a  dis- 
trict with  only  one. 

Storage  for  Tidal-power  Regulation. 
These  two  principles  have  an  interesting  application 
in  schemes  for  developing  tidal  power,  where  the  problem 
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of  fitting  a  peaked  power-supply  curve,  with  its  peaks 
at  variable  hours  of  the  day,  to  a  peaked  but  stationary' 
demand  cur\-e  is  probably  not  capable  of  a  very  cheap 
and  easy  solution.  It  has  been  suggested  that  a  high- 
head  storage  reservoir  should  be  established  near  the 
tidal  power  station.  At  tirnes  of  excess  power  it  would 
be  used  to  pump  water  up  to  the  reser\oir.  This 
water  would  be  run  out  to  supplement  the  tidal 
power  when  required,  special  high-head  turbines  being 
provided. 

This  regulation  by  pumpage  is  not  untried  ;  there  is 
a  small  river  station  at  Walker  Burn  on  the  Tweed 
so  regulated  with  a  1  000-ft.  head  reser\'oir,  and  a  larger 
one  at  Vou\Ty  in  Switzerland  working  at  3  000  ft. 

There  are  three  separate  frequencies  to  be  considered 
in  the  case  of  tidal  power  : — 

(1)  The  tidal  power,  utilized  on  rise  and  fall,  has  a 

peak  everj'  6  hrs.   12J  mins. 

(2)  The  load  curve  has  a  peak  every  24  hours. 

(3)  The  tidal  power  available  is  four  times  as  large 

at  spring  tides  as  at  neap  tides,  with  peaks 
every  fortnight.  If  the  actual  cost  of  the 
.  high-head  reservoir  were  very  large,  as  seems 
.  likely  to  be  the  case,  it  might  be  profitable 
to  store  for  the  high-frequency  variations, 
but  not  for  the  low-frequency  variations,  i.e. 
it  might  be  more  economical  to  turn  the  tidal 
power  into  constant  available  power  wthout 
providing  storage  to  distribute  this  power 
over  a  commercial  load  cur\'e  with  a  corre- 
spondingly higher  peak  value,  and  similarly 
it  might  be  profitable  to  develop  fully  the 
neap  tide  power  and  neglect  the  excess  at 
spring  tides. 

Interconnection  and  Storage. 

When  power  plants  are  fed  by  streams  having  a 
different  variation  of  flow  with  the  seasons,  as  when 
one  is  fed  by  melting  snow  and  the  other  by  rainfall, 
they  may  be  electrically  interconnected;  and  the 
seasonal  storage  required  is  thus  reduced.  Similarly, 
on  tidal-power  development  schemes  it  has  been  sug- 
gested that  the  power  from  estuaries  having  different 
tidal  times,  when  fed  into  a  common  network,  might 
be  arranged  to  avoid  or  diminish  storage.  Such 
schemes  have  been  proposed  for  the  Severn  and  the 
Dee  ;    and  for  the  Forth,  Clyde,  and  Solway  Firth. 

Tidal  Power. 

When  the  tide  rises,  work  is  done  in  lifting  an  immense 
mass  of  water  against  gravity.  The  rate  at  which 
work  is  done,  i.e.  the  power,  is  enormous.  It  has 
been  estimated,  for  instance,  that  the  Irish  Sea  absorbs 
at  times  anything  up  to  6  000  milhon  kW.  In  the 
open  oceans  the  greater  part  of  this  energy  is  restored 
on  the  fall  of  tide,  the  tidal  heap  or  wave  simply  swing- 
ing round  the  earth.  Shallow  seas  and  narrow  places 
absorb  a  large  quantity  of  tidal  energy  in  friction, 
which  is  supplied  by  a  corresponding  decrease  in  the 
rotational  energy  and  speed  of  the  earth.  Since  this 
energy  of  rotation  is  sufficient  to  supply  1  000  million 


continuous  kW  for  800  million  years,  neither  the 
immense  tidal  losses  nor  such  trivial  additions  to  them 
as  any  human  harnessing  of  the  tides  might  make,  will 
cause  any  perceptible  lengthening  of  the  days  and 
nights  during  any  period  of  immediate  interest  to  us. 

During  the  past  few  years  there  have  been  a  number 
of  schemes  for  turning  the  tidal  power  to  account. 
These  are  of  two  main  types.  The  first  consists  of  a 
float  or  Hoats  rising  and  falling  with  the  tide,  and 
coupled  by  cranks,  for  instance,  to  apparatus  on  shore. 
This  scheme  cannot  be  expressed  correctly  in  figures, 
for  if  we  take  a  float  of  1  000  tons'  displacement  on 
a  20-ft.  tidal  range,  the  power  would  be  only  li  kW, 
as  follows  : 

Energy  every  12  hours  =  20  X  I  000  x  2  240  =4-48 

X  10"  ft. -lb. 

4-48  X  107 

Power  = =1-4  kW 

12  X  60  X  44  000 

The  more  hopeful  type  of  solution  is  that  in  which 
a  large  estuary  is  dammed,  the  dam  being  fitted  with 
sluice  gates  and  containing  turbines  more  or  less  as 
in  a  low-head  river  development.  The  reservoir  so 
formed  is  filled  at  high  tide  and  the  water  is  retained 
beliind  the  dam  as  the  tide  falls  outside.  When  it  has 
fallen  so  that  sufficient  difference  of  level  has  been 
established,  water  is  allowed  to  flow  out  through  the 
turbines  in  the  dam,  generating  power.  Alternatively, 
the  method  of  working  may  be  to  lock  the  rising  tide 
out  while  the  reservoir  remains  empty,  and  the  power 
is  developed  while  water  is  allowed  to  flow  in  and  fill 
the  reservoir.  Finally,  if  obvious  practical  difficulties 
can  be  overcome,  it  should  be  possible  to  combine  the 
two  and  obtain  power  from  the  same  turbines  both  on 
the  inflow  and  on  the  outflow  of  the  tide. 

This  power  supply  is  intermittent,  for,  in  order  to 
obtain  a  working  head,  the  reservoir  cannot  begin 
to  empty  until  some  time  after  it  has  been  filled 
at  high  tide,  and  it  must  be  quite  empty  before  the 
tide  rises  again.  Since  the  tidal  period  is  12  hours 
25  minutes,  the  working  periods  become  later  each  day 
and  cannot  be  made  to  fit  any  load  which  occurs  at 
the  same  hours  each  day.  This  problem  is  the  one 
upon  the  solution  of  which  the  economical  develop- 
ment of  tidal  power  waits,  namely,  either  to  adapt 
or  create  industrial  processes  which  will  utiUze  power 
as  and  when  it  is  available,  or  alternatively,  to  find  a 
means  of  storing  energy  in  order  to  fit  the  irregular 
supply  to  the  variable  demand  of  industrial  load. 

A  further  solution  is  to  use  an  additional  low-level 
tidal  basin,  or  sump,  into  which  water  may  be  run 
either  from  the  liigh  tide  or  the  liigh  water  in  the  main 
reservoir,  at  such  times  as  power  would  not  otherwise  be 
available. 

Power  from  a  Basin. 

On  a  20-ft.  tidal  range  one  square  mile  of  reservoir 
area  mav  be  readily  sho\vn  to  represent  energy  equiva- 
lent to  132  000  kWTi,  i.e.  it  would  lose  this  potential 
energy  if  it  were  discharged  at  low-water  level.  With 
the  power  developed  on  both  inflow  and  outflow  this 
would  give  a  mean  continuous  output  (at  100  per  cent 
overall  efficiency)  of  22  000  kW  per  square  mile. 
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The  power  available  is  proportional  to  the  square 
of  the  tidal  range.  Some  estuaries,  e.g.  the  Severn,  have 
neap  tides  of  20  feet  and  spring  tides  of  40  feet.  The 
mean  power  is  therefore  at  least  double  that  given 
above  for  a  range  of  20  feet,  and  for  20  square  miles  of 
basin  area  would  give  (at  (iO  per  cent  overall  etficienc}') 
over  500  000  kW  contiuuous  power,  or  the  equivalent  of 
1  000  000  kW  peak  capacity  on  an  industrial  load  factor 
of  50  per  cent.  The  Severn  tidal-power  scheme  is  of 
this  order  of  magnitude,  and  at  least  as  much  power 
again  is  available  around  our  coasts  and  is  possibly 
on  the  margin  of  being  commercially  remunerative. 

Competition   and   Co-operation   of   Steam   and 
Water-power  Stations. 

All  other  considerations  apart,  under  a  comrnercial 
system  one  absolute  hmit  to  the  development  of  water 
power  is  the  condition  that  it  shall  not  be  more  com- 
mercially profitable  to  supply  the  same  power  at  the 
same  place  by  fuel-power  stations.  It  is  also  true, 
however,  that  a  combination  of  water  and  steam  plants, 
electrically  interconnected,  is  \-ery  often  the  cheapest 
way  to  meet  a  given  power  demand,  even  when  abundant 
water  power  exists  to  meet  it  unaided.  The  economic 
solution  depends  upon  the  load  factor  of  the  load  it  is 
intended  to  supply,  or  upon  the  charges  which  energy 
at  various  load  factors  will  bear.  For  example,  a  very 
high  load  factor  may  be  obtained  by  developing  electro- 
chemical industries,  but  the  cost  per  unit  which  will 
render  this  development  remunerative  is  rigidly  limited 
by  the  cost  of  alternative  methods  of  production. 

The  costs  of  generating  energy  by  any  means  may 
be  divided  into  a  cost  specific  to  each  unit  and  an  over- 
head cost  independent  of  the  number  of  units  generated, 
but  depending  mainly  on  the  peak  capacity.  With  a 
higher  load  factor  the  fixed  charges  are  spread  over  a 
larger  number  of  saleable  units,  and  the  cost  per  unit 
is  decreased.  If  the  fixed  charges  are  large  compared 
with  the  generating  charges,  a  high  load  factor  will 
have  more  effect  in  reducing  the  cost  per  unit  than  if 
the  reverse  is  the  case. 

In  hydro-electric  installations  there  are  many  cases 
in  which  practically  the  whole  costs  are  the  fixed 
charges,  i.e.  interest  on  capital,  rents,  etc.,  and  in  such 
cases  a  high  load  factor  is  necessary  if  the  cost  per 
unit  is  to  be  small,  and  an  installation  which  could  not 
compete  with  steam  at  ordinary  load  factors  might  be 
a  sound  proposition  if  required  to  supply  a  specially 
high  load  factor. 

In  hydro-electric  schemes  involving  expensive  sea- 
sonal storage  the  reverse  is  the  case.  The  amount  of 
storage  capacity  required  is  fixed  by  the  mean  daily 
load,  not  the  peak  load,  and  hence  the  greater  part  of 
the  reservoir  cost  is  a  cost  proportional  to  the  energy 
developed,  i.e.  to  the  load  factor.  In  fact,  the  water 
has  now  a  cost,  just  as  fuel  in  a  steam  station 
has  a  cost,  and  the  storage  development  is  under 
exactly  the  same  economic  forces  as  a  station  using 
expensive  fuel  for  every  unit  it  develops.  In  this  case 
the  load  factor  of  the  station  is  of  correspondingly  small 
account,  and  it  may  be  that  such  a  station  which  could 
not  compete  with  steam  to  supply  continuous  power 


could  compete  with  it  successfully  under  industrial 
load  factors,  though  this  would  be  an  extreme  case. 

It  will  now  be  seen  why  a  compound  station  may 
be  the  most  economical  proposition  to  meet  a  given 
load.  It  will  be  possible  to  keep  part  of  the  plant 
running  constantly,  part  running,  say,  for  50  per  cent 
of  the  time,  part  running  for  only  the  brief  period  of  the 
peak  loads,  and  part,  the  standby  units,  running  only 
in  cases  of  emergency.  According  to  circumstances, 
water-power  units  will  meet  some  of  these  demands 
best,  and  steam  units  will  meet  others  best,  and  the 
station  will  be  made  compound. 

In  low-head  de\-elopments  without  storage,  i.e.  where 
the  water  is  either  used  or  wasted,  the  steam  units 
are  therefore  used  to  take  the  peak  loads,  and  the 
water  units  are  set  to  run  constantly  at  their  most 
efficient  output,  using  all  the  water  which  is  available 
up  to  their  maximum  capacity. 

In  high-head  developments  with  seasonal  storage 
it  is  sometimes  better  to  run  these  steam  stations  at 
constant  load  and  to  take  the  peaks  on  the  water, 
for  the  reason  explained  above. 

Mhere  high-  and  low-head  developments  are  con- 
nected into  a  comprehensive  system,  as  in  Switzerland, 
it  is  the  practice  to  run  the  low-head  developments 
at  constant  power  and  take  the  peak  loads  from  the 
storage  stations. 

In  England,  where  there  is  considerable  possibility 
of  developing  a  large  number  of  low-head  stations  of 
small  power  connected  into  the  steam  supply  network, 
it  would  be  possible  to  run  these  at  continuous  full 
load,  and,  though  the  load  factor  of  the  steam  stations 
would  be  so  much  the  worse,  it  is  clear  that  this  possi- 
bility renders  the  limit  of  cost  per  kilowatt  which  would 
make  such  a  development  possible,  rather  higher  than 
it  would  otherwise  be. 

Cost  of  Water-power  Development. 

There  is  a  definite  limit  of  capital  cost  which  cannot 
be  exceeded  by  a  water-power  development.  This 
limit  depends  upon  the  distribution  of  the  load  through 
the  day  and  upon  the  charge  per  unit  which  the  prospec- 
tive consuming  process  will  bear,  and  cannot,  therefore, 
be  stated  at  a  definite  figure.  It  also  depends  upon  the 
location  of  the  water  power. 

It  has  been  shown  in  the  report  of  the  Water  Power 
Resources  Committee  that  a  liberal  allowance  for 
medium-sized  plants  for  all  the  annual  charges  whatso- 
ever is  II  per  cent  of  the  total  initial  outlay. 

If  the  limiting  expenditure  for  development  is  fixed 
solely  by  competition  with  coal-fired  stations,  the 
limiting  cost  per  kilowatt  may  easily  be  estimated 
from  the  equation  : — 

11  per  cent  of  this  expenditure 

=  annual  cost  of  the  equivalent  steam  station. 

On  a  pre-war  basis  a  5  000-kW  steam-power  station 
with  coal  at  10s.  per  ton,  and  with  an  annual  load 
factor  of  95  per  cent,  would  cost  about  £37  000  per 
annum.  This  is  11  per  cent  of  the  allowable  cost 
(pre-war)  of  a  5  000-kW  water-power  station,  which 
makes  its  limiting  cost  per  kilowatt  £67  for  the  same 
duty.     If  the  average  value  of  money  is,  as  at  present. 
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half  its  pre-war  value,  the  present  economic  limit  is 
twice  as  much,  or  £134  per  kilowatt.  At  lower  load 
factors  the  limit  would  be  lower,  probably  about  £45, 
i.e.  the  pre-war  cost  at  50  per  cent  load  factor. 

The  cost  per  kilowatt  of  actual  installations  is  ver^' 
variable.  A  10  000-h.p.  station  at  Chedde  in  France 
cost  only  £7  per  kilowatt.  The  average  (pre-war) 
cost  per  kilowatt  of  the  installations  in  various  coun- 
tries are  as  follows  : — 

£ 
Canada  (70  tj-pical  larger  plants)     ..    17-7 
Canada  and  U.S. A  (average)  ..    25-0 

Scotland  33-0 

Sweden..  ..  ..  ..  ..15-0 

British  Water-power  Resources. 

The  extent  and  a\-ailability  of  the  water-power 
resources  of  the  British  Isles  have  just  begun  to  attract 
the  attention  of  engineers.  The  report  of  the  Water 
Power  Resources  Committee  of  the  Board  of  Trade 
has  just  been  issued,  and,  although  only  selected  dis- 
tricts were  investigated  by  the  Committee,  the^'  con- 
sider that  in  those  districts  there  is  power  of  210  000  kW 
(continuous)  in  Great  Britain  capable  of  economic 
development  and  more  than  200  000  kW  (continuous) 
in  Ireland.  In  Great  Britain  this  represents  40  per  cent 
of  the  total  units  generated  for  public  supply,  railways 
and  tramways  in  1917-18.  In  Ireland  the  amount  is, 
of  course,  vastly  more  than  the  whole  so  generated. 
This  leaves  out  much  water  power  not  in^'estigated, 
particularly  the  low-head  river  sites  in  England.  An 
investigation  of  a  typical  river,  the  Wiltshire  Avon, 
showed  4-4  kW  per  square  mile  of  catchment.  The 
area  of  England  is  50  000  square  miles,  and  although 
this  is  very  little  data,  it  indicates  that  there  are  con- 
siderable resources  not  included  in  the  Committee's 
estimate  ;  and  there  is  also  a  total  of  at  least  1  000  000 
kW  (continuous)  of  tidal  power  not  far  from  the  limit 
of  economic  availabilitj-. 

Water-power  Developments  Abroad. 

Almost  every  country-  has  made  rapid  progress  in 
the  past  10  years  in  investigating  and  developing  its 


water-power  resources.  Everywhere  plans  are  made 
for  huge  developments  which  only  await  economic 
prosperitj-  to  be  put  in  hand. 

General  Economic  Effects. 

The  steady  development  of  resources  of  this  magni- 
tude constitutes  perhaps  the  most  important  engineer- 
ing movement  at  present  occurring.  The  causes  for 
it  are  the  technical  advances  in  turbine  and  electrical 
engineering,  the  spread  of  the  industrial  point  of  view 
all  over  the  world,  and  the  effects  of  the  war  upon 
the  supply  of  coal  and  of  manufactured  goods. 

Probably  about  one-iifth  of  the  total  mechanical 
prime-mover  power  of  the  world  is  water  power  as  at 
present  in  operation.  It  is  certain  that  this  fraction 
will  be  much  increased  in  a  few  years'  time.  The 
available  water  power  of  the  world  is  vastly  greater 
than  its  power  consumption,  but  its  development  wUl 
proceed  slowly  because  it  is  very  often  situated  away 
from  industrial  areas.  It  is  certain,  however,  that 
in  the  long  run  the  load  will  go  to  the  power,  and  trans- 
port, which  is  one  of  the  difficulties  of  development,  will 
be  provided  where  it  is  required. 

This  development  has  a  double  interest  for  this 
country-.  First,  it  is  creating  a  demand  for  civil  engineer- 
ing plant  electrical  generating  plant,  high-tension 
transmission  and  control  gear,  industrial  equipment, 
etc.,  which  British  engineers  have  to  study.  This 
demand  can  be  met  in  the  first  place  only  by  established 
industrial  countries.  It  is  also  developing  a  market 
for  trained  industrial  skill. 

The  ultimate  effect  of  this  movement  towards  universal 
industrial  development,  of  which  water-power  develop- 
ment is  one  important  aspect,  may  be  less  fortunate 
for  the  people  of  this  countrj'.  We  have  held,  together 
with  a  few  other  countries,  a  monopoly  position  as 
universal  providers  of  manufactured  goods.  In  so  far 
as  it  does  not  depend  upon  new  demands  and  increased 
consumption,  the  development  of  industry'  in  new  places 
must  of  necessitrs'  restrict  the  markets  of  the  established 
countries.  The  process  has  not  yet  become  important, 
but  it  seems  probable  that  it  will  underlie  the  industrial 
history  of  the  j-ears  when  we  shall  be  most  interested 
in  such  movements. 
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Summary. 

This  paper  is  an  account  of  some  of  the  experiments 
carried  out  during  the  past  year  by  the  Sub-Committee  of 
the  Radio  Research  Board  on  Wireless  Direction  Finding. 

The  majority  of  the  worli  was  done  either  at  the  Radio 
Research  Station,  Slough,  or  the  National  Physical  Labora- 
tory,  Teddington. 

The  paper  summarizes  the  work  of  previous  investigators 
on  the  same  lines,  and  indicates  why  further  reasearch  was 
necessary.  It  then  describes  experiments  which  provide 
quantitative  data  as  regards  the  effect  of  metal  work,  coils, 
aerials,  overhead  wires  and  trees  on  a  direction-finding  set 
in  their  vicinity,  and  gives  definite  figures  which  show  the 
extent  in  certain  cases  of  errors  produced  by  mountains 
and  buildings. 


Introduction. 

Modern  direction-finding  installations  are  well  able 
to  detect  variations  of  less  than  05°  in  the  direction  of 
arrival  of  the  waves  under  observation.  There  are, 
liowever,  many  causes  which  may  prevent  the  readings 
so  obtained  from  corresponding  to  the  absolute 
direction  of  the  transmitting  station  observed  to  this 
degree  of  accuracy. 

An  analysis  of  the  various  classes  of  errors  expe- 
rienced in  practice  shows  that  by  far  the  most  important 
are  those  which  have  been  somewhat  vaguely  termed 
"  night  effect,"  implying  the  variation  in  the  apparent 
direction  of  arrival  at  the  direction-finding  station,  a 
phenomenon  which  is  observed  with  nearly  all  trans- 
mitting stations  between  sunset  and  sunrise.  These 
variations  commonly  amount  to  20°  and  have  been 
observed  by  the  authors  to  exceed  40°  on  certain 
occasions.  Little  is  known,  however,  as  to  the  cause 
producing  these  effects,  though  much  has  been  surmised. 
No  practical  system  has  been  put  forward  which  avoids 
these  errors,  and  there  is,  at  present,  little  more  to  be 
said  about  them  save  that,  by  reason  of  their  existence, 
radio  direction-finding  is  practically  restricted  to  the 
daytime  except  over  very  short  distances. 

Second  in  importance  is  the  class  of  error  dealt  with 
in  this  paper,  namely,  the  errors  which  are  produced 
by  the  immediate  surroundings  of  the  installation. 

Effects  of  this  kind  may  be  caused  by  neighbouring 
objects,  or  by  local  geographical  conditions,  and  while 
the  errors  produced  will  be  constant  under  ordinary 
circumstances  and  thus  permit  of  correction  of  the 
bearings,  in  other  cases  it  may  be  necessary  to  avoid 
all  possible  errors  at  the  site  of  the  installation.  It 
was  known  previously  that  such  objects  as  cliffs,  hills 
and  mountains,  trees,  masses  of  metal  work,  and  over- 


head lines  would  produce  very  serious  errors  on  a 
direction  finder  operated  in  the  vicinity,  while  the  special 
case  of  the  effect  of  the  metal  hull  of  a  ship  has  seriously 
engaged  the  attention  of  wireless  engineers  ever  since 
the  first  ship  was  fitted  with  directional  apparatus. 

Round  *  has  indicated  these  facts  in  a  general  way, 
while  Ballantine,t  in  an  account  of  some  researches  of 
the  U.S.  Navy  Department,  gives  some  interesting 
details  of  local  errors  met  with  in  special  cases.  HoUing- 
worth  and  Hoyle  have  also  given  the  results  of  experi- 
ments conducted  in  this  matter,  J  while  more  recently 
Kolster  and  Dunmore  have  mentioned  some  of  the 
errors  experienced  in  towns  and  on  board  ship.§ 

Notwithstanding  the  above  work,  however,  there  is 
insufficient  data  on  the  matter  indicating  exactly  what 
errors  are  produced,  their  probable  magnitude  and  at 
what  distance  from  the  disturbing  objects  the  receiver 
must  be  placed  in  order  to  render  such  errors  neghgibly 
small. 

A  knowledge  of  these  facts  is  particularly  important 
in  selecting  a  suitable  site  for  the  erection  of  a  direc- 
tional radio  installation.  It  is  the  experience  of  the 
authors  that  it  is  very  difficult  to  obtain  for  direction 
finding  an  absolutely  ideal  site,  which  is  not  prohibitive 
for  other  reasons,  particularly  in  the  vicinity  of  towns. 
It  has,  for  instance,  been  found  desirable  to  have  some 
idea  as  to  which  of  several  conditions  will  produce  the 
least  serious  effect,  and  at  approximately  what  spot 
the  observed  errors  will  be  a  minimum. 

The  experiments  described  in  this  paper  were  there- 
fore carried  out  in  order  to  obtain  some  quantitative 
knowledge  of  the  disturbing  effects  of  surrounding 
objects  on  a  directional  receiving  set.  Unless  it  is 
otherwise  stated,  the  experiments  were  conducted  with 
a  direction  finder  of  the  Robinson  or  crossed-coil  type,j| 
which  was  transported  to  and  from  the  scene  of  opera- 
tions as  required.  In  a  few  cases,  however,  a  smaller 
single-frame  coil  was  used  for  convenience,  and  due 
mention  will  be  made  of  this  at  the  correct  place.  The 
orientation  of  the  coil  for  each  experiment  was  carefully 
carried  out  by  means  of  a  good  prismatic  compass, 
which  could  be  relied  upon  to  within  \  degree. 

•  H.  J.  Round  :  "  Direction  and  Position  Finding,"  Journal 
I.E.E.,   1920,  vol.  58,  p.   224. 

t  S.  Ballantine  :  "  Tlie  Radio  Compass,"  Wireless  Year  Book, 
1921,  p.  1131.  T-  •     .,   J 

t  J.  HoLLiNGWORTH  and  B.  Hoyle  :  "  Local  Errors  m  Radio 
Direction  Finding,"  Kailio  Kevint',   1920,  vol.   1,  P-  644. 

§  F.  A.  KOLSTEB  and  F.  W.  Dunmore  :  "  The  Radio  Direction 
Finder  and  its  application  to  Navigation,"  Scientific  Papers  of  the 
Bureau  of  Statulanis,  No.  428,   1922. 

J.  Robinson  :  "  A  Method  of  Direction  Finding  of  Wireless 
Waves,   and  its  Applications   to  Aerial  and   Marine  Navigation, 
Radio  Review,  1920,  vol.  1,  pp.  213  and  205. 
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The  various  obstacles  and  features  of  the  surroundings 
which  are  dealt  with  from  the  point  of  view  of  their 
disturbing  effect  are  classified  as  follows  : — 

(1)  Metal  work  in  small  and  large  quantities  above 

and  below  the  ground. 

(2)  Overhead    wires    (e.g.    telegraph    and    telephone 

wires  or  powei"  lines). 

(3)  Tuned  aerial  systems  and  closed  coils. 

(4)  Trees. 

(5)  Buildings. 

(1)  Metal  Work  in  Small  and  Large  Quantities. 

(a)  Small  metal  work. — ^The  presence  of  metal  work 
near  a  receiving  set  would  be  expected  to  have  some 
effect  upon  the  working  of  the  latter,  owing  to  the 
currents  induced  in  the  metal  by  the  arriving  waves 
and  to  the  inductive  action  of  these  currents  on  the 
receiving  coil  itself.  Unless  the  metal  work  is  arranged 
in  the  form  of  a  closed  loop  near  or  around  the  circuit, 
the  influence  of  such  currents  set  up  in  stray  metal 
work  would  not  be  felt  at  any  appreciable  distance 
from  the  metal  object.  It  is  easily  shown  experi- 
mentally that  the  presence  of  pieces  of  metal  smaller 
than  the  dimensions  of  the  coil  system  do  not  give 
rise  to  perceptible  errors  in  the  readings  of  the  latter 
except  when  placed  very  close  to  the  coil.  It  was 
found  that  various  metal  boxes  used  in  connection 
with  the  screening  of  an  auxiliary  triode  oscillator  did 
not  make  any  dilference  in  the  observed  bearings  when 
placed  5  or  6  ft.  from  the  coil.  Similarly,  the  screening 
box  used  for  the  amplifiers  and  batteries  of  the  direction 
finder  gives  no  noriceable  errors  when  at  a  distance  of 
6  ft.  from  the  centre  of  the  coil  system. 

This  latter  box,  which  was  constructed  of  sheet  iron 
and  the  dimensions  of  which  were  20  in.  x  20Ln.  x  30  in., 
was  found  to  produce  an  error  in  the  bearing  of  Paris 
at  Teddington  of  about  15°  when  placed  at  about 
3  ft.  from  the  coil's  axis.  The  error  was  found  to  be 
greater  when  placed  to  one  side  of  the  coil  perpendicular 
to  the  direction  of  Paris  than  when  placed  approximately 
in  a  line  with  Paris  ar.d  behind  the  coO.  By  mo\'ing 
the  box  to  the  other  side  of  the  coil  the  apparent  bearing 
was  changed  in  the  reverse  direction.  In  these  positions 
the  box  lies  within  6  inches  of  the  vertical  sides  of 
the  large  coil  at  certain  settings,  and  the  currents  in  the 
coU  then  probably  induce  other  eddy  currents  in  the 
metal,  which  will  give  additional  effects  Ln  the  former. 
By  remo\ing  the  metal  box  to  a  distance  of  5  ft.  the 
resulting  error  becomes  inappreciable.  When  the  box 
is  placed  inside  the  crossed-coil  system  the  effect  of 
the  eddy  currents  is  most  marked,  resulting  in  a  large 
reduction  of  signal  strength  in  the  receiver. 

The  general  conclusions  thus  arrived  at  are,  therefore, 
that  masses  of  metal  work  comparable  in  dimensions 
with  the  recei\'ing  coil  do  not  perceptibly  produce  any 
errors  in  the  bearings  indicated  by  the  latter  except 
when  placed  within  a  very  few  feet  of  the  coils.  As  a 
safe  precaution  it  is  as  well  to  keep  the  space  of,  saJ^ 
10  ft.  round  the  coil  fairly  clear  of  even  small  pieces 
of  metal,  as  the  cumulative  effect  of  several  small 
pieces  may  become  quite  appreciable.  For  this  reason 
it  is  advisable  to  ensure  that  the  hut  or  other  structure 


containing  the  direction-finding  set  is  as  free  as  possible 
from  metal  in  the  way  of  joint-plates,  door  and  window 
fastenings,  etc.,  and  that  metal  oil  stoves  or  lamps  are 
not  placed  too  clcse  to  the  receiving  coils. 

(6)  Long  metal  tube. — When,  however,  the  extent  of 
the  metal  work  in  the  neighbourhood  is  moderately 
great,  the  resulting  errors  in  observed  bearings  become 
very  much  more  serious.  As  an  illustration  of  the 
order  of  the  errors  which  may  arise  in  such  cases,  the 
results  of  an  investigation  carried  out  on  a  large  metallic 
tubular  construction  may  be  given.  The  "  tube  "  was 
of  approximately  semi-circular  cross-section,  being 
formed  of  a  number  of  curved,  corrugated  iron  sheets 
belted  together  and  resting  on  fiat,  sim.lar  sheets  placed 
on  the  ground.  The  tunnel  so  formed  was  50  ft.  long, 
and  the  height  of  the  arch  about  3  ft.  6  in. 

The  alteration,  due  to  the  tube,  of  the  electromagnetic 
fields  set  up  bj'  waves  arriving  from  various  transmitting 

Table  1. 

Relation  between  the  Change  in  Apparent  Bearing  produced 
at  the  Centre  of  the  Tube,  and  the  True  Direction  of 
the  Waves  relative  to  the  Tube's  Axis. 


Tra^mittiog  station                   "^^iToTttr 

Change  in 
apparent  bearing 

Nauen 

Budapest  . .          .... 

Paris          

Ararjuez  . . 

Horsea 

Poldhu 

Cleethorpes 

Karlsborg 

Moscow 

degrees 

27 
69 

115 
131 
169 

292 
323 
348 

degrees 

12 
32 
14 

16 
26 

14 

15 
29 
16 

stations  was  then  explored  by  means  of  a  single  re- 
ceiving coil  2  ft.  6  in.  square  mounted  on  an  axis  in  a 
horizontal  base-board  with  scale  and  pointer.  This 
coil,  provided  with  tuning  condensers  and  an  amphfier 
and  batteries,  formed  a  verj-  small,  portable  direction- 
finding  set  operating  on  the  simple  "  minimum  "  prin- 
ciple, which  could  be  used  inside  or  outside  the  above 
tube.  In  each  position  in  which  the  coil  was  used, 
the  latter  was  set  by  means  of  a  good  prismatic  compass 
to  read  either  90°  or  270°  when  the  plane  of  the  coU 
was  in  the  geographical  meridian.  When  the  coil  was 
then  turned  to  the  minimum  position  for  any  received 
signals,  the  pointer  indicated  directiy  the  bearing  of 
the  station  observed.  This  setting  of  the  coil  could 
be  made  to  about  0-25°,  and  a  few  check-experiments 
carried  out  with  the  coU  set  up  in  an  open  field  well 
away  from  all  obstacles  showed  that  it  gave  correct 
bearings,  as  indicated  by  the  "  standard  "  direction- 
finding  set  in  use  at  the  station.  This  latter  set  was 
used  as  a  frequent  check  throughout  the  experiments, 
to  ascertain  the  changes  produced  by  the  alteration  in 
position  of  the  smaller  coil.     The  average  accuracy  of 
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the  readings  obtained  on  the  latter  was  about  0-5°, 
which  was  considered  quite  sufficient  for  the  purpose 
required. 

The  influence  of  the  metal  tube  first  became  appre- 
ciable when  the  coil  receiver  was  placed  about  30  ft. 
from  either  end  of  the  tube  and  on  its  ax  s,  when  an 
error  of  bearing  of  about  V  was  produced.  When 
placed  at  the  open  end  of  the  tube,  th:s  error  increased 
to  2°-5°  for  various  transmitting  stations.  As  the  coil 
was  then  moved  down  the  axis  ins  de  the  tube,  the 
error  increased  rapidly  to  a  maximum  value  over  a 
distance  of  about  15  ft.  on  either  s.de  of  the  centre 
of  the  tube,  this  maximum  error  varying  w  th  the 
direction  of  the  arriving  waves  relative  to  the  tube's 
axis  and  becoming  as  great  as  29°  in  one  case.  Table  1 
summarizes  the  mean  values  of  several  read.rgs  taken 
on  the  different  transmitting  stations,  ar  d  also  shows 
the  directions  of  these  relative  to  the  tube. 


have  by  far  the  greatest  effects.  For  example,  with 
the  above  coil  receiver  placed  inside  the  tube  near 
the  centre,  the  removal  of  a  section  of  the  tube,  2  ft. 
6  in.  long,  fi  rming  the  top  sides  reduced  the  error  in 
the  apparent  bearing  r  f  Paris  from  14'  to  1°.  Similarly, 
by  unbi  Iting  two  adjacent  sections  and  shghtly  separ- 
ating them,  a  chai  ge  of  2°  or  3°  was  pr<,duced. 

With  the  receiving  coil  set  up  along  the  outsides  of 
the  tube,  the  errt  rs  observed  were  very  much  less  than 
those  recorded  above,  rai  ging  from  5°  to  9°  at  a  distance 
of  2  ft.,  to  about  2°  at  3  ft.  from  the  side  of  the  tube. 
Also,  when  the  coil  was  placed  on  tcp  of  the  tube  the 
errors  varied  fr(  m  2°  to  6°. 

(c)  The  case  nf  a  ship. — As  a  further  example  of  the 
effect  of  large  masses  of  metal  work  upon  the  readings 
of  a  d  rectioi  al  receiver,  the  effect  of  the  metal  hull 
of  a  ship  mav  be  u  stai  ced.  In  Jui  e  1921  one  of  the 
authors  installed  a  standard  Robinson  direction-finding 
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Fig.    1    (a). — Observations  of  bearings   made  on   H.M.S.   "  Fitzroy  "  during  swinging  of  ship, 

17th  October,  1921. 


In  each  case  the  change  in  the  apparent  bearing  was 
towards  the  normal  to  the  tube's  axis,  showing  that  the 
magnetic  field  resulting  from  the  incoming  waves  is 
deflected  in  a  direction  towards  the  ax  s  of  the  tube. 
Table  1  shows  that  the  deflection  produced  is  of  the 
nature  of  a  quadrantal  error.  Immed.ately  the  coil 
was  placed  inside  the  tube  a  very  marked  decrease  in 
signal  strength  was  observed,  which  is  ev.dently  due  to 
the  eddy-current  losses  resulting  from  the  currents  .set 
up  in  the  metal  w(>rk  by  the  incoming  waves.  The 
greatly  increased  effect  of  metal  work  when  placed  in 
the  form  of  a  partly  or  completely  cli  sed  loc  p  is  well 
demonstrated  by  the  above  results,  and  illustrates  the 
effect  which  might  be  expected  if,  f<  r  example,  a 
directional  wireless  receiver  were  installed  in  a  cor- 
rugated-iron building.  The  continuity  of  the  metal 
structure  would  appear  to  be  very  impt  rtant,  and  even 
with  such  large  masses  the  nearest  portions  of  these 


set  on  one  of  H.M.  surveying  ships,  with  the  kind 
permission  of  the  Hydrographer  to  the  Admiralty,  who 
has  shown  great  interest  in  the  experimei  ts.  The 
particular  ship  chosen  is  normally  w(  rkmg  in  the 
North  Sea  some  30  to  50  miles  out  fn  m  the  coast. 
The  set  was  ii'stalled  on  the  upper  deck  tf  the  ship 
and  the  frame  was  set  as  accurately  as  possible  on 
the  centre  line,  with  the  scale  of  the  coil  reading  0°  to 
180°.  Any  observed  reading  on  the  dircctum-finding 
set  was  this  made  relative  to  the  head  <  f  the  ship.  The 
direction  of  the  ship  was  obtained  fn  m  the  standard 
compass  and,  alter  correcting  for  compass  error  and 
magnetic  variation,  the  apparent  wireless  bearing  cf 
the  distant  transmitting  stations  could  be  obtained. 
A  large  number  of  observations  on  various  transmitting 
stations  were  taken  in  this  manner. 

The  earlier  experiments  soon  showed  that  the  metal 
work   of   the   ship   had   a   considerable   effect   on   the 
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observed  readings  of  the  direction  finder.  It  was 
therefore  arranged  to  "  caUbrate  "  the  ship  by  gradually 
swinging  to  various  points  of  the  compass,  and  taking 
sets  of  observed  bearings  on  the  same  transmitting 
station. 

The  stations  observed  during  the  successive  swings 
were  Paris  (32  Itm  wave),  Paris  (2'6  km  wave),  and 
Horsea  (4' 5  km  wave),  and  the  results  are  shown  in 
Fig.  1  (a)  plotted  in  the  form  of  error  of  bearing  against 
reading  on  the  direction  finder.  In  Fig.  1  (b)  the  same 
results  have  been  plotted  to  show  the  deviations  against 
the  actual  direction  of  the  incoming  waves  relative  to 
the  ship. 

In  consideration  of  the  conditions  under  which  the 
observations  were  made,  the  results  are  seen  to  lie 
fairly  accurately  on  the  mean  curv-es  plotted,  and  the 
latter  demonstrates  well  the  following  points  : — ■ 

(i)  That  when  the  arriving  waves  come  from  either 
approximately  fore  and  aft  or  athwartships,  the  error 
in  the  reading  is  reduced  to  zero. 


sinusoidal.     The  departure  of  the  curve  in  Fig.    1    {b 
from  sine-wave  form  may  easily  be  due  to  the  departure 
of  the  general  shape  of  a  ship  from  the  above  ideal 
form. 

It  would  be  expected  from  these  theoretical  con- 
siderations that  a  directional  receiving  set  mounted 
symmetrically  over  a  metal  ship  would  have  a  zero 
error  for  readings  of  0°,  90°,  180°,  etc.,  whereas  the 
above  curve  is  displaced  some  5°  or  6°  from  these 
positions.  As  the  setting  of  the  coil  on  the  ship  was 
considered  to  be  correct  to  within  1°,  this  difference 
may  be  due  to  some  asymmetry  in  the  distribution  of 
the  metal  work  on  the  ship,  particularly  on  the  deck. 

The  above  results  show,  therefore,  that  when  the 
mass  of  metal  work  is  very  large  compared  with  the 
receiving  coils,  as  in  the  case  of  a  ship,  the  resulting 
errors  in  the  observed  bearings  on  the  direction  finder 
may  be  very  serious  ;  although,  when  the  set  is  fixed 
in  position  on  the  ship,  the  necessary  correction  may 
be  made  from  such  a  curve  as  that  given  in  Fig.  1  (a). 
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Fig.  1  (6). — Observations  of  bearings  made  on  H.M.S.  "  Fitzroy  "  during  swinging  of  ship,  17th  October,  1921  ;   plotted 
to  show  the  deviation  produced  on  waves  arriving  at  various  angles  to  the  ship. 


(ii)  That  in  intermediate  directions  the  results  are 
in  error  by  amounts  varying  up  to  22°  in  either 
direction. 

(iii)  That  there  is  a  tendency  for  the  readings  to 
be  concentrated  along  the  fgre-and-aft  line  of  the  ship. 

(iv)  That  there  is  no  appreciable  difference  in  the 
error  incurred  on  the  different  wave-lengths  used, 
viz.  26,  32  and  45  km. 

Conclusions  (i),  (ii)  and  (iii)  above  are  in  direct 
accordance  with  the  experience  of  previous  investigators. 
Further  experiments  on  other  transmitting  stations  have 
confirmed  conclusion  (iv)  over  the  range  of  26  to 
60  km. 

The  theoretical  treatment  of  the  deNdations  of  electro- 
magnetic waves  due  to  a  metal  cylinder  half  immersed 
in  sea  water  has  been  given  by  R.  Mesny,*  who  shows 
that  the   deviation   curve   for   such   a   case   should   be 

•  R.  Mesny  :  "  The  Difiraction  of  the  Field  by  a  Cylinder, 
and  its  Effect  on  Directive  Reception  on  Board  a  Ship,"  Radio 
Review,   1920,  vol.   1,  pp.  632  and  591. 


(d)  Underground  metal  work. — The  effect  of  masses 
of  metal  work  in  producing  large  errors  in  the  reading 
of  a  radio  direction  finder  may  in  some  instances  be 
utilized  for  the  location  of  such  metal  work,  when  the 
latter  is  not  visible  or  when  its  presence  is  not  readily 
detected  by  other  means.  An  interesting  example  of 
tfiis  was  recently  obtained  at  the  Aberdeen  University 
direction-finding  station  of  the  Radio  Research  Board. 
This  station  was  erected  on  a  site  which  appeared  to 
be  fairly  good  as  far  as  conditions  above  ground-level 
were  concerned,  but  when  it  was  operated  some  large 
errors  were  soon  found  in  the  apparent  directions  of  the 
incoming  waves.  These  errors  were  found  to  be  prac- 
tically permanent  in  the  daytime,  and  Fig.  1  (c)  shows 
graphically  the  mean  day  errors  experienced  in  the 
daytime  between  June  1921  and  April  1922.  From 
a  comparison  of  this  and  the  previous  curves  it  will 
readily  be  seen  that  one  possible  cause  of  such  a  curve 
of  errors  would  be  the  existence  of  a  mass  of  metal 
work  the  greater  axis  of  which  is  in  the  direction  163" 
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from    true    North,    and    passing    directly   beneath    the 
direction  finder. 

By  means  of  a  portable  directional  receiving  set  the 
authors  explored  the  site  and  found  that  the  errors 
were  closely  associated  with  a  hne  of  manholes  indicating 
the  location  of  a  sewer  crossing  the  adjacent  fields  at 
an'angle  of  170°  from  true  North.  The  hut  containing 
the  standard  direction-finding  set  was  inadvertently 
erected  almost  directly  above  this  sewer  at  a  point 
where  the  latter  rose  to  within  18  in.  of  the  surface. 
The  sewer  was  of  ordinary  brick  and  concrete  construc- 
tion and'contained  no  metal  work  except  at  the  man- 
holes, and  it  seemed  unhkely  that  this  could  be  respon- 
sible for  the  effects  observed.  An  inspection  of  the 
necessary  plans,  however,  showed  that  the  part  of  the 


is  the  presence  of  overhead  conducting  wires.  From 
the  conclusions  arrived  at  in  Section  (1),  it  might  be 
considered  that  a  bunch  of  such  wires,  being  of  com- 
paratively small  bulk,  would  produce  only  small  errors, 
and  these  only  at  distances  of  a  very  few  feet  from 
the  wires.  The  experiments  about  to  be  described, 
however,  show  that  when  the  wires  extend  for  a  con- 
siderable distance  the  effects  produced  in  their  neigh- 
bourhood can  be  very  large  indeed. 

It  should  here  be  emphasized  that,  in  any  attempt 
to  study  the  effect  of  a  local  condition  on  a  directional 
radio  installation,  every  precaution  must  be  taken  that 
other  conditions  are  either  ineffective  or  else  remain 
constant  throughout  the  experiments.  The  fulfilment 
of  this  provision  was  found  to  be  somewhat  difficult 
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Fig.  1  (c). — Curve  showing  permanent  deviations  in  bearings  at  Aberdeen  University  direction- 
finding  station.     Mean  day  error  observed  from  June  1921  to  April  1922. 


sewer  in  the  immediate  locality  of  the  direction-finding 
hut  was  a  section  of  special  construction,  owing  to  its 
pro.ximity  to  the  surface,  was  supported  by  a  strip  of 
expanded  steel  6  ft.  wide  and  300  ft.  long,  and  was 
8  ft.  below  the  surface  at  the  hut.  In  addition  to  this, 
the  sewer  crossed  a  small  stream  at  a  point  about 
14  ft.  from  the  hut,  and  the  stream  was  conducted 
under  the  sewer  by  means  of  an  iron  pipe  about  40  ft. 
long.  The  existence  of  this  metal  work  entirely 
beneath  the  surface  may  therefore  be  considered  to  have 
baen  predicted  from  the  readings  obtained  on  the  radio 
direction  finder.  It  is  to  be  expected  that  other  large 
masses  of  buried  metal  work,  such  as  gas  and  water 
mains,  will  have  a  similar  effect  in  their  vicinity. 

(2)  Overhead  Wires. 
A  possible   cause   of  errors   which  is  frequently  en- 
countered in  selecting  a  site  for  a  direction-finding  set. 


in  the  present  case,  where  a  convenient  situation  of 
overhead  telegraph  wires  was  required  quite  free  from 
hills,  trees,  wire  fences,  etc.,  which  might  produce  other 
effects  quite  extraneous  to  those  sought  after. 

One  fairly  satisfactory  site  was,  however,  found  near 
the  Slough  station,  and  a  number  of  experiments  were 
carried  out  with  the  small  frame  coil  mentioned  in 
Section  (1)  in  connection  with  the  metal  tube  e.xperi- 
ments.  The  site  selected  was  on  the  main  Bath-road 
about  1  mile  east  of  Slough,  along  which  arc  installed 
a  large  number  of  overhead  trunk  telephone  wires 
connecting  London  with  the  West  of  England.  About 
40  wires  were  carried  on  poles  along  each  side  of  the 
road,  the  lowest  wires  being  about  20  ft.  above  the  road. 
With  the  exception  of  a  hedge  along  either  side  of  the 
road,  the  surrounding  land  was  quite  free  from  obstacles, 
and  a  point  was  chosen  at  which  a  track  led  off  to 
the  South,  appro-ximatcly  at  right-angles  to  the  road. 
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and   along  which   the    experiments   could    be    carried 
out. 

The  frame  coil  was  first  set  up  immediately  under- 
neath the  -n-ires  along  the  south  side  of  the  road  and 
correctly  oriented  in  the  geographical  meridian.  Read- 
ings of  the  apparent  bearings  of  various  transmitting 
stations  were  then  taken  in  the  usual  manner.  It  was 
at  once  noticed  that  the  readings  obtained  were  con- 
siderably different  from  the  correct  values,  and  it  was 
also  noticed  that  the  bearings  changed  considerably 
from   time   to    time   during   the   tests.     For   example. 

Table  2. 
Change  in  Apparent  Bearings  due  to  Two  Sets  of  Overhead 
Wires  (38  and  46  in  number),  laid  in  the  Direction 
12,1 -5°  from  True  North. 


Distance 

from 
plane  of 

wires 

1* 

station 
obser\'ed 

Wave- 
length 

Mean  observed 
bearing 

True 
bearing 

Error  due 
to  wires 

ft. 

0 

Paris 

km 

2-6 

degrees 

(1)  272-3 
92-3 

degrees 
143-9 

degrees 

+  128-4 
-     51-6 

0 

Paris 

2-6 

(2)  249-0 
69-0 

143-9 

+  105-1 
-     74-9 

30 

Paris 

2-6 

159-3 

143-9 

-t-     15-4 

60 

Paris 

2-6 

150-8 

143-9 

-1-      6-9 

90 

Paris 

2-6 

147-8 

143-9 

+      3-9 

120 

Paris 

2-6 

146-3 

143.9 

+       2-4 

0 

Paris 

3-2 

171-6 

143-9 

-1-    27-7 

90 

Paris 

3-2 

145-9 

143-9 

+      2-0 

120 

Paris 

3-2 

145-5 

143-9 

+       1-4 

0 

Nauen 

3-9 

85-5 

77-7 

-     12-2 

90 

Nauen 

3-9 

74-8 

77-7 

-      2-9 

120 

Nauen 

3-9 

73-5 

77-7 

-      4-2 

0 

Chelmsford 

3-8 

(1)     41-0 

70-9 

-     29-9 

0 

Chelmsford 

3-8 

(2)     35-0 

70-9 

-     35-9 

60 

Chelmsford 

3-8 

63-5 

70-9 

-       6-0 

120 

Chelmsford 

3-8 

650 

70-9 

-       5-9 

0 

Coltano 

4-2 

1150 

132-5 

-     17-5 

the  apparent  bearing  of  Paris,  after  remaining  in  the 
region  of  90°  for  about  10  minutes,  suddenly  changed 
to  about  65°,  returning  a  few  minutes  afterwards  to 
85°,  the  true  bearing  of  Paris  being  143-9°.  These 
effects  were  confirmed  by  similar  tests  made  several 
days  afterwards,  when  the  bearings  reached  as  low 
as  45°.  Similarly,  Chelmsford's  bearing  during  the 
experiments  varied  from  35°  to  42°.  A  possible  cause 
of  these  rapid  clianges  is  the  alteration  of  circuit  con- 
ditions on  the  telephone  wires  at  the  various  exchanges 
to  wliich  they  are  connected. 

Having  observed  the  effect  of  the  wires  immediately 
beneath  them,  the  receiving  set  was  then  moved  away 
from  the  road  in  steps  of  30  ft.,  and  the  apparent 
bearings  of  the  various  stations  were  taken  at  each 
stage.     A  summary  of   the   results   obtained   is   given 


in  Table  2,  each  observed  bearing  being  the  mean  of 
several  readings  taken  during  the  experiments.  All 
readings  were  taken  in  duphcate,  with  the  coil  in  the 
normal  and  reverse  positions  to  compersate  f(  r  any 
antenna  effect  in  the  system  which  was,  hrwever,  only 
of  the  order  cf  1°.  The  readings  dencted  by  (1)  and  (2) 
were  taken  on  different  days  m  the  same  pr  sition. 

These  results  show  that  errors  ra'  grg  from  12°  to 
70°  may  be  produced  on  a  direction-fird  ng  coil  mounted 
immediately  underreath  telephone  wires  srme  20  ft. 
high.  The  errors  produced  diminish  rapidly  as  the  coil 
is  moved  away  frr  m  the  wires,  but,  even  at  the  d  stance 
of  120  ft.  from  the  line  of  wires,  the  err<  rs  may  be  a 
few  degrees.  At  this  distance  cf  120  ft.  the  effect  of 
the  w:res  on  the  bearings  of  Paris  was  practically 
negl  g  ble,  as  the  errrr  of  1-4°  recorded  above  s  exactly 
the  same  as  that  experienced  on  the  stai  dard  set  at 
the  Slough  station,  about  1  mile  away  fn  m  the  site 
of  the  present  experiments.  As  the  latter  set  is 
mounted  in  what  is  considered  a  nearly  "  deal  "  site, 
th  s  error  must  be  due  to  some  extrar  ec  us  cause.  The 
increase  in  the  error  on  Nauen,  when  the  coil  s  moved 
from  90  ft.  to  120  ft.  from  the  w  res.  also  suggests  the 
operation  cf  some  cause  other  than  cverhead  wres  ; 
pcssibly  the  neighbi  uring  trees,  althi  ugh  there  were 
only  one  or  two  of  these  within  a  radius  of  100  yards 
or  so. 

The  explanation  of  the  above  effects  must  remain 
very  obscure,  since  it  is  impossible  to  realize  the  con- 
formation of  the  circuits  of  the  telephone  l.nes  at  any 

T.^BLE    3. 

Change    in    Apparent  Bearings  itnmediately  beneath  the 
Wires. 


Station  observed 

1 

True  bearing  of 

station  relative 

to  wires 

De\iation 

of  obser\'ed 

bearing 

Coltano        

degrees 
50 

degrees 
-   17-5 

Paris  (2-6  km)      .  . 

16-4 

-  51-6 

Paris   (3-2  km)      .. 
Chelmsford 

16-4 
303-4 

+  27-7 
-  29-9 

Nauen          

310-2 

1 

-  12-2 

particular  instant.  In  one  sense  the  overhead  wires 
may  be  pictured  as  constituting  the  top  side  cf  a  huge 
vertical  frame,  of  which  the  earth  forms  the  lower 
side,  and  the  vertical  sides  are  formed  bj'  the  con- 
nections to  earth  at  the  various  exchanges.  An  electro- 
magnetic wave  arriving  at  an  angle  to  the  plane  of  this 
large  frame  Wduld  suffer  a  partial  absorption  of  that 
component  of  its  magnetic  field  perpendiculcir  to  this 
plane,  and  the  resultant  field  would  therefore  affect 
a  direction-finder  coil  by  giving  an  apparent  direction 
deflected  towards  the  normal  to  the  plane  of  the  wires. 
In  Table  3  the  results  obtained  immediately  underneath 
the  wires  are  ccllected,  and  the  true  direction  of  the 
station  is  given  relative  to  the  wires. 

Shown  in  this  manner  it  is  seen  that,  in  the  case  of 
Paris  (3-2  km),  Chelmsford  and  Nauen,  the  apparent 
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direction  is  deflected,  towards  the  normal  to  the  plane 
of  the  wires.  Paris,  on  the  2-6  km  wave,  showed 
some  freak  effects  in  the  experiments  and  was  evidently 
subject  to  some  other  influence,  possibly  a  resonance 
condition  in  the  overhead  line  circuits.  At  points  away 
from  the  wires,  as  shown  in  Table  3,  it  exhibits  effects 
similar  to  those  obtained  with  the  3-2  km  wave,  and 
is  thus  in  accordance  with  the  above  reasoning.  The 
waves  from  Coltano  arrive  nearly  along  the  direction 
of  the  wires,  and  are  apparently  deflected  in  the  wrong 
direction.  It  should  be  remembered,  however,  that 
the  overhead  wires  are  not  straight  over  any  appreciable 
portion  of  their  route,  and,  in  fact,  suffer  a  large 
deviation  within  j  mile  on  both  sides  of  the  site  of  the 
experiments  described.  The  "  effective  "  plane  of  the 
wires  may  therefore  be  several  degrees  different  from 
their  direction  at  any  particular  point,  and  this  may 
easily  account  for  such  discrepancies  as  that  presented 
by   Coltano. 

Some  later  experiments  were  carried  out  under  a 
line  of  12  wires,  branching  off  the  above  main  route, 
at  about  the  centre  of  their  run  of  less  than  J  mile. 
In  this  case  deviations  of  bearings  ranging  from  8°  to 
3T  4°  on  a  few  stations  were  observed  underneath  the 
wires,  these  errors  decreasing  to  from  1°  to  6-4°  at  a 
point  60  ft.  away.  It  would  thus  appear  that  the 
errors  produced  are  not  directly  influenced  by  the  actual 
number  of  wires  near  the  site,  but  depend  on  the  con- 
ditions of  a  whole  circuit  of  wires,  which  maj'  extend 
over  several  miles. 

It  is  thus  seen  that  the  presence  of  overhead  metal 
wires  in  the  neighbourhood  of  a  directional  wireless 
receiver  may  produce  very  serious  errors  on  the  latter, 
even  at  a  distance  of  100  or  200  ft. 

(3)  Tuned   Aerial   Systems   and   Closed   Coils. 

A  comparatively  short  overhead  wire  system  such 
as  that  of  an  ordinary  "  open  "  radio-telegraphic  aerial 
would  naturally  be  considered  to  have  a  much  greater 
influence  on  the  readings  of  a  direction  finder  when  it 
is  tuned  to  the  incoming  waves.  In  this  case  the 
possibility  of  an  additional  field  due  to  re-radiation  or 
induction  from  the  aerial  is  not  remote.  A.  H.  Taylor 
drew  attention  to  this  possibility  in  some  experiments 
which  showed  that  the  tuning-in  of  a  neighbouring 
aerial  some  20  ft.  away  produced  no  effect  on  the 
direction-finder  coils  unless  the  aerial  lead  was  brought 
to  within  8  inches  of  the  latter,  when  a  change  of  3-8° 
in  the  apparent  bearing  was  produced.* 

An  instance  of  a  much  greater  effect  than  this  is 
also  quoted  by  Hollingworth  and  Hoylc.f  in  which  the 
tuning-in  of  an  aerial  j  mile  away  produced  an  error 
of  about  4°,  but  only  when  the  aerial  was  almost  exactly' 
on  the  line  joining  the  transmitter  and  the  direction 
finder. 

At  the  spot  chosen  for  the  erection  of  the  direction- 
finding  set  at  the  National  Physical  Laboratory,  two 
single-wire  aerials  were  originally  suspended  from  a 
mast  some  300  ft.  away  from  the  set  (see  Fig.  2).     The 

*  A.  HoYT  Taylor  :  "  Variation  in  Direction  of  Propagation 
of  Long  Electromagnetic  Waves,"  Scientific  Papcis  of  the  Bureau 
nf  Standards,  No.  353,    1919. 

t  See  footnote  on  pat;p   179. 
Vol..    C.l. 


nearer  of  these  aerials,  however,  passed  within  about 
40  ft.  of  the  coils  at  the  nearest  point  of  its  length  of 
350  ft.  One  of  the  aerials  was  constantly  tuned  to 
the  short  wave-length  of  Paris  (2  -  6  km)  for  the  reception 
of  time  signals,  while  the  other  and  nearer  aerial  was 
usually  directly  connected  to  earth.  It  was  shown 
by  the  daily  observations  made  on  the  direction-finding 
set  that  the  mere  existence  of  these  aerials,  proved  by 
their  subsequent  removal,  made  no  appreciable  differ- 
ence in  the  observed  bearings. 

Before  their  removal,  however,  the  opportunity  was 
taken  of  making  a  few  experiments  on  the  effect  of 
tuning  the  aerials.  The  experiments  were  made  by 
setting  one  observer  to  take  readings  of  the  apparent 
bearing  of  the  transmitting  station  at  regular  intervals 
of  1  minute,  while  the  aerial  was  alternately  tuned  to 
the  incoming  waves  and  then  connected  to  earth  at 
intervals  without  the  knowledge  of  the  above  observer. 
In  this  manner  a  number  of  readings  taken  with  the 
aerial  tuned  were  interspersed  with  the  readings  taken 
with  the  aerial  earthed.  Observations  were  made  in 
this  manner  for  several  successive  days,  and,  by  taking 
the  mean  of  each  set  of  readings,  a  fairly  reliable  average 
bearing  was  obtained  for  each  condition  of  the  aerial, 
independent  of  any  small  day  variations.  The  results 
obtained  are  shown  in  Table  4. 

Table  4. 

Effect  on  Observed  Bearings  of  Tuning  a  Neighbouring 
Aerial. 


Station 

Wave- 
length 

With 
ear 

aerial 
thed 

With  aerial 
tuned 

Difierence 
due  to 

No.  of 
obsvns. 

Mean 

bearing 

No.  of 
obsvns. 

Mean 
bearing 

tuning 
aerial 

Paris    . . 
Paris    .  . 
Horsea 

km 

2-6 
3-2 
4-5 

8 
26 
32 

degrees 

144-6 
145-0 
218-4 

8 

27 
28 

degrees 

144-5 
144-9 
217-8 

degree 

-  0-1 

-  0-1 

-  0-6 

In  the  case  of  the  observations  on  Paris  both  the 
above-mentioned  aerials  were  adjusted,  as  it  was 
observed  that  the  effect  with  one  was  very  small.  It 
is  seen  from  Table  4,  however,  that  the  total  effect 
of  both  aerials  is  only  to  produce  a  change  in  bearing 
of  about  0-1°,  and  this  result  is  consistent  for  both 
the  wave-lengths  used  by  Paris,  although  the  actual 
bearings  on  these  two  wave-lengths  differ  owing  to 
other  causes.  For  the  Horsea  observations,  however, 
only  the  nearer  aerial  could  be  brought  into  resonance, 
and  this  operation  is  seen  to  produce  a  change  of  0.6° 
in  the  apparent  bearing.  This  increased  effect  may 
have  been  due  to  the  fact  of  the  latter  waves  being 
continuous,  as  distinct  from  the  damped  waves  used 
in  the  Paris  transmission,  and  the  effect  also  probably 
depends  upon  tlje  relative  directions  of  the  aerial  and 
the  incoming  waves. 

A  new  and  much  larger  multi-wire  aerial  just  erected 
at  the  National  Physical  Laboratory  has  been  found 
to  produce  an  alteration  in  the  bearing  of  Paris  of  4° 
to  5°,  when  tuned  to  the  same  wave-lengtli,  although 
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the  nearest  point  of  the  aerial  is  over  120  ft.  from  the 
direction  finder,  and  the  leading-in  wire  of  the  aerial, 
where  the  current  will  naturally  be  a  maximum,  is  about 
300  ft.  away.  Further  experiments  will  be  carried  out 
on  this  effect. 

The  proximity  of  a  closed  coil  may  affect  the  readings 
of  a  direction  finder  in  a  manner  similar  to  a  tuned 
aerial  system.  This  question  arose  from  the  necessity 
of  using  two  of  the  Robinson  sets  at  Teddington  in 
the    same    hut,    about    80    ft.    apart.     Several    sets    of 


When  the  single  coil  was  brought  up  to  within  10  ft. 
of  the  direction  finder,  the  error  produced  in  the 
bearings  on  the  latter  ranged  from  1°  to  2°  on  Paris, 
and  from  0-5°  to  1-8°  on  Nauen.  The  bearing  was 
changed  immediately  the  coil  was  tuned,  there  being 
no  apparent  error  due  merely  to  the  presence  of  the 
coil,  when  this  was  either  on  open  circuit  or  short- 
circuit.  The  bearings  on  the  direction  finder  might, 
however,  be  appreciably  affected  by  the  presence  of 
an   open   coil    when   working   near   the   natural   wave- 
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Fig.  2. — Plan  of  neighbourhood  of  wireless  hut  at  the  National  Physical  Laboratory,  Teddington,  showing  aerials 

and  positions  explored  in  finding  the  effect  of  trees. 


simultaneous  obervations  taken  on  these  two  sets, 
however,  failed  to  show  any  consistent  error  at  either 
due  to  the  presence  of  the  other.  Some  further  experi- 
ments were  later  carried  out  on  the  effect  of  a  large 
single-frame  coil,  5  ft.  square,  placed  at  various  distances 
from  the  standard  direction-finder  set.  In  each  posi- 
tion the  effect  was  tried  of  short-circuiting  the  coil  and 
of  tuning  it  to  the  incoming  waves,  while  observations 
were  made  on  the  Robinson  set.  With  a  distance  of 
35  ft.  between  the  coils  the  effect  of  tuning  produced 
an  error  in  the  mean  bearings  of  only  0  1°.  When  the 
distance  was  reduced  to  18  ft.  the  effect  was  variable 
for  different  stations  but  was  never  greater  than  0-5°. 


length  of  the  latter.  The  possibility  of  tliis  was  well 
demonstrated  in  one  case  where  a  partly-wound  frame 
stood  some  6  or  8  ft.  from  a  direction  finder  and  pro- 
duced an  error  of  nearly  4°  on  the  readings  of  the  latter 
on  certain  wave-lengths.  The  error  disappeared  when 
the  frame  was  removed  to  a  distance  of  30  ft. 

It  was  not  considered  profitable  to  carry  out  further 
experiments  on  the  effect  of  tuned  coils  in  the  neigh- 
bourhood, for  instance,  the  variation  in  the  error  with 
the  change  in  orientation  of  the  coil  relative  to  the 
direction-finding  set,  etc.  The  results  were  sufficient 
to  justify  the  practice  in  accurate  working  of  keeping 
all  frame  coils  at  least  100  ft.  from  a  directional  receiving 
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set,   especially   if   both   sets   of   coils   are   in   operation 
simultaneously. 

(4)  Trees. 

It  has  been  known  for  some  considerable  time  that 
the  presence  of  trees  has  a  considerable  effect  on  the 
propagation  of  electromagnetic  waves.  Duddell  and 
Taylor  in  some  experiments  *  carried  out  in  Bushy 
Park  in  1905  showed  that  the  presence  of  clumps  of 
trees  between  a  radio-telegraphic  transmitter  and  the 
receiver  considerably  decreased  the  signal  strength  at 
the  latter. 

More  recently  also  Squier  f  has  shown  that  growing 
trees  can  be  used  very  effectively  as  aerials  for  the 
reception  of  signals  over  long  or  short  distances. 

A  large  tree  may  thus  reasonably  be  regarded  as 
being  equivalent  to  a  vertical  aerial  in  which  oscillatory 
currents  are  induced  by  the  arriving  electromagnetic 
waves,  and  these  currents  may  give  rise  to  secondary 
effects  due  to  induction  or  re-radiation.  Since,  however, 
the  tree  will  possess  a  fairly  high  resistance,  and  it  is 


the  receiving  set,  and  the  remaining  buildings  are  at 
more  than  3  times  this  distance.  There  are  no  overhead 
wires  in  the  neighbourhood,  and  the  effect  of  the  aerials 
has  been  dealt  with  in  the  previous  section.  As,  how- 
ever, the  nearest  trees  are  witliin  40  ft.  of  the  receiver 
it  was  thought  that  these  might  account  for  some  of  the 
permanent  errors  experienced  at  Teddington. 

While  maintaining  set  No.  1  fixed  in  position  and 
taking  frequent  check-bearings  therewith,  a  second  set 
No.  2  was  placed  successively  in  the  various  positions 
indicated  by  II,  III,  IV,  etc.,  in  Fig.  2,  and  bearings 
were  taken  on  two  or  three  well-known  fixed  stations. 
In  the  first  series  of  experiments  the  changes  in  position 
were  fairly  large,  as  indicated  in  the  figure.  A  sum- 
mary of  the  results  of  the  bearings  observed  in  each 
position  is  given  in  Table  5.  Check-bearings  were 
taken  simultaneously  on  set  No.  1  in  a  fixed  oosition, 
and  these  showed  a  variation  during  the  experiments 
ranging  from  0-1°  to  0-4°.  The  mean  variation  during 
each  experiment  was  applied  as  a  correction  to  the 
mean  observed  bearing  on  set  No.  2  in  each  position. 


Table  5. 


station 

Paris  (2-6  km) 

Poldhu  (2-8  km) 

Paris  (3- 2  km) 

Nauen  (3-9  km) 

Position  of 
set  No.  i: 

Mean  observed 
bearing 

Departure  of 
observed  from 
true  bearing 

Mean  observed 
bearing 

Departure  of 

observed  from 

true  bearing 

Mean  observed 
bearing 

Departure  of 
observed  from 
true  bearing 

Mean  observed 
bearing 

Departure  of 

observed  from 

true  bearing 

II* 
III* 

IV* 

V* 

VII* 

VI* 

degrees 

144-7 
146-7 
147-9 
147-0 
146-9 
141-7 

degrees 

-  1-0 

+  1-1 

+  2-3 
+  1-4 
+  1-3 

-  3-9 

degrees 

249-0 
249-7 
250-1 
247-1 
250-2 
250-2 

degrees 

•     +1-3 

+  2-0 
+  2-4 
-  0-6 
+  2-5 
+  4-5 

degrees 

145-0 
146-1 
147-2 
146-3 
146-0 
141-5 

degrees 

-  0-6 
+  0-5 
+  1-6 
+  0-7 
+  0-4 

-  4-1 

degrees 
76-7 
78-4 
78-1 
76-2 
78-5 
78-2 

degrees 

+  0-3 
+  2-0 

+  1-7 
-  0-2 

+  2-1 

+  1-8 

The  figures  refer  to  the  positions  in  Fig.  2. 


naturally  an  untuned  circuit  for  most  wave-lengths, 
the  presence  of  single,  isolated  trees  would  not  be 
expected  to  have  much  effect  on  a  direction-finder  coil 
unless  placed  in  very  close  proximity  to  the  trees. 
With  large  masses  or  clumps  of  trees,  however,  a 
cumulative  effect  may  be  produced  in  regard  to  the 
secondary  field,  which  may  give  rise  to  serious  errors 
at  a  directional  receiving  installation. 

Experiments  were  therefore  carried  out  in  the 
grounds  of  the  National  Physical  Laboratory  to  obtain 
some  knowledge  of  the  magnitude  of  the  effect  of 
neighbouring  trees  on  a  direction  finder.  A  plan  view 
of  the  scene  of  these  e.xperiments  is  shown  in  Fig.  2. 
The  position  of  the  standard  direction-finding  set  at 
Teddington  is  indicated  by  the  point  I  in  one  corner 
of  a  large,  open  field  bounded  on  the  south  and  east 
by  large  masses  of  trees,  and  on  the  north  and  west 
by  residential  buildings  and  the  Laboratory  bmldings, 
respectively.     The  nearest  building  is  some  200  ft.  from 

*  W.  Duddell  and  J.  E.  Taylor:  "Wireless  Telegraphy 
.Measurements,"  Journal  I.E.E.,  1905,  vol.  35,  p.  321. 

t  G.  O.  Squier  :  "  Tree  Telephony  and  Telegraphy,"  Journal 
of  I  In-  Franklin  Institute,  1919,  vol.  187,  p.  657;  also  £/cdnciart, 
1920,  vol.  84,  pp.  HI  aud  147. 


and  this  mean  bearing  was  then  corrected  for  scale 
errors.  The  tabulated  readings  are,  therefore,  made 
independent  of  scale  error  and  any  change  of  external 
conditions.  The  setting  of  the  coil  was  made  in  each 
case  by  the  prismatic  compass,  and  is  probably  reliable 
to  about  0-2°. 

These  results  show  very  clearly  the  effect  of  the 
proximity  of  the  trees.  The  general  trend  is  for  the 
error  in  the  apparent  bearing  to  be  progressive  for 
positions  II,  III,  IV,  VII,  and  VI,  i.e.  as  the  direction- 
finder set  is  taken  into  the  junction  of  the  large  masses 
of  trees  to  the  east  and  south  of  the  field.  On  the 
whole  the  error  is  a  minimum  in  position  V,  which  is 
the  point  farthest  from  all  the  trees,  being  in  fact 
about  300  ft.  from  the  nearest  tree.  The  difference  in 
the  apparent  bcaruig  at  positions  V  and  Xl  is  seen  to 
be  over  5°  for  Paris  and  Poldhu,  and  2°  for  Nauen. 
The  errors  on, the  latter  station  are  consistently  smaller 
than  on  the  others,  probably  due  to  the  fact  that  the 
waves  from  Nauen  (POZ)  come  across  the  open  field 
to  the  receiver,  while  those  from  Paris  (FL)  and  Poldhu 
(MPD)  come  directly  through  the  trees,  as  indicated 
in  Fig.  2. 
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Owing  to  the  varied  distribution  of  the  trees,  it  is 
somewhat  difficult  to  draw  any  conclusions  more 
definite  than  the  above.  For  example,  the  change  in 
sign  of  the  error  on  Paris  in  positions  II  and  III,  and 
VII  and  VI  is  probably  due  to  the  actual  path  of  the 
waves  through  the  trees.  The  bearing  on  the  long  wave 
of  Paris  is  seen  to  be  consistently  lower  than  that  on 
the  short  wave,  although  it  varies  somewhat  for  the 
different  positions.  It  is  possibly  partly  due  to  instru- 
mental error,  or  to  some  other  influence  more  remote 
from  the  receiver. 

The  increase  in  the  error  obtained  when  the  direction 
finder    is    taken    much    closer    to    the    trees  was   well 


Table  6. 

Observations  made  on  Paris  Signals  in  the  Neighbourhood 
of  Trees. 


Fig.  3. — Investigation  of  the  change  in  the  observed  bearing 
of  Paris  (FL)  iu  the  neighbourhood  of  position  VI  (see 
Fig.  2). 


Position  of 
Set  No.  2 

Mean  observed 
bearing 

Difierence  of  observed 
from  true  bearing 

\II 

degrees 

146-9 

de>?rees 

+  1-3 

VIII 

146-6 

+  1-0 

IX 

147-6 

-f-  2-0 

X 

148-1 

-1-  2-2 

XII 

146-9 

+  1-3 

XIII 

146-7 

+  1-1 

XIV 

144-6 

-  1-0 

XI 

138-7 

-  6-9 

VI 

141-9 

-  3-7 

a  very  slight  change  in  the  position  of  the  receiving 
set.  Thus,  at  positions  X  and  XI  (only  75  ft.  apart) 
the  difference  in  the  observed  bearings  is  9-1°.  These 
large   changes   are   probably   due   to   the  difference  in 
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Fig  4. — Site  of  experiments  uii  tms  at  Bristol  University. 


demonstrated  by  the  second  series  of  experiments, 
wliich  were  confined  to  observations  made  on  Paris 
and  carried  out  between  positions  VI  and  VII  on  a  line 
appro.ximately  in  the  direction  of  Paris,  as  shown  in 
Fig.  3.  These  positions  are  all  within  about  300  ft.  of 
the  trees,  and  the  results  obtained  (duly  corrected  as 
above)  are  given  in  Table  6. 

The  most  noticeable  point  about  these  latter  results 
is   the  extent  to   which   the   bearing   may  change  for 


phase  effects  of  the  inductive  fields  from  the  different 
trees.  The  two  sets  of  experiments  thus  demonstrate 
quite  well  that  the  presence  of  trees  within  about 
300  ft.  from  a  direction-finding  installation  may  produce 
quite  large,  measurable  errors  in  the  readings  of  the 
latter.  As  it  is  possible  that  the  error  may  vary  with 
the  changing  state  of  the  trees  at  the  different  seasons, 
the  error  may  be  a  variable  one  and  hence  is  to  be 
avoided  if  possible. 
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Further  observations  upon  the  effect  of  trees. — At  the 
request  of  one  of  the  authors,  Mr.  M.  G.  Bennett,  B.Sc, 
the  observer  at  the  Radio  Research  Board  Direction- 
Finding  Station  at  Bristol  University,  has  carried  out 
some  experiments  on  the  effect  of  trees  on  wireless 
bearings.  The  standard  directional  receiver  at  Bristol 
is  erected  on  the  top  floor  of  a  stone  tower,  about  60  ft. 
above  the  ground.  The  tower  is  practically  surrounded 
by  trees  within  a  radius  of  60  to  100  ft.,  and  those  in 
the  immediate  neighbourhood  of  the  tower  were  pruned 
to  a  height  less  than  that  of  the  receiver.  All  metal 
work  was  removed  from  the  tower  previous  to  the 
erection  of  the  set. 

A  plan  of  the  tower  and  its  surroundings  is  shown 
in  Fig.  4.  In  addition  to  this  set,  a  small  single-frame 
coil  receiver  was  used  for  observation  of  bearings  in 
two  positions  on  the  ground  :  (1)  at  the  base  of  the 
tower,  and  (2)  in  the  wooden  summer-house  (shown  in 
Fig.  4)  about  75  ft.  away  from  the  tower.  The  orienta- 
tion of  these  coils  was  carried  out  by  means  of  a  theo- 
dolite and  is  correct  to  within  0-25°. 

Observations  were  made  on  several  transmitting 
stations  for  two  or  three  days  in  each  position,  and  a 


referred  to  earlier  in  the  paper.  Further  changes  could 
probably  have  been  produced  by  other  movements  of 
the  receiver,  but  this  was  not  considered  to  be  justifiable 
owing  to  the  scattered  positions  of  the  trees.  It  was 
not  possible  to  make  any  observations  with  the  receiver 
erected  in  a  clear  position  on  either  side  of  this  clump 
of  trees,  owing  to  the  intervention  of  other  obstacles, 
e.g.  iron  buildings,  overhead  wires,  etc. 

It  is  perhaps  significant  that  in  the  majority  of  cases 
in  the  above  table  the  most  accurate  bearings  were 
obtained  at  the  top  of  the  tower,  a  result  to  be  expected 
since  the  induced  current  in  the  trees  (and  hence  the 
resulting  field)  will  be  a  maximum  at  the  base. 

(5)  Buildings. 
It  has  long  been  known  that  large  buildings,  hills 
and  mountains  act  as  partial  obstacles  to  the  passage 
of  electromagnetic  waves,  and  the  tendency  is  for  the 
latter  to  be  deviated  around  the  obstacle.  A  directional 
radio  receiver  in  the  neighbourhood  of  such  obstacles 
would  therefore  be  expected  to  give  some  erratic  results. 
If  the  building,  moreover,  contains  an  appreciable 
amount   of    metal   work    in    its    construction,   such  as 
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Fig.  5. — Plan  and  dimensions  of  "  A  "  shed.  Royal  .Mrcraft  Establishment,  Farnborough. 


summary  of  these  results  is  given  in  Table  7.     .\11  the 
results  obtained  are  correct  to  about  1°. 

Table  7. 
Effect  of  Trees  on  Observed  Bearings  at  Bristol. 


Observed  bearings 

Max. 

Wave- 
length 

km 
2-6 

True 
bearing 

change 

in 
observed 
bearing 

observed 

At  top    !   At  base 

of        '         of 
tower           tower 

In  sum- 
mer- 
house 

Paris 

degrees 

127-8 

degrees        d.-grees 

127-6     127-3 

degrees 

128-7 

degrees 

1-4 

Paris 

3-2 

127-8 

126-7     127-2 

129-3 

2-6 

Poldhu    .. 

2-8 

230-6 

230-5     232-9 

229-3 

3-6 

Nauen     . . 

3-2 

77-0 

76-7       78-7 

70-0 

8-7 

Cleethorpes 
Moscow  . . 

4-0 
50 

35-9 
63-8 

37-2         — 
63-8         — 

36-2 
64-7 

1-0 
0-9 

The  results  are  sufficient  to  show  that  comparatively 
large  changes  in  apparent  bearing  are  produced  by  a 
small  change  in  position  of  the  directional  receiver, 
thus    confirming    those    obtained    at    Teddington    and 


steel  girders,  lead  or  iron  roof,  etc.,  an  error  will  result 
due  to  their  presence,  as  discussed  earlier  in  the  paper. 
The  effect  of  working  inside  a  building  was  well  demon- 
strated in  one  case,  where  the  receiving  set  was  tem- 
porarily erected  in  one  of  the  University  laboratories 
for  the  purpose  of  making  practice  observations.  The 
errors  in  the  readings  obtained  ranged  up  to  more 
than  30°,  whereas  when  the  set  was  removed  to  its 
final  position  in  an  open  field  less  than  \  mile  away, 
the  maximum  permanent  error  experienced  was  2-8°. 
In  another  case,  however,  where  the  set  was  erected 
at  the  top  of  a  stone  tower  about  60  ft.  high,  from  which 
all  the  metal  work  had  been  previously  remo^-ed.  the 
maximum  deviation  error  experienced  was  about  3°. 

Experiments  in  a  large  iron  shed. — As  a  sp?cial  case 
of  the  effect  of  a  building  on  observed  bearings,  the 
results  of  the  following  experiments  carried  out  in  a 
kite-balloon  shed  at  the  Royal  .\ircraft  Establishment, 
Farnborough,  are  of  considerable  interest. 

A  systematic  investigation  was  carried  out  to  deter- 
mine the  direction  of  the  resultant  field  inside  the  shed 
by  the  same  method  employed  in  tlie  investigation  on 
the  effect  of  trees  and  other  experiments  already 
described.     A  plan  of  the  shed  showing  the  positions 
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where  observations  were  made  is  shown  in  Fig.  5. 
Although  only  a  rough  estimate  could  be  made  of  the 
strength  of  the  signals  received,  some  marked  variations 
were  noted  in  the  different  positions  employed.  It 
was  found  that  at  the  centre  position  1  the  reduction 
of  signals  was  very  great,  but  that  as  cither  end  was 
approached  the  strength  of  signals  became  steadily 
greater,  though  it  was  not  until  the  set  was  brought 
actually  outside  the  shed  that  the  full  strength  was 
attained.  Position  6,  however,  some  40  ft.  from  the 
"  blind  "  end  gave  signals  which  were  obviously  much 
stronger    than    those    at    any    other    position.     There 

Table  8. 

Apparent   Bearings   observed  at   Centre   of  Shed. 
Position  1. 


station 

observed 

Wave- 
length 

True 
bearing 

True  bearing 
relative  to 
shed's  aiis 

Error  in 
observed 
bearing 

Paris 

Paris 

Nantes 

Horsea 

Poldhu 

Moscow 

Nauen 

km 

2-6 
3-2 
2.8 
5-0 
2-8 
5-0 
5-0 

degrees 

139-8 
139-8 
188-0 
202-0 
248-0 
64-0 
75-6 

degrees 

47-8 
47-8 
96-0 
110-0 
156-0 
332-0 
343-6 

degrees 

+  12-2 
+  15-0 

-  14-0 

-  8-0 
+    0-3 

-  6-0 

-  13-6 

appears  to  be  no  obvious  reason  for  this,  but  it  is 
suggested  that  the  curved  end  might  have  had  some  sort 
of  focusing  action  on  the  waves.  No  change  in  signal 
strength  could  be  detected  on  opening  or  closing  the 
doors  of  the  shed  in  any  of  the  positions  explored. 

The  influence  of  the  shed  on  the  apparent  bearing 
of  the  station  observed  was  carefully  recorded  in  each 
case,  and  is  here  given  in  Tables  8  to  11. 

It  was  thought  most  suitable  to  limit  the  positions 
explored  to  points  on  the  long  or  short  axes  of  the  shed. 

Table  8  shows  the  errors  in  the  apparent  bearings 
observed  at  the  centre  of  the  shed,  indicating  that  the 
incoming  waves  are  deflected  towards  the  perpendicular 
to  the  sides  of  the  shed  ;    the  deflection  varying  from 


In  Table  9  the  effect  at  different  positions  along  the 
long  axis  of  the  shed  is  shown,  signals  from  Paris  only 

Table  9. 

Bearings   of  Paris    (both    Wave-lengths]    taken   on   Axis 
of  Shed. 


Table  10. 
Bearings  of  Other  Stations  taken  on  Axis  of  Shed. 


Distance 

from  door 

(E  end) 

Station 

Error  in  observed  bearing 

No. 

(a)  with  door 
closed 

(4)  with  door 
open 

1 

ft. 

180 

Poldhu 

degrees 

+    0-3 

degrees 

6 

320 

Poldhu 

+    4-5 

— 

2 

40 

Coltano 

—     3-0* 

+    4-7 

6 

320 

Coltano 

-  24-6 

— 

1 

180 

Horsea 

-    8-0 

— 

2 

40 

Moscow 

+  25-0* 

+  26-0* 

1 

180 

Moscow 

-     6-0 



•  Indicates  night  reading. 

being  observed.     These  results  show  that  at  positions 
other  than  the  centre  the  apparent  bearing  is  deflected 


N 


3       2 


X^:^ . 


True  bearing  • 


Apparent  bearing- 


FiG.  6. — True  and  apparent  bearings  of  Paris  at  various  positions  on  the  axis  of  the  shed  (see  Table  9). 


0  -  3°  to  15°,  according  to  the  angle  made  by  the  incoming 
waves  with  the  axis  of  the  shed.  No  effect  due  to 
opening  the  door  was  observed  on  any  of  the  stations. 


towards  the  axis  of  the  shed.     The  effect  is  more  clearly 
seen  in  Fig.  6. 

Table  10  shows  the  same  effect  occurring  on  a  few 
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other  stations  which  were  observed,  thus  demonstrating 
that  the  results  for  Paris  are  repeated  tor  other  direc- 
tions. 

Table  11  gives  the  results  of  exploring  positions 
along  the  lateral  axis  of  the  shed,  showing  that  for 
positions  north  of  the  long  axis  the  rotation  of  the 
apparent  bearing  is  greater  than  at  the  centre,  while 
in   the   southern    positions   it   is   considerably   less.     It 

Table  11. 
Bearings  of  Paris  taken  on  the  Lateral  Axis  of  the  Shed. 


Posi- 

Distance 

Error  in  observed  beaiing 

No. 

(a)  with  door  closed 

(6)  with  door  open 

ft. 

degrees 

degrees 

11 

14 

+  14-0  (2-6  km) 



+  15-9  (3-2  km) 



10 

24 

+  17-7   (3-2  km) 

+  15-0  (3-2  km) 

9 

39 

-f  18-1   (3-2  km) 

1 

54 

+  12-2  (2-6  km) 
-1-  15-0  (3-2  km) 

+  11-9  (2-6  km) 

7 

69 

+    4-5  (2-6  km) 

+     3-7  (2-6  km) 

8 

84 

-f-    0-2  (2-6  km) 

-    1-2  (3-2  km) 

- 

12 

133 

+  16-2  (2-6  km) 

» 

(25    ft.    be- 

+ 172  (3-2  km) 



yond  S  side 

of  shed,  i.e. 

outside) 

should  be  pointed  out,  however,  that  there  are  two 
parallel  lines  of  iron  pillars  supporting  the  shed  and 
that  in  Positions  7,  8,  10  and  11  they  are  near  enough 
to  the  direction  finder  to  affect  seriously  the  reading.s 
obtained. 

Position  12  in  Table  11  was  outside  the  shed  about 
25  ft.  from  the  south  side  (see  Fig.  5)  :  it  will  be  seen 
that  here  too  there  was  a  considerable  rotation  of  the 


apparent  bearings  towards  the  perpendicular  to  the 
side  of  the  shed. 

A  brief  survey  of  all  the  results  obtained  in  these 
experiments  shows  that,  in  general,  the  apparent  bearings 
of  the  incoming  signals  are  rotated  towards  the  normal 
to  the  nearest  plane  surface  by  an  amount  which 
increases  as  that  surface  is  approached.  Fig.  6  clearly 
shows  this.  The  slight  departure  from  this  rule  shown 
in  Table  11  may  be  easily  accounted  for  by  the  pillars 
already  referred  to. 

In  addition,  it  was  proved  that  the  opening  of  the 
large  doors  had  a  scarcely  noticeable  effect  on  the 
bearings,  except  when  the  set  was  very  close  to  them 
(when  the  result  was  merely  what  would  have  been 
predicted  by  the  above  theory),  and  had  no  effect  at 
all  on  the  strength  of  the  signals.  This  seems  to  show 
that  no  appreciable  extra  energy  comes  through  the 
doors  when  they  are  open. 

Conclusions. 

Owing  to  the  great  variability  in  the  possible  nature 
and  disposition  of  the  surroundings  of  a  direction- 
finding  installation,  it  is  very  difficult,  if  not  impossible, 
to  make  general  rules  as  to  the  effect  of  such  sur- 
roundings. It  is  believed,  however,  that  the  results 
of  the  investigations  given  above  are  of  value  in  aug- 
menting the  scanty  evidence  previously  existing  as  to 
the  distortion  produced  in  the  propagation  of  electro- 
magnetic waves  by  various  obstacles  on  the  earth's 
surface. 

The  experiments  themselves  suggest  further  lines  of 
advance,  and  it  is  proposed  to  continue  these  as  soon 
as  opportunity  permits. 

These  investigations  were  carried  out  for  the  Radio 
Research  Board  by  the  authors  under  the  direction 
of  the  Sub-Committee  on  Directional  Wireless,  the 
members  of  this  Sub-Committee  being  as  follows  : — ■ 
Mr.  F.  E.  Smith,  O.B.E.,  F.R.S.  [Chairman)  ;  Mr.  N.  P. 
Hinton,  B.Sc.  ;  Mr.  C.  E.  Horton,  B.A.  ;  Captain 
C.  T.  Hughes,  M.C.,  R.E.  ;  Captain  J.  Robinson,  Ph.D., 
M.B.E.,  R.A.F.  ;  Mr.  R.  L.  Smith-Rose,  M.Sc.  ;  and 
Mr.   O.   F.   Brown,   M.A.,   B.Sc.    (Secre/aiy). 


Discussion   before   the   Wireless   Section,    8   November,    1922. 


Dr.  J.  Robinson  :  The  information  contained  in 
this  paper  is  of  a  type  that  is  needed  in  order  to  attain 
the  end  for  which  all  wireless  engineers  are  striving, 
namely,  that  navigators  shall  have  confidence  in  direc- 
tion-finding. The  paper  shows  the  importance  of 
choosing  the  correct  site  for  direction-finding  apparatus. 
An  examination  of  the  cause  of  errors  brings  several 
points  to  light.  Errors  may  be  produced,  as  the  paper 
suggests,  owing  to  the  fact  that  some  of  the  factors, 
e.g.  electric  force  or  magnetic  force,  are  not  in  the  direc- 
tion they  are  generally  supposed  to  be,  while,  on  the 
other  hand,  errors  may  be  due  to  the  fact  that  some 
portions  of  thg  waves  are  reflected,  giving,  at  any 
particular  point,  an  effect  of  waves  arriving  from  one 
station  in  two  directions.  That  leads  us  to  one  of 
the  experiments  described  by  the  authors.  If  one 
set  of  waves  comes  horizontally,  direct  from  the  trans- 


mitting station,  and  the  other  is  reflected  from  the 
Heaviside  laj-er,  how  are  these  two  sets  to  be  separated  ? 
In  optics  we  have  the  analogy  of  the  telescope,  and 
it  was  thought  that  it  might  be  possible  to  have  a 
wireless  telescope.  It  is  known  that  for  a  telescope 
the  wave-length  should  be  small  compared  with  the 
dimensions  of  the  telescope.  It  is  difficult  to  obtain 
a  mirror  or  telescope  with  dimensions  many  times 
greater  than  the  ordinary  wave-length  in  wireless, 
which  varies  from  200  m  to  2  000  m  ;  and  the  best 
thing  that  can  be  obtained  is  an  airship  shed,  the 
dimensions  o'f  which  are  comparable  with  those  of 
wireless  waves.  The  experiments  carried  out  in  the 
Farnborough  airship  shed  unfortunately  did  not  give 
the  effect  of  a  wireless  telescope.  I  should  like  to 
place  on  record  one  occasion  where  an  effect  was 
observed   which    appeared   to   indicate   the   possibility 
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of  a  wireless  telescope  effect.  In  an  airship  shed  at 
Cranwpll  signals  from  Paris  were  weak,  whilst  those 
from  Nauen  were  strong.  The  axis  of  the  shed  was 
nearly  in  the  direction  of  Nauen  and  approximately 
perpendicular  to  the  direction  from  Paris.  Present- 
day  direction-finding  is  based  on  the  assumption  that  1 
the  magnetic  force  of  the  waves  is  horizontal.  The 
paper  gives  examples  which  show  that  when  the  magnetic 
force  is  not  horizontal  the  bearings  are  wrong.  In 
the  case  of  overhead  wires  the  authors  point  out  that  I 
the  magnetic  force  might  be  in  various  directions. 
In  fact  it  is  probable  that  at  about  100  yards  from 
the  telegraph  wires  the  magnetic  force  might  be 
horizontal,  while  it  might  become  almost  vertical 
nearer  the  wires,  in  which  case  the  d.rection-findmg 
coil  on  a  vertical  axis  would  give  no  indication  of 
bearing.  It  is  to  be  hoped  that  the  time  is  not  far 
distant  when  the  facts  set  out  in  the  paper  will  be 
appreciated  and  made  use  of,  and  when  navigators 
xv^ll  know  when  to  expect  errors  and  when  to  expect 
accurate  readings  ;  then  they  will  place  the  same 
reliance  on  direction-finding  as  they  now  place  on  the 
magnetic  compass.  ' 

Mr     J     HoUingworth  :    In    observations     such    as    > 
the   authors   have    made,    it  is   extremely   difficult   to    | 
modify  the  face  of  the  earth  to  suit  experimental  purposes 
and  to  find  sites  where  the  only  probable  disturbing 
cause  is  the  one  required  to  be  measured.     Moreover 
as  the  authors  state,  it  is  extremely  difficult  to  make 
calculations,  because  the  sizes  and  shapes  of  the  objects 
dealt  ^^dth  are   so    irregular    that    it    is  impossible  to 
lay  dov™   any  mathematical  law  in   regard   to   them. 
There  are  one  or  two  special  points  to  which  I  should 
like  to   caU  attention.     At  the  foot  of  page    179  the 
authors  truly  remark  that  in  some  cases  ■'  it  may  be 
necessary  to   avoid   all  possible  errors   at  the   site   of 
the  installation."     I   am  concerned  with  a  rather  im- 
portant example  of  that  at  the  moment.     When  making 
measurements   on    an    aerial  one    generally  allows  for 
the  absorption  effect  in  the  immediate  neighbourhood, 
as  this  is  involved  in  most  methods  of  measuring  the 
effective  height,  whereas  with  a  coil  one  usually  works 
on  the  area-turns  of  the  coil,  in  which  case  nothing  is 
allowed  for  absorption  in  the  immediate  neighbourhood, 
so  that  whenever  a  companson  is  to  be  made  between 
coil  work  and  aerial  work  it  is  very  important  to  choose 
an  almost  perfect  site  for  the  coil  itself.     The  authors 
exhibited  a  .sUde  showing  Bushy  House.     I  myself  have 
an  apparatus  installed  there  to  measure  signal  strength, 
and  there  is  no  doubt  that  the  tiees  in  the  v4cinity  have 
a  very  considerable  effect.     I  have  frequently  noticed 
that  when  the  trees  are  thoroughly  wet  my  readings 
are  affected,  and  I  think  that  the  trees  then  form  an 
almost  complete  screen,   because   most  of  the  signals 
with  which  we  have  to  deal  come  from  the  south  through 
a  big  bank  of  them.     I  think  that  may  also  be  the 
reason  why  the  particular  aerials  shown  in  the  diagram 
do   not  greatlv   afiect  the   signals,  because,  after  all, 
they  are  on  the  opposite  side  of  the  receiving  set  to 
the  incoming  signals.     If  the  set  had  been  put  on  the 
other  side  of  the  aerials,  the  effect  would  probably  have 
been    very    much    greater.     I    can    confirm    what    the 
authors  say  about  the  sudden  change  caused  by  telephone 


wires.     In  my  own  case,  I  was  100  feet  from  the  wires, 
and.    owing   to   the   ground   not   being   level,    my   coil 
was'  on   almost   exactly   the   same   level   as   the   v,-ires 
themselves.     The  variations  obtained  were  only  of  the 
order  of  2°,  but  they  were  quite  definite  jumps  ;    they 
could  not  be  explained  by  any  general  physical  character- 
istics of  the  atmosphere.     There  is,  I  think,  no  doubt 
that  the  effects  are  due  to  the  operation  of  the  telephone 
exchanges  ;     capacities   which   are   quite  negligible  for 
telephone     purposes      are      considerable     for     wireless 
purposes.     Fcr    the    latter    I    have    always    considered 
telephone  Unes   to   be   practically   earthed   at  the  two 
exchanges  in  the  immediate  neighbourhood.     My  own 
results  were  obtained  with  telephone  wires  very  much 
shorter,   because   J  mile   away  from  the  scene  of   my 
observations    they   entered    a    submarine   cable    which 
was  practically  an  earth  for  wireless  purposes.     They 
did  not,  I  tliink,  extend  for  more  than  a  few  miles  in 
the  other  direction.     I   am   of  the  opinion,   therefore, 
that  it  is  the  near  proximity  of  wires  that  caused  the 
trouble,    rather   than   any   particular   length   of   them. 
There  is  one  point  which  I  should  like  to  mention  wth 
regard  to  airsliip  sheds.     I  have  in  mind  some  measure- 
ments made  in  an  airsliip  shed  when   all  the   signals 
appeared  to  enter  along  the  axis  of  the  shed— an  experi- 
ence contrary  to  that  obtained  by  the  authors.     The 
shed  in  question  was  larger  than  that  used  by  them, 
i.e.    about    700    ft.    long.     It   was   not   systematically 
explored  ;     observations   were  not  taken   all   over   the 
shed.     The    fact   that    a    600-ft.    airship    containing    a 
great  amount  of  metal  work  was  in  the  shed,  and  that 
the  coil  itself  was  standing  practically  on  the  keel  of 
the    airship,  may   have    modified   the    conditions  very 
much    as    compared   with   those    given   in    the    paper, 
where  the  shed  was  empty  and  it  was  possible  to  explore 
the  whole  of  it. 

Mr.  J.  E.  Taylor  :  The  paper  contains  the  results 
of  a  great  deal  of  work,  and  the  most  interesting  feature 
of  it,  to  my  mind,  is  that  dealing  with  variations 
in  the  apparent  direction  of  fixed  stations,  which  may 
be  due  to  local  or  other  causes.  The  only  point  on 
which  I  wish  to  comment  is  in  connection  wath  variations 
observed  to  be  due  to  the  presence  of  banks  of  telephone 
wires.  Of  course,  it  is  not  strictly  accurate  to  say 
that  these  wires  are  earthed  at  the  exchanges,  but  I 
flunk  that  Mr.  Holling%vorth  has  put  that  right.  The 
wires  are  practicallv  earthed  at  the  stations  to  high- 
frequency  currents,  not  as  a  result  of  switching  opera- 
tions but  due  to  the  fact  that  they  are  led-in  in  cables, 
and  therefore  for  wireless  purposes  we  can  regard  them 
as  being  earthed.  I  feel  rather  sceptical,  however,  with 
regard  to  the  surmise  that  changes  in  the  apparent 
direction  are  due  to  switching  operations  at  exchanges, 
which  in  the  case  of  the  Slough  experiment  are  probably 
quite  a  distance  away  from  the  scene  of  operations. 
1  feel  that  that  point,  in  common  with  many  others 
m  the  paper,  is  well  worth  further  investigation.  I 
doubt  whether  the  explanation  given  in  the  paper  is 
correct,  and  it  seems  to  me  that  it  should  be  a  compara- 
tively simple  matter  to  erect  on  light  poles  a  special 
pair  of  wires  which  would  be  fixed  and  not  subject 
to  switching  operations.  Such  wires  must  of  course 
be  fairly  long,  e.g.  about  1  mile.     If  that  were  done 
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I   should  not  be  surprised  to  find  the  variations  still 
in  evidence. 

Mr.    C.   E.    Horton :   I   was  particularly  interested 
in  the  account  of  the  results  obtained  on  the  survey 
ship  "Fitzroy."     In  this  case  the  dimensions  of  the  coil 
were   small   as   compared   with   those   of  the   adjacent 
metal  structures,  wliich  are  for  the  most  part  somewhat 
irregular.     Under    these    conditions    it    seems    to    me 
rather   striking    that    the    curve    should    approximate 
so  closely  to  the  quadrantal  type.     I  was  also  rather 
surprised  to  see  that  its  magnitude  amounted  to  over 
20°.     Prof.  Mesny,  who  did  a  good  deal  of  work  with 
small  coils   on   board   sliip,    usually   found   quadrantal 
errors  of  S°  or  10°  on  small  ships,  but  in  his  case  the 
coil  was   usually   placed  right   aft.     I   should   be   glad 
if  the  authors  would  give  further  details  as  to  the  actual 
position  of  the  coil  on  the  ship,  particularly  with  reference 
to  the  funnels.     It  is  stated  in  the  paper  that  the  quad- 
rantal  error   is   independent   of   the   wave-length.     So 
long   as   the   metal  structure  is   small   compared   with 
the  wave-length,  and  so  long  as  dielectric  currents  are 
neglected,    that    would    be,    I    suppose,    in    accordance 
wth  theory  ;    but  if  the  quadrantal  error  amounts  to 
20°  or  more,  although  it  is  perfectly  constant  and  can 
in  a  sense  be  allowed  for,  there  is  some  difficulty  in 
making  use  of  it.     If  the  reading  of  the  frame  coil  is 
uncertain  to  a  degree  or  so,  i.e.  the  amount  of  correction 
to    be    applied   is    unknown,    it    follows,  I    tliink,  that  ' 
when  the  correction  changes  rather  rapidly,  as  it  does 
in   this  case,   the  final  result,  after  the  correction  has 
been  made,   may  be  quite  incorrect,  in  fact,   more  so 
than  the  actual  uncertainty  of  the  reading  itself.     It 
follows,  therefore,  that  a  large  quadrantal  error  is  very 
undesirable.     As   the   effect    of   local   structures   is   so 
very  important  when  the  coil  is  small,  it  seems  to  indicate 
that  what  is  needed  is  a  system  large  in  comparison 
with    structures    in    the    immediate    vicinity.     Under 
those  conditions  a  sort  of  average  effect  is  obtained, 
and    errors    due    to    small    structures    are    very    much 
decreased.     I    am    thinking    now    of    the    Belhni-Tosi 
system  which  appears  to  offer  some  advantage  in  the 
case  of  a  sliip,   since  the  area  comprised  by  loops  is 
very  much   larger,  and   a   much   better  average   effect 
is  obtained.     The  authors  remark  that  the  quadrantal 
error  curve  is  shifted   along  the   axis  some   5°  or   6°, 
that  is  to  say,   whereas  one  would  expect  to  get  the 
zero  correction  for  waves  at  readings  of  0°,  90°,   180°, 
etc.,   actually  there  is  a  small  correction  of  5°  or   6°, 
and    that   is    attributed    to    the    effect    of   small    local 
structures.     That  again,  to  my  mind,  seems  to  indicate 
that  what  is  needed  is  an  aerial  system  much  larger 
than  the  ordinary  frame  coil  for  use  on  steel  ships. 

Major  H.  P.  T.  Lefroy  :  Errors  in  direction-finding 
can  conveniently  be  considered  under  the  headings 
"uncontrollable"  and  "controllable,"  the  latter  of 
which  can  again  be  conveniently  considered  under  the 
headings  "  environment  "  and  "  apparatus."  This 
paper  deals  with  sonie  of  the  errors  due  to  environment, 
and  is  an  interesting  summary  of  investigations  carried 
out  by  the  authors  for  Sub-Committee  C  of  the  Radi'j 
Kcsearch  Board,  in  connection  with  those  special  errors. 
Their  results  show  that,  when  siting  and  constructing 
a  direction-finding  station,  it  is  best  to  give  a  wide 
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berth  to  all  possible  causes  of  distortion,  in  and  around 
the  station.  As  regards  lines,  in  ordinary  practice  one 
has  to  use  electric  power  and  light,  and  to  have  a 
telephone.  The  practical  problem  then  raised  is: 
Shall  the  lines  be  put  underground  or  run  overhead  ? 
I  noticed  that  the  authors'  lines  w-ent  past  the  station 
and  did  not  terminate  there,  as  they  nearly  always  do 
in  practice.  It  would  be  instructive  if  some  figures 
could  be  obtained  showing  the  difference  in  the  errors 
caused  by  lines  buried  3  ft.  deep,  and  lines  brought 
in  10  ft.  or  12  ft.  overhead,  as  they  usually  are,  and 
terminating  at  the  station  itself.  I  should  like  the 
authors  to  say  at  what  time  of  the  year  the  experi- 
ments with  trees  were  carried  out.  From  the  botanical 
point  of  view  it  would  be  interesting  if  they  could 
take  a  series  of  measurements  once  a  week,  or  once  a 
fortnight  at  a  certain  definite  spot,  e.g.  position  XI, 
to  find  out  how  the  errors  due  to  the  trees  change 
with  the  seasons  and  the  state  of  the  foliage. 

Mr.  G.  M.  Wright :  On  page  179  the  authors  dismiss 
very  summarily  the  question  of  night  effects  by  sajdng 
that  "  little  is  known  as  to  the  causes  producing  these 
effects,  though  much  has  been  surmised."    Mr.  Eckersley 
has  published  a  paper  *  on  the  subject  of  night  effects 
in   which  he  sets   forth  a  theory  which,  besides  being 
reasonable,  has  the  advantage  of  being  well  supported 
by  thi^  experimental  results  obtained  up  to  that  date. 
Since   then,  further    investigations   have    been    made  f 
as  to  the  behaviour  of  the  cardioid  diagram  of  reception 
under  the  influence  of  night  effects,  and  these  investiga- 
tions have  afforded  the  most  striking  confirmation  of 
Eckersley's  theory.     I  know  of  no  other  theory  which 
has    been    seriously    proposed    and    examined    which 
rests  on  so  sure  a  basis  and  is  capable  of  affording  so 
complete  an  explanation.     I  would  also  point  out  that 
the  minimum  of  a  cardioid  diagram  remains  unchanged 
and   correct  throughout  the   most   violent  night  effect 
and    affords    a    practical    means    of    direction-finding 
under  these  conditions.     In  fact,  any  directi\e  receiving 
system  wliich  presents  no  unbalanced  horizontal  members 
to  a  ray  incident  in  the  direction  of  zero  reception  is 
capable  of  being  used   as  an  accurate  direction-finder 
in  the  presence  of  night  effect.     I  should  also  like  to 
draw  attention  to   the  similarit)-  of  the  cur\e  shown 
in  Fig.  1  (6)  to  a  simple  sine  function .     This  resemblance 
affords   a   verj^  easy   method   of   correcting  the   errors 
when  using  crossed  frames  in  conjuncton  with  a  radio- 
goniometer.    The    method    was    proposed    some    years 
ago    by   Captain    Round,   and    consists  in   placing  one 
aeiial   in   the   plane   towards   which   the   bearings   arc 
distorted.     A  suitable  reduction  in  the  recei\ing  power 
of  this   aerial  will  then  give  the   required   correction. 
Under  all  ordinary  circumstances  the  coriection  obtained 
in  this  way  is  sufficiently  accurate,  and  no  error  chart 
is  required. 

Admiral  l^ir  Henry  Jackson  :  There  is  a  great 
deal  more  work  to  be  done  in  this  direction,  especially 
in  connection  with  short  waves.  I  think  that  it  would 
be  desirable  to  carry  out  similar  experiments  willi 
trees,  telegraph  wires  and  large  metallic  objects  with 
•  "The  Effect  of  tlio  Ikavisidi'  Layer  on  tliu  .\ppnieiit  Direction 
of  Eli-i'tromagiiolio  Waves,"  Radio  Review,  vol.  2,  pp.  60  ami  231. 
t  "The  Heart-shaped  Polar  Diagram  and  its  Behaviour  under 
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short  waves,  such  as  are  used  for  navigational  work. 
The  object  of  the  Radio  Research  Board  is  to  tr>'  to  define 
the  diSerent  errors,  so  that  we  can  correct  our  direction- 
finding  apparatus  in  ships  as  the  magnetic  compass  is 
corrected,  ^^'e  are  now  in  the  early  days  of  direction- 
finding  and  I  hope  that  in  a  few  years  direction-finding 
at  sea  by  wireless  will  be  as  accurate  as  it  is  now  by 
compass. 

Major   B.    Binyon  :   I   was   very  interested   in   the 
description  of  the  work  done  on  board  ship,  and  I  hope, 
with   Admiral   Sir   Henrj'   Jackson,    that   the   work   of 
the   Radio    Research   Board   will   be   further   extended 
in   that   direction,    because,   from   a   commercial   point 
of  view,  it  is  one  of  the  most  important  fields  in  which 
to  work.     It  is  to  be  regretted  that  in  most  of  the  work 
done  on  ships,  data  for  which  are  given  in  the  paper, 
fairly  long  waves  have  been  used,  whereas  in  practice 
it  is   absolutely  essential  that  direction-finders   to   be 
really    useful    should    work    mainly    on     600  m.      Mr. 
Horton  stated  that,  in  his  opinion,  better  results  would 
be  obtained  with  an  aerial  system  than  with  coils  on  ships. 
I  should  like  to  mention,   in  that  connection,   that  a 
number  of  ships  have  been  fitted  with  Robinson  direction- 
finders, and  the  extraordinary  accuracy  of  the  results 
obtained  is  proof  of  the   reliabihty  of  a  coil  system 
aboard  ship,  particularly  when  the  exceedingly  difficult 
conditions     are    taken     into    account — conditio,ns    far 
more  difficult,  I  think,  than  any  of  those  described  in 
the  paper.     Again,   quadrantal  errors  as  large  as   22° 
are  referred  to  in  the  paper.     I  have  never  known  such 
an  error  on  a  ship  fitted  with  the  Robinson  system  ;    I 
can  recollect  one  case  where  an  error  of  19°  was  obtained, 
but  in  the  case  of  another  steamer  where  the  conditions 
were   similar   the    quadrantal   error    was    nil.     In    the 
latter   case   the    quadrantal   error  remained   nil   until, 
after  a  long  trip,   the  boat  was  nearing  home,   when 
suddenly  an  error  of  6°  or  7°  developed.     No  explanation 
was  forthcoming  at  first,  but  the  trouble  was  eventually 
traced  to  four  electric  leads  used  for  emergency  com- 
munications between  the  chart  room  and  the  emergency 
steering  position  aft.     These  leads  were  supposed  to  be 
absolutely   dead,    but   somehow  or  other  a   fault   had 
developed  in  them,  and  small  currents  from  the  electric 
light  circuits  leaked  on  to  them.     They  were  e\'entually 
shown  to  be  entirely  responsible  for  the  error.     That 
is  an  instance  of  the  sort  of  problems  that  have  to  be 
faced  in  shipping  work  and  which  increase  the  difficulties. 
In  spite  of  this,  howe^•er,  there  is  no  doubt  that  exceed- 
ingly  good    and   satisfactory   results   can    be   obtained 
with  the  Robinson  system  on  board  ship.     The  constancy 
of  the  quadrantal  error  is,  of  course,  all-important  and 
has  to  be  very  carefully  watched  for,  but  on  the  whole 
the  changes  are  very  sUght.     As  a  matter  of  fact,   a 
discrepancy  was  observed  in  the  case  of  a  ship  that 
went  out   quite  light — ^in  baUast- — and  returned   very 
heavily  laden.     In  that  case  the  quadrantal  error  on 
the  return  journey  had  diminished  by  a  small  amount. 
Unfortunately,    experimental    work    on    ships    of    the 
mercantile  marine  is  exceedingly  difficult  to  carry  out, 
and  it  can  more  systematically  be  done  by  the  Radio 
Research    Board    or    the    Adrniralty   allocating   vessels 
for  the  purpose.     With  the  extended  use  of  direction- 
finders,  however,   exceedingly  interesting  data   of  this 


nature  is  gradually  being  collected.  I  should  like 
to  support  Admiral  Sir  Henry  Jackson's  suggestion 
that  more  work  should  be  done  on  short  wave-lengths, 
in  order  as  far  as  possible  to  benefit  directly  the  com- 
mercial apphcation  of  direction-finding  as  an  aid  to 
navigation. 

Captain  C.  T.  Hughes  :  I  should  like  to  call  attention 
to  the  importance  of  the  information  given  in  the  paper 
from   the   military   point  of  view.     It   might   possibly 
be  urged  that  a  radio  engineer  entrusted  with  the  installa- 
tion of  a  direction-finder  would  never  deUberately  put 
up  his  set  in  the  neighbourhood  of  trees,  buildings  or 
other  \\-ireless  aerials,  but  in  mihtary  practice  it  might 
be  impossible  to  avoid  doing  so.     As  direction-finding 
is  a  vital  part  of  mihtary  wireless,  it  is  very  important 
that  one  should  have  every  possible  scrap  of  information 
regarding  the  errors  to  be  expected  owing  to  the  presence 
of  these  disturbing  elements.     It  very  frequently  happens 
that  a  wireless  officer  has  no  choice  of  site  in  putting 
up  his  direction-finder  ;    there  are  a  large  number  of 
considerations,     chiefly    mihtary,     wliich    hamper    his 
selection  of  suitable  ground.     For  example,  it  is  essential 
that  he  should  have  a  means  of  rapid  communication, 
by  telephone  or  ordinary  telegraph  hne,  with  the  intelU- 
gence  centre  to  wliich  he  has  to  send  liis  information. 
It  frequently  happens  that  it  is  very  difficult  to  provide 
a  special  hne  for  him,  and  possibly  he  has  to  put  up 
his  direction-finder  in  the  immediate  neighbourhood  of 
some  busy  signal  office  where  there  are  a  large  number  of 
overhead  lines  or  buried  cables.    It  might  be  inadvisable, 
moreover,  to  put  a  direction-finder  in  an  isolated  field, 
well  away  from  trees  and  buildings,  from  the  point  of 
view  of  visibihty  from  aircraft.     That  is  only  one  of 
a  large  number  of  considerations  which  must  influence 
the  selection  of  a  site.     Major  Lefroy,   I  tliink,  rather 
dismissed  the  possibihty  of  errors  due  to  the  proximity 
of  overhead  lines,  by  assuming  that  the  hnes  were  the 
actual   supply   mains    or   line    communications    of   the 
station  itself,   and  that  these  are  generally  controlled 
by  the  officer  in  charge  of  the  station  and  can  be  buried 
for  some  hundreds  of  yards  away  from  the  direction- 
finder.    The  officer  may  be  obhged,  however,  in  times 
of  rapid  mihtary  movement,  to  erect  his  set  in  the  near 
neighbourhood  of  large  permanent  routes  on   a  main 
road,   or  other  disturbing  factors  may  appear  in   the 
shape  of  large  masses   of  metal  such  as   ammunition 
dumps.     In  mihtarv  wireless  too,  the  set  has  frequently 
to  be  handed  over  to  semi-skilled  personnel  who  have 
had   little   chance   of  acquiring   a   knowledge   of  what 
constitutes  good  conditions  for  direction-finding.     For 
these  reasons  we  welcome  any  information  that  tends 
to  define  the  conditions  governing  the  installation   of 
a  direction-finder  or  gives  us  a  knowledge  of  the  magni- 
tude of  the  errors  to  be  expected  under  adverse  con- 
ditions of  working. 

Major  C.  J.  Aston  :  I  should  hke  to  ask  whether 
anything  is  yet  known  as  to  the  effect  of  rivers  on 
direction-finding.  It  is  often  necessary  to  erect  a 
direction-finder  in  the  neighbourhood  of  a  river,  which 
might  have  a  straight  course  3  to  4  miles  in  length, 
and  might  influence  the  direction  of  the  arriving  waves. 
The  Army  of  Occupation  in  Germany  found  such  con- 
ditions at  Cologne. 
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Dr.  A.  Russell  :  Have  the  authors  considered  the 
effect  of  meteorological  conditions  on  the  direction  of 
reception  ?  For  instance,  on  one  side  of  the  direction- 
finder there  may  be  a  shower  of  rain,  while  the  other 
side  is  dry.  The  trees  on  the  one  side  would  be  almost 
perfect  conductors  under  such  conditions,  while  those 
on  the  other  would  have  a  very  high  resistance.  We 
know  that  the  resistance  of  the  surface  of  the  earth 
varies  to  a  very  large  extent  with  the  amount  of  dew 
on  it.  It  would  therefore  be  interesting  if  the  authors 
could  give  any  information  on  this  subject. 

Mr.  S.  B.  Smith  {communicated)  :  It  can  be  demon- 
strated that  if  a  directional  system  be  constructed  in 
such  a  manner  that  no  unbalanced  horizontal  members 
exist,  then  abnormally  polarized  waves  will  not  be 
received,  ^^'^ith  such  arrangements  it  can  be  experi- 
mentally shown  that  when  night  effect  is  present  the 
bearings  are  correct.  The  minima  will  also  be  quite 
symmetrical,  and  the  arrangement  provides  a  practical 
direction-finder.  A  number  of  anti-"  night  effect  " 
direction-finders  (which  possess  symmetrical  minima) 
exist,  among  them  being  Adcock's  modification  to  the 
Bellini-Tosi  aerial  system,  and  Franklin's  spaced  aerials 
(arranged  in  the  Bellini-Tosi  manner).  These  methods 
are  well  known  and  do  not  require  further  detailing, 
but  at  the  same  time  it  should  be  pointed  out  that  it 
is  quite  practicable  to  construct  a  direction-finder  to 
be  quite  immune  from  "  night  effect  "  or  the  closely 
related  "  aeroplane  effect."  In  Section  3  of  the  paper 
the  authors  discuss  tuned  aerial  systems  and  their 
effect  when  in  close  proximity  to  the  direction-finder. 
No  mention  is  made  of  the  importance  of  the  resistance 
of  these  aerials,  but  unless  the  authors  give  the  dimen- 
sions of  these  aerials  and  their  resistance  the  observa- 
tions are  comparatively  useless.  At  a  recently  installed 
direction-finding  station  the  apparatus  is  erected 
underneath  the  main  transmitting  aerial  ;  if  this  aerial 
is  accidentally  tuned  while  the  direction-finder  is  in 
operation  the  maximum  observed  errors  amount  to  30'. 
If  the  tuned  aerial  had  a  very  low  resistance  (principally 
radiation  resistance)  the  maximum  deviation  from  the 
true  bearing  could  amount  to  almost  90°. 

Messrs.  R.  L.  Smith-Rose  and  R.  H.  Barfield  {in 
reply)  :  The  discussion  has,  in  general,  shown  that  the 
paper  has  met  a  real  need  for  detailed  quantitative 
information  on  this  subject.  There  is  a  general  con- 
sensus of  opinion  as  to  the  necessity  of  repeating  the 
majority  of  the  investigations  on  much  shorter  wave- 
lengths, and  it  is  intended  to  proceed  with  this  work 
as  quickly  as  possible.  The  research  was  inaugurated 
on  the  higher  wave-lengths  for  no  other  reasons  than 
those  of  convenience  and  expediency,  since  suitable 
apparatus  was  immediately  available.  The  experience 
gained  so  far  will  undoubtedly  prove  useful  in  the  work 
on  shorter  waves  where  the  difficulties  of  accurate  radio 
direction-finding  are  somewhat  greater. 

Mr.  Hollingworth  mentions  a  case  of  a  large  airship 
shed  in  which  all  the  signals  appeared  to  enter  along 
the  axis  of  the  shed.  This  is  exactly  the  conclusion 
that  might  have  been  drawn  for  the  shed  referred  to  in 
the  paper  when  at  Position  6  in  Fig.  6,  had  not  the 
results  obtained  in  other  positions  been  contradictory. 

The  results  given  for  the  experiments  carried  out  on 


H.M.S.  "  Fitzroy  "  were  certainly  obtained  under  very 
bad  conditions.  The  direction-finding  coil  system  was 
erected  in  the  only  place  available  on  board,  being 
placed  fairly  close  to  the  ship's  funnel  and  the  wireless 
cabin,  and  standing  on  the  steel  deck.  Mr.  Horton 
expresses  surprise  at  the  magnitude  and  regularity  of 
the  error  curve,  yet  a  somewhat  similar  curve  has  been 
given  by  Mr.  Round  for  H.M.S.  "  Warspite,"  and  cases 
are  mentioned  in  which  the  error  curve  ranges  up  to 
30°.*  Regular  quadrantal  error  curves  have  also  Iseen 
obtained  in  America  when  using  small  frame  coils  on 
board  ship.f  The  results  given  in  the  paper  for  H.M.S. 
"  Fitzroy  "  have  been  confirmed  by  later  observations 
and  the  error  has  been  found  to  be  practically  inde- 
pendent of  small  metal  work  in  the  immediate  neigh- 
bourhood, e.g.  the  error  remained  unaltered  by  opening 
and  closing  steel  hatch  covers  immediately  beneath  the 
set.  The  disadvantages  of  a  large  correction  curve  for 
navigation  purposes  are  fully  appreciated,  but  it  is 
probable  that  the  magnitude  of  the  error  could  be  con- 
siderably reduced  by  erecting  the  frame  coil  in  a  more 
suitable  position  on  board  and  particularly  by  raising 
it  several  feet  above  the  deck.  The  present  paper  is 
not  concerned  with  the  relative  merits  of  the  Bellini- 
Tosi  and  the  frame-coil  systems  of  direction-finding  on 
board  ship,  but  it  may  be  pointed  out  that  considerable 
use  of  the  single  frame  has  been  made  in  America.! 

The  point  raised  by  Major  Lefroy  as  to  the  com- 
parative effect  of  overhead  and  underground  lines 
actually  brought  into  the  direction-finding  station  is  one 
that  has  not  so  far  received  attention  but  is  obviously 
important  for  practical  purposes.  It  is  hoped  to  obtain 
much  information  on  the  influence  on  the  resulting 
errors  of  the  seasonal  change  in  trees  from  an  investi- 
gation which  has  been  proceeding  for  some  time  past, 
involving  the  daily  observation  of  various  transmitting 
stations  in  fixed  positions.  The  influence  of  meteoro- 
logical conditions  mentioned  by  Dr.  Russell  will  also  be 
studied  in  the  same  investigation. 

In  reply  to  Mr.  Wright,  the  authors  feel  bound  to 
uphold  their  original  statement  to  which  reference  is 
made.  While  fully  recognizing  the  utility  of  the 
brilliant  work  carried  out  by  Messrs.  Eckersley,  Wright 
and  Smith,  it  must  be  mentioned  that  there  are  already 
some  apparent  exceptions  to  Eckersley's  theory  con- 
cerning variations.  J  Beyond  this  fact,  the  paper  is  not 
concerned  with  these  night  variations  in  the  bearings 
observed  on  direction-finders.  As  to  the  use  of  circuits 
giving  the  cardioid-diagram  reception  curves  to  over- 
come these  effects,  this  has  surely  never  been  claimed 
as  a  practical  system  of  direction -finding.  At  the  best, 
it  affords  a  convenient  means  of  determining  the 
"  sense  "  of  a  bearing. 

That  there  are  certain  methods,  theoretically  sound 
and  experimentally  successful,  of  eliminating  abnor- 
mally polarized  waves  is  beyond  question,  nor  can  it 
be  denied  that  it  may  be  possible  to  construct  a  com- 

•  Journal  I.E.E.,    1920,  vol.   58,  p.   243.  ,  ,„  ■    , 

t  See,   for   example,   S.    Bai.lantine    ■.\car  Book  of  Wireless 

Telegraphy  and  Telephony,    1921,  p.   1131;    also  F.  A    Kolster 

and  F.  W.  Dunmore  :   Scientific  Papers  of  the  Bureau  of  Standards, 

No    428    1922 

1  See,'   for   example,    E.    Bellini  :     FJeUrician,    1922,   vol.    89, 

p.   150;    also  R.  Mesny,  L'Onde  Eleclnque,  1922,  vol.   1,  p.  501. 
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mercially  practical  apparatus  for  this  purpose.  It  is 
merely  contended  that  as  yet  this  has  not  been  done. 
Mr.  Smith  mentions  two  systems,  those  of  Adcock 
and  Franklin,  but  Mr.  Keen  in  his  recent  authoritative 
work  on  direction-finding  *  dismisses  the  Franklin 
system  as  being  "  impracticable  for  ordinary  direction- 
finding  working "  giving  convincing  reasons,  whilst 
Adcock's  system  has  never  been  taken  up  owing  to 
its  inherent  difficulties.  As  regards  tuned  aerials,  a 
record  of  what  actually  happened  in  one  or  two  specific 

*  R.    Kee.v:    "Direction   and   Position  Mnding   by  Wireless," 
1922,  p.    195. 


cases  was  thought  to  be  of  sufficient  value  in  giving 
the  order  of  the  possible  error  to  merit  recording. 
For  example,  Mr.  Smith's  own  instance  is  of  some 
definite  interest  though  it  would  have  been  of  more 
value  if  he  had  given  the  distance  of  the  direction- 
finding  set  from  the  aerial. 

Major  Binyon's  request  to  investigate  directional 
reception  on  board  ship  on  the  waves  ordinarily  used 
for  ship  communication  ^is  covered  by  the  proposal  to 
extend  the  whole  investigation  to  short-wave  working. 

The  possible  effect  of  rivers,  mentioned  by  Major 
Aston,  is  also  a  case  for  future  investigation. 
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DOMESTIC   LOAD   BUILDING  :    A   FEW   SUGGESTIONS   UPON 

PROPAGANDA   WORK. 

By  W.  A.  GiLLOTT,  Associate  Member. 

(Paper  first  received  Uth  September,  and  in  final  form  \Zth  October.  1922;  read  before  The  Ixstitution  3C<A  November, 
before  the  North-Eastern  Centre  21th  November,  before  the  Liverpool  Slb-Centre  Uth  December,  before  the 
North  Midland  Centre  I9th  December,  1922,  and  before  the  Scottish  Centre  9th  January,  1923.) 


Summary. 

The  object  of  this  paper  is  to  show  in  a  .simple  manner 
some  of  the  channels  open  to  electric  supply  undertakings 
for  securing  the  domestic  load.  As  conditions  differ  in 
almost  every  district,  the  subject  must  be  approached  from 
a  different  angle  in  each  case.  In  certain  districts  it  might 
be  fatal  to  adopt  a  too  progressive  attitude,  and  one  must 
therefore  lead  up  to  the  pohit  by  suggestion  ;  in  others  it 
may  be  found  desirable  to  combine  the  development  scheme, 
such  as  an  educative  campaign  by  actual  demonstration, 
with  Press  and  other  advertisements.  These  methods  are 
briefly  discussed  and  reference  is  made  to  the  value  of  the 
load  to  the  undertaking,  and  the  various  proportions  it  can 
take.  A  skeleton  scheme  of  one  year's  campaign  is  put 
forward,  and,  in  view  of  the  decision  of  certain  authorities 
to  embark  upon  this  development,  it  is  hoped  that  the  remarks 
may  be  of  interest.  The  fundamental  essentials  on  the 
question  of  tariffs,  load  characteristics,  hire  of  appliances, 
etc.,  are  discussed,  and  a  chart  showing  one  week's  demand 
of  a  housing  estate,  where  cookers,  heaters,  etc.,  are  installed, 
is  given.  The  advantage  of  an  electrically  equipped  house- 
hold to  the  consumer  and  its  appeal  to  women,  also  the 
assistance  given  by  the  latter  in  achieving  the  object,  are 
referred  to. 


Fundamental    Principles. 

The  increasing  tendency  of  the  housewife  to  do  her 
domestic  work  by  means  of  electricity  is  most 
encouraging,  and  indicates  that  the  excellent  propaganda 
work  of  the  Electrical  Development  Association,  electric 
supply  authorities,  electrical  contractors  and  manufac- 
turers is  at  last  beginning  to  show  a  return.  These 
promising  conditions  prompt  the  author  to  offer  a  few 
suggestions  in  regard  to  domestic  load-building  to  those 
engineers  who  have  not  yet  attempted  to  cultivate 
this  desirable  and  profitable  demand.  At  the  outset 
he  would  like  to  state  that  his  remarks  are  not  put 
forward  as  definite  proposals  as  to  how  matters  should 
proceed,  but  merely  as  a  suggested  principle  upon  which 
the  framework  of  an  organization  or  department  can 
be   constructed   to   deal   with   the   business. 

The  first  matter  that  should  receive  attention  is  the 
personnel.  From  the  chief  engineer  to,  at  least,  the  sales 
representatives  each  individual  should  possess  an 
adequate  knowledge  of  the  subject  of  domestic  electrifica- 
tion before  attempting  to  advise  others.  In  addition, 
an  electrical  installation,  complete  in  every  detail, 
should  be  in  the  homes  of  such  members  of  the  staff 
to  enable  them  to  gain  valuable  experience  and 
thoroughly  to  appreciate  their  operation.  It  would 
also  estabUsh  a  belief  in  the  commoditj'  and  be  an 
encouragement  to  prospective  consumers. 


It  is  desirable  to  keep  a  careful  set  of  records  of  the 
behaviour  of  each  type  of  appUance,  of  the  time  taken 
to  attain  certain  objects,  of  the  consumption,  also  of 
maintenance  costs.  By  this  means  a  valuable  set 
of  statistics  would  soon  be  collected  which  would  be 
of  considerable  help  in  establishing  a  foundation  on 
which  to  buUd  a  suitable  scheme.  During  these  observa- 
tions a  complete  set  of  recording  ammeter  charts  should 
be  secured.  If  several  of  these  are  taken  simultaneously, 
a  summation  curve  can  be  plotted  and  accurately  com- 
pared with  the  station  load  curve,  to  faciUtate  the 
design  of  a  suitable  tariff  (if  one  is  needed).  Curves 
similar  to  these  were  given  by  the  author  in  a  previous 
paper.*  From  these  earUer  curves  the  following  figures 
were  taken  :  The  number  of  units  per  annum  per  kilo- 
watt installed  was  360 ;  the  total  connected  load  of  the 
13  consumers  studied  was  65  kW,  while  the  maximum 
demand  was  approximately  19  kW.  The  amount  of 
this  load  that  fell  on  the  system  peak  was  5  kW.  The 
number  of  units  consumed  per  annum  per  kilowatt 
of  demand  on  the  system  peak  was  3  240.  The 
diversity  factor  was  9.  Although  these  curves  were 
taken  some  time  ago  the  characteristics  remain  the 
same  to-day,  cooking  conditions  not  having  altered. 
The  design  of  the  apparatus  is,  however,  improved, 
therefore  the  number  of  units  consum^ed  per  kilowatt 
installed  is  reduced.  A  safe  figure  to  adopt  for  esti- 
mating purposes  when  investigating  the  subject  is  300 
units  per  kilowatt  installed  per  annum.  These  figures 
assume  a  normal  daily  use  throughout  the  year  and  are 
sufficient  to  indicate  that  the  domestic  cooking  load  is 
worth  cultivating. 

Tariff  Construction  and  Load  Possibilities. 

It  is  not  intended  to  study  the  details  of  tariffs  for 
this  class  of  business,  beyond  referring  to  the  desirabiUt}' 
of  a  two-part  scheme,  with  a  comparatively  high  fixed 
charge,  and  with  the  charge  per  unit  so  low  as  to  provide 
a  satisfactory  return.  The  author  inchnes  to  the  opinion 
that  the  fixed  charge  should  be  sufficient  to  cover  a 
consumer's  normal  lighting  costs  when  the  low  unit  charge 
is  added.  In  other  words,  his  lighting  account  would 
be  practically  identical  under  this  tariff  with  what 
it  would  be  under  the  standard  flat  rate  which  may 
be  in  operation.  This  provides  a  safeguard  against 
supplying  the  consumer  at  a  loss,  and  it  is  only  upon  an 
increased  consumption  that  he  obtains  the  benefit 
of  the  cheaper  units. 

Taking  as  an  illustration  a  domestic  consumer  with 

•  Journal  I. E.E..  1915,  vol.  63,  p.  42. 
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1  kW  of  lighting  installed,  under  average  conditions 
his  normal  consumption  would  be  approximately 
300  units  per  annum,  thus  : — ■ 

Flat  Rate  Two-part  Tariff 

£  s.  d.  £  s.  d. 

300  units  at  (say)  Fixed    charge    per 

8d 10  0  0         kilowatt      (hght- 

ing)  installed 

(say) 8   10  0 

300  units  at    (say) 

IJd 1   17  6 


£10     7  6 


The  figure  of  l^d.  is  taken  because  the  present 
tendency  is  to  supply  electricity  for  domestic  purposes 
at  this  rate. 

From  the  abo\-e  it  will  be  seen  that  the  consumer's 
lighting  account  remains,  for  all  practical  purposes, 
unaltered.  If  such  a  consumer  installs  a  cooker, 
catering  for  6  persons,  his  consumption  of  electrical 
energy  would  be  increased  by  approximately  1  750 
units  per  annum,  making  liis  account  as  follows  : — 

£  s.  d. 
Fixed  charge  as  before  .  .  . .        8   10  0 

2  050    units    (lighting   and   cooking) 

at  lid 12  16  3 


£21     6  3 

The  average  price  obtained  per  unit  will  be  approximately 
2Jd.  It  is  good  business  to  prove  to  a  consumer  that 
his  adoption  of  a  domestic  or  multi-part  tariff  does 
not  increase  his  normal  lighting  account,  and  that 
extravagance  in   the  use  of    light  is  costing  liim  only 

1  Jd.  per  unit,  which  can  for  practical  purposes  be  ignored. 
He  will  then  see  that  his  cooking,  heating  or  power  is 
charged  at  this  low  rate  and  he  will  appreciate  the  change. 
The  education  of  the  consumer  upon  tliis  point  will  be 
of  great  value,  as  he  will  learn  to  look  upon  his  supply 
as  being  given  at  l|d.  per  unit,  and  regard  the  fixed 
charge  as  a  rental.  He  will  probably  spread  the  news 
amongst  his  friends,  and  this  will  be  good  propaganda 
for  the  undertaking.  Such  an  installation  would  create 
a  maximum  demand  of  approximately  3-5  kW,  which 
would  occur  about  mid-day,  i.e.  at  a  time  when  the 
majority  of  central  stations  could  deal  with  the  load. 
Taking  average  conditions  at  200  volts  or  over,  the  servdce 
cable  to  a  house  with  such  a  demand  would  probably  be 
of  adequate  capacity,  and,  therefore,  in  such  cases  there 
would  be  no  additional  costs  under  this  heading.  It  is, 
of  course,  recommended  that  negotiations  should  be 
commenced  to  induce  the  consumer  ultimately  to  extend 
his  demands  for  other  uses,  e.g.  heating,  water  heating 
and  auxiliaries,  in  which  case  the  service  cable  would 
be  made  suitable.     An  increase  of  3  kW  of  heating  and 

2  kW  of  auxiharies  would  make  but  little  difference  to 
the  maximum  demand,  this  being  approximately  5  •  5  kW, 
and  then  only  in  winter  time,  but  the  total  consumption 
would  be  in  the  neighbourhood  of  3  500  units  per  annum, 
representing,  on  the  basis  given  above,  an  amount 
of  £30  7s.  6d.,  i.e.  an  increase  of  £20  7s.  6d.  above  the 
ordinary  lighting  returns. 


Taking  as  an  illustration  some  500  of  such  consumers 
on  one  s^-stem,  the  maximum  load  installed  would  be 
6  000  kW  ;  the  maximum  demand  on  the  station  would 
not,  however,  owing  to  the  high  diversity  factor,  exceed 
600  kW.  The  consumption  of  the  whole  would  be 
\\  miUion  units,  and  the  revenue  approximately  £15  200. 
One  of  the  most  important  characteristics  of  this  class 
of  business  is  its  continuity  ;  in  contrast  to  the  industrial 
load  it  is  unaffected  by  strikes  or  lock-outs,  and  this 
should  therefore  increase  the  desire  to  cultivate  it. 

The  curves  on  page  199  indicate  the  nature  of  the 
load  upon  the  BiUingham  Housing  Estate.  These  curves 
show  the  result  of  the  demand  of  25  houses  only,  i.e. 
approximately  one-third  of  the  whole  village. 

The  details  of  the  installation  of  each  house  are  as 
follows  : — 

1  Cooker. 

1  Wash  boiler  (10  gallons). 

1  Fire. 

Kettle  or  iron. 

Lighting. 

The  average  number  of  kilowatts  installed  at  each 
house  is  11-28,  and,  therefore,  the  total  connected  load 
is  11-28  X  25  =  282kW.  The  pressure  at  the  con- 
sumers' terminals  is  250  volts.  It  will  be  seen  that  the 
highest  demand  (approximatel}-  31  kW)  occurred  on 
Sunday,  11th  December,  at  12.30  p.m.  It  is  interesting 
to  note  that  this  demand  lasted  for  only  a  few  minutes, 
the  average  maximum  demand  being  in  the  neighbour- 
hood of  24  k\V.  The  returns,  being  taken  in  winter 
time,  are  consequently  at  their  maximum. 

It  is  of  interest  to  study  the  characteristics  of  the 
daily  demand.  As  the  curve  shows,  Sunday  is  un- 
doubtedly a  day  when  much  cooking  is  done,  and  no 
doubt  a  certain  amount  of  heating  is  carried  on  from 
breakfast  (8.15  a.m.)  to  2.30  p.m.  There  is  a  short 
period  of  rest  before  tea  is  prepared,  about  4  p.m.,  and 
at  6.30  p.m.  the  load  quickly  drops  to  the  normal  light- 
ing demand,  as  is  the  case  on  each  day  of  the  week. 

The  morning  load  on  Monday  and  Tuesday  is  due  to 
the  wash  boilers  and  cooking.  Monday's  curve  indicates 
that  the  boilers  are  in  operation  soon  after  8  a.m.  and  that 
the  cooking  load  is  not  so  heavy,  as  probably  no  mid- 
day meals  will  be  cooked.  On  Tuesdays  almost  the 
same  conditions  apply,  but  more  cooking  is  done,  as  shown 
by  the  demand  from  12.30  p.m.  to  2  p.m.  Thursday 
is  undoubtedly  the  bread-baking  daj',  as  shown  by 
the  comparatively  longer  period  of  demand.  Saturday 
appears  to  be  a  day  of  "  put  off  "  meals. 

The  occupiers  of  the  houses  include  district  engineers, 
station  engineers,  engine  drivers,  and  the  usual  t>'pe  of 
individual  employed  upon  a  supply  system.  No  other 
system  of  cooking  is  provided,  and  it  is  the  usual  practice 
to  bake  bread  and  cakes  at  home. 

These  curves  give  much  information,  and  one  is  able 
to  estimate  wth  accuracy  the  size  of  feeder  cables 
necessary-  for  a  district.  They  show  at  a  glance  how  the 
load  comes  on  and  how  it  coincides  with  the  general 
station  demand,  and  they  can  be  applied  to  any  s\-stem 
for  comparison.  They  amply  prove  the  load  to  be  a 
daj-time  demand,  and  that  it  is  continuous,  i.e.  it  is 
an   everyday  load.     The  high  diversity  factor   is  well 
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demonstrated,  and  proves  the  value  of  the  load  to  an 
undertaking. 

These  curves  enable  one  to  imagine  the  nature  of  the 
system  load  in  the  power  station  of  the  future.  By 
multiph-ing  these  results  by  the  number  of  likely  con- 
sumers in  a  given  area,  it  will  be  seen  that  it  is  possible 
for  the  domestic  lead  in  many  stations  to  be  larger  than 
the  industrial  load. 

The  author  has  compared  the  curve  for  Sunday  with 
that  of  a  gas  company's  output  on  a  similar  day.  The 
two  are  identical  in  shape,  and  it  is  interesting  to  relate 
that  the  value  to  the  gas  company  of  5  hours'  Sunday's 
load  was  equal  to  that  of  a  whole  week-day's  combined 
domestic  and  industrial  load. 

In  view  of  the  importance  of  the  domestic  load,  and 
the  desirability  of  distributing  as  much  information  of 
its  character  as  possible  amongst  supply  engineers, 
the  author  suggests  tfiat  the  Institution  might  consider 
the  advisability-  of  investigating  the  matter  in  detail 
and  submitting  a  report  upon  its  findings.  The  Electrical 
Development  Association  have  obtained  certain  infor- 
mation of  a  general  nature,  and  by  co-operation  most 
valuable  assistance  could  no  doubt  be  given  to  the 
-  industr\-. 

Turning  now  to  commercial  cooking,  considerable 
revenue  can  also  be  secured  from  this  source.  In  an 
earher  paper  *  the  author  gave  a  set  of  curves  showing 
the  load  characteristics  of  four  installations,  including 
three  staff-feeding  kitchens  and  one  restaurant,  totalhng 
some  452  kW  connected.  The  total  number  of  units 
consumed  was  290  000  per  annum,  and  the  resultant 
maximum  demand  was  190  kW  (approximately).  These 
facts  are  important  and  demonstrate  the  value  of  the 
load. 

It  is  reaUzed  that  there  are  many  small  undertakings 
which  are  not  at  present  in  a  position  to  handle  a  big 
demand  for  cooking  and  heating,  and  that  some  concerns 
do  not  encourage  the  business  as  their  load  is  entirely  resi- 
dential lighting  and  they  possibly  fear  that  the  cooking 
business  will  create  a  loss.  It  will  be  understood  that 
even  moderate  cooking  demands  are  not  built  in  a  day, 
such  loads  being  secured  by  a  comparatively  gradual 
process.  It  is  suggested,  therefore,  that  a  start  should 
be  made  upon  a  small  scale  in  order  to  gain  experience 
in  districts  where  the  plant  and  cable  capacity  are  small 
and  the  rate  is  unsuitable  for  complete  cookers.  It  \vill 
be  found  that  if  auxiUary  appUances,  e.g.  kettles,  irons, 
toasters,  boiling  plates,  washing  machines,  vacuum 
cleaners,  etc.,  are  used,  their  existence  will  have  a 
greater  effect  on  the  financial  returns  than  on  the  station 
maximum  demand. 

It  is  not,  however,  the  object  of  this  paper  to  discuss 
the  technicalities  of  the  load  and  its  effect  upon  the  plant 
and  cables,  but  to  open  up  various  channels  that  may 
assist  those  who  are  interested  in  the  subject  to  secure 
the  business.  The  possibiUties  of  the  domestic  field 
are  large,  and  the  figures  and  statistics  given  indicate 
a  few  of  the  results  that  can  be  obtained  by  negotiation. 

There  are,  no  doubt,  undertakings  in  which  the  domes- 
tic   load   has   not    been    encouraged,   possibly   because 
the    staff    have   not    studied    the    subject,   or    because 
they  are  uncertain  of  the  effect  of  the  load  on  their 
•  Journal  I.E.E.    1918,  vol.  5C,  p.  92. 


system  and  tariff.     It  is  possible  for  concerns  to  obtain 

information,  complete  in  even.-  detail,  as  to  how  this 
load  will  apply  to  their  own  undertakings,  and  they  can 
in  consequence  embark  upon  any  such  scheme  knowing 
from  the  commencement  approximate!}-  what  the  results 
%vill  be. 

The  Coxsumers'  Gaix. 
The  next  point  of  view  to  consider  is  that  of  the 
consumer.     What   benefit   will   he    derive    from    using 
electrical  energ)-  freely,  and  will  its  adoption  give  him 
the  service  he  needs  ?  . 

In  the  average  household  of  six  persons  a  maid  and 
occasional  help  are  emploved,  and  the  installation  o^ 
electrical  appUances  permits  a  reduction  of  labour 
charges  at  least  equivalent  to  the  amount  spent  on 
electricit}-.  If  it  should  be  decided  to  retain  the  existing 
labour,  benefit  is  secured  by  the  relief  of  heavy  and  tedious 
work,  better  working  conditions,  convenience,  cleanliness 
and  improvement  in  the  health  of  the  family  owing  to 
the  non-poUuted  atmosphere  and  more  freedom  enabling 
them  to  pursue  a  more  out-door  life.  Unless  one  has 
lived  in  an  electrically  equipped  home  it  is  almost 
impossible  to  realize  its  worth,  or  to  imagine  how 
many  household  duties  entaihng  laborious  work,  e.g. 
clothes  and  dish-washing,  carpet  beating,  wall  cleaning, 
can  be  performed  by  a  mere  turn  of  the  swtch.  The 
author  is  of  the  opinion  that  if  men  were  to  study 
the  internal  domestic  problem  more  closely,  or  were 
called  upon  to  do  the  actual  work,  the  use  of  electrical 
labour-saving  appliances  would  be  greatly  increased. 
,  In  works  or  offices  men  adopt  the  principle  of  "  Save 
'  the  man  and  use  the  machine."  Why  should  not  this 
principle  be  applied  at  home  ?  The  housewife  has  more 
to  contend  with  than  is  generallj-  realized,  and  it  is 
only  fair  that  she  should  benefit  by  the  use  of  the 
appliances  now  available. 

The  items  already  stated  were  given  to  indicate,  in  a 
brief  manner,  the  value  and  magnitude  of  the  possible 
load.  It  was  felt  desirable  to  give  these  instances  as 
the  good  load  factor  which  domestic  electrification 
provides  when  cookers  and  heaters  are  used  under 
normal  daily  conditions  is  not  generally  reaUzed. 

A  Skeleton  Scheme  of  Propagakd.\. 

The  basic  facts  being  agreed,  one  can  now  proceed 
to  commence  the  campaign.  There  are  various  methods 
available,  e.g.  the  local  Press,  maihng  letters  and  leaflets, 
posters,  exhibitions,  showrooms,  personal  calls,  lantern 
slides,  etc.  The  amount  to  be  spent  on  propaganda 
■vdU  doubtless  be  decided,  and  upon  this  wiU  depend  the 
extent  of  the  scheme  ;  the  smaller  the  amount  the  greater 
is  the  care  that  must  be  exercised  in  selecting  the 
medium. 

As  an  illustration,  take  a  town  with  a  population  of, 
say,  100  000,  in  which  the  sum  of  £500  is  to  be  allowed 
for  one  year's  advertising,  it  also  being  decided  to  adopt 
a  hiring  pohcj-  for  electrical  apphances,  and  to  reduce 
the  price  of  electricity.  It  is  suggested  that  a  staff 
conference  should  be  held,  at  which  the  programme  could 
be  discussed  to  ensure  that  the  campaign  should  be 
commenced  \\-ith  at  least  the  majority  of  the  members 
enthusiastic    and    co-operating    to  reach  some  definite 
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goal,  say  250,  500  or  1  000  kW  connected  in  a  specified 
period. 

In  the  early  stages  it  will  probably  be  found  advisable 
to  adopt  the  least  line  of  resistance  by  encouraging 
the  existing  consumers  to  increase  their  demand,  and 
there  are  other  obvious  reasons  for  this  procedure. 

A  saving  of  expense  will  no  doubt  result  if  a  mailing 
campaign  is  arranged  to  coincide  with  the  dispatch  of 
the  quarterly  accounts,  the  backs  of  which  should  convey 
a  suitable  message  drawing  attention  to  the  reduction 
in  price  of  electricity,  and  other  special  features,  and  a 
small  booklet  should  be  enclosed  to  suit  the  particular 
period  of  the  year. 

Municipal  undertakings  owning  tramways  have  the 
advantage  in  being  in  a  position  to  exhibit  showcards 
or  notices  in  the  tramcars  at  possibly  no  expense  beyond 
the  printing,  thus  securing  valuable  publicity.  Lantern 
slides  can  be  exhibited  at  the  local  kinema  houses 
or  theatres  each  week  throughout  the  year.  Those 
slides  would  doubtless  be  changed,  say,  four  times  per 
annum  at  the  change  of  each  season. 

A  productive  and  economical  exliibit  can  be  given 
by  establishing  a  "  Comfy  Home  "  exhibition.  For  this 
the  loan  of  a  house  (which  can  usually  be  secured  free) 
is  obtained,  and  the  house  is  then  equipped  in  ever}' 
detail,  thus  enabling  the  appliances  to  be  shown  in 
actual  use  under  normal  conditions.  If  properly  handled 
no  difficulty  will  "be  met  in  securing  the  co-operation 
of  the  various  trades  concerned,  i.e.  furnishers,  decorators, 
builders,  etc.,  each  performing  his  part  at  his  own  cost. 
Suitable  invitations  should  be  sent  out,  and  it  is  recom- 
mended that  the  editors  of  the  local  Press  and  certain 
influential  people  should  be  invited  to  an  electrically 
cooked  meal  before  the  exhibit  is  opened.  This  will 
probably  ensure  a  valuable  report  appearing  in  the 
Press,  and  interest  will  be  stimulated. 

The .  electrical  contractors  of  the  towm  could  be 
encouraged  to  participate  in  the  scheme  by  dressing 
their  showrooms  with  domestic  appliances  so  as  to  fit 
in  with  the  scheme,  and  their  clients  should  have  every 
facility  offered  them  to  inspect  the  home,  when  all 
details  would  be  explained  to  them,  the  contractor 
being,  of  course,  properly  dealt  with  in  regard  to  any 
sales  effected. 

It  cannot  be  too  strongly  urged  that  an  exhibit  of 
this  nature  should  be  arranged  to  appeal  especially 
to  women  ;  their  needs  and  desires  should  be  studied 
in  every  detail,  and  great  care  should  be  taken  to  give 
them  all  the  information  possible.  In  addition,  they 
should  be  encouraged  to  handle  the  various  devices 
for  domestic  use. 

It  may  be  found  desirable  to  arrange  for  private 
demonstrations  on  selected  days,  for  the  benefit  of  those 
who  would  not  care  to  discuss  matters  when  other 
visitors  are  within  hearing  distance.  This  will  ensure 
more  rapid  progress  being  made.  It  is  advisable  at 
the  outset  to  secure  the  interest  of  women,  for  they  will 
then  make  it  their  business  to  persuade  their  husbands 
to  complete  the  transaction.  The  author's  intention  is 
not  to  suggest  that  one's  efforts  should  cease  at  this  stage, 
but  to  point  out  that  women's  influence  will  be  of  considery 
able  help  in  effecting  sales,  and  that  its  cultivation 
is  worth  wliile. 


General  Electrical  Exhibition. 

It  would  be  helpful  if  an  electrical  exhibition  could 
be  held,  at  which  manufacturers  and  contractors  would 
co-operate.  A  large  hall  is  not  necessary  for  the  purpose, 
as  quite  good  results  can  be  secured  with  a  moderate 
expenditure,  and  for  small  towns  a  week's  duration  will 
probably  suffice.  Endeavours  should  be  made  to  show 
all  classes  of  operations  that  would  be  of  the  greatest 
assistance  and  interest  to  the  inhabitants.  Arrangements 
might  be  made  with  advantage  to  establish  a  series  of 
self-contained  exhibits,  such  as  a  model  kitchen,  with 
cooker,  water  heater,  clothes  washer,  etc.,  in  operation  ; 
a  shoe-repairing  shop  with  the  stitching  machine  and  sole- 
polishing  iron  electrically  operated  ;  a  confectioners' 
bench  with  cakes  and  chocolates  made  electrically ; 
a  small  electric  laundry  ;  and  a  day  and  night  nursery 
complete  with  all  requisites  from  those  for  rocking  the 
cradle  and  warming  the  milk,  to  an  electric  sewing 
machine  for  making  babies'  clothes.  The  object  should 
be,  as  far  as  possible,  to  show  something  working,  as 
it  has  a  peculiar  fascination  to  the  visitor  and  of  course 
demonstrates  in  a  practical  manner  the  many  uses  to 
which  electricity  can  be  applied. 

It  is  not  suggested  that  such  an  exhibition  should 
be  held  each  year,  but  only  as  an  attempt  to  popularize 
some  special  feature  as  mentioned  above.  It  will  be 
readily  understood  that  if  exhibitions  of  this  nature 
are  held  in  the  same  town  at  too  frequent  intervals  they 
will  become  uninteresting  and  will  thus  be  of  little 
value. 

Details  of  Expenditure. 

The  various  channels  in  which  the  sum  of  £500  could 
be  expended  having  been  briefly  stated,  the  following 
will  be  a  guide  to  their  respective  costs.  In  analj"sing 
these  figures  it  must  be  appreciated  that  the  leaflets, 
posters,  show  cards,  etc.,  would  be  purchased  through 
the  Electrical  Development  Association,  thereby  effecting 
an  appreciable  saving.  The  number  of  consumers  has 
been  assumed  at  3  500  for  the  purpose  of  making  this 
estimate. 

Total  yearly  cost  of  mailing  campaign  at  each  quarter 
day  {four  per  annum).  £  s.  d. 

Differences  of  postages  when  sending  accounts       58     8  0 

Leaflets  40     0  0 

Cost  of  printing   only   on   back   of   account 

forms  ..  ..  ..  ..  ..  ..  500 

Other  items. 
Lantern  slides,  rent  at  4  theatres,    52  weeks 

each  at  4s.  (average  price)  .  .  .  .  .  .        4112  0 

Cost  of  slides,  say  . .  . .  . .  . .  5     0  0 

Show  cards  and  posters  (these  would  be 
exhibited  upon  the  undertakings'  own 
property,    viz.    vehicles,    buildings,    cable 

tents,  etc.) :  .  .  .        10     0  0 

"  Comfy  Home  "  exhibition    .  .  .  .  •  •        70     0  0 

Electrical  exhibition     ..  ..  ..  ••      150     0  0 

20  000  assorted  leaflets  (average  price  £3  per 

I  000)  60     0  0 

Local  Press  advertising  (say  10  insertions)  . .       CO    0  0 

£500     0  0 
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As  may  be  readily  appreciated,  this  schedule  can  be 
improved  upon  ;  it  can  also  be  further  sub-divided  or 
cut  down  if  a  less  costly  scheme  is  desired.  It  suffices, 
however,  for  the  immediate  purpose  of  promoting 
discussion. 

Showrooms. 

The  use  of  showrooms  to  electric  supply  under- 
takings is  more  appreciated  at  the  present  time,  but  it 
is  essential  that,  to  ensure  success,  these  should  be 
properly'  managed.  If  there  is  sufficient  space  to  do  so 
it  will  be  desirable  to  show  different  sj'stems  of  wiring 
and  lighting,  and  various  types  of  apparatus  in  as  nearly 
as  possible  their  normal  conditions.  Interest  will  be 
created  if  certain  days  or  weeks  are  given  up  to  specific 
functions,  e.g.  washing,  ironing,  cooking,  vacuum 
cleaning,  table  appliances,  etc.  Actual  working  exhibits 
are  preferred,  as  visitors  will  be  more  inclined  to  discuss 
proposals  than  if  "  dead  "  shows  are  given. 

It  is  suggested  that  all  such  work  of  a  homely  nature 
should  be  conducted  by  a  lady  demonstrator  in  such 
a  position  that  the  operations  may,  upon  certain 
occasions,  be  seen  from  the  street. 

The  outside  sales  representatives  should  be  kept 
informed  as  to  the  callers  from  their  districts,  and  as 
much  information  as  possible  of  their  visit  should  be 
given  to  save  much  ground  being  covered  twice  ;  the 
consumer  appreciates  this  and  it  places  the  salesman 
upon  a  better  footing. 

Hire  of  Cookers. 

It  is  not  proposed  to  discuss  fully  the  internal  organiza- 
tion necessary  for  the  hire  of  cookers,  but  it  might 
suffice  to  state  that  if  a  rental  of  20  per  cent  per  annum 
on  the  net  cost  be  established  it  will  pro%-ide  a 
satisfactory  return  on  the  capital  invested  and  will 
cover  the  cost  of  maintenance.  Local  conditions  will, 
of  course,  influence  these  rentals,  and  in  certain  districts 
a  much  higher  return  can  be  obtained. 

It  must  not,  however,  be  overlooked  that  the  mere 
fact  of  the  cooker  being  installed  and  used  earns  a 
revenue  which  without  such  facility  may  not  be  obtained. 
It  is  suggested  that  a  lady  cook  demonstrator  should 
make  periodical  calls  upon  the  consumers  to  render 
efficient  cooking  ser\dce  and  to  ensure  that  the  consumers 
are  securing  the  best  possible  results. 

Those   undertakings  where  the   cooking  load  is  not 


required  so  rapidly  as  when  simple  hire  is  established 
may  conduct  a  hire-purchase  scheme,  which  does  not 
involve  as  much  capital  outlay  and  which  will  encourage 
the  consumer  to  handle  the  appliances  with  greater 
care.  There  are,  of  course,  political  conditions  that 
prevent  certain  undertakings  from  suppl^-ing  appUances 
under  this  plan,  but  the  formation  of  a  company  to  con- 
duct such  work,  as  mentioned  by  Mr.  C.  H.  Wordingham 
at  the  Sanitary  Congress,  would  overcome  the  difficulty 
and  enable  a  business  profitable  to  all  concerned  to  be 
established.  It  is  hoped  that  this  suggestion  will  be 
followed  up  and  become  an  accompUshed  fact. 

The  cliief  engineers  of  central  stations  usually  have 
their  time  fully  occupied  upon  the  engineering  side  of 
the  business  and  have  not  much  opportunity  of  con- 
centrating their  attention  on  the  commercial  end. 
The  author  hopes,  therefore,  that  these  suggestions  will 
be  acceptable  to  them.  He  has  given  a  good  deal  of 
consideration  to  the  domestic  load  question  and  fully 
realizes  that  these  remarks  only  touch  the  fringe  of  the 
subject.  In  suggesting  that  central  station  engineers 
should  cultivate  the  domestic  load,  the  author  realizes 
that  there  are  manv  difficulties  to  be  overcome  ;  he  is 
of  the  opinion,  however,  that  the  examples  and  curves 
shown  are  sufficiently  attractive  to  encourage  one  at 
least  to  give  the  business  a  trial.  The  mere  fact  that 
difficulties  are  present  invites  investigation,  and  is  it 
not  correct,  that  almost  every  "  worth  while  "  object 
is  reached  by  overcoming  difficulties  ?  There  are 
thousands  of  pounds'  worth  of  business  to  be  secured 
in  almost  every  district.  The  public  are  in  a  receptive 
attitude  towards  electrical  appliances,  and  there  are 
three  essentials  to  enable  this  harvest  to  be  reaped  : 

( 1)  The  will  to  do ; 

(2)  Absolute  behef  in  the  commodit)'  ;  and 

(3)  Adequate  support  for  the  campaign  by  the 
giving  of  sound  service. 

While  the  paper  has  dealt  mainly  with  the  electric 
supply  aspect,  the  principles  are  appUcable  to  either 
manufacturers  or  contractors,  and  contributions  to  the 
discussion  by  the  latter  will  be  extremely  valuable. 

In  conclusion  the  author  would  like  to  express  his 
thanks  and  appreciation  to  jNIr.  W.  F.  T.  Pinkney  of 
the  Kewcastle-upon-Tyne  Electric  Supply  Company 
for  his  valuable  assistance  in  supplying  the  figures 
relating  to  Billingham  and  for  the  loan  of  the  ammeter 
chart  from  which  the  week's  curves  were  plotted. 


Discussion  before  The  Ixstitution',  30  November,   1922. 


Mr.  L.  L.  Robinson  :  Those  of  us  who  are  really 
an.Kious  to  sell  "  service  "  to  the  public  from  our  supply 
of  electricity  must  feel  greatly  indebted  to  the  author 
for  reading  his  paper  at  this  most  opportune  moment. 
The  public  mind,  which  has  heard  so  much  of  "  therms," 
was  never  better  tuned  for  the  reception  of  the  all- 
electric  domestic  message.  There  must  be  an  abundant 
demand  for  the  supply  of  electricity  before  it  can  be 
cheap  and  plentiful.  The  best  way  to  make  it 
abundant  is  to  sell  as  much  as  possible  to  each 
consumer  :  make  each  service  do  its  utmost.  Do  not 
let  the  consumer  be  satisfied  to   use  onlv  that  which 


can  never  be  sold  to  him  cheaply,  namely  light,  but 
see  that  it  pays  him  to  use  electricity  for  every  possible 
domestic  ser\-ice.  In  my  opinion  the  most  important 
information  disclosed  in  the  paper  is  the  Billingham 
load  curve  and  the  deductions  made  from  it,  with  which 
I  concur.  Unfortunately  we  have  not  only  to  con\dnce 
the  public  that  we  wish  to  give  them  something  worth 
ha\-ing  in  the  shape  of  electrical  home  labour-aids ; 
we  have  also  to  convince  our  colleagues  that  they  can 
do  the  same  at  apparently  a  very  small  price  per  unit 
and  at  the  same  time  do  good  business  for  the  under- 
taldngs  for  which  they  are  responsible.     The  Billingham 
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load    curve    must    tend    to    dissipate    their   fears    that 
cheap    units   will   cause    their   plant    and  mains  to  be 
overloaded.     The    curve    proves    conclusively,    at    any 
rate    for    that   case,   that  the   domestic  load   will  not 
materially  affect  the  peak  demand.     That  is  the  con- 
clusion about  which  I  have  long  been  convinced,  perhaps 
imaginatively  rather  than   by  scientific   measurement. 
To    create    new  business   one   must  have   imagination 
to  enable  one  to  look  ahead.      Do  the  job  and  examine 
its   scientific   aspects   afterwards.     However,    blocks   of 
all-electric  houses  are  now  being  connected  to  my  mains 
and    these    will   enable    me   to    collect    data   which,    I 
anticipate,  will  confirm  the  Billingham  data  and  show 
that  the  characteristics  of  the  south  are  akin  to  those 
of  the  north.     With  regard  to  tariffs,  I  realize  that  the 
perfect  tariff  must  be  arrived   at  by  evolution.     The 
t\vo-part  tariffs  in  use  to-day  are  tending  in  the  right 
direction,  but  the  unit  rates  are  too  high  for  the  all- 
electric  home  service,  including  heating  and  hot  water, 
though    quite   low    enough    for    mere    cooking   to    pay 
the  consumer  to  use  electricity.     This  is  because  the 
majority  of  consumers  to-day  are  not  electrical  "  whole- 
hoggers  "  and  they  are  offered  a  rate  which  suits  the 
faint-hearted    best.     I    believe    for   the    moment    in    a 
multiplicity  of  tariffs,  each  simple  in  itself,  to  give  the 
consumers  something  to  choose  from,  always  provided 
that  the  fiat  rates  are  not  so  low  that  certain  consumers 
are  supplied  at  a  loss  ;    but  I  think  the  ideal  tariff  for 
the    "  whole-hoggers  "   could    be   worked   out   on   lines 
which  were  suggested  to  me  in  a  recent  conversation 
with  Mr.  A.  F.  Berry.     In  consideration  of  the  consumer 
agreeing  to  use  not  more  than  one  gas  boiling-ring  and 
not  more  than  one  coal  fire,  and  to  use  gas,  liquid  and 
solid  fuel  for  no  other  purpose  in  the  service  of  his  house, 
the  following  rates  will  be  charged  :   A  rent  per  kilowatt 
per  annum,  say  £x,  the  consumer's  maximum  demand 
being  restricted  by  a  limiter  which  will  interfere  with 
the  supply  when  the  agreed  demand  is  exceeded,  and 
a  unit  rate  only  fractionally  above  the  undertaking's 
fuel  cost  per  unit  sold,  say   |d.  to    Jd.  per  unit.     It  is 
difficult  to  decide  exactly  what  the  charge  per  kilowatt 
should  be.     The  actual  demand  at  the  worst  may  be 
made  up  of,  say,  J  kW  of  lighting  load,  with  practically 
no  diversity,  and  ih  kW  or  more  of  cooking  load,  etc., 
which  may  have  a  diversity  of  6  to  9.     With  such  a 
service  the  size  and  design  of  the  consumer's  installation 
would    be    unlimited.     He    would    have    one   price    for 
current  for  all  purposes,  and  he  could  keep  within  his 
stipulated  demand  by  switching  off  something  he  did 
not  want  at  the  moment,  such  as  a  fire,  sewing  machine, 
vacuum    cleaner,    etc.,    and    unnecessary    lights    when 
the  cooker  was  on.     All  night,  and  at  many  other  times 
when  nothing  else  was  being  done,  he  could  divert  his 
power  to  the  hot-water  storage  tank,  so  that  he  could 
dispense  with  gas  and  solid  and  liquid  fuel,  together  with 
all  the  dirt  and  inconvenience  that  those   antiquated 
household    commodities    bring   into    the    house.     It    is 
surprising  how  much  coal  and  gas  cost  in  an  ordinary 
middle-class  house.     Generally  this  saving   alone    will 
be   more  than  sufficient  to  pay  the  electricity  under- 
taking's kilowatt  rent,  and  the  unit  bill  at  ^d.  to  Jd. 
will  be  small  for  all  the  advantages  which  are  obtained 
in  the  all-electric  home.     If  a  consumer  must  have  a 


coal    fire,  let  him  have  it  and  pay  for  it  as  the  luxuiy 
item,  regarding  electricity  as  the  necessity. 

Mr.  A.  F.  Berry  :  The  lines  on  which  Mr.  Robinson 
has  spoken  suggested  themselves  to  me  when  consider- 
ing the  big  water-power  schemes  in  America,  Kew 
Zealand,  etc.  There  are  the  capital  charges,  and  there 
is  a  class  of  customer  who  wishes  to  pay  for  what  he 
uses,  and  not  a  penny  more,  and  therefore  it  has  always 
seemed  to  me  that  the  first  step  to  take  is  to  engage 
a  representati\-e  to  carry  out  propaganda  work  on 
behalf  of  a  full  electrical  service.  If  this  representative 
points  out  that  the  total  bill  as  well  as  the  coal  and  gas 
bills  will  be  greatly  decreased  if  the  consumer  adopts 
electricity  almost  exclusively,  I  have  no  doubt  that 
the  consumer  will  be  willing  to  adopt  electrical  service. 
I  have  sometimes  been  asked  by  appreciative  consumers 
who  have  had  electric  installations  in  their  houses  for 
some  months,  why  they  had  not  been  approached 
before.  In  conclusion,  I  submit  that  it  is  in  the  power 
of  the  electrical  industrv  to  pay  such  salaries  as  will 
attract  the  kind  of  man  who  will  form  a  valuable  con- 
necting link  between  the  supply  undertaking  and  the 
consumer. 

Mr.  J.  W.  Beauchamp  :  The  electrification  of  the 
home  has  become  a  subject  of  such  importance  that 
I  suggest  we  can  regard  it  as  being  properly  within  the 
scope  of  the  Institution  work.     The  phj^sical  character- 
istics of  the  supply  of  heat,  light  and  power  to  thousands 
of  homes  will  have  an  important  bearing  on  the  develop- 
ment of  power  stations  and  supply  networks,  and  will 
be    as  worthy   of   carefid  study   as  many  other   ques- 
tions wliich  have  been  considered  here.  Obviously    the 
author's  principal  object  is   to   draw  attention   to  the 
diversity  of  the  domestic  load  ;   his  charts  and  informa- 
tion   make    the    paper    most    valuable.     We    have    to 
convince  supply  engineers  that  the  load  has,  and  as  it 
grows  will  continue  to  have,  the  important  character- 
istics revealed  in  the  paper.     In  man)-  cases  fear  exists 
that  to    cultivate  domestic  business  in  a  large  way  at 
rates    which    wdl    satisfy   the   pubhc   may   entail   loss 
owing  to   great  additional  investment   being  required. 
It  is  neces.sary  to  show  that  tliis  is  not  the  case,  and 
figures  wlvich  I  have  received  bear  out  those  put  forward 
by  the  author.     It  should  be  noted  that  the  curves  in 
the  paper  refer  to   a   group   of   25   houses.     We   have 
had  many  from  single  houses,  but  these  group  results 
are   important   and   more   of   them   vnW   be   welcomed. 
In  advocating  the  electric  method  of  cookery  we  should 
do  well  to  maintain  that  valuable  feature  of  the  electric 
cooker  as  we  know  it,  the  independence  of  the  various 
working  items.     We  can  encourage  the  public  gradually 
to  discard  the  idea  of  centralized  cooking  as  practised 
on  the  coal  range,  a  heavy  apparatus  doing  a  variety 
of  jobs  and  one  in  wlvich  heat  losses  are  immense  if 
only  a  portion  of  the  fuel  duty  is  required  to  be  performed. 
It  is  noticeable   that  in   American   practice  there  has 
been   great   development  in   the  use  of  small  cooking 
apparatus,  e.g.  grills,  fight  ovens  and  other  appliances. 
This  method  must  secure  a  very  high  diversity  of  demand. 
The  customer's  investment  on  apparatus  may  be  greater 
than  where  a  range  is  used  and  everytliing  is  done  in 
the   kitchen   in    a   centralized   way,    but   although    the 
units  per  kilowatt  of  connected  apparatus  are  probably 


204 


GILLOTT  :   DOiMESTIC   LOAD   BUILDING 


lower,  the  units  per  kilowatt  on  the  peak  are  no  doubt 
greater  than  with  more  centralized  methods.  On 
page  198  the  author  mentions  that  at  lid.  per  unit 
all  cooking  in  a  certain  estabU.shment  is  done  for  5s.  a 
week  ;  he  could  deduct  -from  tliis  two  to  three  tons  of 
coal  a  year,  \\hen  the  additional  charge  for  cooking  the 
food  in  the  electric  way  would  be  some  4d.  or  od.  a 
dav.  I  should  hke  to  point  out  that  the  average 
cook-general  costs,  in  wages  alone,  34d.  a  day ;  an 
addition  of  12  per  cent  to  that  covers  the  cost  incurred 
by  using  electricity'  in  place  of  coal  for  cookery,  a  small 
increase  for  the  improved  senice,  gieater  comfort  and 
cleanliness  and  the  help  which  that  method  in  the  kitchen 
gives  to  the  whole  of  a  household  relying  upon  one 
servant   or   upon   the   unaided   efforts   of  the   mistress. 

Mr.  W.  R.  Cooper  :  I  suggest  that  aU  propaganda 
work  such  as  is  mentioned  in  the  paper  should  be 
imdertaken  by  women  and  not  b>-  men.  Women  are 
verj'  conservative,  and  they  can  be  converted  to  new 
methods  much  more  readily  by  other  women  ^\■ho  are 
in  a  position  to  appreciate  difficulties  that  are  not 
apparent  to  men. 

Mr.  W.  R.  Rawlings  :  The  author  has,  I  think, 
shown  that  current  can  be  produced  at  a  low  price, 
and  there  are  plentj^  of  manufacturers  able  to  provide 
the  apparatus,  but  it  is  the  public  who  wants  both, 
and  neitlier  the  supply  station  engineer  nor  the  manu- 
facturer is  in  a  proper  position  to  deliver  his  goods  to 
the  consumer  ;  the  contractor  is  the  man  who  should 
be  called  upon  to  carry  out  that  part  of  the  business. 
The  author,  however,  suggests  the  eraplovinent  of  a 
staff  of  representatives  to  tour  the  country  and  effect 
sales.  I  maintain  that  what  is  needed  is  co-operation 
between  the  supply  station  engineer,  the  manufacturer 
and  the  contractor.  If  tliis  is  obtained  tlie  industry 
will  progress  very  much  faster  than  it  is  doing  at  present. 
Many  contractors  have  sunk  large  sums  of  money  in 
showrooms,  without  any  assistance  from  the  suppl}' 
undertaldngs,  who  should  assist  by  giving  a  rebate  to 
foster  e.xhibitions  of  apparatus.  Although  the  supply 
engineer  is  quite  willing  to  put  down  large  sums  of 
mone}'^  for  advertisements,  he  will  not,  for  some  unknown 
reason,  give  the  contractor  proper  assistance.  Con- 
tractors as  a  body  are  anxious  to  combine  in  tackling 
tliis  most  important  subject  of  bringing  home  to  the 
public  the  advantages  of  using  electricity  for  purposes 
other  than  lighting. 

Mr.  A.  C.  Cramb  :  In  the  paper  the  necessity  of  the 
sales  staff  taking  electrical  apparatus  into  their  own 
homes  and  gaining  experience  with  them  is  referred 
to.  It  is,  however,  difficult  to  convince  the  electricity 
supply  undertaldng  on  the  point,  and  although  the 
station  engineer  may  be  in  some  cases  blind  to  the 
possibiUty  of  developing  this  side  of  his  business,  in 
many  cases  he  is  severely  handicapped  in  this  way. 
The  author  puts  forward  a  suggestion  for  tariffs  on 
lines  recently  adopted  by  the  Croydon  Corporation 
electricity  works.  We  came  to  the  conclusion  that 
the  average  amount  paid  per  consumer  for  hghting 
was  about  15  per  cent  of  the  rateable  value  of  his  house. 
We  were  at  first  in  doubt  as  to  whether  to  adopt  as  a 
basis  the  rateable  value  or  the  amount  of  floor  space, 
but   we   eventually   decided   to   adopt   the   former   as 


being  more  rehable.     In  the  case  of  business  prenii.ses 
we  took  the  number  of  kilowatts  of  installed  hghting 
capacity   and    foimd    that   this   worked    out   at   about 
£16    per    kilowatt.     We    instituted    these    alternative 
rates  with   a  running   charge   of    ijd.     These  systems 
were  put  into  operation  at  the  end  of  the  summer,  but 
the  response  was   verv  small  indeed.     I  am  convinced 
that  the  tivo-rate  tariff  is  the  correct  method  of  charging, 
but  I  am  equally  convinced  of  the  difficulty-  of  demon- 
strating its   advantages.     I  find   from  experience  that 
if  the  advantages  can   be  explained  to  the  consumer, 
say  a  shopkeeper, — that  he  can  switch  on  his  hghts  at 
any  time  of  the  day  if  it  is  dull,  that  it  will  only  cost 
him  1  Jd.  instead  of  7d.  or  8d.  and  that  he  can  leave  the 
lights  on  during  the  evening — he  will  adopt  this  tariff. 
Many  supply  companies,   both  private  and  municipal, 
make  practical^  no  effort  to  advertise  electricity  and 
put  forward  its  advantages,  and  it  is  astonishing  that 
so  little  effort  is  made  in  this  direction.     I  should  like 
to  say  a  few  words  in  regard  to  the  Electrical  Contrac- 
tors'   Association,    referred    to    by    Mr.    Rawlings.     A 
large  number  of  undertakings  in  this  countrj^  are  now 
only    allowed    to   hire    out    apparatus ;     they   are    not 
allowed  to  sell  it  outright  or  on  the  hire-purchase  system, 
and  the  Electrical  Contractors'  Association  is  responsible 
for  that  state  of  affairs.     I  put  it  to  them  that  it  is 
necessary    for    them    to    co-operate    with    the    supply 
undertakings    and   to   justify   the    position   they   have 
taken  up.     I  am  con\inced  that  the  present  position 
is  a  great  handicap  to  the  development  of  electricity, 
and  I  hope  that  the  Electrical  Contractors'  Association, 
which  I  believe  is  now  in  a  strong  position,  vnil  take  up 
this  question  of  co-operation  with  supply  undertakings. 
In   one   district  in   the   United   States,    approximating 
in  size  to   Croydon,   the  supply  undertaking  has  just 
completed  a  month's  propaganda  for  the  sale  of  domestic 
washing  machines,  with  the  result  that  250  have  been 
sold.     If  that  can  be  done  in    America    by    a   supply 
undertaking,  surely  electrical  contractors  should  be  able 
to  do  much  the  same  in  similar  areas  in  this  country-. 
Unless   the   Electrical   Contractors'   Association   advise 
all  the   contractors   in   an   area  to   work  together  and 
co-operate  with  the  supply  compan}^  it  is  impossible 
to    make    much    progress.      I    hope    there   ^vilI    be    a 
great    deal    more    done    in    this  direction,   and   I   am. 
anxious    to    help    in    every    possible    way.     \Miat    the 
author  savs  in  regard  to  the  effect  of  the  cooking  load 
on  capital  cost  affects  this  matter  indirectly,     ^^'e  find 
in  a  residential  district,  where  the  length  of  the  mains 
is  a  serious  item,  that  in  the  case  of  three-wire  cables 
the  size  of  the  middle  wire  will  certainly  have  to  be 
increased.     With  a  lighting  load  the  consumers  can  be 
balanced  on  the  two  sides  of  the  system,  but  that  cannot 
be    done  \vith  electric  cookers  unless  the  distributors 
are  large.     The  cooking  load  will  be  very  big,  and  it 
will  lead  to  a  great  deal  of  trouble.     We  have,  howe\-er, 
experienced    many    difficulties    in    developing    lighting 
and  power,  and  there  is  no  reason  why  we  should  not 
overcome  the  cooking  difficulties  in  the  same  way  as 
we  did  the  others. 

Mr.  A.  N.  Rye  :  My  remarks  wiU  refer  to  the  point 
of  view  of  the  smaller  undertakings.  As  IMr.  Cramb 
mentioned,    we    have    experienced    trouble    with    the 
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middle  wire,  but  that  is  a  technical  point,  and  I  do  not 
want  to  deal  with  that  at  the  moment.  We  do  not 
attempt  to  encourage  the  use  of  the  larger  apparatus. 
The  real  point  is  that  the  smaller  undertakings  cannot 
afford  sufficiently  attractive  rates,  and  it  seems  to  me 
that  those  who  cannot  afford  attractive  rates  should 
concentrate  on  smaller  apparatus.  In  a  number  of 
small  companies  with  which  I  am  associated,  8  000 
pieces  of  small  apparatus  *  have  been  connected  in 
under  four  years,  which  is  conclusive  evidence  that 
electricity  is  extremely  popular  with  the  consumer. 
That  has  been  done  on  rates  which  are  frankly  not 
cooking  rates  at  all,  but  very  much  higher  than  those 
which  have  been  mentioned,  yet  I  believe  that  every- 
body is  satisfied.  There  is  quite  a  large  field  in  domestic 
load  on  a  small  scale  for  small  undertakings.  We  have 
also  tried  hiring,  but  without  much  success,  so  far 
as  our  group  of  companies  is  concerned.  We  sunk 
about  £3  000  000  in  hired  installations  and  apparatus, 
but  a  verj'  high  rental  is  required  to  cover  depreciation 
and  obsolescence,  and  the  consumer  wU  not  pay  the 
figure  of  20  per  cent  mentioned  in  the  paper.  We 
have  also  tried  the  two-part  tariff  and  found  it  very 
effective.  In  one  undertaking  65  per  cent  of  the  revenue 
from  users  other  than  power  consumers  is  derived  from 
the  two-part  tariff,  and  only  the  balance  from  a  flat 
rate,  which  I  think  is  proof  that  the  two-part  tariff  can 
be  developed  by  enterprise.  I  am  of  the  opinion  that 
the  smaller  companies  must  wait  for  the  larger  ones  to 
lead  the  way  in  regard  to  large  apparatus,  and  then, 
if  the  results  are  sufficiently  good,  it  will  be  time  for 
the  small  undertakings  to  consider  whether  they  will 
relay  their  mains,  an  operation  which  in  ■  most  cases 
will  be  necessary.  Under  present  conditions  a  small 
undertaking  cannot  cater  for  large  apparatus  unless  a 
supply  in  bulk  is  available  and  the  distribution  is  by 
alternating  current  so  arranged  that  large  consumers 
can  be  supplied  from  the  high-tension  main  through 
their   own   transformers. 

Mr.  W.  J.  Thorrowgood  :  One  speaker  has  men- 
tioned the  figure  of  £72  as  the  probable  total  cost  of 
electricity  for  all  purposes  per  annum,  per  house,  but 
those  who  can  afford  to  pay  this  price  are  few.  If 
the  use  of  electricity  for  lighting,  heating  and  cooking 
is  to  be  encouraged,  it  is  necessary  to  find  out  what  the 
consumer  needs  and  meet  his  wishes,  including  the  cost. 
It  seems  to  me  that  there  is  a  mine  of  wealth  for  supplj' 
companies  in  the  smaller  houses  of  the  community, 
and  if  electricity  were  supplied  to  such  houses  a  great 
deal  of  good  would  be  done.  If  the  tariff  be  reduced 
to,  say,  id.  per  unit,  the  resultant  load  will  necessitate 
a  great  many  super-stations  all  over  the  country'. 

Mr.  P.  M.  Baker  :  In  my  opinion  the  propaganda 
which  is  of  most  importance  is  that  wliich  touches 
the  consumer's  pocket.  It  must  be  remembered  that 
it  is  far  from  easy  for  the  central  station  engineer  to 
deliver  heat  units,  produced  by  the  combustion  of 
fuel  in  a  generating  station,  at  a  price  which  will  compete 

*  The  apparatus  connected  from  faniiary,  1919,  to  October, 
1922,  included  the  following:  Fires,  2  400;  irons,  2  531;  kettles, 
566;  boiling  rings,  340;  vacuum  cleaners,  29C;  fans,  200;  toasters, 
208;  ovens,  stoves  and  cookers,  101;  grills,  57;  coffee-  and  tea- 
pots, 44;  hot-plates,  42;  milk-  and  water-heaters,  29;  egg-boilers 
and  saucepans,  34;   sundry,  121. 


with  the  direct  production  of  heat  in  a  coal  range  of 
good  design,  used  in  as  efficient  a  manner  as  possible. 
When  coal  (or  even  gas)  cooking  devices  are  installed 
the  advantages  must  be  very  real  if  the  householder 
is  to  be  induced  to  displace  them  in  favour  of  electrical 
appliances.  Even  when  installed,  the  full  advantage 
of  the  use  of  cooldng  devices  may  not  be  reahzed,  as 
servants  do  not  always  use  them  carefully  or  efficiently. 
The  cook  who  is  accustomed  to  the  coal  fire  and  knows 
that  she  has  to  hght  it  some  time  beforehand  in  order 
to  cook  a  joint,  may  treat  the  electric  cooker  in  the 
same  way,  or  she  may  forget  to  switch  off  when  the 
job  is  done,  thus  not  giving  the  electric  cooker  a  chance. 
The  all-electric  house  is  a  very  attractive  idea,  but  the 
lack  of  standardization  of  plugs  and  sockets  and  the 
difficulty  of  getting  replacement  parts  for  burnt-out 
apparatus  are  serious  disadvantages  wliich  call  for 
attention. 

{Communicated)  :  The  difficulties  mentioned  above 
were  founded  on  personal  experience.  As,  however, 
my  remarks  were  kept  as  brief  as  possible  and  may 
therefore  have  been  misunderstood,  it  seems  desirable 
to  amplify  them  slightly.  It  follows  from  the  first  part 
— that  deahng  with  cost-^that  the  supply  authority 
wliich  undertakes  a  cooking  load  mu.st  :  (a)  aim  at 
the  liigliest  possible  generating  and  distributing  effi- 
ciency ;  (b)  offer  power  on  a  carefully  worked-out 
tariff ;  and  (c)  adopt  some  scheme,  such  as  liiring, 
wliich  will  relieve  the  householder  from  the  capital  cost  of 
instalUng  appKances  that  will  be  of  no  service  to  him 
when  lie  removes  to  another  area  where  the  voltage  is 
different.  In  many  areas  supply  engineers  have  taken 
these  steps  and  are  meeting  with  considerable  success, 
but  such  conditions  are  by  no  means  universal.  The 
advantages  and  disadvantages  depend  on  the  circum- 
stances of  each  special  case  ;  thus,  the  most  difficult 
householder  to  convert  is  probablv  the  one  whose 
kitchen  range  has  to  be  kept  going  all  day  long  for 
heating  purposes.  I  do  not  tliink  that  my  views  are 
at  variance  with  those  of  the  author,  and  I  put  them 
forward  in  order  that  he  may  indicate  how  he  would 
meet  the  difficulties  which  I  have  raised. 

Mr. H.T.Young  :  Much  has  been  said  on  the  develop- 
ment of  the  domestic  load  and  I  hope  that,  now  the 
Institution  has  interested  itself  in  the  matter,  some 
action  will  be  taken.  The  gas  companies  are  at  present 
carrying  out  much  propaganda  among  doctors  and 
architects,  the  latter  for  the  reason  that  people  are  just 
beginning  to  change  houses  again  in  a  general  way. 
There  is  no  doubt  that  it  would  pay  us  to  give  professional 
men  current  and  service  at  low  prices  ;  money  spent 
in  that  direction  would  be  well  invested  and  we  should 
save  it  over  and  over  again  in  our  advertising  propaganda. 
How  can  we  get  the  men  in  our  own  industr\-  to  use 
electricity  for  all  purposes  .'  .Alan}'  electrical  engineers 
are  using  gas,  and  the  gas  companies  can  prove  it  to 
the  prospective  electrical  consumer.  We  must  pay- 
attention  to  tjiat  point.  An  enterprising  manufacturing 
firm  has  recently  made  the  suggestion  that  we  should 
do  something  to  get  the  men  in  our  own  industrx-  to 
use  electric  cookers,  by  reducing  the  price  of  such 
apparatus  to  them.  Electrical  contractors  will  no  doubt 
be  pleased  to  carry  out  the  installations  more  cheaply, 
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or  possibly  at  cost  price,  and  if  the  supply  companies 
will  let  them  have  the  mains  run  into  their  houses  with- 
out charge  sometliing  can  be  done.  I  think  it  would 
be  an  advantage  if  the  supply  companies  would  generally 
adopt  some  multi-part  tariff  or  contract  rate.  Tliirty 
years  ago  few  houses  were  wired  for  electric  hghting. 
Many  of  those  houses  have  since  been  occupied  by 
six  or  seven  different  famihes,  and  the  installations 
have  been  so  altered  that  they  are  of  no  use  to-day. 
New  tenants  often  require  structural  alterations  to  be 
carried    out,    and    frequently    the    houses    have    to    be 


rewired.  That  is  the  time  to  put  in  a  heating  installa- 
tion. Often  we  are  told  that  the  expense  is  too  great, 
but  a  plug  in  each  room  for  the  heating  appliance,  and 
one  main  cable  and  one  meter  would  be  a  great  advan- 
tage on  a  contract  rate.  I  feel  that  co-operation 
immediatelv  between  manufacturers,  contractors  and 
electric  supply  undertakings  will  be  profitable  to  all 
concerned. 

[Mr.  Gillott's  reply  to  this  discussion  will  be  found 
on  page  216.] 


Xorth-Easterx  Centre,  at   Newcastle,  27  November,   1922. 


Mr.  W.  F.  T.  Pinkney  :  We  have  long  recognized 
in  Newcastle  that  the  domestic  load  is  a  promising 
one,  but  we  have  not  pushed  it  with  the  utmost  vigour 
until  recently,  as  we  were  more  or  less  standing  alone 
in  past  A-ears,  and  had  no  verj-  clear  idea  at  first  of  the 
effect  of  the  load  on  our  mains,  etc.  We  knew  also 
that  cookers  would  be  greatly  improved  in  design,  and 
in  the  early  days  consumers  for  domestic  electricity 
were  rather  hard  to  obtain.  Consequently,  the  selUng 
of  domestic  electricity  was  relatively  costly.  Domestic 
users,  however,  if  hard  to  obtain,  were  at  least  easy 
to  retain.  The  position  is  now  changed.  We  know 
fairly  accurately  what  is  the  demand  which  the  load 
makes  upon  distribution  ;  in  addition,  apparatus  is 
improved,  and  consumers  are  easy  both  to  obtain  and 
retain.  The  author's  figure  of  300  units  per  annum  per 
kW  installed  for  cooking  is  rather  on  the  high  side  for 
an  average  figure.  Improvements  in  cooker  design 
should  have  the  effect  of  increasing  the  average  con- 
sumption rather  than  of  still  further  reducing  it,  as 
there  is  still  a  tendency  to  use  the  electric  cooker  as  an 
auxiliary  to  a  coal  range,  and  improved  design  will 
increase  the  use  of  the  former  and  decrease  the  use  of 
the  latter.  The  author's  suggested  principle  of  tariff- 
making  is  quite  correct,  but  he  has  omitted  to  point 
out  that  the  great  advantage  of  a  two-part  tariff  to  the 
supply  authority  is  that  the  fixed  charge  provides  for 
a  minimum  annual  revenue,  whereas  the  minimum 
charges  provided  by  statute  are  generally  quite  inade- 
quate to  meet  the  costs  of  availability  of  supply.  I 
will  show  a  further  curve  illustrating  the  demands  on 
another  all-electric  village  where  the  occupants  are 
not  in  any  way  associated  with  the  electrical  industry, 
are  of  the  working  class,  and  have  no  special  concession 
with  regard  to  tariff,  and  the  demands  and  consump- 
tion follow  those  of  the  Billingham  village  verj-  closely 
indeed.  AMien  the  domestic  load  is  built  up  there 
will  be  greatly  increased  demands  for  large  generators, 
cables,  transformers,  switchgear,  protective  devices, 
meters,  wiring  and  accessories.  In  fact,  it  means 
an  enlargement  of  the  industry.  Ever}-  individual 
member  in  the  industry  ought  therefore  to  interest 
himself  in  domestic  electrification,  and  we  who  are 
doing  all  we  can  to  promote  it  find  unfortunatel}^  a 
great  deal  of  lethargy  displayed  within  the  industry, 
and  there  are  many  cases  in  this  district  of  important 
electrical  officials  using  electricity  for  lighting,  but 
using   coal,    gas   and   any   other  alternati\-e   for   other 


domestic  purposes.  It  would  almost  appear  as  if  men 
were  deliberately  retarding  the  wheels  of  progress 
within  their  own  industn,'.  It  is  clear,  therefore, 
although  it  may  seem  absurd,  that  much  of  the  propaganda 
work  has  yet  to  be  done  amongst  electrical  men.  The 
author's  skeleton  plan  of  campaign  follows  ver}'  closely 
the  lines  adopted  in  this  area.  He  points  out  the  advan- 
tage of  a  proposed  financing  company  in  London  to 
assist  supply  authorities  :  there  is  and  for  many  years 
has  been  a  similar  companj-  in  Newcastle. 

Mr.  W.  Cross  :  During  the  past  few  months,  thanks 
largely  to  the  propaganda  work  of  the  Electrical  Develop- 
ment Association,  more  attention  has  been  paid  to 
the  selhng  side  of  our  industrj-  which,  in  the  past,  has 
been  somewhat  neglected  by  most  engineers,  though 
it  is  probably  equally  as  important  as  technical  matters. 
The  figure  of  300  units  per  annum  for  each  kW  installed 
for  cooking,  given  by  the  author,  does  not  seem  to  agree 
with  the  formula  previously  pubHshed,  i.e.  1  unit  per 
person  per  day.  Assuming  that  a  4  kW  oven  is  employed 
with  a  family  of  5  people,  1  200  units  will  be  used 
according  to  the  new  formula,  and  1  825  units  according 
to  the  old.  I  should  be  interested  to  know  the  total 
consumption  of  units  per  house  per  annum  at  Billing- 
ham, and  also  what  current  is  used  during  the  night. 
The  tariff  suggested  by  the  author  appears  to  be  a  fair 
one.  If  the  heating  load  increases,  however,  a  capital 
charge  will  surely  be  incurred  through  the  need  for 
additional  copper  in  the  mains  and  extra  plant  which 
will  have  to  be  taken  into  account  in  forming  the  tariff. 
It  is,  however,  desirable  to  keep  the  cost  of  current  as 
low  as  possible  for  heating,  even  if  the  cost  of  current 
for  lighting  is  liigher.  I  do  not  find  the  labour-saving 
argument  to  be  verj-  helpful,  as  women  are  conservative 
and,  unless  they  do  their  ow-n  work,  do  not  worry  over 
efficiency  (as  understood  by  engineers)  :  probably 
if  men  investigated  matters,  as  suggested  by  the 
author,  the  labour-saving  argument  would  lead  to 
greater  results.  The  author  infers  that  the  larger 
proportion  of  the  actual  propaganda  work  shall  be 
carried  out  by  the  supply  authorities ;  I  certainly 
agree  that  thev  should  bear  the  greater  proportion  of 
the  cost,  as  probably  75  per  cent  of  the  profit  arises 
from  the  sale  of  current,  but  I  think  that  they  could 
co-operate  more  fully  than  in  the  past  with  contractors 
and  retailers,  who  act  as  unpaid  canvassers  for  the 
sale' of  current  and  are  frequently  in  closer  touch  with 
the  consumers.     I  consider  it  essential  that  anv  scheme 
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of  selling  should  be  arranged  mutually  (or  that  the 
supply  authority  should  at  least  let  the  contractor 
know  its  plans)  so  that  similar  statements  and  arguments 
may  be  used  to  the  consumer.  Sometimes  unwittingly, 
contradictory  statements  are  made  which  prevent  a 
sale  being  completed,  and  by  combined  effort  more 
business  mav  be  obtained  for  everybody.  I  believe 
that  continuous  demonstrations  in  a  permanent  model 
house  would  lead  to  increased  business,  and  would  not 
in  the  end  be  much  more  expensive  than  spasmodic 
efforts  lasting  a  short  time  in  various  houses ;  this 
should  be  undertaken  by  the  supply  authority  as  an 
advertisement  for  the  sale  of  current,  as  only  one 
efficient  demonstration  would  be  profitable  in  any  but 
the  largest  towns.  It  may  be  necessary  to  hire  cookers 
or  other  devices  costing  over  £10  at  present,  but  I  do 
not  think  it  is  desirable  or  necessary  to  let  on  hire 
cheaper  articles,  such  as  irons,  kettles  or  fires.  In 
selling  cookers,  one  is  usually  met  with  the  question  of 
the  provision  of  hot  water  which  is  usually  supplied 
from  the  cooking  range.  I  should  be  glad  if  the  author 
would  state  where  full  information  can  be  obtained 
regarding  the  alterations  needed  (and  the  cost  of  the 
same)  to  enable  the  kitchen  fire  to  be  dispensed  with. 
A  pamphlet  on  this  subject  showing  details  of  various 
suggestions  would  be  of  great  interest. 

Mr.  P.  F.  Allan  :  As  one  of  those  who  endeavoured 
to  introduce  domestic  electric  cooking  and  heating  in 
the  early  days  (about  1908-10),  I  have  lively  recollec- 
tions of  the  difficulty  caused  by  the  first  high  cost  of 
the  apparatus,  and  the  subsequent  frequent  and  costly 
renewals  of  elements,  etc.  It  is  gratifying  to  know  that 
we  are  now  to  some  extent  overcoming  both  of  these 
difirculties.  No  electrical  engineer  who  has  considered 
the  question  at  all  carefullv  can  fail  to  realize  the 
tremendous  importance  of  the  possible  load,  both  to 
the  supply  authorities  and  to  the  manufacturers. 
Following  the  precedent  of  some  of  the  electrical  Press, 
I\Ir.  Pinkney  has  complained  of  the  fact  that  some 
electrical  engineers  have  failed  to  use  electrical  apparatus. 
There  is,  however,  something  to  be  said  on  the  other 
side.  Assuming  in  the  first  place  that  the  electrical 
engineer  in  question  is  able  to  get  a  house  in  a  district 
where  electric  supply  is  available,  he  soon  begins  to 
realize  why  electric  cooking  and  heating  have  not  made 
more  headway  in  this  countrv.  The  prices  charged  for 
current  in  the  majority  of  cases  make  any  but  occasional 
heating  by  electrical  methods  an  impossibility  for  a 
man  of  moderate  means.  Cooking  is  not  handicapped 
to  the  same  extent,  but  if  on  an  old  system  our  electrical 
consumer  may  find,  as  I  recently  did,  that  the  amount 
of  load  to  which  he  is  limited  makes  the  installation 
of  suitable  apparatus  impossible.  In  my  particular 
case  I  have  used  electric  cooking  and  heating  apparatus 
wherever  possible  since  1908,  and  yet  in  a  district 
supplied  by  Mr.  Pinkney 's  company,  and  where  in  any 
case  gas  apparatus  has  to  be  bought  outright  and  is 
not  supplied  on  hire,  I  have  been  forced  to  install  gas 
for  cooking  in  place  of  electricity.  I  fear  that,  even 
nowadays,  very  few  supply  authorities  consider  it 
necessary  to  encourage  their  own  staff  to  use  electrical 
apparatus  by  helping  them  either  with  wiring  or  the 
supply   of   apparatus.     In   the   early  days   to   which    I 


have  referred  there  were,  I  believe,  only  two  authorities 
in  the  countrj'  who  pursued  this  policy.  With  regard 
to  the  design  of  cooking  apparatus,  I  am  convinced 
that  a  great  deal  more  could  be  done  to  produce  devices 
in  which  the  benefits  of  the  electrical  methods  are  given 
their  full  scope  in  order  to  save  time  and  add  to  the 
cook's  comfort.  There  is  no  necessity  to  follow  obsolete 
gas-  and  coal-oven  practice. 

Mr.  W.  C.  Lambourn :  From  the  commercial 
aspect  the  paper  is  particularly  interesting  to  the  Ughting 
engineer,  but  none  the  less  to  the  mains  engineer.  The 
latter  has  his  part  to  play  in  the  attractiveness  to  the 
consumer.  Progressive  municipaUties  and  companies 
must  meet  the  new  demand.  Tliis  obviously  means 
capital  outlay,  but  inasmuch  as  the  new  load  promises 
to  yield  a  return  far  exceeding  the  liberally  estimated 
hghting  load  prior  to  the  advent  of  domestic  load,  the 
outlay  will  be  more  than  justified.  Further,  the  once 
idle  copper  in  the  daytime  will  be  carr3-ing  a  load 
similar  to  the  evening  load.  Where  existing  networks 
are  fully  loaded,  the  renewal  of  mains  necessitated  will 
have  a  two-fold  purpose,  as  it  would  allow  for  automatic 
mains  maintenance,  wliich,  owing  to  the  age  of  many 
networks,  would  avert  probable  serious  breakdowns  and 
expenditure.  I  tliink  that  this  latter  course  is  more 
desirable  than  laying  separate  mains  to  meet  this 
special  load,  wliich  would  increase  the  length  of  mains 
to  be  maintained  for  the  one  purpose.  I  tlrink  that 
careful  consideration  should  be  given  when  lading  new 
mains  to  see  that  the  class  adopted  lends  itself  as  far  a.s 
possible  to  the  simplest  form  of  service  connection,  in 
order  to  allow  of  the  least  possible  cost,  thereby  making 
the  charge  to  the  prospective  consumer  a  minimum, 
which,  it  will  be  admitted,  is  a  very  important  item 
in  propaganda  work.  The  design  of  many  networks, 
allowing  for  the  lowest  possible  cost  of  the  service 
cable,  makes  the  charge  to  the  consumer  prohibitive, 
and  profitable  load  is  lost.  The  work  of  the  mains 
engineer  therefore  affects  the  propaganda  work  consider- 
ably, as  the  invariably  first  question  of  the  prospective 
consumer  confirms. 

Mr.  A.  G.  Shearer:  It  is  surprising  to  find  in  the 
paper  no  reference  to  the  electric  heating  of  water  for 
domestic  purposes,  as  it  is  obvious  that  if  consumers 
have  to  use  coal  fires  for  heating  water  they  will  naturally 
use  the  same  fire  for  cooking.  In  such  cases,  all  that 
can  be  hoped  for  is  that  electric  cooking  will  be  used  as 
an  au.Kiliary.  It  has  been  the  common  practice  for 
some  time  to  supply  electric  heaters  for  domestic  water 
service  at  rates  approximately  one-quarter  to  one- 
third  of  the  rates  f(/r  cooking  and  heating,  provided 
the  water-heating  load  is  a  flat  demand  over  24  hours, 
and  usually  consists  of  a  heater  of  a  capacity  of  ,500 
to  750  watts.  Many  of  the  hot-water  installations  in 
dwelUng  houses  are  not  now  arranged  in  the  best 
inanner  for  using  small  heaters  continuously.  Supply 
authorities  should  study  the  question  of  meeting  a 
continuous  and  steady  24-hoLir  water-heating  demand 
at  a  rate  wliich  woudd  not  only  be  remunerative  to  them- 
selves but  make  water-heating  an  economically  desir- 
able proposition  to  the  consumer  ;  such  load  need  not  be 
metered,  as  a  Hat  rate  proportional  to  the  size  of  heater 
could  be  emploxed.     Hot-water  cyUnders  equipped  with 
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electric  heaters  must  be  efficiently  lagged  and  be  of 
sufficient  capacit}^  to  enable  the  necessary  heat  to  be 
stored  in  the  cyhnder  overnight,  to  meet  the  usual 
demands  of  the  household  during  the  day.  1  am  of 
the  opinion  that,  given  a  lagged  c}'hnder  of  a  capacity 
of,  say,  40  to  45  gallons,  the  temperature  of  the  water 
need  not  be  raised  above  120°  F.,  and  at  that  temperature 
the  radiation  losses  would  be  negligible  compared 
with  those  of  the  same  heat  input  to  a  small  cyhnder 
operating  at  a  temperature  of  160°  F.  to  170°  F.  Until 
the  domestic  hot-water  supply  is  satisfactorily  catered 
for  by  supply  authorities,  electric  cooking  cannot  be 
so  profitably  operated  either  by  the  consumer  or  the 
supply  authority.  Although  the  advantages  of  electric 
cooking  do  not  fall  short  of  other  methods,  the  addition 
of  economical  water-heating  facilities  is  bound  to-  en- 
hance the  advantages  of  tlie  electric  service. 

Mr.  P.  Ward:  The  figure  of  nOO  units  per  kW 
installed  is  fairly  accurate,  but  errs,  I  think,  rather  on 
the  high  side  so  far  as  small  households  are  concerned, 
for  the  cooker  installed  ■will  probably  be  somewhat  larger 
tlian  is  actually  necessary  for  the  number  of  persons 
catered  for.  For  instance,  in  a  household  of,  say,  6  per- 
sons, a  cooker  having  a  total  loading  of  6-7  k^\'  would  be 
installed  and  the  figure  quoted  would  be  about  correct. 
In  a  household  of  4  persons,  however,  a  similar  cooker 
may  well  be  installed,  and  in  such  case  the  consumption 
will  be  found  to  be  about  260  units  per  kW.  With 
regard  to  diversity  factor,  the  curves  in  the  paper  refer 
to  a  group  of  25  houses.  If  further  groups  of  25  were 
taken  there  w'ould  be  found  a  diversit}^  as  between  those 
groups,  so  that  the  ultimate  factor  of  a  large  cooking 
load  would  be  greater  than  that  for  the  25  houses. 
When  connecting  a  domestic  load  the  question  of  balance 
will  probably  require  attention  first,  and  it  appears 
advisable  for  a  record  of  apparatus  connected  to  all 
distributors  to  be  kept.  In  many  waj's  a  liiring  scheme 
is  desirable.  It  will  be  found  that  the  undertaking 
is  better  able  to  keep  in  touch  with  a  consumer  using 
liired  apparatus  than  with  one  using  owned  apparatus. 
Suppose,  for  instance,  that  an  oven  element  fails.  If 
the  cooker  is  hired  the  hirer  will  soon  ad\-ise  the  under- 
taking, but  if  the  cooker  is  o\\-ned  the  repair  may  be  put 
ofi  from  day  to  da}'  and  the  housewife  or  cook,  failing 
to  get  the  good  results  wliich  we  claim  she  ought  to  get, 
will  become  prejudiced  against  electric  cooking  in 
general.  An  instance  came  under  my  notice  within 
the  past  few  days  where  a  cook  was  dissatisfied  with 
an  oven,  and  had  been  so  for  some  time.  On  getting 
in  touch  with  the  owner  he  agreed  that  we  should 
examine  it,  and  some  of  the  elements  were  found  to 
have  failed.  These  were  replaced,  the  cook  is  now  pleased 
and  the  oven,  instead  of  being  worn  out  as  the  cook 
thought,  is  giving  good  service.  We  have  in  this 
district  a  large  number  of  cookers  out  on  hire  and  are 
sending  cookers  out  at  a  quicker  rate  than  ever  before. 
The  rentals  are  reasonable  and  such  as  consumers  are 
quite  ready  to  pay,  despite  the  fact  that  they  are  higher 
than  the  rentals  of  gas  cookers.  When  considering 
the  effect  of  a  cooking  demand  on  the  maximum  demand 
of  a  station,  it  may  be  found  that  the  time  of  the  former 
varies  on  different  networks  according  to  the  class  of 
resident  in  the  localit\'.     In  cases  where  more  than  one 


network  is  supplied  from  one  station,  this  further  in- 
creases the  diversity  of  the  demand  on  that  station,  and 
also  the  amount  of  cooking  apparatus  wliich  can  be 
connected  without  extra  expenditure  on   plant. 

Mr.  F.  W.  Muncaster  :  The  subject  of  the  paper 
is  one  which  is  exercising  the  minds  of  many  engineers 
at  the  present  time.  It  is  beginning  to  be  realized  that 
consumers'  business  should  be  dealt  with  by  specialists, 
and  not  by  any  odd  man.  on  the  undertaking  who 
may  have  the  time  to  spare,  \^'e  may  congratulate  our- 
selves on  being  among  the  pioneers  of  active  propaganda 
in  this  direction.  I  trust  that  the  paper  may  bring  home 
the  fact  that  the  domestic  load  has  possibilities  which 
are  capable  of  dwarfing  power  loads  in  any  district. 
The  process  will,  however,  be  a  gradual  one  and  the 
new  conditions  can,  in  consequence,  be  met  as  they 
develop.  The  curves  and  figures  relating  to  Billingham 
should  be  taken  as  being  on  the  Uberal  side,  owing  to 
the  fact  that  the  tariff  enjoyed  by  the  consumers,  who 
are  all  on  the  power  company's  staff,  is  not  an  economic 
one.  Nevertheless,  the  results  are  quite  satisfactory 
from  a  mains  point  of  view.  The  maximum  demand 
is  11  per  cent  of  the  connected  load,  and  the  average 
maximum  demand  is  8  per  cent  of  the  connected  load. 
On  another  housing  scheme  with  almost  identical  equip- 
ment to  the  above  but  supplied  under  an  economic 
tariff,  the  maximum  demand  is  8  per  cent,  and  the 
average  maximum  demand  is  5  per  cent,  of  the  connected 
load.  Referring  to  the  remarks  on  page  200  under  the 
heading  "  The  Consumers'  Gain,"  I  would  remark  that 
it  is  difficult  to  prove  that  the  electrification  of  a  house, 
where  only  one  maid  is  kept,  can  reduce  the  domestic 
labour  employed.  Electrification  does,  undoubtedly, 
lighten  labour,  but  it  cannot  eliminate  the  human 
element  entirely.  The  author  suggests  the  enclosure 
of  leaflets  with  the  quarterlj'  accounts.  I  would  ask 
him  if  he  has  had  any  experience  in  this  direction,  and, 
if  so,  what  results  were  obtained.  I  can  hardly  conceive 
that  the  moment  of  receiving  a  bill  is  a  propitious  time 
to  suggest  to  a  consumer  that  he  should  adopt  means 
to  increase  it.  I  am  of  the  opinion  that  it  is  worth  the 
extra  postage  to  make  the  appeal  at  some  other  time, 
and,  in  order  to  make  the  same  as  effective  as  possible, 
to  write  personal  covering  letters  drawing  attention  to 
special  points  in  the  advertising  matter  enclosed.  With 
the  remainder  of  the  paper  I  am  in  complete  agreement 
and  I  trust  that  the  outlines  of  the  scheme  may  be  taken 
up  and  amplified  all  over  the  country.  It  is  only  by 
determined  effort  that  we  can  hope  to  make  substantial 
progress,  for  it  must  not  be  forgotten  that  we  have  a 
powerful  opposition  to  combat. 

Mr.  T.  Carter  :  This  paper  is  far  more  a  purely 
commercial  one  than  a  technical  one,  and  I  should 
like  to  make  a  few  remarks  from  the  point  of  view  of 
the  consumer  who,  amongst  others,  is  to  be  the  subject 
of  the  proposed  propaganda.  The  author  says  that 
it  is  good  business  to  prove  to  a  consumer  that  his 
adoption  of  a  domestic  or  multi-part  tariff  does  not 
increase  his  normal  lighting  account,  but  if  the  figures 
quoted  in  the  paper  are  to  be  taken  as  representative 
of  the  average  domestic  tariff,  I  fear  that  it  will  be 
difficult  to  convince  me  of  this.  My  average  consump- 
tion shown  by  my  lighting  bills  during  the  past  two  j^ears 
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is  about  130  units  per  annum,  and  mine  is  a  house  where 
there  is  about  1  k\V  of  Hghting  installed.  This  means 
that  I  am  using  only  about  43  per  cent  of  the  amount 
that  the  author  says  I  ought  to  be  using,  and  if  he 
proposes  to  charge  me  on  the  basis  of  his  view  of  my 
requirements  and  not  on  the  basis  of  what  I  am  actually 
using  he  will  increase  my  lighting  bill  out  of  all  recogni- 
tion, and  I  shall  be  found  unwilling.  The  ordinary 
consumer  will  object,  too,  to  be  told  that  the  cost  of 
wastage  or  extravagance  is  so  small  that  it  can  for 
practical  purposes  be  neglected  ;  he  may  rightly  tell 
a  supply  company  advancing  that  plea  that  if  a  cost 
of  Hd.  per  unit  is  negligible  for  wasted  light  it  is  also 
negligible  for  useful  light,  and  they  had  better  omit 
it  from  his  bill  altogether  if  they  care  so  little  about 
it.  The  great  lack  of  the  paper  from  the  point  of  view 
of  propaganda  is  that  it  does  not  give  any  simply 
stated  costs  of  doing  things  by  the  use  of  electricit}-. 
A  gas  company  will  tell  me  that  I  can  heat  a  room  at 
a  cost  of  so  much  an  hour,  and  I  find  that  their  figures 
are  reasonably  correct  and  reliable.  Something  of  the 
same  sort  is  wanted  to  convince  the  non-technical  person 
that  it  will  pay  him  to  put  in  more  electrical  appliances 
than  he  has  had  before,  and  the  settlement  of  the  whole 
affair  really  rests  on  a  question  of  the  cost  of  working 
and  the  cost  of  installation,  ^\^lat,  for  example,  do 
the  Billingham  consumers  pay  per  annum  for  the  fairly 
extensive  installation  that  they  find  in  their  houses 
when  they  go  into  them  ?  Do  they  pay  at  the  same 
rate  as  I  should  pay  at  if  I  put  in  the  same  appliances 
as  they  possess  ?  Or  have  they  preferential  terms  that 
make  it  worth  their  while  to  use  electrical  apphances 
in  a  way  that  I  could  not  think  of  doing  ?  At  present, 
on  a  rough  estimate,  I  think  that  I  am  paying  about 
£20  per  annum  for  my  whole  consumption  of  coal,  gas 
and  electricity  :  how'  much  should  I  expect  to  pay  if 
I  did  everj'thing  electrically  ?  If  convincing  data 
of  this  sort  could  be  given  to  those  who  ask,  would 
there  not  be  a  great  response  ?  At  present  we  are  apt 
to  be  told  that,  being  electrical  engineers,  we  ought,  for 
the  sake  of  our  industry,  to  install  these  things  and 
on  the  ground    of    expediency    stand    anj-    extra    cost 


there  may  be,  but  are  we,  as  trained  persons,  to  allow 
ourselves  to  be  persuaded  on  those  grounds  ?  If  the 
supply  companies  think  it  so  much  worth  while  to 
ha\e  electrical  engineers  living  in  all-electric  houses, 
had  they  not  better  come  along  to  us  and  make  it  worth 
our  while  to  give  them  this  advertisement  ?  Surelv  a  good 
advertisement  usually  means  that  the  advertising'medium 
receives  something  for  it.     We  await  their  proposals. 

Mr.  A.  W.  Crompton:  None  of  the  previous  speakers 
appears  to  be  concerned  with  the  matter  as  dealt  with 
by  me,  namely,  the  supplying  of  the  large  and — no 
doubt  as  a  result  of  the  author's  endeavours  and  the 
consequent  discussion — the  rapidly  increasing  demands 
for  heating  and  cooking  supplies  from  consumers  om 
networks  which  were  originally  laid  out  for  lighting  and 
small  power  supplies  only.  One  would  gather  from  the 
paper  that,  due  to  the  large  diversity  of  cooking,  very 
little  increase  in  the  capacity  of  the  mains  would  normally 
be  required.  Referring  to  the  charts  on  page  199,  it 
would  be  of  interest  to  know  what  demands  are  experi- 
enced after  6.30  p.m.,  aS  in  every  case  with  the  exception 
of  Wednesday  (when  the  load  reached  12-5  kW)  the 
demand  at  this  time  was  very  little  more  than  that 
which  would  be  due  to  the  lighting  only.  I  understand 
that  the  houses  at  Billingham  have  also  coal  fires  and 
therefore,  being  small  houses  where  no  maid  is  kept,  it 
would  hardly  appear  likely  that  much  use  will  be  made 
of  the  radiators.  I  am  of  the  opinion  that  in  larger 
houses  the  heating  would  be  much  more  regularly  used 
and  therefore  the  capacity  of  the  mains,  having  regard 
to  the  existing  allowable  voltage  variation  according 
to  the  Board  of  Trade  Regulations  of  +  4  per  cent, 
is  soon  reached,  as  heating  under  such  conditions  very 
frequently  overlaps  the  purely  lighting  peak.  It  is 
hoped  that  further  tests  and  records  similar  to  those 
shown,  but  where  a  bigger  proportion  of  heating  is 
connected,  will  be  made  in  the  near  future  and  thus 
enable  new  networks  to  be  laid  out  or  existing  ones 
to  be  strengthened  as  economically  as  possible. 

[Mr.  Gillott's  reply  to  this  discussion  will  be  found 
on  page  216.] 


Liverpool  Sub-Centre,  .\t  Liverpool,  11  December,  1922. 


Mr.  H.  Dickinson  :  In  every  trade  list  and  circular 
many  new  forms  of  apparatus  are  given,  thus  showing 
that  the  manufacturers  have  made  up  their  minds  that 
there  is  good  business  to  be  done.  The  author  mentions 
many  ways  in  which  the  domestic  load  can  be  developed 
and  I  think  we  must  all  agree  with  the  suggestions  w^hich 
he  makes.  The  difficulties  facing  electric  supply  under- 
takings are,  I  think,  two.  In  the  case  of  a  d.c.  supply 
such  as  we  have  in  Liverpool,  where  w-e  supply  very 
long  distances  from  our  substations,  we  are  bound  to  ' 
find  trouble  in  maintaining  the  pressure  at  the  ends 
of  the  distributors.  A  big  campaign  for  the  develop- 
nieut  of  the  use  of  domestic  apphances  is  of  no  avail 
until  we  have  some  method  of  dealing  with  the  load 
which  it  will  give.  We  have  been  considering  for  some 
time  the  best  method  of  putting  ourselves  in  a  position 
to  deal  with  this  load,  which  we  hope  will  in  time  be  a 


very  large  one.  Where  an  a.c.  system  is  adopted  it  is 
a  comparatively  easy  matter  to  employ  additional  sub- 
stations, but  when  a  new  d.c.  substation,  costing  many 
thousands  of  pounds,  has  to  be  installed,  it  is  a  verj'  costly 
niatter.  After  considering  the  matter  very  carefully 
we  decided  in  the  meantime  to  put  in  automatically 
controlled  substations,  and  w-e  hope  by  this  means 
to  handle  the  domestic  load  as  it  grows.  If  the  experi- 
ment is  not  satisfactory  and  we  have  to  revert  to  a  three- 
phase  system  it  will  entail  the  scrapping  of  the  whole  of 
the  present  mains,  and  we  are  naturally  not  anxious  to 
do  this.  I  quite  agree  with  the  author  that  we  want  a 
two-part  tariff,  a  fixed  rate  and  a  low  running  cost. 
It  remains  to  decide  what  the  fixed  rate  is  to  be  based 
upon.  The  rateable  value  system  is  not  by  any  means 
ideal.  It  has  the  disadvantage  that  in  the  better- 
class  areas  in  a  town  the  fixed  charge  bears  a  higher 
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proportion  of  the  total  cost  than  is  the  case  in  the  poorer 

districts,     with    the    result    that    in    the    better-class 

districts  the  fixed  charge  will  amount  to  a  higher  iigure   } 

than  the  lighting  charge   would   be   on  the   flat  rate, 

whereas  in  the  poorer  districts  the  fixed  charge  may 

be  less  than  the  cost  for  lighting.     This  difficulty  might 

not    be    serious   if   the    consumer   equipped   his   house 

throughout  with  domestic  appliances,  but  in  the  early 

stages  where  the  consumer  installs  only  a  snaall  amount 

of   apparatus  the  position  becomes  a  hardship.     If  the 

tariff  is   based   on   the   kilowatt   basis,    as   the   author 

suggests,   it   means   that   the   supply   undertaking   will 

have  to  check  the  number  of  lights  every  year  to  see 

whether  the   consumer  has  added  to  his  installation. 

If  this  is  not  done  the  consumer  may  be  getting  more 

light  at  a  rate  lower  than  that  to  which  he  is  entitled. 

I  should  like  to  see  some  fixed  basis  adopted  which  would 

require    the    minimuni   of   checking.     Has   the    author 

ever  considered  the  area  occupied  by  the  house  oi,  say, 

the  number  of  rooms  in  a  house,   as  a  basis  ?     In  a 

scheme  of  this  sort  the  various  types  of  houses  would 

have  to  be  di\'ided  into  a  number  cf  categories,  possibly 

half  a  dozen.     The  author  mentions  that  he  does  not 

propose  to  deal  with  tariffs,  but  it  would  be  of  great 

assistance  if  he  would  give  us  any  experience  he  has 

had,   because  a  simple  and  satisfactory  tariff  is  badly 

needed,  and  if  we  had   that    I  am  quite  sure  we  could 

get  the  business.     On  page  197,  the  number  of  units  per 

kilowatt  of  demand  is  given  as  3  240,  but  on  page  200 

another  case  is  given  of  290  000  units  with  a  maximum 

demand  of  190  kW,  which  works  out  at  1  526  units  per 

kilowatt  of  maximum  demand.     If  the  figure  of   360 

imits   installed,    given   on    page    197,    is  taken   and   a 

similar  figure  for  the  instance  given  on  page  200,  the 

ratio  of  the  maximum  demand  to  the  kilowatts  installed 

is  1  to  3  in  one  case  and  1  to  9  in  the  other.     Can  the 

author  explain  this  ?     The  author  refers  to  the  desirability 

of  interesting  the  ladies  in  this  class  of  work,   and   I 

fully   agree   with  him.     I  think  that  if  the  housewife 

knew  what  amount  of  work  she  could  save,  she  would 

do   all   the   canvassing   necessary.     I   think   that  it   is 

generally  appreciated  that  there  is  an  enormous  demand 

to  be  catered  for,  which  will  take  time  to  secure. 

Mr.  J.  E.  Nelson  :  In  my  \-iew  there  are  two 
conditions  necessary  for  successful  domestic  load- 
building,  i.e.  cheaper  current,  and  cheap  and  good 
appliances.  Without  this  combination  I  believe  that  a 
great  deal  of  time  may  be  devoted  to  propaganda  with 
very  little  result.  I  think  that  the  real  problem  for 
the  supply  engineer  is  to  decide  whether  the  demand, 
when  created,  will  be  a  profitable  one  ;  if  we  want  it 
we  must  offer  cheaper  rates  and,  if  we  can  afford  to  do 
this,  the  domestic  load  will  build  itself  without  any 
very  elaborate  organizing  effort  being  necessary.  The 
best  propagandist  is  a  satisfactory  service,  which  cannot 
be  giv-en  without  reliable  appliances.  The  author 
has  rather  concentrated  on  the  cooking  side,  but  I 
have  found  that  electric  heating,  while  equally  profitable 
to  the  supplier,  is  more  easily  introduced  to  the  home 
bv  reason  of  the  relatively  cheap  apparatus  obtainable 
and  its  more  ob\ious  advantages,  ^\"hen  the  electric 
habit  is  thoroughly  estabUshed,  cooking  may  become 
general,    but,   from   the   point   of   view   of   propaganda 


work,  I  believe  heating  to  be  a  safer  recommendation 
to  the  domestic  electricity  user  than  cooking.     However, 
I  do  not  think  that  we  shall  approach  the  usage  common 
in  America  unless  we  can  supply  the  domestic  load  at 
much   cheaper  rates  than   are   usual  in   this   countn,-. 
Taking  the  pubhshed  rates  of  10  undertakings  in  South- 
west Lancashire  and  Cheshire,  the  lowest  heating  and 
cooking  rate  is  l|d.  and  the  highest  4- -Id.,  while  the 
majority  are  not  less  than  2d.,  and  at  these  rates  my 
experience   is   that   electric   heating   and   cooking  is   a 
luxury — quite  worth  pa^-ing  for  by  those  who  can  afford 
it  but  rather  out  of  reach  of  the  type  of  consumer  for 
whom  the  supply  authority  must  cater  if  it  is  really 
to  dislodge  the  gas  suppliers  and  put  electric  heating 
and  cooking  in  the  same  position   as  electric  lighting. 
The  author  has  estim.ated    IJ  million  units  from   500 
consumers  with  a  maximum  demand   of   600  kW   on 
the  station,  which  means  a  load  factor  of  nearly  25  per 
cent  and,   if  we  can  feel  assured   of  this  load  factor, 
anvthing  from  0-75d.  to  Id.  would  be  a  fairly  profitable 
rate.     At    the    lower  figure,    at  least,   the  rate   would 
need  little  in  the  way  of  external  propaganda  to  recom- 
mend  it.     Under   these   conditions   reliable  apphances 
would   sell   themselves  and  help  to  build  up  the  load. 
I  believe  that  a  low  flat -rate  is  more  likely  to  attract 
the  domestic  consumer  than  even  a  more  favourable 
two-part  tariff  which  is  difficult  to  explain  to  the  houEe- 
wife,  and  I  do  not  care  for  any  two-part  tariff  which 
is    not    based    on    measured    maximuni    demand.     All 
others  if  thev  are  successful  result  in  the  increased  sale 
of  units  at  a  low  rate  ;   the  low  rate  may  well  be  offered 
in    an    understandable    form.     The    electric    iron    is    a 
valuable    propagandist    but    many    makers    spoil    an 
otherwise  good  job  by  pro\dding  a  poor  connection  for 
the   flexible.     Every  small  electrical  trouble  tends  to 
shake    the    confidence    of    the    user   in    all    electrical 
appliances,  and  a  consumer  who  has  used  an  iron  for 
12  months  ^\^thout  anv  trouble  is  more  likely  to  install 
cooking  and  heating  apparatus  than  one  who  has  been 
bothered  with  short-circuiting  flexibles.     Irons,  radiators 
and    boiling    rings    can    be    purchased    fairly    cheaply, 
but  the  full  electric  cooker — which  comes  into  direct 
competition  with  the  very  much  cheaper  gas  oven- 
must,  I  think,  be  reduced  in  price  if  it  is  to  become  an 
article  of  general  use.     The  mechanical  details  in  small 
domestic   appliances   are   frequently   faulty,    especially 
at  the  terminals,  and  if  manufacturers  would  pay  more 
attention  to   these   points   and   supply   an   article  less 
easil}'  damaged  and  more  easily  repaired,  they  would 
help  the   supply  undertakings  to   foster  the   domestic 
load  desired   by  both,     ^^'hile,   under  favourable   con- 
ditions, I  see  no  great  difficulty  in  building  the  domestic 
load,  the  policy  of  domestic  load  building  by  encourag- 
ing heating  and  cooking  is  not  quite  so  clear,  at  the 
present  time  at  any  rate.     During  the  past  few  years 
the  cost  of  appliances  has  put  the  extended  domestic 
use  of  electricity  rather  out  of   court,   but  even  if  a 
spontaneous   demand  had   arisen   many  supply  tmder- 
i   takings  have  not  a  suitable  distributing  system  in  being 
to  meet  increased  demands  without  considerable  addi- 
tions to  mains  and  services,  which  it  would  have  been 
foolish  to  undertake  at  the  prices  ruling  until  recently. 
This,  no  doubt,  partly  accounts  for  the  slow  progress 
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made  in  recent  years,  but  cable  costs  are  now  coming 
down  to  a  figure  at  which  one  may  hope  profitably  to 
increase  or  extend  the  mains  system  to  meet  additional 
domestic  uses.  I  think  that  there  are  good  prospects  of 
increased  sales  in  the  domestic  field  in  the  near  future, 
especially  if  the  load  factor  of  the  supply  proves  to  be 
anything  like  that  suggested  by  the  author's  curves  and 
figures,  which  will  justify  the  cheaper  rates  suggested. 

Mr.  S.  E.  Britton  :  My  house  has  been  completely 
electrically  equipped  for  more  than  10  years,  and  1 
am  quite  satisfied  that  the  results  that  can  be  obtained 
for  fighting,  cleaning  and  cooldng  cannot  be  obtained 
by  an}'  other  means.  There  are,  of  course,  one  or  two 
difficult  problems  in  connection  with  the  supply  of 
electricity  for  domestic  purposes.  These  are,  as  men- 
tioned by  Mr.  Dickinson,  distribution  and  tariffs.  I 
quite  agree  ^\•ith  the  author's  point  of  view  regarding 
showrooms,  advertising,  exliibitions  and  other  means 
of  giving  publicit)'  to  the  value  of  electricit}-  in  the 
home.  The  one  unsatisfactory  feature  of  pubficity 
propaganda  is  that  it  is  extremely  difficult  to  gauge 
the  actual  amount  of  business  obtained  by  such  means. 
Any  developments  which  take  place  after  pubficity 
are  naturally  attributed  to  it,  whereas  it  is  possible 
that  some  of  the  developments  might  have  taken  place 
(vithout  any  effort  on  the  part  of  the  undertaking.  For 
that  reason  1  do  not  befieve  m  spending  large  sums  of 
money  ;  frequent,  inexpensive  reminders  are  probably 
all  that  are  necessary  to  achieve  the  objects  in  view. 
On  the  question  of  tariffs  I  quite  agree  witli  Mr.  Dickinson 
that  it  is  essential  to  have  a  two-part  tariff  in  connection 
with  the  supply  of  electricity  for  domestic  purposes. 
It  does  not  seem  to  be  very  important  whether  it  be  a 
kilowatt  charge,  a  maximum-demand  charge,  a  two- 
rate  meter,  a  charge  based  upon  the  rateable  value  of 
the  property,  or  a  charge  based  upon  the  floor  space  I 
as  in  Dundee,  for  meeting  the  standing  charges,  plus 
a  low  price  per  unit.  All  these  methods  have  their 
good  and  bad  points,  and  I  do  not  know  of  any  two- 
part  tariff  wliich  is  absolutely  correct.  It  becomes 
a  matter  of  expedience,  and  so  long  as  a  tarilf  is  in  use 
which  enables  the  business  to  be  obtained  on  a  profitable 
basis,  and  the  consumers  are  reasonably  satisfied  with 
the  cost,  it  is  not  of  great  importance  which  of  the 
foregoing  methods  is  adopted.  The  diversity  factor  of 
9,  referred  to  on  page  197,  is  a  very  encouraging  achieve- 
ment. If  tlie  author  can  obtain  additional  instances 
to  confirm  tliis  verv  high  figure,  the  fear  which  is  fre- 
quently expressed  in  connection  with  small  under- 
takings as  to  the  inabifity  of  their  svstenis  of  distribu- 
tion to  cope  with  domestic  electricity  supply,  and  the 
cost  of  larger  mains  will  soon  be  forgotten,  and  every 
undertaking  would  soon  strive  to  obtain  a  substantial 
domestic  load.  Another  matter  wliich,  in  mv  opinion, 
is  an  appreciable  drag  upon  the  development  of  domestic 
electricity  suppl}-,  is  the  attitude  of  the  Electrical 
Contractors'  A.ssociation.  I  have  not  yet  been  able  to 
see  the  logic  of  the  Association's  attitude  towards  the 
selling  of  electrical  apparatus  by  municipal  authorities. 
In  the  case  of  electricity  supply  companies  the  Associa- 
tion do  not  attempt  to  control  the  sale  of  electrical 
apparatus  and  the  wring  of  consumers'  premises  by 
such  autliorities,   but  as  soon  as  undertakers  who  are 


local  authorities  embark  upon  such  work,  the  con- 
tractors attempt  to  make  them.selves  heard.  They 
entirely  ignore  the  fart  that  prior  to  the  supply  there 
are  no  contractors  in  many  of  the  towns,  and  although 
the  undertakers  mvest  large  sums  of  money  in  promoting 
the  supply  they  are  asked  to  await  the  pleasure  of  others 
to  come  along  and  provide  the  needs  of  consumers  in 
the  sale  of  apparatus  and  the  wiring  of  consumers' 
premises.  Undertakings  which  submit  to  this  cannot 
develop  as  rapidly  or  be  of  as  great  a  benefit  to  the 
inhabitants  of  the  town  as  those  which  do  undertake 
every  possible  work  in  the  interest  of  both  consumers 
and  undertakers.  It  is  only  necessary  to  observe  the 
achievements  of  the  gas  supply  industry  to  realize  the 
extent  to  which  the  electrical  industn,'  suffers  bv  the 
refusal  of  electricity  supply  undertakings  to  sell  appara- 
tus and  carry  out  wiring  work  .  On  the  question  of 
hire  and  hire-purchase,  it  is  very  often  advantageous 
to  develop  the  use  of  a  particular  piece  of  apparatus 
b}-  supphing  on  hire,  but  the  opportunity  should  also 
be  given  to  consumers  to  obtain  the  apparatus  on  hire- 
purchase  or  to  purchase  outright  in  the  first  instance. 
The  paper  does  much  to  remove  the  objections  which 
have  been  raised  in  the  past  to  the  development  of 
domestic  electricity  supply,  and  I  tliink  it  has  come 
at  a  verj"  opportune  moment  and  at  a  time  when  station 
engineers  may  anticipate  considerable  business  from 
the  supply  of  electricity  for  domestic  purposes. 

Mr.  O.  C.  Waygood :  The  financial  aspect  of  the 
problem  is  what  the  pubfic  will  require  information 
about,  and  propaganda  work  of  the  nature  outlined  in 
the  paper  will  not,  I  feel,  be  very  convincing.  Let  us 
assume  that  it  is  desired  to  install  a  2  kW  radiator, 
and  use  this  to  the  extent  that  the  drawing-room  coal 
fire  could  be  eUminated.  A  coal  fire  of  this  description 
would  consume  I  cwt.  of  coal  in  CO  hours  which,  with 
coal  at  43s.  per  ton,  would  cost  approximately  0-5d. 
per  hour.  To  make  the  electric  fire  equal  to  this  in 
cost  of  running,  energy  would  have  to  be  supplied  at 
0-2od.  per  unit,  compared  with  2jd.  (the  figure  (juoted 
in  the  paper).  In  addition,  the  maintenance  charges 
due  to  the  elemenls  fusing  would  have  to  be  met. 
With  regard  to  cooking,  I  give  below  relative  figures 
of  the  price  of  electric  and  gas  cookers,  and  their  cost 
of  hire. 


Conker 

LiPl  price 

Cost  of  hire  per  annum 

Klectiic 
Gas 

£22 
£10 

20  per  cent  =  £4  8s. 

(See  page  202) 
;J  per  cent  — -  (is. 

From  this  comparison  I  estimate  that  with  electrical 
energy  at  0-r)d.  per  unit,  and  gas  at  :Wd.  per  loOO  cubic 
feet,  cooking  becomes  a  financial  proposition.  The 
author  refers  to  the  present  tendency  to  charge  Ijd. 
per  unit,  but  can  this  figure  be  taken  as  an  average 
charge  ?  Experience  suggests  that  the  inclusive  figure 
is  much  higher.  These  facts  must  be  faced  and  dealt 
with  in  any  propaganda  programme.  Modern  examples 
of   huge    business   enterprise    have   been    built    up   by 
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catering  for  the  masses,  and  if  the  small  consumer  is 
to  be  encouraged  to  cook  and  heat  by  electricity  the 
supply  must  be  available  at  a  reasonable  charge.  I 
maintain  that  if  the  supply  authorities  set  themselves 
out  to  do  all  in  their  power  to  provide  electricity  at  a 
price  comparable  -w-itli  that  of  gas,  the  "  vaUeys  "  of 
their  load  curve  would  soon  be  filled  up.  It  is  necessary 
to  impress  upon  the  minds  of  the  pubhc  that  the  power 
obtained  from  electricity  is  far  more  conveniently 
handled  than  that  obtained  from  gas.  Dr.  Ferranti 
once  remarked  :  *  "  The  smoke  nuisance  in  our  cities 
wll  be  abolished  as  soon  as  the  people  realize  that  a 
pure  atmosphere  is  worth  paying  for."  But  the  present 
cost  is  too  high.  If  it  is  impcssible  to  get  cheap  energy, 
efficiency  with  reliability  should  be  the  aim  of  manu-' 
facturers  of  domestic  appUances.  Several  tests  have 
been  made  in  the  Laboratories  of  Apphed  Electricity 
of  the  Universit].'  of  Liverpool  in  order  to  anive  at 
the  efficienc\'  of  apparatus  used  for  raising  water  to 
the  boihng  point,  and  it  is  interesting  to  note  that 
with  the  immersion-type  heater,  under  ideal  conditions, 
the  efficiency  is  90  per  cent.  The  efficiency  of  the  well- 
known  immersion-tj-pe  element  heater  averages  about 
80  per  cent  under  normal  conditions.     With  the  stan- 
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Fig.  a. — Efficiency  tests  on  a  0-75  k\V  flat-ring  t^-pc  boiler, 
boiling  1'6  pints  ol  water. 

dard  ring-boiler  tj'pe  of  about  0-7o  kW  capacity,  tlie 
maximum  efliciency  was  38  per  cent  (see  Fig.  A). 
These  figures  show  that  in  order  that  customers  may  get 
the  best  results,  the  immersion  type  is  the  one  that  the 
manufacturers  should  standardize  for  kettles.  It  \\ou!d 
be  interesting  if  some  further  tests  could  be  carried  out 
witli  a  view  to  obtaining  the  efficiency  of  other  t\-pes 
of  domestic  appliances.  This  is  very  important  and 
will  be  more  so  if  the  cheap  unit  is  not  available.  The 
author's  statement  that  the  consumer  should  be  taught 
to  behevo  that  he  is  only  paying  l|d.  per  unit,  whereas 
in  reaUty  he  is  paying  2|d.  per  unit,  is  not  good 
business,  and  certainly  will  not  encourage  it.  Let  us 
give  the  public  reliable  figures  as  to  what  the  use  of 
electricity  means  to  them  financially,  instead  of  disguising 
the  information  or  making  the  figures  mean  sometliing 
more  than  they  do. 

Mr.  E.  Moxon  :  I  quite  agree  with  the  autlior  that, 
it  is  absolutely  essential  that  an  experienced  stafi 
should  be  available  for  any  campaigns  launched,  also 
that  this  staff  should  have  absolute  confidence  in 
the  electrical  appUances  that  it  is  proposed  to  press 
for  sale    or  liire,    as   the    case  maA-    be.     The\'    should 
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have     good     organizing     ability    and    be    tactful,     to 
enable   them   to   deal    satisfactorily    vith   the   matter. 
The   author   gives    a   figure   of    300   units   per   annum 
as    the    average   demand   in    houses    for   fighting   pur- 
poses.    I  am  inchued   to   think  that  tlds  is  somewhat 
high  for  large  houses,  but  that  it  is  nearly  correct  for 
smaller  property.     I  do  not  agree  with  the  combined 
tariff    that    he    mentions,    for    the    following    reasons. 
Take,  for  example,  a  consumer  having  1  kW  of  fighting 
installed    and    radiators    amounting   to    10   kW   in    all 
(the  radiators  being  used  during  the  «-inter  time  only), 
consuming  300  units  per  annum  for  fighting  and  1  000 
units   per   annum   fpr   heating,    and    against   tliis   take 
another  consumer  having  1  kW  of  fighting  installed  and 
a  1  kW  radiator  used  regularly  during  the  summer  and 
winter,  and  consuming  the  same  number  of  units  for 
fighting  and  heating  as  in  the  previous  case.     Although 
the  average  cost  of  current  per  unit  consumed  is  the 
same  in  each  case,  it  will,   I  think,  be  admitted  that 
the  second   consumer  is  much  more  profitable  to  the 
supply  authority  than  the  first ;    in  fact,  the  author's 
suggested  rate  on  the  combined  charge  in  its  present 
form    destroys    the    object    of    the    maximum-demand 
system  and  is  fittle  better  than   a  maximum-demand 
charge  for  fighting   with   an   independent   flat-rate  for 
heating,   with   the   saving  grace  that  it   only  requires 
one   meter   with   common   wiring   for   all   purposes.     I 
should  prefer  a  similar  form  of  tariff  -with  a  fixed  charge 
per  kilowatt  of  maximum  demand,  having  a  minimum 
annual   payment   against   tliis   portion   of   the   rate   to 
cover  the  standing  charges  suggested  for  the  fighting 
installation,    together    with    a    low    flat-rate    per    unit 
consumed,  reducmg  either  by  a  sfiding  scale  or  discounts, 
apph-ing  only  to  a  certain  consumption  per  kilowatt  of 
maximum  demand,  the  lower  rates  to  apply  successively 
after    calculating    progressively    the    charges    due    first 
j    on  the  higher  rating.     Such  a  tariff  would  require  the 
addition  of  a  demand  indicator  to  that  suggested,  but 
onlv  one  meter,  whilst  the  wiring  could  be  comm.on  for 
all  purposes.      This  would  give  advantage  to  the  con- 
sumer with  the  better  load  factor  and  encourage  the 
use  of  electricity  for  all  purposes,  particularly  regular 
heating  during  the  summer  months,  which  in  a  purely 
residential    town    is    much    desired.     With    regard    to 
the  domestic  load   on    Sundays,  the  author  would,  by 
reference,  find  that  the  conditions  wliich  he  mentions 
appl}'  cliiefly  to  industrial  towns  and  not  to  those  of 
a  purely  residential  character.     I  think  that  the  day 
will  ccme  when  electricity  wiU  be  used  for  all  purposes 
in  preference  to  coal  or  gas,  and   anyone  deafing  with 
this   subject   must   take   into   account   the   advantages 
derived  from  the  convenience,  handiness  and  cleanfiness 
obtained  when  using  electrical  appfiances,  as  an  offset 
against    any    sfight   increase    in    running    costs,    whilst 
the     decreased     annual     expenditure     on     decorations, 
carpets,  upholster}-,  etc.,  ^\^ll  be  considerable. 

Mr.  A.  S.  Wilson:    I  should  like  to  say  a  few  words 

from  the  manufacturers'  point  of  view.     Our  ultimate 

goal  is,  of  course,  the  consumer,  and  I  feel  that  there  is  a 

tremendous  field  awaiting  us  for  the  sale  of  current  and 

:    appUances   as  soon   as    our   combined  efforts  have  im- 

I   pressed  on  the  consumer  the  efficiency  and  convenience  of 

i   domestic  electric  appfiances.    This  necessitates  increased 
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propaganda  in  respect  of  the  domestic  load,  and  in  regard 
to  advertising  I  consider  that  the  supply  authorities 
can  still  do  a  great  deal,  as  the  consumers  look  to  them 
for  information  rather  than  to  the  contractor  or  the 
manufacturer.  In  tliis  connection  I  feel  that  much 
could  be  done  hv  the  supply  authorities  if  their  representa- 
tives, such  as  meter  readers  and  inspectors,  who  regularly 
visit  consumers,  were  well  instructed  as  to  the  possibiUties 
of  tlris  class  of  load  and  were  to  take  all  favourable 
opportunities  for  pushing  this  propaganda  work  amongst 
the  actual  consumers.  The  difficulty  of  a  manufacturer 
of  cooking  apparatus  in  discussing  domestic  load-build- 
ing is  that  it  is  at  once  assumed  that  he  is  financially 
interested.  This  is  to  some  extent  true,  but  at  the  same 
time  it  must  be  remembered  that  the  manufacturers 
and  sellers  of  apphances  are  doing  all  they  can  and 
spending  all  the  money  they  can  afford  on  exliibitions, 
fitting  up  showrooms,  etc.,  and  general  educational  work 
amongst  the  pnbUc.  I  consider  that  tliis  expense  should 
not  be  confined  to  any  one  of  those  who  will  benefit 
by  the  increased  use  of  electricity  for  domestic  purposes. 
In  other  words,  the  cost  of  selling  to-day,  particularly 
in  tliis  line  of  business,  has  reached  a  very  high  figure 
and  it  requires  to  be  spread  a  httle  more  fairly  over 
those  benefiting  from  the  sales  of  both  apparatus  and 
power.  Ihe  piibhc  are  beginning  to  show  a  keen 
interest  in  the  benefits  arising  from  the  use  of  electric 
supply  for  heating  and  cooking,  and  the  curves  given 
in  the  paper  appear  to  show  that  this  load  is  a  paying 
proposition  and  also  prove  conclusively  that  the  load 
does  not  coincide  with  the  lighting  peak,  the  fear  of 
which  has  apparent!}-  influenced  certain  supply  authori- 
ties against  encouraging  the  development  of  this  load. 
Another  direction  in  wliicli  they  might  further  tliis 
cause  was  suggested  at.  a  meeting  of  the  Electrical 
Development  Association  in  London,  i.e.  that  the 
supply  authority  might  strongly  urge  on  each  new 
consumer  that  a  reasonable  number  of  power  or  plug 
points  should  be  initially  installed  with  a  view  to  the 
extension  of  tliis  load,  as  such  advice  would  be  more 
readily  recei\'ed  from  the  supply  authority  than  from 
the  contractor.  There  is  no  doubt  that  every  consumer 
will  eventually  use  one  or  more  domestic  appliances 
and  will  then  congratulate  liimself  upon  having  these 
plug  points  already  installed.  The  majority  of  existing 
installations  can  already  carrj'  two  or  three  times  the 
amount  of  load  at  present  connected,  as  there  are  a 
number  of  small  appliances  such  as  irons,  boiling  rings, 
kettles,  vacuum  cleaners,  etc.,  wliich  are  available 
and  can  be  operated  from  existing  points  now  supply- 
ing only,  say,  a  30-watt  or  40-watt  lamp.  These  con- 
venient appliances  consume,  say,  500  to  600  ^\atts 
and  the  general  extension  of  their  use  will  almost 
invariably  lead  to  the  adoption  of  heavier  cooldng 
apparatus,  provided  the  supply  authorities  offer  a 
reasonable  tarill  and  maintenance  service  to  meet 
the  same.  From  the  remarks  made  in  the  discussion 
by  representatives  of  the  supply  authorities  it  is  very 
encouraging  to  note  that  such  a  service  is  being  generally 
considered,  and  I  tliink  that  further  advantage  might 
be  taken  of  the  resources  of  the  Electrical  Development 
Association  who  are  showing  a  very  lively  interest  in 
tliis    matter.     The    lectures    being    given     under    their 
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auspices  are  doing  much  to  bring  home  to  the  sellers 
the  amount  of  work  which  has  yet  to  be  done  before  we 
can  secure  a  demand  that  will  justify  even  one-third 
of  the  firms  now  interested  in  electrical  heating  and 
cooking  devices  remaining  in  the  business.  I  consider, 
however,  that  the  close  co-operation  of  all  concerned 
v.ould  result  in  a  tremendous  influx  of  business  from 
this  field  as  soon  as  the  public  are  made  to  realize 
the  saving  in  labour  to  be  derived  from  the  aU-electric 
home. 

Mr.  R.  H.  Watson  :  From  the  electrical  contractor's 
point  of  view  the  author's  suggestions  for  domestic 
load-building  propaganda  are  very  valuable.  The 
contractor  is  the  best  canvasser  the  supply  authority 
has,  as  his  problem  is  to  persuade  people  to  adopt  elec- 
tricity for  every  purpose.  I  should  hke  to  offer  one 
or  two  suggestions  with  the  view  to  maldng  it  easier 
and  cheaper  for  consumers  to  install  power-consuming 
devices.  In  Liverpool  the  supply  authority  lays  a 
main  into  a  house  to  deal  wth  at  least  5  kW.  Usually 
the  consumer  starts  with  a  fighting  load  only,  and 
the  contractor  fits  service  switches,  fuses,  wiring,  etc., 
for  a  10-ampere  load,  and  the  supply  authority  fits 
a  10-ampere  meter.  When  the  consumer  wishes  to 
have  power  for  heating  or  cooking  the  contractor  has 
to  tell  luni  that  the  service  switches  must  be  changed 
for  those  rated  at  25  amperes.  The  cost  of  tliis  change 
is  often  more  than  the  actual  wiring  to  the  power- 
consuming  point.  I  think  that  the  supply  authority 
might  require  a  25-ampere  servace  always  to  be  fitted  ;  if 
this  were  done  the  contractor  would  gain  by  not 
having  to  stock  5-ampere  and  10-ampere  fittings,  and 
the  supply  authority  need  not  stock  5-  and  10-ampere 
meters.  The  consumer  would  then  be  able  to  obtain 
his  e.xtra  wiring  at  less  cost.  If  the  supply  main  is 
always  installed  for  a  minimum  of  25  amperes  it  would 
be  reasonable  for  the  service  switches,  etc.,  to  be  of 
the  same  size.  This  is,  of  course,  assuming  that  the 
charge  for  current,  either  for  lighting  or  heating,  is  a 
flat  rate.  The  rate  for  charging  is  really  not  within  the 
contractor's  province,  but  from  my  ow'n  experience 
I  would  say  that  a  flat  rate  is  desirable,  as  it  is  much 
easier  to  get  the  consumer  to  understand  it.  I  tliink 
that,  owing  to  the  demand  for  electricitj'  now  being 
universal,  tlie  supply  authority  does  not  need  to  offer 
separate  rates,  and  that  a  mean  rate  could  be  found 
for  all  purposes.-  In  the  case  of  three  flats  wliich 
my  firm  recently  wired,  if  the  consumer's  requirements 
for  power  and  lighting  had  been  met  at  separate  rates 
it  would  have  necessitated  the  installation  of  8  meters. 
I  think  that  the  author's  fixed  charge  per  kilowatt  on 
the  two-part  tariff  is  too  high.  In  my  own  house  with 
an  annual  consumption  of  200  units  for  lighting,  and 
200  units  for  power,  at  the  current  flat  rates  the  total 
cost  was  only  £7  2s.  6d.  As  regards  the  author's 
suggestion  of  municipal  showrooms,  contractors  would 
have  no  objection  to  this,  provided  that  sales  were  not 
effected  direct  with  tlie  public.  Ihe  showroom  should 
not  be  run  for  profit,  but  should  be  a  charge  on  the 
electricity  department.  One  speaker  in  the  discussion 
expressed  surpri.se  that  the  Electrical  Contractors' 
Association  olijected  to  municipalities  running  showrooms 
and    selhng    to    the    public,    claiming    that    the   supply 
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undertaldng  was  best  able  to  serve  the  public.  In 
reply  to  that  I  would  say  that  the  Association  object 
to  municipal  trading  for  the  same  reason  that  any 
other  trading  sections  of  the  community  would  object 
if  the  municipality  started  in  competition  with  the  rate- 
payers. In  conclusion  I  think  that  propaganda  work 
would  benefit  if  the  electrical  departments  of  munici- 
palities held  occaiional  informal  meetings  with  the 
contractors  in  their  districts  and  discussed  propaganda 
work,  as  I  feel  sure  they  would  receive  some  useful 
information  from  contractors. 

Mr.  H.  P.  Tavernor  :  I  liave  notliing  to  add  to 
Mr.  Nelson's  remarks,  but  I  may  say  that  in  my  district 
where  the  average  house  has  only  Id  to  12  hghts  it  would 
not  be  advisable  to  have  a  two-part  tariff.  I  think 
that  an  electric  fire,  a  kettle,  and  a  boiling  ring  are 
far  better  than  a  cooker  in  this  size  of  house,  and  the 
consumer  should  be  encouraged  to  add  these,  and  so 
make  up  a  good  power  load.  In  my  opinion  the  ordinary 
lighting  and  power  rate  is  b}'  far  the  best,  as  the  two- 
rate  tariff  is  too  complicated. 

Mr.  J.  H.  Collie  :  It  seems  a  very  unbusinesslike 
arrangement  to  have  large  power  stations  ^\•hich  are 
only  loaded  to  anything  like  their  capacity  for  a  few 
hours  a  day,  and  anytlung  that  can  be  done  to  encourage 
a  domestic  load  wluch  will  improve  these  conditions 
is  well  worth  exploring.  I  should  like  to  enumerate 
a  few  of  the  difficulties  in  the  way  of  bringing  these 
appliances  into  more  popular  use.  In  the  first  place 
very  few  supply  authorities  have  been  in  the  position 
to  supply  the  necessary  power,  chiefly  because  when 
distribution  mains  were  laid  they  were  only  of  sufficient 
capacity  for  what  w'as  considered  at  that  time  to  be 
the  likely  maximum  lighting  load.  Consequently, 
when  heating  and  cooking  supplies  are  taken  from  them, 
it  generally  means  that  the  voltage  suffers  very  con- 


siderably. This  has  been  overcome  to  some  extent 
by  the  use  of  a.c.  distribution  with  rotary  converters 
feeding  into  the  low-tension  mains.  Another  very 
important  drawback  to  the  general  use  of  these  appliances 
is  the  present  high  rates  for  electricity.  Until  authori- 
ties reduce  the  present  charges  and  institute  some  system 
of  payment  based  on  rating,  or  charging  at  power  rates 
aU  power  used  above  a  certain  amount,  I  feel  that  there 
will  be  very  little  demand  for  electricity  for  domestic 
purposes.  Again,  most  premises  require  extra  wiring 
for  anjtliing  above  a  500-watt  circuit,  and  this  means 
a  fairly  heavy  initial  expense,  i.e.  from  £10  to  £20 
for  even  a  comparatively  small  house.  Perhaps  some 
arrangement  of  free  wiring  or  payment  by  instalments 
might  overcome  this  difficulty.  We  are  also  rather 
handicapped  in  this  countr\-  as  compared  with  America 
as  regards  fittings.  The  standard  bayonet  lamp- 
holder  is  not  nearly  so  suitable  for  power  connections 
as  the  Edison  screw  type,  which  will  carry  anything 
up  to  the  capacity  of  the  flexible  supplying  it.  Also, 
the  ordinary  tumbler  switch  is  not  so  good  as  the 
American  type  of  rotary  switch.  It  is  therefore  not 
safe  to  use  on  the  majority  of  hghting  circuits  in  this 
country',  appliances  w  hich  take  more  than  3  or  4  amperes. 
It  is  now,  however,  possible  to  obtain  bayonet  liolders 
and  tumbler  switches  which  are  a  great  improvement 
on  the  old  ones  from  a  current-carrying  point  of  view, 
and  it  would  be  worth  while  for  supply  autliorities  to 
encourage  the  use  of  these  types  for  any  installation 
where  smaller  domestic  articles,  such  as  kettles,  boilers 
and  small  radiators  are  likely  to  be  used.  If  tliis 
were  done,  it  would  not  be  necessary  always  to  install 
separate  circuits  and  plugs. 

[Mr.  Gillott's  reply  to  this  discussion  w;ll   be   found 
on  page  216.] 


North  Midland  Centre,  at  Leeds,  19  December,  1922. 


Mr.  P.  Fumess  :  The  majority  of  engineers  do  not, 
I  think,  appreciate  the  domestic  side  of  electricity 
supply.  One  of  our  chief  engineers  in  Yorkshire 
recently  told  me  that  he  was  very  much  afraid  of 
accepting  domestic  load  at  the  present  time  in  view 
of  the  fact  that  the  cables  in  many  of  the  outer  dis- 
tricts were  on  the  small  side.  It  appears  to  me  that 
this  paper  will  do  much  to  dispel  such  fears.  Is  the 
figure  of  300  units  per  kilowatt  of  lighting  installed 
obtained  from  a  middle-class  dwelhng  ?  It  appears 
to  me  to  be  rather  high  ;  I  should  have  thought  that 
240  units  per  kilowatt  would  have  been  a  good  average. 
I  agree  with  the  author's  opinion  that  once  a  consumer 
is  satisfied  he  tells  his  friends.  In  one  of  our  districts 
where  we  induced  a  number  of  consumers  to  adopt 
the  residential  or  two-part  tariff  this  has  occurred, 
with  the  result  that  we  have  now  got  some  50  per  cent 
of  the  domestic  consumers  on  that  rate.  With  regard 
to  the  question  of  installing  electric  heating,  cooking 
and  domestic  apparatus,  I  think  that  the  great  dis- 
advantage at  the  present  time  from  the  point  of  view 
of  the  medium-class  customer  is  the  cost,  and  the  only 
way  of  getting  this  apparatus  installed  is  by  some  form 


of  hire-purchase.  For  instance,  a  consumer  is  not 
likely  to  pay  £40  for  a  washing  machine.  In  our  district 
many  people  are  desirous  of  putting  in  all  forms  of 
electric  heating,  cooking  and  domestic  apparatus,  and 
if  cheap  hire-purchase  were  available  they  would  do  so. 
Mr.  H.  G.  Fraser  :  I  should  like  to  know  if  the 
author  ha?  any  curves  applicable  to  a  residential  district. 
Those  given  in  the  paper  were  of  working-class  housing 
schemes,  and  there  would  probably  be  a  distinct 
difference  between  the  two  sets.  Mr.  Furness  has 
said  that  cables  were  one  of  the  difficulties  in  the  way 
of  cooking  and  heating.  This  is  to  a  certain  extent 
true,  although  I  do  not  think  that  one  worries  much 
about  it.  I  think  the  chief  drawback  in  the  West 
Riding  of  Yorkshire  is  the  difficulty  in  getting  the 
consumer  to  buv  the  necessary  apparatus.  Even 
when  he  has  got  the  apparatus  he  is  very  chary  about 
paying  for  current  unless  he  can  get  it  at  a  cheap  rate. 
One  would  imagine  that  l|d.  per  unit  is  a  fairly  reason- 
able rate  for  cooking  and  heating,  yet  it  is  not  easy 
to  sell  a  large  amount  of  current  at  that  price.  I 
should  like  to  hear  other  people's  experience  in  this 
connection.     If  one  could  get  a  reasonable  hire-purchase 
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system,  combined  with  a  good  showroom,  one  might 
even  get  over  tlie  difficulty  of  tlie  unit  price,  but  in  a 
great  many  municipal  undertakings  there  are  difficulties 
in  the  way.  A  large  number  of  us  have  no  selling  powers, 
which  is  a  great  drawback,  and  we  also  have  no  wiring 
powers.  I  think  that  if  one  could  go  to  a  consumer 
and  say  :  "  We  will  put  this  in  for  you,  we  will  let 
you  have  it  on  a.  reasonable  hire-purchase  system,  and 
we  will  fit  it  up,  wire  it,  and  send  someone  to  look  after 
it  every  now  and  again,"  one  would  have  a  good  prospect 
of  doing  business,  but  I  do  not  think  that  it  is  sufficient 
for  the  consumer  to  be  left  to  buy  the  article  with  as 
much  assistance  as  possible.  In  addition,  there  will, 
I  think,  be  a  great  difficulty  in  selling  electricity  for 
cooking  purposes  unless  there  is  a  good  hire  or  hire- 
purchase  s^'stem  in  existence,  and  unless  the  under- 
taker has  full  powers  to  carry  out  the  installation  and 
help  the   consumer  throughout. 

Mr.  R.  E.  Gamlen  :  I  think  that  in  a  new  district 
one  of  the  chief  questions  which  people  ask  is  :  "  How 
does  cooking  by  electricity  compaix  with  gas  cooking  ?  " 
Then  they  ask  :  "  \Miat  shall  we  have  to  pay  for  a  gas 
cooker  ?"  In  some  places  I  believe  tliat  the  gas 
company  ^vill  lend  a  gas  cooker  free  of  charge  if  the 
consumer  agrees  to  use  gas,  and  when  a  consumer  is 
told  that  a  charge  will  be  made  for  an  electric  cooker 
he  is  not  pleased.  A  certain  amount  of  argument  is 
needed  before  he  can  be  persuaded  to  see  the  benefits 
that  accrue  from  their  use.  The  housewife  is  easy  to 
deal  with,  but  it  is  the  husband  who  will  decide  on 
the  question  of  cost.  Another  difficulty  is  that  most 
people  are  fairly  house-proud,  and  they  feel  that  the 
house  will  be  damaged  during  the  installation  of  the 
wiring.  It  is  necessary,  of  course,  to  tell  them  that 
the  new  system  of  wiring  need  not  cause  any  damage. 
I  think  that  that  applies  particularly  in  Yorkshire. 
Again,  if  people  do  not  own  their  house  they  ask  the 
undertaker  to  consult  the  landlord.  The  landlord 
refuses  to  have  the  wiring  done  and  a  deadlock  ensues. 
A  good  argument  to  use  is  to  point  out  that,  if  they 
wire  their  premises,  in  two  years  they  will  probably 
get  their  money  back,  due  to  the  economies  to  be  gained. 
They  have  extraordinary  ideas  of  the  expense,  and 
have  always  been  told  that  the  cost  of  %viring  is  excessive. 
This  is  due  to  the  fact  that  there  is  no  great  propaganda 
in  some  districts.  I  think  that  the  best  way  to  get 
people  interested  is  by  means  of  articles  in  the  news- 
papers, wlien  small  points  can  be  explained.  Make  a 
few  suggestions  as  to  lighting,  the  places  to  put  lights 
and  the  kind  of  lights  to  use.  In  regard  to  the  question 
of  heating,  people  do  not  appear  to  like  an  electrical 
heater  in  a  sitting  room.  They  realize  that  it  is  useful 
in  a  bedroom  or  the  bathroom,  but  they  like  to  have 
a  fire  which  they  can  poke.  I  think  that  the  appliances 
which  sell  best  are  irons  and  small  grills.  People 
can  generally  be  persuaded  to  use  a  grill,  but  it  is 
the  oven  that  is  the  difficulty.  A  vacuum  cleaner, 
although  its  usefulness  is  realized,  remains  too  expensive 
for  the  majority.  If  one  could  be  supplied  on  the 
hire-purchase  system,  or  if  three  or  four  people  were 
to  club  together  and  hire  it  out,  it  would  be  a  good 
plan.  The  best  way  to  deal  with  the  actual  consumer 
is  to  try  to  make  an  appointment,  as  he  can  then  choose 


his  time.  As  to  .shops,  they  can  be  entered  at  any  time, 
and  if  the  shopkeeper  is  told  that  his  neighbour  has 
decided  to  use  electricity,  he  will  probably  want  a  supply 
immediately.  It  would  be  a  good  plan  to  install  in  a  show- 
room an  ammeter  calibrated  in  pence  per  hour,  so  that 
it  can  be  switched  on  for  exhibition  purposes.  People 
will  then  see  what  the  appUance  will  cost  them. 

Mr.  W.  A.  Toppin  :  I  am  verv-  much  in  favour  of  an 
annual  electrical  heating  and  cooking  exliibition  in  any 
town  of  importance.  \\'h.cn  an  industry  is  developing, 
the  more  the  actual  manufacturer  is  brought  into  con- 
tact with  the  actual  user  the  better.  Without  an  exliibi- 
tion how  is  this  to  be  done  ?  Exhibitions  are  good 
advertisements  and  acquaint  electrical  engineers  in  a 
to^vn  with  the  latest  developments.  With  regard  to 
the  curves  shown  in  the  paper,  I  should  hke  the  author 
to  say  whether  electricity  was  used  to  the  absolute 
exclusion  of  coal  or  gas,  for  if  coal  fires  were  used  the 
load  curves  might  be  higher  in  the  summer  time  owing 
to  the  whole  of  the  cooking  and  lieatmg  being  done  by 
electricity.  If  the  summer  load  were  higher,  then  it 
would  be  a  further  argument  in  favour  of  supply' 
authorities  encouraging  tliis  load. 

Mr.  S.  E.  Hall  :  Not  being  directly  interested  in 
the  supply  service,  I  approach  this  matter  from  probably 
a  somewhat  different  "angle.  I  think  that  a  great 
deal  too  much  stress  is  laid  on  the  question  of  price 
rather  than  prejudice,  because  in  my  experience  the 
lady  in  the  home  is  essentially  a  conservative  being, 
especially  in  house  matters.  I  take  it  that  the  curves 
in  the  paper  are  in  connection  wdth  houses  where  there 
was  only  electricity  available  for  cooking.  I  raise 
that  point  because  I  am  wondering  if  the  ladies  in  the 
houses  had  the  opportunity  of  using  gas  or  a  fire  as 
an  alternative.  My  experience  is  that  the  present- 
day  lady  who  has  the  latest  means  available,  say  elec- 
tricity, will  often  use  gas,  or  if  she  has  gas  will  still  use  a 
coal  fire.  That  is  prejudice  which  will  have  to  be  over- 
come. The  author  says  on  page  201  that  the  ladies  will 
"make  it  their  business  to  persuade  their  husbands  to 
complete  the  transaction,"  but  my  experience  is  that 
it  is  often  the  husbands  who  have  to  persuade  the 
ladies.  I  would  suggest  that  either  the  companies 
themselves  or  some  syndicate,  or  some  company'  formed 
by  the  contractors  should  install  these  appliances  in 
various  houses  free  of  charge  for  a  year's  trial,  without 
any  liability  whatever,  and  of  course  they  will  have  to 
follow  them  up  and  see  that  they  are  used.  Sales  are 
not  effected  very  often  at  the  time  the  canvasser  calls. 
It  is  the  housewife  who  will  get  these  electrical  appli- 
ances advertised  after  she  has  used  them  and  discussed 
them  with  her  neighbours.  That  is  when  the  sales  will 
be   effected. 

Mr.  W.  B.  Woodhouse  :  The  difficulties  in  the 
way  of  developing  the  domestic  load  appear  to  be 
those  which  Mr.  I-urncss  and  Jlr.  Traser  have  pointed 
out.  First  of  all,  it  seems  necessary  that  the  supply 
authorities  should  as  far  as  possible  adopt  a  two-part 
tariff  and  make  a  special  effort  to  get  people  to  use  it. 
The  cost  of  wiring  the  houses  and  the  first  cost  of  the 
apparatus  are,  as  far  as  I  can  judge,  the  biggest  dilliculties 
in  the  way.  The  author  has  given  figures  for  the  village 
of  282  kW  installed  and  31  kW  demand  on  the  station. 
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I  should  like  to  know  the  maximum  demand  for  each 
consumer.  As  to  the  benefits  of  domestic  electrical 
devices,  I  think  that  anyone  who  has  used  them  must 
appreciate  the  tremendous  saving  in  domestic  labour, 


and  consequently  the  very  great  saving  in  the  cost 
of  housekeeping,  to  which  they  lead.  The  paper  has 
helped  us  to  appreciate  what  a  very  great  field  there 
is  for  development. 


The  Author's   Reply   to  the   Discussions  at  London,  Newcastle,  Liverpool  and  Leeds. 


Mr.  W.  A.  Gillott  (in  reply)  :  I  should  first  thank 
those  who  have  taken  part  in  the  discussions  on  the 
paper,  for  the  valuable  help  and  suggestions  given. 
The  manner  in  which  the  subject  has  been  received  at 
the  various  Centres  proves  conclusively  the  desire  of 
electrical  engineers  to  give  the  question  of  domestic 
load-building  much  closer  study  than  it  has  heretofore 
received.  In  view  of  the  large  number  of  speakers,  I 
propose  to  reply  to  their  contributions  to  the  discussion 
under  various  headings,  instead  of  individually,  as  many 
similar  points  have  been  raised  by  different  speakers. 
By  grouping  the  replies  in  this  manner  it  enables  a  more 
complete  answer  to  be  given  as  a  whole.  The  subjects 
of  tariffs,  load  curves,  distribution  and  the  question  as 
to  whether  the  domestic  load  is  profitable,  created  the 
widest  discussion,  and  as  these  items  are  so  closely 
bound  together  I  propose  to  reply  to  them  under  one 
heading. 

Tariffs,  load  curves,  distribution  and  profitable  demand. — 
Many  speakers  have  referred  to  the  question  of  the  two- 
part  tariff  and  have  variously  suggested  that  the  fixed 
charge  should  be  assessed  upon  the  rateable  value,  the 
rental  value,  the  floor  area,  the  nvmiber  of  rooms,  the 
lighting  kW  installed,  and  the  maximum-demand 
system.  It  would  be  difiicult  for  me  to  give  a  definite 
reply  to  these  questions,  as  they  are  governed  so  much  by 
local  conditions.  In  some  districts  where  the  area 
of  supply  is  under  one  rating  committee,  it  may  be 
advantageous  to  apply  the  rateable  value  system,  but 
should  it  happen  that  properties  of  similar  size  are 
rated  at  difterent  values,  owing  to  the  districts 
depreciating  or  appreciating,  it  will  be  difficult  to 
substantiate  a  difference  in  the  fixed  charge  where  the 
lighting  installations  are  similar.  This  may  to  a  certain 
extent  be  overcome  by  a  careful  system  of  grading, 
but  it  is  well  known  that  this  difficulty  exists  in  many 
.  towns.  To  apply  this  system  when  the  undertaldng 
covers  a  large  area — both  town  and  country — would 
involve  many  comphcations  in  grading.  In  stable 
districts,  however,  this  system  has  much  to  commend  it, 
as  it  is  a  simple  basis.  Similar  remarks  apply  to  the 
rental  system. 

The  basis  of  floor  area  and  number  of  rooms  is  also 
definite  or  stable.  Great  care  is,  however,  necessary 
to  adjust  the  amount  of  floor  area  to  be  assessed,  as  it 
is  open  to  considerable  compromise  unless  some  definite 
amount,  or  tlie  number  of  watts  per  100  sq.  ft.,  is 
estabUshed.  One  consumer's  view  in  regard  to  adequate 
illumination  will  differ  from  another's.  This  may 
to  a  certain  extent  be  ehminated  bv  omitting  landings, 
lavatories,  passages,  etc.,  and  I  believe  tliat  this  is 
practised  in  some  districts. 

To  assess  a  fixed  charge  upon  the  number  of  rooms 
requires  a  good  deal  of  careful  consideration,  owing  to 
the  wide  variation  in  their  sizes.     In  the  better-class 


districts  it  will  be  quite  usual  to  find  the  large  reception 
rooms  with  as  many  as  10  to  20  lamps  installed,  yet  in 
the  same  house  other  rooms  may  have  but  one  lamp, 
therefore  the  necessity  arises  of  grading  the  rooms. 
Either  of  these  methods  demands  a  careful  survey  of 
the  house  before  the  fixed  charge  is  determined,  and 
such  surveys  are  likely  to  become  costly  to  the  under- 
taking. Once  secured,  however,  they  are  permanent 
as  long  as  the  property  remains  the  same. 

By  basing  the  fixed  charge  upon  the  lighting  k'W 
installed  a  nearer  approach  to  the  ideal,  from  a  teclmical 
aspect,  is  secured.  If  a  certain  margin  is  allowed  when 
deciding  the  amount  per  kW  needed  to  cover  capital 
and  other  charges,  the  changing  of  one  or  two  lamps 
of  a  higher  capacity  will  not  be  a  serious  item,  as  the 
total  ■will  be  affected  to  only  a  very  small  extent.  It  < 
must  not  be  overlooked  that  the  available  statistics 
show  that  99  per  cent  of  the  British  public  are  honest, 
and  the  risk  of  a  consumer  changing  the  majority  of  his 
lamps  after  aissessment  is  very  small  indeed.  To  check 
the  consumer's  installation  is  no  doubt  desirable  ;  tliis 
can,  however,  be  quite  conveniently  and  cheaply  effected 
when  the  meters  are  periodically  changed  for  recalibration. 

The  maximum-demand  system  is  perhaps  the  soundest 
method  from  the  undertaking's  point  of  view,  as  it 
automatically  regulates  the  consumer's  fixed  charge 
according  to  his  demand.  Its  greatest  difficulty  lies 
in  the  task  of  explaining  it  in  a  simple  manner  to  the 
consumer  ;  also,  the  cost  of  a  demand  indicator  is  an 
additional  item. 

The  system  of  charging  upon  the  lampholder  basis 
deserves  consideration,  as  it  has  the  advantage  of 
charging  a  consumer  upon  his  individual  taste  or  require- 
ments. In  establisliing  tliis  system  it  should  be  a 
condition  that  electricity  is  used  exclusively  for  fighting 
purposes,  and  a  figure  that  \v\\l  permit  the  assessment 
being  based  upon  a  percentage  only  of  the  total  number 
of  lampholders  installed  should  be  determined.  For 
example,  if  it  is  found  on  investigation  that  the  figure 
necessary  to  cover  capital  and  other  charges  is  6s.  9d. 
per  annum  per  lampholder  installed,  it  is  a  wise  policy 
to  quote  9s.  per  lampholder  per  annum  upon  75  per 
cent  only  of  the  total  number  of  lampholders  installed. 
This  is  a  good  selling  point  and  overcomes  the  objection 
of  a  consumer  who  is  un^dlUng  to  pay  the  same  for  his 
lampholder  in  a  cupboard,  wliich  is  used  perhaps  a  few 
hours  a  year,  as  for  his  lamp  in  the  rooms  in  constant 
use.  This  method  is  in  operation  in  Newcastle  and 
Leicester  and  a  similar  scheme  is  adopted  in  Hackney, 
but  here  the  fixed  charge  is  based  upon  a  60-watt  lamp. 
This  is  a  satisfactory  system,  its  principle  being  to 
cover  the  consumer's  normal  fighting  costs  by  the  fixed 
charge,  so  that  when  a  low  unit  charge  is  added  his 
fighting  account  is  approximately  the  same  as  under 
the  flat  rate. 
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The  fixed  charge  also  ensures  that  the  undertaking's 
capital  costs  are  safeguarded,  irrespective  of  whether 
energrv'  is  used  throughout  the  year  or  not — a  sound 
business  policj-.  From  a  technical  aspect  it  is  im- 
material how  the  fixed  charge  is  assessed,  so  long 
as  it  be?irs  some  definite  relation  to  the  undertal-cing's 
standing  charges  necessary  to  cover  a  lighting  supply  ; 
this,    of  course,  is  a  fundamental  fact. 

The  system  of  charging  suggested  by  Mr.  Robinson 
and  Mr.  Berry  is  sound  in  principle,  its  object  being  to 
induce  the  consumer  to  increase  his  consumption  per 
kW  demand  by  transferring  his  load  to  various  operations 
and  so  produce  a  high  load  factor.  A  similar  system 
to  tliis  is,  I  beheve,  in  operation  in  Norway,  w-ith 
satisfactor)'  results. 

Certain  speakers  have  expressed  the  need  of  a  100 
per  cent  load  factor  at  the  consumer's  premises  to 
justify  a  low  rate.  I  am  of  the  opinion  that  if  every 
domestic  consumer  offered  such  a  demand  it  would 
not  be  a  satisfactory  condition  for  the  station,  as  such 
demand  would  appear  upon  the  industrial  and  the 
lighting  peaks  and  would  to  a  certain  degree  defeat 
its  object.  If  really  low  rates  are  necessary',  they  can 
be  effected  by  encouraging  the  consumer  to  use  energy 
during  off-peak  hours,  e.g.  during  the  night,  for  water 
heating,  etc.  A  fixed  sum  per  kW  per  annum  can  be 
quoted,  a  time  switch  being  arranged  to  operate  at 
determined  times  to  cut  out  or  in  as  decided.  Such  a 
scheme  would  tend  to  improve  the  general  load  factor 
of  the  station,  wliich  is  of  course  desirable. 

The  figure  quoted  of  300  units  per  kW  of  lighting 
installed  has  been  criticized  as  being  high.  Before  this 
figure  was  decided  upon,  some  5  000  domestic  consumers' 
accounts,  covering  different  parts  of  the  country,  were 
investigated  in  order  to  obtain  average  results.  Such 
investigations  were  further  subdivided  into  three 
sections,  viz.  (1)  Good-class  houses  ;  (2)  medium- 
class  houses ;  and  (3)  artisans'  dwellings — using  mainly 
slot  meters — and  the  average  annual  consumption 
per  kW  of  lighting  installed  was  found  to  be,  under 
the  various  headings:  (1)  348  units;  (2)  309  units; 
and  (3)  248  units.  With  such  returns  the  estimated 
consumption  of  300  units  per  kW  of  lighting  installed 
is  justified.  It  must  be  realized  that  this  figure  is 
submitted  as  a  guide  to  the  average  return  expected,  and 
naturally  does  not  make  special  provision  for  "  freak  " 
installations.  I  agree  with  Mr.  Robinson  that  an 
ideal  tariff  is  reached  by  the  slow  process  of  evolution, 
and  until  we  reach  that  ideal  we  must  work  upon  sound 
business  averages. 

The  curves  in  connection  with  the  BilUngham  village,  no 
doubt  owing  to  the  fact  that  these  are  the  first  set  made 
public,  have  created  considerable  interest  and  prove  in 
no  uncertain  degree  that  the  domestic  cooking  and 
heating  load  does  not  present  quite  so  many  plant  and 
cable  difficulties  as  most  engineers  considered.  Naturally 
the  low  rate  offered  encourages  a  wider  use  of  electricity 
and,  as  the  Billingham  load  curves  indicate,  a  long- 
hour  use  is  made,  but  it  must  be  realized  that  these 
tenants  do  not  enjoy  a  very  low  rate,  and  that  upon  the 
whole  they  are  careful  people  and  do  not  unnecessarily 
waste  the  energy. 

In  comparing   the  returns  with  those  of  two  other 


housing  estates  it  is  of  interest  to  relate  that  the  load- 
curve  characteristic  is  similar.  In  one  instance  where 
approximately  9.50  kW  of  cooking,  heating,  wash 
boilers  and  lighting  is  installed,  the  maximum  demand 
was  8  per  cent,  and  the  average  maximum  demand 
.5  per  cent  of  the  total  connected  load  of  the  village. 
In  the  other  instance  where  1  980  kW  of  cooking,  irons 
and  lighting  is  installed  upon  the  whole  estate,  the 
maximum  demand,  w-liich  also  occurs  on  Sunday,  is 
100  kW,  i.e.  approximately  5  per  cent.  It  will  be  noted 
that  in  the  cases  of  BilUngham  and  the  9.50-kW  estate, 
where  each  house  has  a  "  mixed  "  load,  i.e.  cooking, 
heating,  wash  boiler  and  lighting,  the  percentage 
maximum  demand — 10  per  cent  and  8  per  cent, 
respectively — is  liigher  than  that  of  the  third  estate, 
which  is  only  5  per  cent.  In  the  latter  case  no  heating 
or  wash  boilers  are  installed,  but  it  is  found  upon 
investigation  that  although  the  percentage  of  demand 
varies,  the  return  per  kW  of  maximum  demand  on  the 
station  plant  is  practically  identical,  i.e.  approximately 
3  000  units  per  annum  per  kW  of  maximum  demand. 
This  must  be  regarded  as  a  satisfactory-  figure  and  one 
which  justifies  a  comparatively  low  rate,  and  it  should 
encourage  authorities  to  seek  the  load. 

Several  speakers  have  asked  how  the  BilUngham 
curves  compare  with  those  of  better-class  residential 
districts.  Unfortunately,  at  the  moment  I  am  unable 
to  submit  a  curve  of  tliis  nature,  but  I  hope  to  do  so 
later.  The  curves  given  in  my  previous  paper  *  represent 
the  return  of  13  houses,  cooking  only,  the  rateable  value 
of  the  houses  var\-ing  from  £2.5  to  £60  (pre-war  values). 

In  reply  to  Mr.  ^^'oodhouse,  the  individual  consumer's 
maximum  demand  at  Billingham  varies  somewhat, 
and  I  have  no  definite  records  of  all  the  houses.  I 
understand,  however,  that  it  is  from  3  to  5  kW. 

The  question  has  been  raised  as  to  the  effect  of  a  general 
cooking  and  heating  load  in  a  residential  district  upon 
a  network  originally  laid  for  lighting.  It  is  difficult 
to  answer  this  question  accurately,  as  so  much  depends 
upon  local  conditions.  If  the  cables  were  laid  without 
much  thought  for  the  future  it  will  probably  be  found 
necessary  to  reinforce  the  network,  or  it  may  be  possible, 
as  I  have  found  in  certain  cases  (and  these  can  only 
be  decided  upon  on  the  spot),  to  connect  quite  an 
appreciable  cooldng  load  to  a  lighting  network,  owing 
to  the  fact  of  the  load  being  an  off-peak  load  of  high 
diversity.  In  the  case  of  outlying  districts  on  a  d.c. 
supply,  it  will  probably  be  found  necessary  to  make 
some  provision  for  increasing  the  cable  capacity. 

The  automatic  substation  mentioned  by  Mr.  Dickinson 
is  a  bold  experiment,  and  one  which  will  be  watched 
with  interest.  The  class  of  district  will  determine, 
to  a  large  extent,  whether  the  expense  of  such  a  sub- 
station is  justified.  As  many  speakers  have  remarked, 
however,  and  as  the  curves  prove,  the  domestic  load 
is  a  profitable  one,  can  be  developed  to  almost  any 
proportion,  and  justifies  certain  expenditure. 

With  such  undertakings  as  Mr.  Kye  mentions  quite 

a  considerable  revenue  can   be  secured  by  the  use  of 

small  appliances.     The.se  do  not  affect  the  cables  but, 

as  Mr.  Rye  points  out,  they  improve  the  financial  results. 

Hire   of  appliances. — Reference   has   been    made    to 

•  Journal  IRE,  191J,  vol.  53,  p.  42. 


218 


GILLOTT:    DOMESTIC    LOAD    BUILDING: 


the  possibility  of  assisting  consumers  to  use  electrical 
energy  bv  establisliing  a  hiring  poHcy.  If  any  real 
business  is  to  be  done,  it  is  necessary  to  offer  certain 
appliances  upon  hire.  Places  such  as  Glasgow, 
Newcastle,  Marylebone,  Hackney,  etc.,  have  proved  that 
the  hiring  of  cookers,  for  instance,  is  quite  satisfactory. 
All  undertakings  now  have  the  power  to  hire  apparatus 
and  it  rests  entirely  with  them  as  to  whether  they 
exercise  that  right.  With  cooking  circuits  there  does 
not  appear  to  be  any  reason  why  the  wiring  should  not 
be  hired  also.  This  can  be  run  in  C.T.S.  or  similar 
cable,  and  is  easily  removed  if  necessary.  Generally 
speaking,  if  Jd.  per  unit  is  added,  cookers  complete 
\vith  the  wiring  can  be  hired  without  the  necessity  of 
a  separate  hire  charge.  It  is  usual,  however,  for  the 
consumer  to  pay  the  cost  of  wiring  and,  so  long  as  he 
is  willing  to  do  so,  the  question  of  hired  cooker  \\iring 
does  not  arise,  except  in  cases  of  small  property 
which  is  supphed  through  a  slot  meter,  so  that  all 
charges  can  be  consolidated,  as  in  Hackney,  Woolwich, 
Leicester,  etc. 

I  would  repeat  that  the  supplying  of  appliances  on 
hire  increases  the  sale  of  energy.  Further,  such  a 
transaction  \vith  a  consumer  enables  the  undertaking 
to  keep  in  close  touch  with  the  installation  and  this 
constitutes  one  of  the  links  of  service  to  the  consumer. 

Co-operation  in  the  industry. — This  subject  has  been 
raised  by  many  speakers  and  is  of  vital  importance  to 
the  progress  of  the  industry.  There  are  many  points 
of  view  and  I  could  not  effectively  deal  with  them  here. 
Generally  speaking,  there  is  a  desire  for  concerted 
action,  and  in  many  centres  there  are  good  results, 
due  to  a  clear,  mutual  understanding.  I  am  of  the 
opinion  that  if  all  parties  were  to  reaUze  thoroughly 
the  fact  that  the  great  buying  public  is,  after  all,  the 
deciding  factor,  much  good  will  accrue.  The  great 
game  of  business  building  is  most  fascinating  and  by 
agreeing  upon  a  definite  plan  of  progress  the  advantages 
will  be  mutual.  Each  party  will,  no  doiibt,  secure  a 
greater  return  by  co-operation  than  by  individual  action. 

Commercial  activity. — Reference  has  been  made  to 
the  extent  of  an  undertaking's  activities  in  regard  to 
propaganda  work,  i.e.  as  to  whether  it  should  embark 
upon  an  extensive  scale  or  proceed  in  steps,  ^^^len  some 
new  decision  is  arrived  at,  such  as  a  reduction  in  the 
tariff  or  the  establishment  of  a  hiring  policy,  I  think 
that  such  notice  should  be  given  a  wide  publicity  either 
through  the  local  Press  or  by  letter  to  the  consumer. 
The  backs  of  the  account  form  should,  however,  certainly 
be  used  to  convey  a  suitable  message.  By  making  a 
public  announcement  the  attention  of  non-consumers 
is  secured  and,  further,  the  establishment  of  a  show- 
room with  properly  conducted  demonstrations  will 
not  only  attract  new  consumers  but  interest  the  old  to 
make  wider  use  of  electricity. 

I  beheve  in  the  principle  of  spending  small  sums  and 
often  when  dealing  with  one  town,  and  not  attempting 
to  interest  too  many  people  at  once,  otherwise  proper 
attention  may  not  be  given  to  inquiries.  As  Mr.  Berry 
said,  it  is  one  thing  to  have  a  commodity  available, 
but  the  most  important  thing  is  to  present  your  proposi- 
tion to  the  consumer  in  the  right  way,  and  in  this  respect 
the  representative  must  be  a  qualified  person,  suitably 


trained  in  salesmanship.  Air.  Muncaster  was  correct 
in  saying  that  such  work  must  not  be  done  by  an  odd 
man  who  may  have  a  certain  amount  of  spare  time. 
Electrical  undertakings  have  a  valuable  commodity 
to  sell  and  its  disposal  should  be  in  the  hands  of  good 
and  well-paid  men  ;  it  is  the  cheapest  way  to  get  the 
desired  result. 

It  has  been  stated  that  by  offering  units  at  a  low  rate 
it  is  not  necessary-  to  advertise,  as  the  cheap  units  will 
"  sell  themselves."  I  cannot  agree  with  this  view  : 
it  is  essential  that  consumers  and  prospective  consumers 
must  be  shown  what  electricity  can  do  for  them,  and  if 
the  various  applications  are  not  brought  to  their  notice, 
how  can  one  expect  them  to  use  electricity  ?  It  may  be 
true  that  they  have  some  knowledge  of  the  uses  of 
electricity,  or  where  the  undertaking  is  situated,  but 
unless  the  "desire  to  use"  has  been  established  in 
their  minds  very  little  progress  will  be  made.  The  old 
saying  "  Good  wine  needs  no  bush  "  is  no  slogan  for 
the  present-day  business  man. 

Miscellaneous. — Mr.  Thorrowgood  has  remarked  upon 
Mr.  Berry's  figure  of  £72  per  annum  for  electricity.  Mr. 
Berry  did  not  intend  to  convey  the  idea  that  this  was 
the  figure  for  the  usual  house,  but  quoted  it  only  as  an 
illustration  ;  there  are,  of  course,  many  households 
in  which  much  more  than  this  is  spent  on  hghting, 
cooking  and  heating,  but  upon  an  average  3  000  units 
is  consumed  per  annum  for  all  purposes  in  the  average 
middle-class  house  of  six  persons.  Using,  perhaps, 
one  coal  fire,  the  cost  may  be  anj'thing  from  £15  to  £25 
a  year.  When  it  is  reahzed  that  many  workmen  in 
humble  circumstances  are  using  electricity  for  all 
purposes  tlirough  a  slot  meter  at  a  cost  of  from  £8  to 
£12  per  annum,  it  will  be  appreciated  that  electricity  is 
not  a  luxury  but  a  necessity. 

I  agree  with  Mr.  Baker  that  the  key  to  progress  is 
economy,  but  surely  electricity  offers  this.  His  com- 
parison of  the  heat  units  in  the  coal  heap  at  the  electricity 
works  with  those  in  the  coal  in  the  householder's  range 
is  but  one  side  of  the  question.  In  a  recent  report  on 
"  Solid  Fuel  Ranges  "  by  Professor  Barker — a  series  of 
careful  tests  carried  out  for  the  Government — it  is  shown 
that  the  kitchen  range  of  good  design  usefully  employs 
2  per  cent  only  of  the  total  heat  units  delivered  to  it ! 
It  has  also  been  proved  that  between  70  and  80  per  cent 
of  the  coal  used  in  a  house  is  consumed  in  the  kitchen 
range.  Now,  from  an  average  of  some  thousands  of 
instances,  a  middle-class  household  of  six  persons  using 
electricity  exclusively  for  cooking,  the  consumption 
works  out  at  40  units  per  week.  The  rates  of  supply 
differ  in  many  districts,  and  when  making  recommenda- 
tion to  a  householder  one  must  be  governed  by  local 
conditions.  It  is  not  suggested  that  where  the  rates 
are  2d.  per  unit  and  upwards  it  is  cheaper  in  comparison 
with  coal  at,  say,  45s.  per  ton,  but  where  a  supply  is 
offered  at  about  Id.  per  unit — which  is  now  the  case  in 
many  districts — one  can  safely  advise  the  use  of  electricity 
for  cooking  and  heating. 

Mr.  Baker's  communicated  remarks  to  a  large  degree 
modify  liis  first  criticism.  The  whole  object  of  the 
paper  was  to  attempt  to  indicate  in  a  small  measure  the 
field  open  to  the  supply  authority  and  to  point  out  how 
the  domestic  load  could  be  dealt  with.     His  tliree  points 
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are  being  seriously  handled  by  undertakings  generally, 
especially  the  first  two.  The  hiring  proposition  is 
again  being  considered,  and  each  week  sees  an  additional 
authority  agreeing  to  hire  apphances. 

Mr.  Cross  requires  an  explanation  of  the  figure  of 
300  units  per  annum  per  kW  installed  for  cooking, 
in  comparison  vnth  the  consumption  of  1  unit  per  person 
per  day.  In  the  first  case  the  figure  is  quoted  to  the 
engineer  designing  tariffs  as  an  estimated  figure  to 
expect  where  a  cooker  is  installed  and  in  normal  use. 
It  is  perhaps  a  little  low,  but  it  is  on  the  safe  side  from 
his  point  of  view.  In  the  second  case  it  is  the  figure  often 
quoted  to  the  consumer  as  his  approximate  cost  for 
cooking  when  all  meals  are  provided  electrically  and 
the  appliances  are  suitable  in  size  to  his  needs. 

The  question  of  converting  a  kitchen  range  boiler 
to  electricity  is  dealt  wdth  by  heating  the  water  at  the 
cylinder  or  hot-water  storage  tank.  I  believe  that  there 
are  several  of  these  in  use  in  Newcastle,  and  no  doubt 
the  electric  supply  company  would  gladly  give  Mr.  Cross 
details  if  he  inquired.  Almost  every  maker  of  cooking 
and  heating  appliances  will  provide  a  list  illustrating 
these  devices. 

Mr.  Muncaster  asks  if  the  quarterly  account  is  a 
suitable  time  for  introducing  new  avenues  cf  use.  I 
certainly  see  no  reason  why  this  should  not  be  the 
case  ;  the  backs  of  the  account  forms  often  carry  an 
advertisement  suggesting  the  further  use  of  electricity. 
The  mere  fact  that  the  consumer  will  be  forwarding  his 
cheque  suggests  that  he  might  inquire  for  something 
which  he  saw  in  the  leaflet. 

One  undertaking  wliich  enforced  a  minimum  payment 
for  lighting  had  difficulty  in  satisfying  consumers  as 
to  the  reason  of  such  minimum  payment.  It  decided 
to  send  suitable  leaflets  with  the  accounts,  showing  how 
kettles,  toasters,  etc.,  could  be  used  from  the  lamp- 
holders.  The  result  was  excellent,  and  they  now  have 
but  few  consumers  who  use  so  little  energy  that  the 
minimum  pajonent  is  enforced. 

Mr.  Carter's  case  is  one  of  the  very  few  where  the 
consumption  for  lighting  is  much  below  normal,  i.e.  if 
lus  load  is  1  kW.  If  his  total  fuel  and  lighting  bill  is 
£20  per  annum  and  he  is  careful  in  the  use  of  coal, 
I  am  of  the  opinion  that  his  account  would  be  quite 
acceptable  to  him  ;    he   is   living    in    a    district   where 


electricity  is  cheap  and  appliances  can  be  hired  at 
moderate  rentals,  and  I  suggest  that  he,  being  an 
electrical  engineer,  might  try  electricity  for  other  purposes 
than  lighting.  The  cost  of  the  specific  operations  which 
he  mentions  will  be  gladly  given  by  the  supply  company. 
It  was  not  the  intention  of  the  paper  to  give  such  details 
but  to  interest  the  electrical  undertakings  in  the  hope 
that  they  would  do  so. 

Mr.  Dickinson  asks  for  an  explanation  of  the  apparent 
discrepancy  between  the  figure  given  on  page  197  of 
3  240  units  per  kW  and  the  figures  on  page  200  of  290  000 
units  per  annum.  The  first  set  of  figures  relates  to  the 
result  of  a  study  of  13  consumers  using  cookers  in  private 
houses  ;  the  figure  of  3  240  units  represents  the  con- 
sumption per  annum  per  k\\'  of  demand  that  falls  upon 
the  system  peak,  whereas  the  figures  on  page  200 
refer  to  the  consumption  for  cooking  at  four  restaurant 
and  canteen  kitchens,  i.e.  commercial  use,  an  entirely 
difierent  proposition.  These  cases  were  quoted  to 
indicate  that  both  the  domestic  and  commercial  cooking 
load  are  worth  cultivating. 

Mr.  Waygood  has  evidently  misunderstood  the  refer- 
enee  to  the  suggested  rentals.  The  paper  is  offered  to 
electric  supply  authorities  with  certain  suggestions  and 
the  statement  of  20  percent  per  annum  upon  the  net  cost 
as  a  suggested  rental  of  cookers  is  quite  a  different  matter 
from  the  20  per  cent  of  Mr.  Waygood's  list  price.  One 
is  the  wholesale  price  which  the  authority  would  pay,  and 
the  other  is  the  price  which  the  consumer  would  pay  if  he 
bought  at  a  retail  shop.  The  £22  cooker  referred  to 
is  hired  by  many  authorities  at  lOs.  per  quarter,  inclusive 
of  all  maintenance,  and  in  some  districts  as  low  as 
5s.  per  quarter.  My  figures  were  quoted  as  a  sound 
basis  to  cover  interest,  capital  redemption  and 
maintenance.  He  also  refers  to  the  consumer  being 
misled  as  to  the  cost  of  units  ;  here  also  is  a  misunder- 
standing. The  paper  distinctly  sa\'s  that  he  is  to  pay 
a  fi.xed  charge  plus  l|d.  per  unit,  and  on  this  basis  liis 
normal  hghting  account  will  be  practically  equivalent. 
It  is  the  extra  units  that  are  costing  him  Ijd.  only, 
and  Hd.  is  not  the  average  cost  per  unit.  The  various 
other  matters  which  Mr.  Waygood  mentions  are 
interesting,  but  I  do  not  agree  with  all  his  conclusions, 
and  as  they  do  not  come  within  the  scope  of  the  paper 
I  must  ask  to  be  excused   from  dealing  with  them. 
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Summary. 

The  paper  is  primarily  a  plea  for  the  use  of  single-phase 
cables.  The  effect  of  separating  the  cores  is  considered, 
both  in  its  relation  to  easing  the  potential  gradient  and  in 
relation  to  eddy  currents  induced  in  the  lead  sheathing. 

The  gain  efiected  by  employing  "  intersheaths  "  is  pointed 
out,  and  the  author's  proposals  for  obviating  the  disadvan- 
tages of  intersheaths  by  combining  their  employment  with 
a  six-phase  transmission  are  considered. 

An  actual  transmission  'of  50  000  kW  at  100  000  volts 
over  a  distance  of  30  miles  is  worked  out  in  detail  and 
compared  with  a  similar  transmission  at  30  000  volts.  A 
saving  of  roughly  £500  000  is  shown. 

The  principal  conclusions  arrived  at  are  : — 

(1)  Reliability   under    the    six-phase/three-phase    system 

very  greatly  increased,  as  compared  with  plain  { 
single-core  cables  (as  at  Gennevilliers),  or  with  i 
three-phase  cables  for  equal  voltage. 

(2)  The   author's   arrangements   will   permit   of  loads   of 

poor  power  factor  being  taken  up,  with  positive  gain 
in  efficiency  and  regulation. 

(3)  The  maximum  voltage  gradient  being  no  greater  with 

100  000  volts  than  with  30  000  volts,  such  trans- 
missions can  be  undertaken  immediately  the  cable 
makers  are  in  a  position  to  guarantee  the  cables. 

(4)  The   investment   in   capital   outlay   proceeds,    in   the 

six-phase/three-phase  scheme,  in  proportion  to  the 
development  of  the  load.  A  start  could  thus  be 
made  with  only  8  000  kW. 

(5)  The    reduction    in    line-charging    current   in    the   six- 

phase/three-phase  scheme,  and  the  improvement  in 
"regulation"  are  very  considerable,  as  compared 
with  those  for  any  other  proposals. 


I.  Introduction. 

The  efficient  and  clieap  transmission  of  power  elec- 
trically over  long  distances  is  at  present  one  of  the 
most  vital  problems  connected  with  the  distribution 
of  electricity.  The  object  of  the  present  paper  is  to 
consider  how  this  may  be  carried  out  in  those  cases 
where  the  use  of  overhead  wires  at  high  voltages 
(e.g.  100  000  to  150  000  volts)  is  not  considered  to  be 
advisable.  Doubtless  there  will  be  large  areas  over 
which  the  employment  of  overhead  transmission  will 
be  permissible,  but,  on  the  other  hand,  the  use  of 
duplicate  lines  of  tall  towers  at  comparatively  frequent 
intervals,  with  spans  of  heavy  cable  hable  to  be  brought 
down  during  severe  snowstorms  or  other  atmospheric 
disturbances  (or  liable  to  malicious  interference),  could 
hardly  be  faced  in  the  vicinity  of  large  towns.  There 
is,  moreover,  always  the  possibihty  that,  if  underground 
cables  could  be  employed  at  voltages  of  the  same  order 
as  that  of  overhead  lines,  it  might  be  possible  to 
obtain  wayleaves  over  great  distances  along  the  existing 
trunk  lines  of  railways,  and  in  such  a  case  the  cost 
of  transmission  might  be  reduced  to  a  figure  as  low  even 
as  that  with  overhead  lines. 

n.  Limitations  to  the  Use  of  Three-core  Cables. 

The  limitations  to  the  use  of  three-core  non-concentric 
cables  are  well  known,  but  it  maj-  be  stated  that  directly 
the  pressure  is  raised  to  100  000  volts  it  becomes  almost 
impossible  to  get  the  depth  of  insulation  which  is 
needed,  both  between  core  and  core  and  between  core 
and  earth,  within  the  overall  Umiting  diameter  of  the 
lead  envelope,  which  should  not  appreciably  exceed 
4  inches. 

The  recognition  of  the  difficulties  thus  obtaining  in 
three-core  cables  has  caused  many  minds  to  turn  to  the 
possibilities  of  using  three  single-core  cables  for  three- 
phase  transmission,  and  such  a  scheme  was  proposed 
by  Mr.  C.  J.  Beaver  in  a  paper*  read  before  the  Insti- 
tution in  1914,  and  has  more  recently  been  very  fully 
worked  out  in  a  prehminary  way  by  Messrs.  Clark  and 
Shanklin  of  America  and  presented  in  the  form  of  a  paper 
before  the  American  Institute  of  Electrical  Engineers.! 

From  the  data  given  by  Clark  and   Shanklin  it  is 

easy  to  deduce  that,  with  a  pressure  of  100  000  volts 

and  a  frequency  of  50  periods,  and  with  unarmoured 

cables,  the  lead  sheathing  being  continuously  earthed 

and  the  cables  -being  not  further  than  6  inches  apart 

from  one  another,  the    loss  due  to  eddy  currents  in  the 

lead,  in  a  cable  of  the  dimensions  shown  in  Fig.  1,  will 

•  Journal  I.E.E.,   1915,  vol.  53,  p.  57. 

t  Journal  of  the  American  Institute  oj  Electrical  Engineers, 
1919.  vol.  38,  pt.   1,  p.  917. 
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not  exceed  10  per  cent  of  the  7-7?  loss  in  the  copper 
alone. 

With  a  5  per  cent  copper  loss  the  total  loss  with 
unarmoured  cables  would  therefore  be  increased  only 
from  5  per  cent  to  5-5  per  cent  of  the  total  power, 
i.e.  an  addition  of  0-5  per  cent. 

It  may  therefore  be  taken  that,  provided  single- 
core  cables  can  be  constructed  to  withstand  a  pressure 
of  57  700  volts  to  earth,  both  in  the  cable  itself  and  at 
the  joints,  it  is  allowable  thus  to  separate  ths  phases. 
The  maximum  potential  gradient  in  the  cable  itself 
can  be  kept  down  to  that  now  obtaining  in  three-core 
non-concentric  cables  (about  40  000  V/cm)  by  simply 
constructing  the  copper  core  with  a  hempen  centre  ; 
but  the  difficulty  of  jointing  is  rather  more  serious. 

The  author  has  developed  a  system  on  the  separated- 
phase  principle  which  permits  of  the  pressure  between 
the  outermost  core  and  earth  being  reduced  to  some 
18  000  volts  while  still  obtaining  100  000  volts  for 
transmission,  coupled  with  certain  other  advantages  of 
moment,  and  it  has  been  thought  that  a  description 
of  this  system  would  be  of  interest  at  the  present  time. 
In  what  follows  it  is  to  be  understood  that  the  amount 
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Fig.  1. — Insulation  to  withstand  57  700  volts  to  earth. 

of  power  to  be  transmitted  is  50  000  k\V,  the  load 
factor  40  per  cent,  and  the  distance  30  miles. 

It  is  practicable  to  keep  the  plain  copper  voltage- 
drop  (i.e.  excluding  the  lead-sheath  loss)  over  a  separated- 
phase  100  000-volt  single-core  system  down  to  2|  per 
cent  .of  the  total  power,  or  2-75  per  cent  including 
iead-sheath  loss.  On  a  30-mile  line  the  lead-sheath 
loss  is  thus,  at  50  periods,  only  0-25  per  cent  of  the 
total  power  transmitted. 

In  Appendix  B  the  author  has  given  certain  data 
with  regard  to  the  "  cable  constants  "  of  a  system 
employing  plain  single-core  unarmoured  cables  such  as 
shown  in  Fig.  1  (e.g.  capacitance,  inductance,  resistance, 
etc.).  It  may  be  taken  that  the  figures  therein  given 
for  the  copper  voltage-drop,  reactance-drop,  etc.,  are 
not  far  wrong  for  the  six-phase/three-phase  system  to 
be  described. 

Similarly,    the    induced    current    losses    in    the    lead 


sheathing  will  also  be  of  the  same  order,  in  fact  rather 
less. 

It  therefore  becomes  practicable  to  consider  armoured 
cables,  as  these  might  be  desirable  on  long  lines  laid 
along  railways.  By  increasing  the  amount  of  copper 
by  10  per  cent,  the  iron- wire  loss  can  probably  be  com- 
pensated for  by  the  reduced  copper  voltage-drop,  and 
may  then  be  neglected  altogether. 

In  Fig.  2,  sections  of  the  various  cables  experimented 
on  by  Clark  and  Shanklih  are  given,  and  also  their 
"  Cable  C "  and,  in  addition,  the  cable  (marked 
"  No.  11  ")  shown  in  Fig.  1  of  the  present  paper.  The 
former  cable  is  that  on  the  tests  of  which  the  estimated 
lead-sheath  losses  herein  taken  are  based. 

The  sheath  diameter  of  the  author's  six-phase/three- 
phase  cable  is  virtually  the  same  as  that  of  the  cable 
shown  in  Fig.  1.  Hence  the  results  for  the  cable 
(Cable  C)  of  Fig  2  apply  also  substantially  to  the  author's 
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Fig.  2. — Cables  experimented  on  by  Clark  and  Shanklin. 

Cable  4 :  Percentage  increase  in  effective  resistance 

=  ll-I  at  23  ~  and  96  at  60  -^  ;   area  =  0  79  sq.  in. 

Cable  2 ;   Percentage  increase  in  effective  resistance 

=  88  at  25  ~  and  43  at  60  »  ;  area  =  049  sq.  in. 

Cable  C :   Percentage  increase  in  effective  resistance 

=  4o  at  25  .>.•  and  22  at  60  ~  ;   area  =  0'216  sq.  in. 

Cable  11  :   Area  =  0'1S5  sq.  in. 

Cable  12 :  Cable  proposed  by  the  author. 

sj'Stem,  the  location  of  the  average  current  with  regard 
to  the  lead  sheathing  being  virtually  the  same. 

m.    The    Grading   of   Cables,   and    Potential 
Gradients. 

As  the  author's  system  depends  for  its  proper  appre- 
ciation upon  the  establisliing  of  certain  principles, 
these  will  first  be  investigated  and  afterwards  the 
system  itself  will  be  described. 

In  Fig.  3  is  given  a  curve  ABCD  representing  the 
potential  gradients  of  a  cable  having  a  core  of  radius 
0-65  cm.  The  voltage  gradients  are  plotted  as 
ordinates,  and  the  different  radii  of  circular  concentric 
sections  of  the  insulation  are  plotted  as  abscissae.  The 
interior  radius  of  the  lead  sheath  is  assumed  to  be 
22  cm.  and  the  pressure  between  the  core  and  the  lead 
sheath  is  69  200  volts.  The  figures  given  at  various 
points  along  the  curve  represent  the  voltage  gradients 
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at  those  points.  The  insulation  is  assumed  to  be  applied 
in  concentric  layers,  all  of  material  of  equal  permittivity. 
Four  such  circular  sections  are  shown  immediately 
contiguous  to  the  core,  and  one  section  at  the  extreme 
circumference.  The  values  8  750,  7  720,  5  700,  4  030, 
etc.,  marked  between  the  dimension  lines  at  the  foot 
of  the  diagram  represent  the  integration  of  the  areas 
contained  in  the  different  portions  of  the  potential 
gradient     curve,     and     therefore     represent     potential 


the  following  values  are  found  : 

0-000124  X  10-«^ 

0-0001315  X  10-6 

0-000185     X  10-«^  farad  per  foot, 

0-000238     X  10-6  I 

0-001175     X  10-6J 

the  last  figure  being  for  the  centimetre  depth  imme- 
diately below  the  lead  sheath.     In  a  similar  manner 
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Fig.  3. — Single-core  cable  ;  potential  gradients  at  difierent  radii. 


differences  up  to  the  radius  of  2J-  cm.  To  be  complete, 
the  diagram  should  of  course  show  the  whole  44  of 
these  circular  sections,  but  for  the  sake  of  simplicity 
the  remainder  are  omitted.  Each  of  the  equipotential 
boundary  lines  separating  these  circles  may  be  con- 
sidered to  be  a  metallic  sheath  of  extreme  thinness, 
merely  for  the  purpose  of  fixing  ideas. 

If,  now,  the  capacity  per  foot  between  any  one  inter- 
sheath  and  any  other  intersheath  be  worked  out  by 
means  of  the  formula 


C  = 


log,  (6/a) 


where  A:(ag.)  =  permittivity  relative  to  air  =  3  -2  ; 
Ca  =  capacity  per  cubic  centimetre  of  air 

=  0-08842  X  10-1-  farad; 
I  —  length  in  cm  =  30  -5  ; 
h  =  outer  radius  of  insulation  in  cm  : 
a  =  inner  radius  of  insulation  in  cm  ; 


id  = 


the  currents  for  these  successive  sections  are  calculated 
from  the  formula 

2Trfce 
sin  9 J 
where  /  =  frequency, 

c  =  capacity  per  foot  length, 
e  =  voltage  between  core  and  intersheath, 
6a  =  phase  angle  of  dielectric  power  factor, 

giving  the  following  values  : 


>ampere  per  foot  of  conductor. 


It  wUl  be  noted  that  the  current  per  foot  is  constant 
(within  the  limits  of  rough  approximation),  which 
means  that  the  canacitv  current  is  of  the  same  value 
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in  the  widely-varying  concentric  slices  of  insulation 
and  that  the  voltage  differences  across  each  successive 
layer  vary  inversely  as  the  capacity  of  each  layer. 
Examining  the  matter  further  and  assuming  that  the 
power  factor  of  the  dielectric  keeps  constant  tlu'oughout 
the  successive  layers  (wliich  of  course  is  not  the  case 
owing  to  the  differing  temperatures,  but  this  only 
makes  the  author's  argument  all  the  stronger),  we  get 
the  values  of  the  watts  lost  in  each  successive  layer 
from  the  formula 

w-Vi  =  h  •  e .  cos  6d 

which  gives  us  the  values  shown  on  Ing,  3,  namely 


0  •  045 
0  037 
0-028 
0-018 
0-004 


>  watt  per  foot. 


If  the  last-mentioned  reading  had  been  taken  over  a 
-J-  cm  difference  of  radius,  instead  of  1  cm  in  conformity 
with  the  other  readings,  it  would  have  had  the  value 
of  only  0-002  watt,  which  is  less  than  l/20th  of  the 
value  obtaining  on  the  slice  of  insulation  immediately 
next  to  the  core.  Now  the  volume  of  the  slice 
immediately  contiguous  to  the  core  is  of  the  order  of 
l/40th  (per  unit  length  of  cable)  of  that  at  the  extreme 
circumference,  and  the  amount  of  heat  developed  is 
over  20  times,  consequently  the  heat  developed  per 
cubic  centimetre  is  of  the  order  of  800  times  that 
generated  in  the  section  at  the  extreme  circumference. 

In  a  similar  manner  it  can  be  shown  that  the  watt 
loss  due  to  the  purely  ohmic  insulation  resistances  of 
the  different  sections,  and  to  the  true  leakage  current 
which  passes  through  them,  follows  a  precisely  similar 
law  and  is,  again,  800  times  the  heat  developed  per 
cubic  centimetre.  This  will  be  seen  at  once  by  a 
comparison  of  the  formulae  for  the  elastance  and  the 
true  resistance,  to  which  also  may  be  added  the  thermal 
resistance.  The  three  formulas  are  of  the  following 
relation,  viz. 


Rg  =  (Insulation  resistance) 


R„  (specific) 
27ri 


X  log,- 


iS  =  (Elastance) 


S  (specific)  6 

D        /-ru           ^        ■  ,          X             i?  (specific)  6 

R  =  (Thermal  resistance)        = — ^  loe  ~ 

A  little  consideration  will  show  that  in  the  case  of  the 
first  two  formulae  the  voltage  differences  follow  the 
above-mentioned  law  and  that  the  temperature  differ- 
ences will  also  follow  an  identical  law. 

The  true  conductance  losses  have  also  been  worked 
out  fron^  the  first  of  the  above  tliree  formulae,  and  the 
initial  and  the  final  values  shown  in  Fig.  3  are  0-022 
watt  and  0-002  watt.  In  the  particular  case  con- 
sidered, therefore,  the  leakage  conductance  loss  is  very 
nearly  equal  to  the  dielectric  hysteresis  loss,  the  former 
being  based  upon  a  value  for  the  specific  resistivity 
of  150  X  101",  which  is  a  value  found  fairly  frequently 
for  the  lower  temperatures  in  Messrs.  Clark  and 
Shanklin's    experiments,    and    the    latter    being    based 


upon  a  constant  dielectric  power  factor  of  0-015,  which 
also  obtains  only  at  the  lower  temperature  values 
(up  to  72°  F.).  The  author  is  quite  satisfied  that  the 
power  factor,  representing  partly  as  it  does  the  energy 
lost  by  dielectric  hysteresis,  plus  the  true  leakage  loss, 
must  be  much  greater  in  the  inner  layers  of  insulation, 
which  are  at  a  much  greater  temperature  than  the 
outer  layers  ;  and,  as  already  mentioned,  this  would 
still  further  strengthen  his  argument. 

Conversely,  from  the  third  equation  we  can  see  that 
the  greater  amount  of  heat  liberated  in  the  sections 
close  to  the  core  has  enormously  greater  difficulty  in 
reaching  the  circumference  of  the  cable.  It  therefore 
follows  that  any  method  that  tends  to  relieve  the 
potential  gradients  in  the  sections  next  to  the  core, 
even  if  this  occur  at  the  expense  of  the  sections  nearer 


O-SOCmJ^-ll        2        3        -I-        5        6        7        a 
rddlus  Radius,  in  cm 

Fig.  4. — Multiple  (cylindrical)  core  cable  ;   potential  gradients 
at  the  surfaces  of  the  different  cores. 

to  the  circumference,  is  a  very  potent  factor  indeed 
in  easing  the  situation!  In  Fig.  4  the  author  has 
shown  the  remarkable  effect  upon  the  diameter  of  the 
cable  of  introducing  metallic  intersheaths  and  forcing 
these  to  work  at  such  potential  differences  between 
each  consecutive  pair  that  the  maximum  voltage  gradient 
is  maintained  more  or  less  constant  tliroughout.  The 
result  of  this  is  that  the  whole  of  the  69  200  volts  is 
absorbed  within  a  radius  of  4j  cm,  though  it  should 
be  mentioned  that  the  diameter  of  the  core  itself,  in 
this  particular  case,  has  been  somewhat  increased 
(owing  to  inadvertence),  and  this  unduly  magnifies  the 
result. 

A  further  consideration  of  Fig.  3  and  of  the  figures 
given  in  Appendix  C  will  show  that  such  a  result 
can  be  obtained  only  at  the  expense  of  having  con- 
tinuaUy  increasing  capacity  currents  in  successive 
layers  as  we  work  outwards,  the  current  being  no  longer 
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constant  from  the  centre  to  the  circumference,  and 
practical  arrangements  for  dealing  with  tliis  have  now 
to  be  considered. 

Intersheaths. 

Fig.  5  may  help  to  fix  ideas.  This  may  be  considered 
to  be  an  investigation  of  what  takes  place  in  a  single 
phase  of  a  three-phase  system  embodpng  one  single- 
core  cable  per  phase,  each  such  cable  having  "  inter- 
sheaths "  in  accordance    with   >Ir.    Beaver's    proposals. 

The  condition  considered  is  that  the  half-wave  of 
E.M.F.  in  the  secondary  is  in  a  downward  direction 
through  the  secondary  winding,  "  sucking  "  the  prin- 
cipal or  ■'  load  "  current  of  the  central  core  of  the 
cable  and  carrj'ing  it  through  to  the  neutral  point  of 
the  transformer  winding.  The  various  components 
of  the  capacity  current  are  shown  coming  along 
from  the  line  and  finding  their  way  to  the  central 
core,  as  illustrated  bj^  the  three  large  arrows  120° 
apart. 

.  Consider,  for  instance,  the  current  (f)  which  arrives 
through  the  outermost  conducting  sheath.  Finding 
a'path  leading  to  the  tapping  of  the  transformer,  the 
"  surplus  "    current   of   the    outermost   section    of   the 


Cdpacitj'  current 


Lead  sKeath 


outermost  layers  could  be  raised  considerably  higher 
than  would  be  indicated  by  Fig.  4.  For  one  reason, 
these  layers  being  close  to  the  lead  sheathing  would 
be  the  coolest  in  the  whole  cable  and  consequently  the 
power  factor  of  the  dielectric  would  be  the  lowest  and 
the  resistivity  by  far  the  highest,  since  this  latter 
varies  enormously  with  the  temperature. 

In  all  probability  the  operation  of  dielectric  hys- 
teresis is  very  similar  to  that  of  magnetic  hysteresis, 
and  the  loss  (i.e.  the  power  factor  where  the  leakage 
loss  is  low)  is  therefore  proportional  to  a  function  of 
the  potential  gradient,  and  the  loss  by  pure  leakage 
conductance  through  the  dielectric  is  proportional  to 
the  square  of  the  potential  gradient,  and  both  of  these 
(and  particularly  the  latter)  depend  to  a  very  great 
degree  on  the  temperature  obtaining  in  the  dielectric. 


Fig  5. — Diagram  to  illustrate  the  relief  of  the  inner 
layers  (capacity  and  leakage  current)  by  means  of. 
intersheaths. 

insulation,  instead  of  going  through  the  successive 
layers  of  insulation  to  the  central  core  and  heating 
up  the  innermost  layer  in  the  way  just  described,  now 
takes  a  short  cut  across  to  the  tapping  of  the  trans- 
former. The  "  surplus  "  element  of  the  current  (e),  which 
has  passed  through  the  insulation  from  the  outermost 
sheath  to  the  intermediate  sheath,  similarly  takes  a 
short  cut  across  to  the  corresponding  tapping,  with  the 
result  that  the  insulation  next  to  the  innermost  core  | 
is  called  upon  to  carry  only  the  capacity  current  (d) 
due  to  its  own  capacity.  Referring  again  to  Fig.  4,  it 
will  be  understood  that,  if  we  had  chosen,  we  could 
have  made  the  section  of  insulation  next  to  the  core 
work  at  a  less  voltage  gradient  than  38  000  V/cm, 
and  so  have  eased  the  situation  as  regards  this  sec- 
tion. The  author  believes  that  by  adopting  the  prin- 
ciple   indicated   above  the   potential   gradient   on  the 


Lead  sheath 


Insulation 
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Fig.  6. 

The   question  of  the   dielectric  losses  and   potential 
gradients  is  investigated  quantitatively  in  Appendix  C. 

IV.  Description  of  the  Operation  of  the  Six- 
phase/Three-phase  System. 
Referring  now  to  the  author's  six-phase/three-phase 
system,  wliich  will  be  briefly  described  in  connection 
\vith  Figs.  7,  8,  9,  10  and  11,  attention  is  invited  to 
a  consideration  of  one-^say  the  top — of  the  three  small 
six-phase  systems  or  "hexagons"  shown  in  Fig.  11 
(which  gives  the  general  scheme)  and  reproduced  by 
itself  in  the  upper  part  of  Fig.  7.  This  consists  of  a 
"  bank  "  of  the  secondaries  of  a  step-up  transformer 
coupled  in  "  double  star  "  to  give  voltages  which  are 
in  six-phase  relation,  the  vector  diagram  for  ^\■hich  is 
shown  in  the  upper  part  of  Fig.  8  (right-hand  side). 
Tliis    bank    of    transformers   is    connected    to    the   two 
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cables  shown  at  the  top  of  Fig.   7,  these  cables  being 
shown  more  in  detail  in  Fig.  6. 

It  will  be  clear  that,  if  the  upper  "  he.xagon  "  shown 
at  the  right-hand  side  of  Fig.  8  be  earthed  (as  shown) 
at   a  point   having   a  potential  not   far  different  from 


Fig.  7. 

that  of  a  point  midway  between  the  points  "e  "  and  "f," 

instead  of  at  the  "  natural  "  neutral  point  of  the  hexa- 

.  gon,    the    potentials   of   the   remaining   corners    of   the 

"  hexagon  "    with   respect   to    earth   will    be   given    by 


// 


W     // 
\N  A/\  /■'      \ 

1780dV- 


oe=of'  i760oV 


Fig.    8.- 


123000-volt  suppfcr  \  \ 
(single  phase)   \^\ 


-Arrangement   of   combined   six-plia.sc    and   single- 
phase  supply  (for  railways). 


vectors  connecting  these  corners  with  the  said  earthed 
point. 

These  vectors  are  not  shown  in  the  right-hand  top 
diagram  of  Fig.  8,  but  vectors  from  the  two  topmost 
corners  to  earth  are  shown  in  that  figure  in  the  left- 
hand  top  diagram,  in  heavy  lines,  and  the  positions  of 
the  other  vectors  can  easily  be  obtained. 


Both  in  Figs.  7  and  8  are  shown,  in  the  lower  half 
of  each  figure,  arrangements  the  inverse  of  those  in  the 
upper  half,  and  to  the  right  of  the  former  figure  there 
are  shown  two  single-phase  transformers  (which  may 
be  called  the  "principal"  or  "major"  transformers) 
and  these  are  each  connected  across  the  points  marked 
"  -f  60  000  V  "  and  "  -  60  000  V."  The  secondary  of 
each  of  these  principal  transformers  is  wound  for  120  000 
volts,  and  its  mid-point  is  earthed.  It  may  help  towards 
a  more  ready  understanding  if  these  two  "  major " 
transformers  are  replaced,  as  shown  vectorially  in 
Fig.  8,  by  a  single  transformer,  connected  to  the  two 
"hexagons,"    at    extreme    top    and    bottom,    at   points 


Fig.  9. — In  cases  I,  II,  III  and  IV,  hexagons  will  also  be 
similarly  carried  by  (B)  and  (C)  and  two  other  pairs 
of  concentric  cables. 


midway  between  each  top  and  bottom  pair  of  corners 
of  the  said  "  hexagons."  jj^ 

It  is  demonstrable  that,  if  neither  of  the  two  six- 
phase  systems  be  at  any  point  connected  to  earth,  the 
potentials  of  the  lower  corners  of  the  upper  "  hexagon," 
and  of  the  upper  corners  of  the  lower  "  hexagon,"  will 
take  up  the  values  shown  more  precisely  by  the  vector 
diagram  in  Fig.  8,  receiving  their  potentials  from  the 
"major  "  transformer,  through  the  connections  at  the 
extreme  top  and  bottom  of  the  two  "  hexagons."  In 
this  diagram  each  chord  of  the  he.xagon  represents 
30  000  volts,  and  this  is  the  voltage  obtaining  between 
the  innermost  core  of  each  cable  and  the  intermediate 
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core,  and  between  the  intermediate  and  outer  cores. 
The  voltage  between  the  outer  core  and  the  lead  sheath- 
ing is  shown  to  be  only  17  800  volts  (if  desired,  only 
15  000). 

The  cable  shown  in  section  in  Fig.  6  has  been  so 
designed  that  the  maximum  voltage  gradient  on  the 
innermost  core  under  these  voltages  will  not  exceed 
about  38  000  V/cm,  i.e.  the  potential  gradient  at  which 
three-phase  three-core  non-concentric  cables  work  at 
the  present  day.  On  the  middle  and  outermost  cores 
it  will  be  29  000  V/cm  and  20  000  V/cm,  respectively. 

Since  the  capacitance  increases  as  we  work  outwards, 
and  since  it  becomes  very-  desirable  (in  the  case  of 
failure  of  the  lead  sheathing  or  of  the  outermost  insu- 
lation) to  have  as  low  a  voltage  as  practicable  between 
the  outermost  conductor  and  the  sheatliing — for  reasons 
which  will  appear  later — it  will  be  evident  from  an 
inspection  of  Fig.  8  that  the  arrangement  of  the  six- 
phase  "  hexagons  "  in  the  manner  shown  in  Figs.  7 
and  8  affords  a  very  nearly  ideal  way  of  distributing  the 
potentials. 

2  windings 

// 


'^55$^^5^^^^^^^^^ 


£16=^0/=  15000 

Fig.  10. — .\rrangement  for  minimum  stress  between  outer- 
most core  and  earth.  (Sole:  58  000  X  -^"i  =  1010Q0 
and  87  000   x    V3  =  150  000.) 

Let  us  now  consider  Fig.  10.  In  this  case  the  lower 
"  hexagon  "  of  Fig.  8  is  replaced  by  two  "  hexagons," 
and  the  single-phase  "  principal  "  transformer  (or  its 
equivalent  as  in  Fig.  7)  by  a  three-phase  "  principal  " 
or  "  major  "  transformer  system,  the  neutral  point  of 
which  is  earthed. 

In  Fig.  9  are  shown  various  connections  of  trans- 
formers forming  the  "  hexagons,"  or  six-phase  systems, 
to  be  used  in  conjunction  with  the  main  three-phase 
system  (or  "major  star"),  the  transformer  windings 
being  represented  by  thick  lines.  In  Fig.  9  (I)  there  is 
shown  a  single  "  hexagon,"  connected  to  two  cables. 
The  "  hexagon  "  will  be  repeated  on  each  of  the  arms 
B  and  C  of  the  "  major  star,"  as' may  be  seen  in  detail 
in  the  parallel  case  of  Fig.  11,  which  represents,  extended 
to  all  three  phases,  the  details — shown  for  one  phase 
only — of  Fig.  9  (I). 

In  the  cases  of  Fig. '9  fll  and  IV)  the  current  from 
the  bottom  corner  of  the  "  hexagon  "  must  be  carried 
by  a  separate  small  cable. 


The  vector  diagram  for  Fig.  9  (I)  is  given  in  detail 
in  Fig.  10.  The  corners  a^,  ao,  33  of  the  hexagons  are 
in  similar  relation  to  the  three  main  phases  of  the 
"  major  "  system  and  may  be  directly  supplied  from 
the  same,  as  may  also  the  corners  bj,  bo,  bj  be  similarly 
supplied. 

It  will  be  understood  that,  just  as  in  the  case  of 
Fig.  7,  power  is  transmitted  both  by  the  two  six-phase 
systems  and  by  the  single-phase  (or  equivalent)  sj-stem, 
and  reconverted  at  the  receiving  end  in  the  form  of 
a  joint  three-phase  supply  on  to  the  low-tension  bus- 
bars, so  in  the  case  of  Figs.  9  and  11  the  three  six- 
phase  systems  each  transmit  power  in  conjunction  with 
the  "  major  star  "  system,  the  latter  working  at  from 
100  000  to  150  000  volts,  according  to  whether  it  is 
decided  to  risk  a  maximum  potential  gradient  of 
60  000  V/cm  (as  is,  the  author  understands,  at  present 
under  contemplation  with  three-phase  cables)  or  of 
only  40  000  V/cm. 

With  regard  to  the  actual  capacitances  of  the  various 
cores  of  the  cable  shown  in  Fig.  6,  the  author  has  worked 
out  the  various  individual  capacities  between  core  and 
core. 

The  actual  capacity  currents  required  lor  each 
15-mile  section  of  the  line  are  shown  diagrammatically 
in  Fig.  14.  The  calculations  by  which  these  figures 
are  arrived  at  are  shown  in  Appendix  D. 

The  author  has  developed  a  simple  arrangement 
which  he  thinks  would  be  very  valuable  on  long  lines 
in  the  direction  of  reducing  the  drop  due  to  this  capacity 
current,  and  this  will  now  be  described.      * 

The  Tr.\nsmission  of  Charging  Current  through 
THE  Central  Core. 

Referring  to  Fig.  12,  in  the  top  part  of  the 
diagram  is  shown  the  way  in  which  the  aggrega- 
tion of  all  the  capacity  current  components  of  the 
lines  involves  a  very  heavy  capacity  current  being 
sent  along  the  outer  cores  from  the  generating  station. 
This  has  rather  deleterious  effects  on  the  voltage 
regulation  of  the  sections  of  the  step-up  transformers 
and  of  the  line. 

In  the  lower  part  of  Fig.  12  is  showri  how,  by  the 
establishment  of  one  or  two  substations  of  comparatively 
small  capacity  along  a  long  line  (from  which  power 
would  be  supplied  for  commercial  purposes  for  traction 
or  lighting),  it  is  quite  practicable  to  "  feed  ia  "  at  the 
substations  the  capacity  currents  for  the  different 
insulation  "  rings  "  of  the  cable,  and  to  transmit  this 
Current  at  the  full  100  000  volts,  re-transforming  it  to 
the  local  voltages  required.  The  small  hexagons  shown 
are  of  course  in  connection  with  only  one  phase  of  the 
principal  three-phase  transmission  (see  also  Fig.  11 
where  A,  B,  C  represent  the  principal  transmission). 

It  is  arranged  that  at,  for  instance,  substation  No.  1 
the  100  000-volt  three-phase  supply  from  the  inner- 
most cores  of  the  six  three-phase  cables  is  taken  through 
the  tliree-phase  primary  shown,  and  on  each  phase 
there  is  generated  in  the  secondary  winding  a  30  000- 
volt  Current  which  is  fed  directly,  as  shown,  on  to  the 
correct  chord  of  the  he.xagon  of  voltages.  A  feature 
of  the  author's  arrangement  is  the  following  : — 

A  rather  greater  amount  of  reactance  than  the  normal 
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is  introduced  in  each  primary  or  secondary  winding, 
with  the  result  that  the  transformer  tends  to  over- 
regulate  to  capacity  currents  and  to  under-regulate 
to  load  or  lagging  currents,  again  with  the  result  that 
the  transformer  does  not  tend  to  pick  up  any  of  the 
load  current,  but  does  attempt  to  pick  up  a  certain 
amount  of  the  capacity  current.  This  causes  it  to 
feed  capacity  current  into  the  intermediate  and  outer 
cores  of  the  cables  in  each  direction  from  the  substation, 
at  the  expense  of  an  additional  current  in  the  central 
core.  As,  however,  the  central  core  is  working  at 
100  000  volts,  it  is  obvious  that  the  capacity  current 
— being  only  a  quadrature  current  with  reference  to 
the  load  current — can  be  easily  allowed  for  by  a  com- 
parativel}'-  small  amount  of  copper  in  the  core. 

By    the    arrangement    proposed,  therefore,  we    have 


system  would  operate  at  60  000  volts.  Later,  w^hen 
the  load  developed,  the  second  or  lower  six-phase 
system  shown  in  Fig.  7  could  be  added,  in  sucli 
a  sense  that  its  instantaneous  diametral  E.IM.F. 
would  run  upwards  (on  the  diagram)  at  the  same 
time  as  that  of  the  upper  hexagon.  Its  highest  point, 
however,  as  well  as  that  of  the  lowest  point  of  the 
upper  hexagon,  being  at  earth  potential,  it  would  now 
be  practicable  to  add  the  single-phase  transformer, 
the  secondary  of  which  is  shown  by  the  thick,  black 
vertical  line  in  Fig.  8,  and  by  this  means  to  transmit 
over  the  same  lines  a  single-phase  superposed  current 
at  123  000  volts,  which  could  be  similarly  transformed 
at  the  distant  end  and  would  considerably  increase 
the  carrying  capacity  of  the  two  six-phase  s^-stems. 
Lastly,  when  the  load  of   the  system  warranted  it   the 
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Fig.   11. — Connections  at  the  step-up  end. 

Sequence  of  Operations  on  Reduced -Load. 

(1)  Oil  switch  of  transformer  Pj  is  tripped  (and.  if  faulty,  the  hexagon  of  the  faulty  circuit  is  disconnected). 

(2)  Earth  switch  is  kept  from  neutral  point  Q  of  hexagons  to  earth. 
(8)  Hexagon  No.  1  is  removed. 

(4)  Hexagon  No.  2  is  removed. 

(5)  Hexagon  No.  3  is  left  in. 


greatly  reduced  the  amount  of  capacity  current  to  be 
passed  out  from  the  central  station  through  the  inter- 
mediate and  external  cores,  because  we  can  feed  into 
the  line  at  as  many  points  as  may  be  found  desirable 
(the  maximum  length  to  be  fed  varies  inversely  as  the 
number  of  feed  points),  and  therefore  the  central 
station  has  now  to  supply  only  the  capacity  current 
for  the  said  cores  for  the  first  quarter-section  of  line 
(if  there  is  a  mid-way  substation). 

Adapting  Initi.^l  Expenditure  to  Initial 
Capacity. 
Reference  may  here  be  made  to  another  feature  of  the 
author's  system.  Considering  Fig.  7,  it  will  be  under- 
stood that  the  transmission  system  represented  by  the 
upper  si.x-phase  hexagon  could  be  started,  in  the  first 
instance,  by  itself,  its  bottom  point  being  directly 
earthed,  and  thus  the  initial  capital  expenditure 
would    be    reduced.     Under    these    circumstances    the 


balance  of  the  three-phase  network,  shown  in  Figs.  9  (I), 
10  and  1 1  could  be  added  and  the  vector  relations  of  the 
E.M.F.'s  could  easily  be  altered  so  as  to  conform  with 
Fig.  10,  the  123  000-volt  single-phase  supply  being  now 
replaced  by  a   100  000-volt  three-phase  supply. 

V.  Certain  Features  of  the  Author's  System. 

In  Section  (3)  the  advantages  of  a  six-phase  system 
were  pointed  out  from  the  point  of  view  of  the  dis- 
tribution of  the  potentials  between  the  various  cores 
of  the  triple-concentric  cables,  but  another  point  of 
view  that  must  not  be  lost  sight  of  is  as  follows  : — 

The  employment  of  a  six-phase  system,  carried  from 
each  limb  of  the  principal  three-phase  transformer 
system,  fulfils  another  function  of  great  value  in  that 
it  not  only  provides  a  system  of  subdivided  cores  in 
which  all  the  cores  must  be  heavy  (and  hence  incapable 
of  fusing  under  heavy  capacity  currents),  but,  in 
addition,    it    utilizes    all    those    cores   equally    for    the 
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passage  of  heavy  load  currents  without  seriously 
diminished  voltage  on  each  circuit ;  whereas,  if  the 
same  result  had  been  attempted  by  the  mere  tapping 
of  a  single-phase  transformer,  as  in  Fig.  5,  the  operating 
voltage  on  one  of  the  circuits  would  have  been  seriously 
lowered,  and  that  on  'the  other  reduced  to  such  a  degree 
as  to  be  virtualh^  altogether  ineffective  for  power  trans- 
mission. This  provides  a  sufficient  excuse  for  returning 
to  the  emplojTnent  of  "  intersheaths." 

Greatly  increased  reliability  in  operation,  whereby 
a  duplicate  cable  line — such  as  is  proposed  in  Appen- 
dix B,  in  connection  with  the  scheme  embodying  plain 
single-core  cables — is  rendered  unnecessary,  is  provided 
by  the  arrangements  about  to  be  described  in  the 
present  section. 

Fig.  11  gives  an  analysis  of  the  arrangements,  showing 
more  particularly  the  waj'  in  which  the  line  is  section- 


completely  breaking  down  sufficiently  to  be  incapaci- 
tated is  very  much  more  remote  than  with  an  ordinary 
single-core  cable.) 

Thus — and  this  would  be  still  more  feasible  under 
the  conditions  shown  in  Fig.  9  (IV) — with  a  little  over- 
loading of  the  transformers  the  whole  power  supply 
could  be  maintained  ;  particularly  if  the  central  core 
of  each  cable  were  made  of  double  section,  which  would 
not  appreciably  raise  the  cost  of  the  whole  cable  at 
the  voltage  considered.  In  connection  with-  the  reli- 
abilit)'  in  working  thus  offered,  Mr.  Philip  Torchio  of 
New  York  has  stated  that  "  the  assuring  of  reliable 
operation  is  vastly  more  important  than  getting  the 
maximum  rating  out  of  a  certain  mass  of  metals." 

The  sectionahzing  of  the  system  incidentally  pro- 
vides also  a  means  :  (1)  of  insuring  regulation  without 
the  use  of  rotary  condensers,  and  (2)  of  greatly  reducing 
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Fig.   12. — Arrangement  for  relieving  the  cores  of  capacity  current  in  the  case^of  a  very  long  line. 
{Note. — Currents  in  "  b  "  are,  for  clearness,  omitted.) 


alized,  whether  on  account  of  a  breakdown  or  with  the 
object  of  preserving  "  regulation  "  and  reducing  the 
(total)  charging  current  when  the  load  is  reduced. 

An  advantage  of  the  proposed  scheme  is  that  if,  for 
example,  the  two  cables  attached  to  phase  A  (see 
Fig.  II)  were  both  to  fail,  when,  in  the  ordinary  wa5' 
of  operating  three-phase  systems,  no  three-phase  power 
could  any  longer  be  transmitted,  the  two  remain- 
ing six-phase  systems  ma)",  in  the  author's  system, 
be  arranged  to  continue  to  work  as  though  nothing 
had  happened.  If,  moreover,  only  one  cable  had 
failed,  and  not  two,  then  three-phase  power  could 
still  have  been  transmitted  over  the  "  major  star " 
system  ABC  (using  the  remaining  sound  cable  for  the 
third  leg)  in  addition  to  six-phase  power  over  two  out 
of  the  three  six-phase  systems.  (It  will 'be  shown 
later  in  the  paper  that  the  chance  of  even  one  cable 


the  charging  current  of  the  line  at  light  loads.  For 
example,  if,  on  a  reducing  load,  the  various  sections 
of  transformers  be  de-electrified  in  the  order  indicated 
in  Fig.  II,  then  each  section  of  the  line  and  trans- 
formers remaining  in  service  is  kept  fullj-  loaded,  and 
thus  capacity  current-rises  are  avoided. 

The  total  line-charging  current  (a  very  important 
matter)  and  also  the  total  hysteresis  loss  are  similarly 
reduced,  by  the  fact  that  progressively  less  and  less 
cable  is  left  in  circuit. 

The  design  of  the  cable  itself  is  particularly  suited 
to  avoid  breakdown  (due  to  outside  influences),  as 
will  be  appreciated  from  Fig.  6,  which  shows  a  cross- 
section  of  the  cable. 

The  function  of  the  internal  lead  sheath  will  be 
understood  from  the  following  considerations  : — 

Cables,   as  laid  nowadays,   are   fairly  immune   from 
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the  blow  of  a  pick  ;  but  the  lead  sheath  may  crack,  or 
crystallize,  or  possibly  be  attacked  by  acids  or  by 
electrolj-sis. 

The  first  intimation  of  a  fault  is  given  by  the  failure 
of  the  outermost  insulation.  If  this  is  made  to  trip 
immediately,  in  the  first  place,  the  oil  switch  governing 
whichever  of  the  ti-ansformers  P3  (see  Fig.  11)  feeds 
the  faulty  six-phase  circuit,  and  simultaneously  the 
"  major "  transformer  P;^  feeding  that  section  (and 
assuming  that  the  action  has  been  sufficiently  rapid 
to  prevent  the  copper  of  the  outer  conductor  being 
burnt  through),  we  have  the  penultimate  lead  sheath 
still  unpierced  and  the  cable  still  capable  of  working 
— under  slightly  increased  stress — for  days  if  necessary, 
until  a  spare  piece  of  cable  can  be  connected  in  the 
secondary  side  of  the  step-up  transformer  at  a  time 
of  light  load.  If  there  were  no  inner  lead  sheath  below 
the  core,  moisture  would  reach  the  insulation,  and  it 
might  only  be  a  question  of  hours  before  it  again  broke 
down.     The  three  independent  six-phase  systems  permit 


a  30-mile  Une,  or  about  0-9  per  cent  more  than  with 
a  30  000- volt  transmission  of  equal  power  (50  000  kW), 
but  on  a  40  per  cent  load  factor  this  would  be  halved 
on  the  former  system. 

Regulation. 

The  legulation  voltage-drop  in  the  30  000-volt 
line  discussed  in  Appendix  A  for  a  30-mile  line  is 
5  •  9  per  cent ;  while  the  total  amount  of  copper  is 
2  040  tons,  representmg  an  outlay  of,  say,  £180  000. 
The  regulation  "  drop "  in  the  100  000-volt  30-mile 
line  discussed  in  Appendix  B  (plain  single-core  cables) 
is  4-5  per  cent,  while  the  total  amount  of  copper  is 
460  tons,  representing  an  outlay  of,  sajr,  £41  400. 

On  the  six-phase/three-phase  system  the  regulation 
"  drop  "  is  roughly  5  per  cent,  and  the  amount  of 
copper  about  700  tons,  representing  an  outlay  of,  say, 
£63  000.  These  quantities  would  be  divided  by  three 
for  a  10-mile  line. 

The  author  thinks  it  will  be  conceded  that  where  a 
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Fig.   13. — Method  of  finishing-off  the  end  of  the  cable  so  as  to  reduce  the  potential  gradients  at  the 
approach  to  a  joint ;  performed  at  makers'  works. 


of  repair  work  being  done  without  any  material  inter- 
ruption to  the  supply,  at  times  of  light  loads. 

The  cable  shown  in  Fig.  6  has  been  designed  to  work 
at  about  30  000  volts  between  the  innermost  con- 
ductor and  the  intermediate  conductor,  at  an  equal 
pressure  between  the  intermediate  conductor  and  the 
outermost  conductor,  and  with  about  17  800  volts 
between  the  outermost  conductor  and  the  lead  sheath. 
Under  these  conditions  the  maximum  potential  gradient 
on  the  innermost  and  intermediate  conductors  will  be 
approximately  39  000  and  29  000  V/cm  respectively, 
while  that  on  the  outermost  conductor  will  be  about 
20  000  V/cm. 

At  the  joints  the  potential  gradient  could  be  kept 
down  by  swelling  the  conductors  gradually,  in  the 
manner  indicated  in  Fig.  13.  Those  parts  where  the 
potential  gradient  was  highest  would  be  entirely  insulated 
at  the  makers'  works  as  shown,  leaving  a  reduced  stress 
to  be  borne  by  those  parts  insulated  on  site. 

Hysteresis  Loss. 
The  loss  due  to  hysteresis  on  the  100  000-volt  three- 
phase/six-phase  system  is  only  about  1-9  jjer  cent  on 

Vol.  61. 


trunk  line  interlinking  two  cities  is  run  along  the  lines 
of  railway  joining  these  two  cities,  and  where  there  is 
any  possibility  of  supplying  current  from  such  a  trunk 
line  for  the  working  of  the  railway  system,  it  is  highly 
desirable  that  the  regulation  of  the  line  should  be  so 
good  that  the  throwing  on  and  off  of  the  railway  loads 
will  not  seriously  affect  the  regulation  at  the  substation 
end  ;  also  that,  allowing  for  the  additional  loss  in 
regulation  after  the  public  supply  of  current  leaves 
the  substation,  in  distribution,  it  is  inadvisable  that 
the  regulation  of  the  trunk  line,  including  its  step-up 
and  step-down  transformers,  should  be  more  than 
12|  per  cent.  By  fixing  the  declared  voltage  at  that 
obtained  on  half  load  the  variation  of  voltage  is  of 
course  reduced  from  12  J  per  cent  to  6 J  per  cent. 

The  author  thinks  it  will  also  be  conceded  that 
induction  regulators,  to  cover  a  large  range  in  the 
voltage  and  operate  automatically,  are  very  costly  and 
undesirable,  particularly  if  they  can  be  dispen.sed  with. 

It  will  be  noted  from  Appendix  A  that,  in  the  case 
of  the  30  000-volt  line  considered,  the  resistance-drop 
is  of  the  order  of  3-3  per  cent,  the  reactance-drop  of 
the  order  of  1  •  6  per  cent,  and  the  capacity-rise  of  the 
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order  of  1  per  cent;  i.e.  a  total  "  regulation  "  of  5-9 
per  cent  on  the  line  alone.  If  to  this  we  add,  say, 
4j  per  cent  on  the  step-up  transformers  (due  largely  to 
capacity  current),  and  3|  per  cent  on  the  step-down 
transformers,  we  have  a  total  of  13-9  per  cent,  or,  say, 
14  per  cent,  which  is  rather  high  for  satisfactory'  regu- 
lation in  view  of  what  has  been  stated  above. 

It  will  possibly  be  objected  that  the  author  has 
done  an  injustice  to  the  30  000-volt  scheme  in  adopting 
for  this  a  current  density  of  only  500  amperes  per 
square  inch,  and  that  half  the  number  of  cables  could 
be  employed,  working  at  a  current  density  of  1  000 
amperes  per  square  inch.  If,  however,  this  were  done, 
and  regardless  of  the  extra  energy  loss  in  the  cables 
(which  will  be  dealt  with  elsewhere),  the  "  regulation  " 
of  the  cables  and  transformers  would  be  increased 
from  13-9  per  cent  to  19-8  per  cent,  and  the  author 
submits  that  the  latter  regulation  is  entirely-  impractic- 
able without  a  very  great  outlay  in  induction  regulators 
and  considerable  expense  in  the  maintenance  of  the 
same. 

On  the  other  hand,  by  adopting  a  pressure  of  100  000 


Charging   Current. 

The  charging  current  for  30  miles  on  the  author's 
system  represents  61  200  kVA  leading  wattless 
current,  but  at  light  loads  this  would  be  reduced 
to  rouglily  20  000  kV.\,  wliich  is  less  than  would 
obtain  with  a  30  000-volt  system  transmitting 
equal  power  (the  figure  for  which  is  approximately 
33  500  kVA),  and  entirely  neglects  the  possible  savings 
due  to  the  better  distribution  of  heat,  and  consequently 
greatly  lowered  power  factor,  which  was  discussed 
earlier  in  the  paper. 

The  calculations  by  which  the  figure  of  61  200  kVA 
is  arrived  at  will  be  found  in  Appendix  D,  in  connection 
with  the  capacities  on  the  author's  system,  and  the 
results  there  obtained  are  represented  diagrammatically 
in  Fig.  14. 

Charging  Current  fed  from  Reactance  of 
}iIoioR  Load. 
With  suitable  precautions  to  avoid    "  current  reson- 
ance," the  author  believes  that  the  necessary  charging 
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Fig.  14. — Distribution  of  capacity  currents  on  100  000-volt  transmission.     No  demand  on  substation  for 

lagging  wattless  current. 


volts    aiid    using  single-core  cables,  the  line  drop  (ex- 
clusive of  transformers)  is  reduced  to  4J  per  cent,  as   , 
given  in   Appendix   B,   and  thus  the  total  regulation 
becomes  only  12,^  per  cent,  as  against   19-8  per  cent 
on  the  30  000-volt  scheme  with  5  cables  in  parallel. 

As  already  explained,  by  suitably  fixing  the  declared 
voltage  this  variation  maj'  be  halved,  but  even  6j  per 
cent  is  distinctly  high,  and  it  may  be  necessary  to 
eliminate  the  regulation  of  the  step-up  transformers 
by  operating  at  the  generating  station  with  a  constant 
voltage  on  the  high-tension  secondaries,  instead  of 
attempting  to  keep  the  low-tension  busbars  at  a  con- 
stant pressure.  If  there  are  any  large  loads  in  the 
\-icinity  of  the  station  which  are  supplied  from  the  low- 
tension  busbars,  the  regulation  of  this  section  of  the  j 
system  will  of  course  be  impaired,  and  the  employment 
of  regulators  on  the  primary  or  secondary  sides  of  the 
transformers  may  be  necessary,  or,  alternatively,  a 
step-down  transformer  maj'  be  used  for  the  local  load. 


currents  may  be  fed  into  the  line  at  convenient  points  in 
such  a  way  as  to  avoid  passing  an}"  charging  current  along 
the  central  cores,  thus  opening  up  the  possibility  of 
removing  the  disabilitj'  under  which  a.c.  transmission 
now  labours  as  compared  with  d.c.  transmission.  This 
method  has  not,  however,  been  considered  in  the 
calculations  given  in  Appendix  D. 

Fig.  15  illustrates  the  resultant  distribution  of 
capacity  currents  under  these  conditions. 

On  such  a  line,  loads  having  a  power  factor  of  only 
0-7  would  be  invited,  and  a.c.  railway  electrification 
with  single-phase  motors  at  25  periods  might,  in  some 
cases,  be  emploj-ed  if  otherwise  found  desirable. 

VI.   Reasons  for  the  Selection  or  10  Cables  on  a 
30  000-VOLT  Scheme. 

It  will  be  well  here  to  state  the  reasons  which 
determined  the  author  in  selecting  what  is  apparently 


UNDERGROUND   CABLES   AT   100  000/150  000   VOLTS. 


231 


a  very  large  number  of  cables  in  parallel  to  deal  with 
the  load  under  consideration. 

It  has  already  been  explained  that,  on  questions  of 
regulation  alone,  it  appeared  to  be  a  necessity  that 
10  cables  should  be  employed,  on  the  assumption  that 
it  was  undesirable  to  make  the  cables  of  greater  sectional 
area  than  0-25  square  inch  per  core. 

There  is,  however,  the  alternative  point  of  view  to 
be  considered,  viz.  as  to  whether  the  additional  waste 
of  energy  involved  by  using  only  5  cables  would  not 
cost  more,  when  capitalized,  than  the  difference  in 
price  between  5  cables  and  10  cables.  This  point  the 
author  has  investigated  carefully,  with  the  following 
results  :  On  an  output  of  7  500  kW  (the  figure  taken 
by  Mr.  W.  M.  Selvey*),  with  8  000  hours  per  annum 
(91-5  per  cent  load  factor),  and  with  coal  at  0-15d. 
per  unit  generated,  the  annual  value  of  600  000  imits 
wasted  (corresponding  to  1  per  cent  of  the  total  number 
of  units  generated)  would  represent  £375. 


Converting  the   above   figures   to   our  present   case, 
we  have : — 


£6  000  X 


0-5d. 
OOSd. 


50  000  kW 
^     7000  kW  ^ 


40 


load  factor 


91-5%  load  factor 
=  £58  300 


In  other  words,  it  will  pay  to  invest  £58  300  in  extra 
copper  in  the  transmission  line  in  order  to  save  1  per 
cent  of  the  total  power  generated. 

The  0-  5d.  per  unit  is  for  the  supply  to  the  substation, 
but  as  the  line  loss  is  a  peak  load  loss,  and  varies 
with  the  square  of  the  load,  and  has  in  consequence 
a  poorer  load  factor  than  the  load  itself,  these  waste 
units  will  certainly  be  more  expensive  than  units  sold 
to  the  substation  for  power,  and  they  should  therefore 
be  charged  at  a  higher  rate. 

The  following  is  another  way  of  regarding  the  matter  : 
An  extra  1  000  kW  demanded  at  the  generating  station 
means  the  loss  of  the  sale  of  that  power  (less  losses)  to  a 
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Fig.  15. — Distribution  of  capacity  currents  on  lOOOOO-volt  transmission.     Lagging  wattless  current  supplied 

from  substation  load. 


For  the  purpose  of  showing  the  value  of  each  addi- 
tional 1  per  cent  of  efficiency  gained  in  the  generating 
plant,  Mr.  Selvey  took  an  8-years'  basis  and  capitalized 
the  above  £375  per  annum  at  £3  000.  From  this  he 
deduced  that  it  would  pay,  on  a  plant  of  the  above 
magnitude,  to  spend  an  extra  £3  000  on  generating 
plant  (which  had  a  life  of  only  8  years)  in  order  to 
gain  1  per  cent  in  efficiency,  i.e.  in  order  to  save  I  per 
cent  of  the  power.  In  other  words,  the  sum  of  £375 
saved  every  year  would  enable  one  to  continue  to 
spend  an  additional  £3  000  once  very  8th  year  on  a  more 
efficient  generating  plant,  when  one  renewed  the  latter. 

If,  however,  we  are  dealing  with  a  transmission 
cable  which  has  a  life  of,  at  the  very  least,  16  years, 
it  will  obviously  pay  to  invest  an  additional  £6  000 
(i.e.  double)  for  an  equal  1  per  cent  saving  in  the  l-R 
losses  in  the  line. 

•  W.  M.  Selvey  ;  "  Power  Plant  Testing,"  Journal  I.E.E.,  1915, 
vol.   53,  p.   lO'J. 


consumer,  and  the  loss  of  the  revenue  that  would 
thereby  accrue,  and  therefore  covers  all  charges  up  to 
the  consumer's  premises  ;  and  if  in  addition  to  this  we 
make  an  allowance  for  the  poor  load  factor  of  the 
I'^R  losses  in  the  transmission  line,  this  proportionately 
further  aggravates  the  charge.* 

It  seems  advisable,  in  \iew  of  the  above,  to  correct 
the  charge  per  unit  for  a  "  loss  "  load  factor  of,  say, 
30  per  cent  {F-R  losses),  and  hence  to  multiply  the 
above  figure  of  £58  300  by  40/30,  which  gives  £77  800  as 
the  capitaHzed  value  of  a  1  per  cent  loss  in  the  line. 

Referring  now  to  Appendix  A,  we  sec  that  the  losses 
consist  of 

3-3  per  cent  plus  1-58  per  cent  plus  3-55  per  cent 

(wattless  current  X  resistance) 
=  8-4  per  cent  total  as  a  sufficiently  near  approxi- 
mation. 

♦  In  this  connection,  see  the  remarks  by  Messrs.  J.  R.  Be/"';'. 
T  .\.  Morton,  an.l  H.  M.  Savers  in  the  discnssion  on  Mr.  W.  U. 
Woodhouse's  paper  [Journal  t.E.E.,  1921,  vol,  59,  p.  85). 
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Hence,  8-4  times  £77  800  =  £653  000;  and  therefore, 
in  order  to  make  it  pay  to  put  5  cables  in  parallel 
instead  of  10,  the  difference  in  capital  cost  should  be 
of  the  order  of  £653  000,  to  which  would  have  to  be 
added,  say,  £50  000  (to  £100  000)  on  account  of  induc- 
tion regulators,  making  a  total  of,  say,  £703  000. 

The  author  has  tlierefore  assumed  that  it  will  be 
agreed  that,  quite  apart  from  the  question  of  regulation, 
it  is  the  best  policy  to  put  down  the  double  section 
of  copper,  even  though  this  entails  working  at  a  com- 
paratively low  current  density. 


Vn.    CONCLUSIOXS. 

It  is  hoped  that  the  follo^\^ng  points  have  either  been 
estabhshed  or  will  be  clear  from  the  matter  given  in 
the  paper  : — ■ 

(1)  By   the    introduction    of    intersheaths    between 

which  a  constant  difference  of  potential  is 
maintained  (see  Table  2,  page  234)  a  gain  of 
47  per  cent  is  effected  in  the  voltage  absorbed, 
for  a  given  tliickness  of  insulation. 

(2)  By    the    introduction     of    intersheaths    having 

a  steadily  increasing  difference  of  potential 
between  them,  worldng  from  the  central  core 
outwards  (see  Table  3,  page  234)  a  further 
gain  of  50  per  cent — ^i.e,  a  total  gain  of  120  per 
cent — is  effected  in  the  voltage  absorbed, 
without  appreciably  more  energy'  loss  in  the 
dielectric  than  in  the  case  of  Table  2. 

(3)  The  enormous   effect  of  temperature  upon   the 

resisti\aty  of  the  dielectric  warrants  the  em- 
ploj-ment  of  any  conceivable  methods — such  as 
those  indicated  in  the  paper — wliich  will  reUeve 
the  temperature  on  the  innermost  layers  of 
the  dielectric. 

(4)  The  separation   of  the  principal   phases  in   the 

system  projxssed,  or  in  any  single-core  system, 
carries  with  it  a  much  greater  freedom  from 
complete  short-circuits. 

(5)  Double  rehability  is  offered  by  ha\ing  two  cables 

per  (principal)  phase,  tliis  being  approximately 
equivalent  to  a  spare  cable  and,  in  the  case  of 
a  single-core  100  000-volt  system,  to  two  spare 
cables. 

(6)  The    virtual    elimination    of    all    faults,    except 

those  to  earth,  is  effected,  and  interruptions 
caused  by  such  faults  are  reduced  to  such  a 
degree  that  the  working  of  the  system  is  not 
seriously  affected. 

(7)  Osnsiderable  improvement  in  step-up  and  step- 

down  transformer  regulation  is  pro\'ided,  as 
compared  with  that  in  three-core  cable  sj'stems 
operating  at  30  000  volts,  or  single-core  systems 
operating  at  100  000  volts. 

(8)  The    initial    capital    outlay'    is    limited    to    the 

natural  growth  of  the  load. 

(9)  As  compared  with  a  30  000-volt  three-core  cable, 

there  is  no  waste  space  in  the  centre  of  the 
cable. 


(10)  Assuming  that  the  line  can  be  made  self-exciting, 
the  difficulty  in  connection  with  feedmg  the 
capacity  currents  to  the  line  disappears,  and 
very  much  longer  transmissions  can  be  attempted 
than  would  otherwise  be  practicable;  or  are 
considered  in  the  paper. 
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APPENDIX   A. 

Ordinary  Three-phase  Working. 

Power    to    be   delivered  =  50  000  kW  at  0  ■  8   power 
factor. 

Voltage  at  receiving  end  =  30  000  V. 

Length  of  line  =  30  miles. 

Cable  used  :   ordinary  three-core  cable  (as  in  Fig.  16). 


Armour 


Lead 


■Paper 
insulation 


Fig.   10. — Cable  for  30  000-volt  transmission. 

Resultant  current  per  phase  =  1  200  amperes.  (This 
current  will  be  passed  through  ten  0-25  square  inch 
cables  in  parallel,  excluding  spares.) 

"  Work "  component  of  the  above  current  =  960 
amperes  (I£). 

Lagging  component  =  728  amperes  (/|f). 

Current  density  =  120/0-25  =  500  amperes  per  square 
inch  (neglecting  capacity  current). 

Capacity  current  =b  X  E  =  0-00372  X  17  320  =64-5 
amperes  per  cable. 

Total  capacity  current  (10  cables)  =  645  amperes. 

The  figure  0-25  sq.  in.  for  the  cross-section  is  some- 
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what  unduly  liberal,  but  is  retained  in  order  to  keep 
the  copper  voltage-drop  within  reasonable  limits. 

Take,    therefore,   in  comparing   copper   weights,    the 
following  : — ■ 

Total  cross-section  of  copper  =  0-25  sq.  in.  x  3  cores 
(per  cable)   x  10  cables  =  7-5  sq.  in. 

The   amount   of   copper   involved  =  2  040    tons    per 
30  miles. 

^   Below  are  the  calculations  giving  the  various  com- 
ponents of  the  E.M.F.  with  their  phase  relations  : — 

/  =  960A  —  J12SA  (0-8  power  factor). 

r  =  0-2  ohm  x  30  miles  =  6-0  ohms  (hot). 

a;^=  (0-4  X  10-3)  y  inf  x  30  =  3-76  ohms. 

b  =  27r/C  =  6-28  X  50  X  (0-4  X  10-6)   x  30  miles. 

=  0- 00372  mho. 
Z=r+jx=6-0+j3-76   1    .-.  Zr=i0-0223-0014. 
Y=g+jb=0+j0-00272j  .-.  izy= -0-007 -fiOOlIl. 
1  -I-  |ZF=  -f-  0-993  +  jO-Olll. 
J;g  =  JSii{l  +  IZY)  +  (r+  jx)(Ii,llO  +  i/,r/10) 

=  17  320  (0-993  +yo-0111) 

{l-lbx)        U.^br) 

II  JIw 

+  (60  -fi3-76)  (960A/10  -  ;728A/10) 

jE.Ur      r/i      jrlw      jxlz       xljy 
=  17  150  +  il93  +  576  -  ^425  -f-  ^360  +  274 
JEs—E.lbx 
(17  320-170) 

=  1%  1-1%   3-3%   2-45%   2-1%    1-58% 

Total  regulation  "  drop  "  =  rljj  -f-  xJ^  +  \hEx. 

=  3-3%  +  1-58% 

-f  1-0%  =  (say)  5-9%. 


APPENDIX    B. 

Plain  Single-core  Scheme  (see  Fig.  1)  with  100  000 
Volts  between  Phases. 

Power  to  be  delivered  =  50  000  kW  at  0-8  power 
factor. 

Length  of  line  =  30  miles. 

Cable  employed  :  as  shown  in  Fig.  1,  6  single-core 
O-ISS  sq.  in.  cables  (100  per  cent  spares  included). 

Voltage  at  receiving  end  =  57  700  volts  (to  neutral). 

Resultant  receiver  current,  neglecting  capacity  cur- 
rent =  360  amperes  per  phase. 

"  Work  "  component  of  the  above  current  =  288 
amperes  (It). 

"  Lagging  "  component  =  216  amperes  (/jy). 

Current  density  =  1  000  amperes  per  square  inch 
(excluding  capacity  current),  =  1  400  amperes  per 
square  inch  (including  capacity  current). 

Capacity  current  =  b  X  E  =  0-0033  x  57  700, 
=  190  amperes  per  cable. 

Total  capacity  current  (2  cables)  =  380  amperes. 

Below  are  given  the  components  of  the  voltage  lost 
in  the  line,  and  their  phase  values. 


The  prehminary  calculations  for  the  various  "  con- 
stants "  of  the  line  are  as  follows  : — 

I^Il-  jlw- 

=  288A  -y216A  (0-S  power  factor). 
»■  =  0-27  ohm  x  30  miles  =8-1  ohms  (hot). 
L  =  0-46051ogio6/a  -f  0-05  +  L'  (negUgible). 

=  0-70  X  10-3  henry. 

X  =  (0-70  X  10-3)  X  277-/  X  30  =  6-6  ohms. 

0-0388  X  3-2 

C  =  — =  0-35  uF  per  mile. 

log,  6/a  f^     ^ 

b  =  27r/C  =  6-28  x  50  X  (0-35  x  lO-O)   x  30  miles 

=  0-00330  mho. 

Z=r+y.i;=8-l-Ly6-6    1    .".  i.Zr= -0-0109-f-;0-0133 

r  =  ^+y6=04-iO-0033J  =y0- 0267 -0-0218. 

1  -f  IZY  =  0-9891+ yO-013.3. 

Eg  =  En(l  +  IZY)  +  (r  +  jx)  (|/£  -f  jlw). 

=  50  770  (0-9891  +y0-0133) 

II  jlw 

+  (8-1  +i6-6)  (288 A/2  -j216A/2). 

i^bEx)  JilbEr)         tIl       jrlw 

=  57  700  —  700  -f  y768  -f  1  165  —^882 

1-25%    1-33%    2-0%     1-5% 

jxlt        xlw 
+  J950  -f  710 
1-65%   1-25% 

Total  regulation  "  drop  "  =  rli  +  xlyy  -f  ibEx. 

=  2-0%  +  1-25% 

+  1-25%  =  4-5%. 

The  amount  of  copper  involved,  allowing  for  3  sets 
of  cables  =  460  tons  per  30  miles. 

Note. — The  leakage  conductance  (g)  of  the  dielectric 
has  been  neglected  in  the  above  calculations.  In  a 
more  rigorous  calculation  account  would  have  to  be 
taken  of  it  (see  additional  Note  in  Appendix  D  on  this 
subject). 


APPENDIX    C. 

Further  Remarks  on  the  Question  of  Potential 
Gradients. 

The  following  notes  give  the  result  of  a  continued 
investigation  on  the  lines  indicated  in  Section  III  of  the 
paper. 

In  Table  1  are  given  in  tabulated  form  the  values 
of 

(1)  The  capacity  of  the  1st,  2nd,  3rd,  4tli,   .  .  .    10th, 

etc.,  layers  of  insulation,  working  outwards. 

(2)  The     corresponding     capacity     current     passing 

radially   through   these   layers. 

( 3)  The  watts  lost  in  each  layer. 

(4)  The  voltage  differences  across  each  layer. 

(5)  The  volume  of  each  layer,  in 'cubic  centimetres. 

(6)  The  watts  per  cubic  centimetre. 

(7)  The   maximum   potential   gradient  on   each   suc- 

cessive section. 
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It  will  be  observed  that  the  total  voltage  absorbed 
dowTi  to  the  end  of  the  tenth  layer  is  41  250  volts. 
The   above  figures  merely  correspond   to   development 


In  Table  2  corresponding  figures  are  given,  but  this 
time  on  the  assumption  that  the  voltages  between 
successive  equipotential  surfaces  are  constant  at  8  750 


Table  1. 
Decreasing  Voltage  Differences  between  Successive  Layers. 


C  X  10-« 
per  foot 


0- 000124 
0-000131 
0-000185 
0-000238 
0-000302 

0- 000351 
0-000399 
0-000461 
0-000511 
0-000560 


Capacity  current 

(=i.i'  X  10-3 

=  -litJCE) 


0-341 
0-320 
0-321 
0-322 


0-32  X  10-3 

(constant) 


Watts  lost 
(=  JF,/i 
per  foot 

0 

0450 

0 

0370 

0 

0270 

0 

0200 

0 

0170 

0 

0140 

0 

0120 

0 

0110 

0 

0097 

0 

0085 

0-2012 


Voltage  absorbed, 
E 


8  750 
7  720 
5  700 
4  030 
3  550 


-29  750 
2  890 
2  500 
2  230 
2  020 
1  840 

41250 


Value  of 
log  * 


432 

405 
288 
223 
184 

152 
131 
117 
106 
097 


Relative 

contents 

of  each  Ia3'er 


cm3 
54 
117 
165 
213 
261 

306 
354 
402 
450 
489 

2  820 


Watts  per  cin3 


0-000834* 

0-000316 

0-000163 

0-000094 

0-000065 

0- 000046 
0-000034 
0-000027 
0-000021 
0-000017 


Max.  potential 
gradient,  G 


30  000 

19  050 

13  000 

9  510 

7  800 


6  350 


Table  2. 
Constant  Voltage  Differences  between  Successive  Layers. 


0-000124     1 

0-341  X  10-3 

0-0450 

8  750 

0-432 

54 

0-000834* 

30  000 

0-000131 

0-362 

0-0472 

8  750 

0-405 

117 

0-00040 

21  600 

0-000185 

0-491 

0  0635 

8  750 

0-288 

165 

0-00038 

20  OOO 

0- 000238 

0-694 

0  0940 

8  750 

0-223 

213 

0-00044 

20  500 

0-000302 

0-790 

0-1030 

8  750 

0-184 

261 

0-000396 

19  250 

0-000351 
0-000399 

0-3527 

43  750 

810 

0-000461 

0-000511 

75  per  cent  i 

nore  (total)  loss  t 

han  with 

'  tapering 

"  E.M.F. 

0-000560 

- 

Table  3. 


Increasing  Voltage  L 

ifferences  between 

Successive 

Layers. 

mos\bla) 

0-000124 

0-227 

0-020 

5  820 

2-31 

54 

0-000370* 

20  000 

0-000131 

0-340 

0-045 

8  920 

2-47 

117 

0-000385 

22  000 

0-000185 

0-615 

0-098 

10  600 

3-47 

165 

0-000594 

24  200 

0-000238 

0-843 

0-142 

11  300 

4-48 

213 

0-000668 

26  600 

0-000302 

1-270  (0-635) 

0-259  (0-0635) 

13  320  (6  660) 

5-44 

261 

0-000486 

29  300 

0-000351 
0- 000399 

0-559  (0-368) 

49  960  (43  300) 

6-58 

810 

0-000461 

0-000511 

4  per  cent  more  (total)  loss  than  i 

vith  constant  voltage 

per  section. 

0-000560 

The  first  layer,  not  being  a  full  half  centimetre  thick,  is  not  properly  representative  of  the  others. 


further  outwards  on  the  cable  of  the  figures  given  m. 
Fig.  3,  and  assume  the  curve  of  potential  gradient  to 
follow  that  given  in  Fig.  3. 


volts,  instead  of  diminishing  according  to  the  figures 
given,  as  in  Table  1.  In  this  case  it  will  be  observed 
that  after  reaching  the  fifth  ring  of  insulation,   cor- 
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responding  to  a  radius  of  3  cm,  43  750  volts  has  been 
absorbed  in  the  insulation.  It  will  also  be  noticed 
that  the  watts  lost  in  the  insulation  up  to  this  point 
due  to  the  condenser  current  alone  are  now  0-3527  as 
against  0-2102  in  Table  1,  i.e.  an  increase  of  75  per 
cent.  The  watts  lost  per  cubic  centimetre  on  the 
innermost  layer  are,  however,  identical  with  those  in 
Table  1  and  this  is  the  criterion  by  which  we  have  to 
abide  (from  the  point  of  view  of  heating). 

Therefore,  in  putting  relatively  more  stress  upon  the 
succeeding  layers  as  we  work  outwards,  as  compared 
with  those  in  Table  1,  we  have  reduced  the  effective 
radius  of  the  insulation  from  5  cm  to  3  cm,  i.e.  the  size 
of  the  cable  necessary  to  absorb  43  750  volts  would 
be  reduced  in  that  proportion.  The  comparison  would 
be  much  more  marked  if  we  had  carried  the  readings 
in  Table  1  further,  as  will  be  evident  from  a  considera- 
tion of  these  readings. 

In  Table  3  particulars  similar  to  those  given  in 
Tables  1  and  2  are  worked  out,  but  this  time  on  the 
basis  of  actually  increasing  the  voltage  differences 
between  the  successive  layers,  instead  of  keeping  them 
constant  as  in  Table  2  or  reducing  them  as  in  Table  1. 
It  will  be  seen  that  the  potential  gradient  in  the  ring 
of  insulation  next  to  the  core  is  now  reduced  to  as 
low. as  20  000  V/cm  as  compared  with  30  000  V/cm  in 
Tables  1  and  2.  By  adding  up  the  voltages  absorbed 
it  will  be  seen  from  Table  3  that  49  960  volts  have  been 
absorbed  by  the  time  the  3  cm  radius  has  been  reached. 
This  is  more  than  is  required  and  therefore  the  pressure 
upon  the  outermost  slice  of  insulation  might  be  con- 
siderably reduced,  as  shown,  for  instance,  by  the  figures 
given  in  brackets.  It  will  be  noted  that  if  we  had  not 
reduced  the  potential  gradient  of  this  outermost  slice 
the  total  watts  lost  due  to  hysteresis  would  be  rather 
more,  namely  0-559,  but  that  if  the  pressure  is  reduced 
to  6  660  volts  the  total  watts  lost  will  only  be  0  -  368, 
a  result  virtually  identical  with  that  obtained  in  Table  2, 
but  with  the  great  advantage  of  reducing  by  over 
50  per  cent  the  watts  per  cm^  next  to  the  core. 

Bearing  in  mind  what  was  previously  put  forward, 
viz.  that,  in  the  ordinary  working  of  the  cable,  the  heat 
generated  in  the  copper  core  due  to  the  load  current 
causes  the  slices  of  insulation  to  be  progressively  hotter 
towards  the  centre  of  the  cable,  it  will  be  seen  that 
a  great  advantage  would  be  obtained  by  generating  the 
greater  proportion  of  the  heat  due  to  dielectric  hysteresis 
in  the  slices  of  insulation  that  are  naturally  at  a  much 
lower  temperature,  and  in  which,  instead  of  the  dielec- 
tric power  factor  remaining  constant  from  the  central 
core  outwards,  as  is  assumed  in  Tables  1,  2  and  3,  it 
would  consequently  be  diminishing,  with  still  better 
results  than  those  shown  in  the  tables. 

In  addition  to  the  above  it  must  be  remembered  that 
not  only  does  the  heat  due  to  the  loss  in  the  copper 
produce  temperatures  in  the  innermost  layers  of  insula- 
tion greatly  above  those  in  the  e.xterior  layers,  but 
that  the  conductance  losses  due  to  pure  leakage  of 
current  (which  are  not  taken  account  of  in  Tables  1,  2 
and  3),  also  produce  heating  under  conditions  pre- 
cisely similar  to  those  of  dielectric  hysteresis.  The 
advantage  gained  in  the  dielectric  hysteresis  loss  is  I 
practically  doubled  (and  may  be  quadrupled)  by  that    , 


gained    in    the    pure    conductance    loss    through    the 
dielectric. 


APPENDIX    D 

Calculations    of   Capacities   of  Triple-concentric 
Cables. 

Referring  to  Fig.  6,  let  the  innermost,  intermediate 
and  outermost  cores  be  designated  a,  b  and  c,  respec- 
tively, and  let  the  lead  sheathing  be  designated  d. 

Let  the  dimensions  be  as  follows  : — 


Radius  of  a 

Radius  to  interior  surface  of  core  b  . . 
Radius  to  exterior  surface  of  core  b  . . 
Radius    to   interior   surface    of   lead    sheathing 

underneath  core  c      .  . 
Radius   to   exterior   surface   of   lead   sheathing 

underneath  core  c      .  . 
Radius  to  exterior  surface  of  core  c     . . 
Radius    to    interior    surface    of    external    lead 

sheathing 
Radius    to    e.xterior    surface    of    external    lead 

sheathing 

The  capacities  per  mile  of  the  three  insulations  are 
obtained  as  follows  : — 


cm 

0-835 
2-105 
2-300 

3-570 

3-920 
4-120 

5-120 

5-570 


Calb  = 


0-0388  X  3-2 

logl(r(2- 10/0-835) 
_      0-0388  X  3-2 

'""  ~   logio  (3-57/2-30) 
_      0-0388  X  3-2 

'''■^^  logio(5-12/4-12) 

The  total  capacities  for  30  miles  are  therefore : — 

C„/6  =  0-3095  X  10-6  X  30  =  9-27  X  10-0  farad 
Cyc  =  0-647  X  10-6  X  30  =  19-5  X  10-6  farad 
C,i^  =  1-00  X  10-6  X  30  =  30-0  X  10-6  farad 


=  0-3095  X  10-6  farad 
=  0-647  X  10-6  farad 
=  1-00  X  10-6  farad 


The  capacity  currents  tlirough  the  three  insulations 
are  : — 


'a/6 


'i/c 


■■bajbXE 

=  27T  X  50  "v  X  (9  -  27  X  10-6)  X  30  000  V  =  87  •  2  A 

=  27rx50~  X  (19-5  X  10-0)  X  30  000  V  =  183- 5  A 

IcH  =  bcid  X  E 

=  27r  X  50  ~  X  (30  X  10-6)  X  15  000  V  =  141  -  5  A 

Now, 

87-2  Ax  30  000  V=  2  610  kVA;  or  57  700  Vx  45-2  A 
183-5  Ax30000V=  5  500  kVA;  or  57  700  Vx  95-4A 
141-5Axl5000V=   2  120kVA,-  or57  700  Vx    36-8A 

kVA  per  cable  =  10  230  " 

Current  per  cable  (central  core)  =  177-4  A 

Taking  the  power  factor  at  1-5  per  cent,  the  kilowatt 
loss  due  to  dielectric  hysteresis  alone  (i.e.  neglecting 
leakage  conductance  loss)  is  : — 

10  230  kVA  X  0015  x  6  (cables)  =  918  kW 
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whiich    is    918/50  000  =  1-84    per    cent    of   the   power 
transmitted. 

Total  kVA  capacity  (wattless  leading  current)  for  a 
30-mile  section 

=  10  230  kVA  per  cable  x  6  (cables) 
=  61  200  kVA  (approx.) 


Resistivity  Loss  in  Dielectric. 

The  following  first  approxiinatioii  to  the  resistivity 
loss  (i.e.  the  '  leakage  conductance  "  loss)  in  connection 
with  the  author's  system  has  been  worked  out,  on  the 
basis  of  the  specific  average  effective  resistivity  per 
cubic  centimetre  being  taken  at  100  X  lO^o  ohms  at 
23°  C.  and  at  a  potential  gradient  of  40  kV/cm  ;  and  the 
formula  used  is  as  follows  : — 

Watts  per  cm  length  of  cable  =  j, — 


^1^ 
Irrlj  r 


27TI 


dr 
r 

''a 
2Trl  .  Ifl 


where  P(av.)  =  average    effective    resisti\ity    per    cubic 
centimetre, 
=  (say)   100  X  101''  ohms   per  cubic   centi- 
metre ;    at  2-5°  C.  and  at  40  kV/cm. 

From  the  above  formula  we  obtain  : — 


^alb  (per  niile) 


^blc  (per  mile)  = 


^^'cld  (per  mile) 


6-28  X  (5  280  X  30-5)  X  30  000^ 
100  xl0i0x2-30  X  logio(2- 105/0 -835) 
=  985  watts  (per  cable) 

6-28  X  (5  280  X  30-5)  x  30  0002 
100  x  1010  X  2  -30  X  logio(  3  •  57/2  •  30) 
=  2  055  watts  (per  cable) 


_       6-28  X  (5  280  X  30-5)  X  15  000^ 


100  X  10">  X  2-30  X  logio(5-12/4-12) 
=  795  watts  (per  cable) 


Total  watts  (per  cable)  =  3  835 
Total  per  30  miles  of  cable  =  115  050 
=  115  kW  per  cable. 


Xow, 

115  kW  X  6  (cables) 
50  000  k W 


=  1-375  per  cent  loss  in  30  miles. 


Note. — The  figure  100  x  IQi"  ohms  per  cm3  is  too 
low,  and  150  X  lOiO  ohms  per  cm^  is  more  nearly 
correct. 

Comparing  this  now  ^\•ith  the  resisti\dtj'  loss  in  the 
30  000-volt  three-core  non-concentric  cable,  we  have 
the  following  : — 


Watts  per  mile  = 


27r  X  £"  X  (5  280  X  30-5) 
P^av.)  X  2 -3  X  logio(l-80/l •  20} 

6-28  X  (17  320)2  X  5  280  x  30-5 
100  X  1010  X  2-3  X  logio(i-80/l-20) 


Watts  per  mile  per  core  =  750 
Watts  per  mile  per  cable  =  2  250 
I'Cilowatts  per  mile  per  cable  =  2-25 
Kilowatts  per  mile  (10  cables)  =  22-5 
Total  kilowatts  in  30  miles  =  675 

Hence  the  percentage  loss  =  675/50  000  =1-12  per 
cent.  Hence  the  difference  in  leakage  conductance  loss 
between  the  30  000-volt  cable  system  and  the  author's 
100  000-volt  cable  sj-stem  is  only  one-quarter  of 
1  per  cent. 

Prf.limixary  Calculations  for  Potential-drops 
ON  THE  Author's  System. 

The  calculations  maj'  be  greatlj-  simphfied — ^though 
of  course  with  some  loss  of  accuracy — by  assuming 
that  the  reactance  drop  in  the  hne  at  fuU  load  is  of 
the  same  order  as  that  worked  out  in  Appendix  B  for 
a  plain  single-core  cable  (per  phase),  and  that  the 
capacity  rise  at  no  load  is  also  of  about  the  same  order  ; 
also  that  the  capacity  current  required  for  charging  the 
further  half  of  the  line  is  fed  to  the  substation  through 
the  central  cores  at  100  000  volts,  in  the  manner  indicated 
in  Figs.  12  and  14. 

We  have  then  merely  to  see  that  the  copper  in  the 
central  cores  is  sufficient  to  carry  the  vectorial  sum 
of  the  charging  and  load  currents  at  a  current  density 
comparable  ^^■ith  that  obtaining  for  the  load  current 
alone  ;  so  that  the  drops  in  the  two  cases  (i.e.  with  and 
without  the  load  current)  remain  equal. 

Ha\Tng  obtained  the  drop  with  the  reduced  section 
of  copper  and  without  the  charging  current  (i.e.  when 
carrying  the  "  load  "  current  alone),  we  can  add  the 
reactance  drop  and  the  capacity  rise,  taking  these  at 
the  values  given  in  Appendix  B  for  a  plain  single-core 
cable,  per  phase.  The  sum  of  the  three  terms  will 
represent  the  "  regulation  "  of  the  hne. 

Assuniing,  then,  for  the  present,  that  the  whole 
load  to  be  transmitted  is  di\-ided,  half  being  carried 
by  the  three  "  hexagons  "  and  half  by  the  "  major 
star  "  (or  stars)  it  will  be  found  that  the  following  is 
the  diWsion  of  the  load  current : — 

(1)  On  the  cores  a  and  a^  [see  Fig.  9  (1)]  we  have  to 

pass  152  amperes  per  core,  xiz.  90  amperes 
due  to  the  "  major  star  "  and  62  amperes  due 
to  the  "  hexagon." 

(2)  On  the  cores  b  and  b^  and  c  and  Cj  we  have  to 

pass  only  62  amperes. 

Let  the  central  cores  a,  aj  be  worked  at  a  current 
density  of  750  amperes  per  square  inch  ;  let  b,  bj  be 
worked  at  560  amperes  per  square  inch  ;  and  let  c,  c^ 
be  worked  at  750  amperes  per  square  inch. 

The  voltage-drops  in  any  single  wire  are  then  :  in 
a  or  a^  1  125  volts  ;  in  b  or  bj  843  volts  ;  and  in  c  or  cj 
1  125  volts. 

Expressed  as  percentage  losses  these  are  ; — 

a  and  &i  =  1-95  per  cent  in  terms  of  the  "  major 

star," 

=  3-75  per  cent  in  terms  of  the  "  hexagons," 

b  and  bj  =  2-8  per  cent  in  terms  of  the  "  hexagons," 

c  and  Ci  =  3-75  per  cent  in  terms  of  the  "  he.xagons." 


UNDERGROUND   CABLES   AT   100  000/150  000  VOLTS. 
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The  cross-sections  are  : — 

a  and  ai  =  0-203  square  inch,   each   (corrected   to 

0-235)  (see  below) 
b  and  b^  =  0- 107  square  inch,  each 
c  and  Ci  =  0  •  08  square  inch,  each. 

The  mean  drop  on  the  Irexagons  =  (3-7.5+2-8  +  3-75)/3, 

=  3-43  per  cent. 
The  mean  drop  on  the  major  star  and  on  the  hexagons 
combined  =  (1-95  +  3-43)/2, 
=  2-69  per  cent. 

This  means  that  at  half  load  (at  wliich  point  the  major 
star  is  switched  out)  the  major  star  at  the  receiving 
end  would  receive  : — ■ 

100  -  1(1-95)  =  100  -  0-97  =  99-03  per  cent 

of  the  full  \oltage  of  the  sending  transformer  :  while 
the  hexagon  would  receive  100  —  i(3-43)  =  98-3  per 
cent  of  the  voltage  of  the  sending  transformer. 

The  difference  between  them  would  thus  be  0  •  7  per 
cent.  This  difficulty  would  be  remedied  by  arranging  for 
■different  winding  ratios  at  the  sending  and  receiving  ends, 
so  as  to  equalize  the  percentage  drops  at,  say,  three- 
quarter  load,  and  so  that  on  full  load  the  major  star 
would  take  too  much  load  and  at  half  load  the  hexagon 
■would  take  too  much.  It  might  be  desirable  to  have 
an  automatic  induction  regulator  with  a  very  small 
range,  but  this  is  not  at  present  contemplated. 

Allowing  for  the  capacity  current  of  the  system  we 
must  increase  the  section  of  the  central  core  in  the 
proportion  of  ^K  152)2  +  (88- 5)2]/152,  i.e.  to  0-235 
square  inch. 

Allowing  for  this,  and  remembering  that,  on  the 
occasion  of  the  breakdown  of  a  cable,  the  "  hexagon  " 
belonging  to  that  cable  is  broken  up  and  that  con- 
sequently a  proportion  of  the  cross-section  of  the 
central  core  corresponding  to  62  amperes  is  liberated 
and  also  that  62  amperes  is  liberated  in  the  intermediate 
and  external  cores  of  the  cable,  it  will  be  seen  that 
the  cable  will  readily  be  able  to  grapple  with  the 
situation  if  the  cross-section  of  the  central  core  be 
raised  to  the  above  figure. 

This  is  substantially  the  figure  that  has  been  the 
basis  of  estimates  of  cost  obtained  from  the  cable 
makers. 

The  loss  in  transmission  at  full  load,  ^vhcn  av-eraged 
over  the  "  major  star  "  and  the  "  hexagons,"  comes 
out,  as  already  indicated,  at  2-69  per  cent. 

If  to  this  we  add  the  capacity  rise  and  reactance 
•drop  obtained  previously  (see  Appendix  B)  for  a  single- 
core  cable,  v-iz.  1-2  per  cent  and  1-2  per  cent  respec- 
tively, we  obtain  a  total  of  5-1  per  cent. 
■  It  must  be  remembered  that,  if  the  author's  deduc- 
tions are  correct  as  to  the  practicabilitj'  of  supplying 
the  charging  current  of  the  line  from  the  lagging  com- 
ponent of  the  consumers'  load,  both  these  "  drops  " 
disappear  altogether,  and  the  "  regulation  "  of  the  line 
then  becomes  2-69  per  cent,  a  figure  so  low  that  we 
could  afford  to  reduce  greatly — perhaps  even  to  halve — 
the  cross-section  of  copper  in  the  line,  or,  alternatively, 
to  double  the  distance  for  the  same  "  regulation  "  as 
that  obtained  with  a  single-core  cable  system. 


We  might  thus  easily  transmit  up  to  50  miles  with 
high  efficiency,  which  means  100  miles  when  trans- 
mitting from  both  directions,  as  would  be  probable  in 
railway  work  (e.g.  between  London  and  Birmingham). 


APPENDIX  E. 

CoMP.\RATivE  Costs  of  30  OOO-volt  and  100  000- 

voLT  Schemes. 

Scheme  "A"   (30  000  Volts). 

£ 
Buildings  10  000 

Oil  switches  [including  busbars)  : 

6  three-phase  automatic  switches, 
5  000  volts,  each  to  carry  2  420 
amperes    and     rupture     1  500  000       £ 

kVA  16  000 

6  t h r e e-p h a s e   no n-a u t o m a t i c 
switches,    30  000     volts,     each    to       £ 
carry  and  rupture  366  amperes       10  000 

26  000 

Transformers  : 

30   4  200-kVA,      single-phase,     30  OOO-volt, 
0-8  power  factor,    50-period  trarsfomers 

(including  2  spares)  60  000 

Station  cables  and  busbars,  etc.  : 

Allow 3  000 

Trunk  cables  :  £ 

Including  lajing         .  .  . .  950  000 

Excavating  and  reinstatir.g  streets       50  000 

1  000  000 


Total 


.  .   £1  099  000 


Scheme  "B"  (100  000  Volts). 
Buildings  : 

(Based  upon  actual  figures)  . . 
Oil  switches  : 

5  000  volts. 

2  tliree-phase  automatic  switches,  each 

to  carry  3  340  amperes  and  rupture       £ 
1  500  000  kVA  5  000 

6  tliree- phase  automatic  switches,  each 
to  carr}^  577  amperes  and  rupture 
750  000  kVA  . .  .  .  . .    6  000 

4  three-phase  automatic  switches,  each 
to  carry  805  amperes  and  rupture 

750  000  kVA  4  000 

100  000  volts. 

4  three-phase  non-automatic  switclies, 
each  to  carry  and  interrupt  90 
amperes  .  .  .  .  .  .  .  .     7  000 

12  isolating  switches,  for  200  amperes  ; 

24  isolating  sv\itches,  for  100  amperes    5  000 

3  earthing  switches  and  isolating 
switches  .  .  2  000 

Sundries  1  000 


£ 
25  000 


30  000 


"  Major  .'ifar''"  transformers  : 

8  7  000-kVA,  single-phase,  5  000/60  OOO- 
volt,  0-7  power  factor,  transformers. 
8  7  000-kVA,  single-phase,  2  800/60  OOO- 
volt,  0  -  7  power  factor,  transformers  . .      52  800 
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Brought  forward 
"  Hexagon  "  transformers  : 

20    5  000-kVA,  2  800/60  000-volt,  0-7 

power    factor,    single-phase     trans-       £ 

formers  50  000 

6    2  500  -  lA'A,       2  800/30  000  -  volt, 

single-phase,  transformers  . .  10  000 


£ 
107  800 


60  000 

Note.- — If  the  substation  load  be  used  to  feed 
the  capacity  current,  the  above  transformer 
cost  will  be  reduced  to,  say,  £75  000. 
Station  cabljs,  busbars,  etc.  : 

Allow 5  000 

Trunk  cables  400  000 

Total         £572  800 

Note.- — If  the  substation  load  be  used  to  feed 
the  capacity  current,  the  above  total  cost 
will  be  reduced  to  £535  000. 

APPENDIX    F. 

■  The  author  desires  to  add  the  following  interesting 
and,  as  he  judges,  important  results  obtained  by  Messrs. 
Clark  and  Shanklin  in  connection  ^\^itll  the  drop  in  the 
resistivity  of  the  dielectric  as  affected  bv  temperature, 
voltage  gradient  and  frequency.  The  followmg  figures 
are  taken  from  some  curves  plotted  by  the  author 
and  roughly  embodj-ing  JMessrs.  Clark  and  Shanldin's 
tests  : — 


Fre- 
quency 

Voltage 

Cable  No. 

Potential 
gradient 

Tem- 
perature 

Resistivity 

60 

V 

12  000 

2 

kV/cm 
15-8 

°C. 

24 

185  X  1010 

60 

12  000 

2 

15-8 

30 

120  X  1010 

60 

12  000 

2 

15-8 

40 

53  X  lOiO 

60 

12.000 

2 

15-8 

50 

27    X  1010 

60 

12  000 

2 

15-8 

60 

12  X  1010 

60 

12  000 

2 

15-8 

70 

8  X  1010 

60 

12  000 

2 

15-8 

80 

5  X  lOiO 

60 

12  000 

2 

15-8 

90 

4  X  1010 

60 

12  000 

2 

15-8 

100 

2-5  X   1010 

60 

48  000 

60 

23 

38-5  X  1010 

60 

48  000 

60 

30 

25  X   1010 

60 

48  000 

60 

40 

15  X  lO'o 

60 

48  000 

60 

50 

9  X   1010 

60 

48  000 

60 

60 

5  X  1010 

60 

48  000 

60 

80 

3  X  1010 
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Discussion  before  The  Institution,  7  December,  1922, 


Mr.  C.  P.  Sparks  :  The  problem  put  before  us  is 
the  straight  transmission  of  50  000  kW  over  30  miles, 
and  the  author  gives  a  particular  instance  of  trans- 
mission at  30  000  volts  with  three-core  cables  versus 
single-core  cables  with  intersheaths  at  100  000  volts. 
Straight  transmission  is,  as  a  rule,  to  make  use  of 
natural  resources,  e.g.  water  power,  or  some  form  of 
fuel  that  cannot  be  transported.  In  this  country  we 
have  particularly  before  us  distribution  over  a  wide 
area,  i.e.  the  building  up  of  a  load  sufficiently  large  to 
justify  the  use  of  large  power  stations,  and  such  distribu- 
tion requires  a  system  suitable  for  control  at  a  number 
of  substations.  The  alternative  method  of  transmission, 
viz.  by  means  of  overhead  lines,  is  not  mentioned  in 
the  paper,  and  1  feel  that  straight  transmission  would 
have  to  be  carried  out  by  such  means  rather  than  by 
the  three-core  or  the  single-core  cable  proposed.  Con- 
tinuous improvement  has  been  and  is  being  made  in 
cable  design.  The  first  10  000- volt  cables  were  designed 
by  Ferranti  and  put  into  use  in  1890,  the  dielectric  having 
a  thickness  of  i  inch.  The  next  definite  step  forward 
was  between  1902  and  1903,  when  a  system  working 
at  20  000  volts  came  into  use  on  the  North-East  Coast. 
In  1915  30  000-volt  three-core  cables  were  used  for 
transmission  in  this  country,  amongst  other  instances 
being  work  carried  out  by  me  in  South  Wales.  I  expect 
the  discussion  will  bring  out  the  fact  that  cable  makers 
are  now  prepared  to  build  three-core  cables  and  guarantee 
them  not  only  for  iO  000  volts  but  for  still  higher  pressures. 
The  limiting  factor  in  connection  with  three-core 
cables  is  hysteresis,  which  was  first  drawn  attention  to 
by  Mr.  ilordey  in  1901  in  connection  with  certain  tests 
which  he  carried  out  with  me.  It  was  then  found  that, 
with  the  lower  pressures  of  6  000  and  10  000  volts  then 
in  use,  hysteresis  in  cables  was  unimportant.  The 
question  did  not  arise  again  until  1915,  when  the  higher 
pressure  of  30  000  volts  was  adopted.  During  the 
past  five  years  cable  makers  have  halved  these  losses, 
and  at  Birmingham  the  33  000-volt  cables  have  the 
same  thickness  of  dielectric  as  was  employed  in  1890  for 
10  000  volts,  i.e.  i  inch.  I  feel  that  if  the  problem  of 
straight  transmission  at  40  000  volts  were  before  us, 
it  could  be  solved  by  the  use  of  five  40  000-volt,  three- 
core  cables  at  half  the  cost  which  the  author  has  given 
for  the  30  000-volt  cables,  without  exceeding  the  practical 
limits  of  pressure  loss  in  transmission.  As  a  practical 
engineer,  I  require  the  cable  to  be  armoured.  The 
author  says  on  page  221,  "  By  increasing  the  amount 
of  copper  by  10  per  cent,  the  iron  wire  loss  can  probably 
be  compensated  for  by  the  reduced  copper  voltage-drop, 
and  may  then  be  neglected  altogether."  1  want  some- 
thing much  more  reassuring  than  that,  as  I  do  not 
consider  that  it  would  be  wise,  from  the  point  of  view 
either  of  operation  or  of  the  safety  of  the  public,  to 
have  cables  working  at  the  pressure  suggested,  unless 
the  cables  are  armoured.  On  page  230  the  author 
states  that  with  30  000-volt  transmission  the  loss  in 
transmission  with  5  cables  would  be  about  19  per  cent, 
"  and  the  latter  regulation  is  entirely  impracticable 
without  a  very  great  outlay  in  induction  regulators  and 


considerable  expense  in  the  maintenance  of  the  same." 
With  long  lines  I  think  a  regulator  is  entirely  justified. 
It  is  true  that  in  short  transmissions  the  expense  is 
unwarranted,  but  I  see  no  reason  why,  with  our  present 
knowledge  of  regulators,  they  should  not  be  quite 
practicable  on  quite  a  large  scale  from  the  points  of 
view  of  capital  cost,  running  cost  and  reliabihtj-.  In 
conclusion  I  feel  that  where  straight  transmission  is 
required  over  a  long  distance,  it  should  be  effected 
by  overhead  lines.  If,  on  the  other  hand,  this  is  not 
practicable,  then  three-core  armoured  cables  should  be 
used  at  40  000  volts  or  over. 

Dr.  J.  A.  Fleming  :  It  is  certain  that  if  the  electri- 
fication of  main-line  railways  is  to  take  place,  the  subject 
of  transmission  at  high  pressures  by  underground 
cables  will  have  to  be  considered.  The  problem  is 
fundamentally  one  of  electric  strength  versus  dielectric 
coefficient  or  constant.  Unfortunately,  these  two 
qualities  vary,  generally  speaking,  in  the  same  direction. 
An  insulator  of  high  electric  strength  has,  with  one 
exception,  a  high  dielectric  constant,  the  exception 
being  compressed  air.  The  electric  strength  of  such 
material  as  is  generally  used  in  underground  conductors, 
e.g.  impregnated  jute  or  hemp,  is  usually  given  at  from 
200  to  250  kV/cm.  The  dielectric  constant  is  high,  i.e. 
3  or  3i  ;  thus  the  capacity  current  is  large.  In  the  case  of 
air,  the  electric  strength  at  ordinary  pressure  is  only  about 
30  kV/cm,  but  it  increases  almost  proportionately  to  the 
pressure,  so  that  if  it  is  pumped  up  to  100  Ib./sq.  in. 
it  will  have  an  electric  strength  of  about  200  kV/cm, 
i.e.  approximately  equal  to  that  of  impregnated  jute 
or  hemp.  The  important  point  is,  however,  that  the 
dielectric  constant  will  not  increase  much  above  unity, 
and  therefore  the  capacity  current  will  be  about  one- 
third  of  what  it  would  be  on  a  solid  dielectric.  Let  us 
suppose  that  a  copper  rod  is  insulated  by  some  suitable 
form  of  solid  insulator  in  the  axis  of  a  copper  tube  as 
the  return,  and  that  the  two  are  placed  in  a  steel  pipe 
which  is  j  ointed  and  made  tight  for  a  pressure  of  1 50  Ib./sq. 
in.,  the  copper  tubes  being  jointed  by  copper  sleeves. 
If  there  were  an  air  space  of  1  inch  all  round  the  central 
conductor,  the  electric  strength,  at  100  Ib./sq.  in., 
should  be  400  kV/cm,  which  would  allow  an  ample 
margin,  and  there  would  be  no  difficult)-  in  maintaining 
that  pressure  against  a  slight  leak  at  a  verj-  small  expense. 
Indeed,  a  small  leak  might  be  an  advantage  in  keeping 
out  Hioist  air  and  in  getting  rid  of  ionized  air.  The 
one  thing  that  might  be  questioned  is  whether  the 
ionization  of  air  would  continue  at  100  000  volts  to  an 
extent  which  would  break  down  the  insulation  ;  also, 
whether  there  are  any  very  serious  dilficulties  in  con- 
veying the  current  through  insulated  glands  into  the 
conductors.  I  should  like  to  see  an  experiment  of 
that  kind  tried  on  rather  a  large  scale,  to  find  out 
whether  with  highly  compressed  air  we  could  not 
derive  the  advantages  of  high  electric  strength  with  a 
small  dielectric  constant  and,  therefore,  small  capacity 
currents. 

Mr.  C.  J.  Beaver  :    The  author  has  referred  to  the 
proposals  which  I  made  in  1915  with  regard  to  these 
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intersheath  single  cables,  but  I  should  like  to  point  out 
that  those  proposals  did  not  originally  emanate  solely 
from  me.  Some  of  the  suggestions  with  regard  to  the 
subject  go  back  as  far  as  1906,  when  the  general  prin- 
ciple was  suggested  by  Mr.  Morris  in  connection  with  Dr. 
Russell's  paper.*  A  considerable  amount  of  work  was 
subsequently  done  by  Dr.  Russell,  Mr.  LI.  B.  Atkinson 
and  I\Ir.  A.  E.  Tanner  in  scientifically  developing  the 
principle  of  intersheath  grading  and  adapting  it  to 
the  conditions  of  commercial  use.  It  has  remained  for 
the  present  author,  by  means  of  this  si.x-phase/three- 
phase  system,  to  combine  the  principle  with  a  system 
of  distribution  in  which  intersheaths  function  as  current- 
carrying  layers  as  well  as  potential  distributors.  In 
taking  that  step  he  has  enormously  increased  the 
commercial  efficiency  of  the  intersheath  type  of  cable. 
Apart  from  questions  of  the  opeiation  of  the  six- 
phase/three-phase  system,  itseems  tome  that  the  author's 
proposals  may  be  regarded  as  involving  two  sets  of 
practical  problems.  The  first  relates  to  the  production 
of  the  necessarj'  transformers  and  switchgear,  and  the 
second  to  the  manufacture  and  installation  of  the 
proposed  cable.  'With  regard  to  the  latter,  the  author's 
demands  on  the  cable  maker  in  the  matter  of  stress 
qua  stress  are  not  at  all  exorbitant,  but  the  form  cf 
cable  is  somewhat  foreign,  to  present-day  cable-making 
practice.  I  happen  to  know  that  the  author  has,  or 
had,  some  misgivings  as  to  whether  the  outer  section 
of  the  cable  shown  in  Fig.  6  could  be  made  without 
endangering  the  efficiency  of  the  inner  portions  by  the 
heat  treatment  involved  in  the  impregnation  of  the 
outer  layer  of  dielectric.  Such  a  danger  undoubtedly 
exists  in  the  ordinary'  vacuum  or  vacuum-pressure 
method  of  impregnation,  but,  as  I  have  pointed  out  to 
the  author,  thers  is  another  metiiod  by  which  risks  of 
this  character  can  be  entirely  avoided.  Broadly,  this 
consists  in  impregnating  the  paper  in  sheet  form  prior 
to  cutting  it  into  strips  and  applj-ing  it  to  the  conductor. 
This  method  was  evolved  by  me  in  1897,  and  has  been 
solely  used  by  my  company  ever  since.  Ob\'iousl)',  all 
parts  of  a  dielectric  made  on  tlris  principle  must  receive 
the  same  treatment,  whereas  this  cannot  be  the  case 
in  the  ordinary  method.  Moreover,  in  the  ordinary 
process  the  dielectric  properties  of  the  impregnating 
medium — in  so  far  as  they  are  correlated  to  physical 
properties— have  to  be  subordinated  to  the  necessity 
of  penetrating  the  mass  of  paper  under  reasonable 
conditions  of  time  and  temperature.  Having  to  be 
thin  and  mobile  in  order  to  penetrate,  a  tendency  to 
bleed  out  again,  or  to  become  displaced  under  working 
temperature  conditions,  is  entailed.  In  addition,  there 
is  always  the  risk  of  insufficient  penetration  on  the  one 
hand,  or  too  prolonged  exposurs  to  the  high  tempera- 
ture of  the  impregnating  process  on  the  other.  The 
"  prior  "  impregnating  process  is  entirely  free  from  these 
disad\-antages,  allows  considerably  greater  freedom 
in  the  choice  of  materials,  and  consequently  permits 
much  more  scope  in  securing  the  best  combination  of 
physical  and  electrical  properties  in  the  impregnating 
medium.  The  desirability  of  this  method  becomes, 
of  course,  greater  as  higher  voltages  and  consequently 

'  "The    Dielectric   Strength    of    Insulating  Materials,   and  the 
Grading  of  Cables,"  Journal  I.E.E.,  1908,  voL  40,  p.  6. 


greater  thicloiesses  of  dielectric  have  to  be  dealt  with. 
The  author's  reference  to  the  work  of  Clark  and  Shanklin 
and  others  brings  up  the  important  subject  of  the 
effect  on  dielectric  losses  of  the  occlusion  of  air  and 
gases.  These  investigators  attached  so  much  importance 
to  this  matter  as  to  conclude  that  the  critical  stre.=s  at 
which  occluded  air  becomes  ionized — about  19-5  kV/cm 
— should  not  be  exceeded  in  an  impregnated  paper 
dielectiic.  British  cable  makers,  howe^•er,  did  not 
accept  this  dictum,  and  to-day  more  than  one  firm, 
including  my  own,  can  point  to  cases  of  two  3'ears 
or  more  of  satisfactory  working  at  stresses  up  to 
50  kV/cm.  There  appears  to  be  little  doubt,  how- 
ever, that  freedom  from  occluded  air  and  gases 
would  gi\e  considerable  ad\'antage  not  only  with 
regard  to  dielectric  loss,  but  probably  also  to  electric 
stiength.  The  "  prior "  impregnation  method  gives 
freedom  from  occluded  gases  because  there  is  no  heat 
treatment  after  the  dielectric  is  built  up.  \A  ith  regard 
to  occluded  air,  I  do  not  think  that  either  process  has 
5'et  produced  an  absolutely  air-free  dielectric,  although 
certain  refinements  are  employed  to  that  end  in  each. 
It  wiU  be  fairly  clear,  however,  on  a  moment's  considera- 
tion, that  if,  in  the  "  prior  "  method,  the  alread}'  im- 
pregnated paper  strips  could  be  applied  to  the  cable  in 
an  air-free  medium,  e.g.  under  the  surface  of  very 
viscous  oil  or  molten  compound,  the  dielectric  so  built 
up  could  not  contain  air.  The  necessar\'  plant  to 
accomplish  this  has  been  designed  and  constructed  and 
will  shortly  be  in  use. 

Mr.  P.  V.  Hunter  :  It  seems  to  me  that,  up  to  the 
present,  cable  manufacture  and  research  and  develop- 
ment on  cables  in  this  country  have  proceeded  en  quite 
fixed  and  well-defined  lines.  Certain  definite  forms 
of  cable  have  been  stereotj'ped,  and  the  direction  of 
progress  has  been  to  try'  to  increase  the  specific  loading 
of  the  materials.  For  instance,  the  question  of  the 
current  density  at  which  cables  can  be  run  has  during 
the  past  10  years  received  very  considerable  attention, 
and  the  stress  at  which  the  dielectric  can  be  operated 
has  received  if  anything  even  more  attention.  This 
has  resulted  in  considerable  progress,  but  in  one  direction 
onl^^  Now  the  author  has  entirely  ignored  all  this 
line  of  progress  and  has  set  himself  quite  different  ideals. 
It  would  therefore  be  hardly  fair  to  criticize  the  paper 
for  not  dealing  with  this  aspect  of  development.  I 
should  like  to  say,  however,  that  he  has  not  done  the 
cable  manufacturer  of  this  country'  anj'thing  hke  justice 
in  the  33  000-volt  cable  which  he  has  sho^vn  on  page  232 
for  the  purpose  of  comparison  with  his  own  proposals. 
It  must  be  remembered  that  the  author's  proposal 
is,  after  all,  very  speculative.  If,  therefore,  he  has 
put  up  a  speculative  proposal  he  ought  to  compare  it 
with  something  of  a  similar!}-  advanced  nature  in  existing 
methods,  and  I  think  I  shall  be  quite  safe  in  saying 
that  a  66  000-volt  three-core  cable  run  at  2\  times  the 
current  density'  that  is  proposed  in  the  paper  for  the 
33  000-volt  cable  would  be  a  great  deal  less  speculative 
than  the  cable  and  method  of  operation  proposed  by 
the  author.  Had  he  made  his  comparisons  on  this 
basis  the  sa^•ing  of  £500  000  would,  of  course,  have 
completely  disappeared.  I  think  that  the  author's 
proposals  really  amount  to  tlois  :    "I  will  put    a   stop 
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to  any  attempts  to  increase  the  specific  loading  of  my 
materials,  and  I  will  see  whether  by  changing  my  circuit 
arrangements  or  by  any  kind  of  subterfuge  I  can  gain 
advantages  in  other  directions."  He  has  no  doubt 
been  encouraged  in  this  line  of  attack  by  the  fact  that 
in  communication  circuits  there  have  been  very  great 
advances  in  dealing  with  the  development  in  this  way. 
Mr.  Gill  in  his  Inaugural  Address  told  us  how  man}'  long- 
distance communication  circuits  were  operated  on  four 
wires.  The  number  appears  almost  incredible  to  a 
power  engineer  unfamiliar  with  such  matters,  and  I 
think  that  the  present  author  has  set  himself  to  discover 
whether  or  not  it  is  possible  to  arrive  at  some  similar 
kind  of  development  in  power  work.  I  do  not  think 
for  a  moment  that  the  particular  schemes  which  the 
author  has  proposed  are  in  the  slightest  degree  prac- 
ticable. Mr.  Sparks  has  pointed  out  that,  as  described, 
the  scheme  proposed  would  appear  to  be  suitable  only 
for  straight  end-to-end  transmission.  I  do  not  think 
any  scheme  which  is  limited  in  that  way  would  be  at 
all  applicable  to  the  conditions  of  this  country.  On 
the  other  hand,  if  an  attempt  is  made  to  apply  this 
scheme  to  any  kind  of  high-pressure  interconnected 
distribution  network,  the  amount  of  switching  entailed 
will  be  excessive.  For  instance,  the  number  of  busbars 
required  in  a  substation  where  there  is  a  junc- 
tion between  three  such  feeders  as  are  shown  in 
Fig.  11  would,  I  think,  be  21.  To  make  the  scheme 
at  all  practicable  the  serious  difficulty  of  capacity 
current  which  the  author  has  encountered  has  to  be 
overcome.  This  difficulty  is  met  with  on  all  occasions 
when  one  tries  to  limit  the  maximum  stress  on  the  dielec- 
ttic  and  employ  it  more  usefull)'  by  running  at  a  constant 
stress  throughout.  This  means,  in  the  case  of  single- 
core  cables,  or  cables  of  similar  construction,  that  the 
large  mass  of  dielectric  near  the  outer  periphery  has  to 
have  its  stress  increased.  The  result  is  a  large  increase 
in  capacity  current.  The  author's  proposed  scheme 
of  neutralizing  the  capacity  current  and  running  at 
unity  power  factor  should  not  be  credited  as  an  advantage 
of  his  system.  It  is  an  essential  complication  which 
must  be  adopted  because  he  is  running  into  the  difficulty 
of  greatly  increased  capacity  current.  As  he  has  to 
attack  this  difficulty  it  is  verj'-  natural  that  he  should 
attempt  to  eliminate  the  capacity  current  entirely, 
and  with  this  I  agree.  Fig.  11,  I  understand,  gives  in 
diagrammatic  form  the  essence  of  the  author's  specific 
proposals.  I  am  not  sure  that  it  is  easy  to  follow 
from  the  description  what  is  intended  and  the  reasons 
which  have  led  the  author  to  the  arrangement  shown, 
and  it  may  be  of  interest  to  state  briefly  the  genesis 
of  the  arrangement  as  it  appears  to  me.  The  author 
has  chosen  a  main  transmission  pressure  so  high  that 
some  form  of  single-core  cable  is  necessary.  In  order 
to  keep  the  dielectric  stress  within  the  limits  postulated 
he  has  had  to  assume  the  use  of  intersheaths  regulating 
the  pressures  between  sections  of  the  dielectric.  These 
intersheaths  must  necessarily  carry  large  capacity 
currents  and,  with  a  view  to  increasing  the  amount  of 
energy  transmitted  by  the  arrangement,  and  also  no 
doubt  having  in  mind  that  the  addition  of  capacity 
currents  and  energy  currents  gives  a  resultant  of  less 
magnitude  than  the  arithmetical  sum,  he  has  endeavoured 


to  arrange  that  the  intersheath  shall  also  carry  energj- 
current.  It  would  be  almost  ideal  for  his  purpose  if 
the  energy  current  to  be  carried  by  the  intersheaths 
could  have  been  the  ordinary  three-phase  sj-stem,  but 
unfortunately  this  is  not  very  suitable.  The  result 
has  been  that  the  author  has  had  to  employ  a  six-phase 
arrangement  for  superimposing  on  his  intersheaths,  and 
this  has  led  to  the  employment  not  only  of  the  hexagon 
arrangement  but  also  of  .six  cables  instead  of  three,  which 
would  otherwise  have  been  satisfactory-.  On  the  whole, 
therefore,  it  is  fair  to  state  that  the  main  object  of 
the  whole  of  the  arrangement  is  to  employ  intersheaths 
for  the  purpose  of  transmitting  energy,  as  well  as 
capacity  currents. 

Communicated  :  It  is  well  that  attention  should 
be  directed  to  the  author's  argument  for  emploj-ing  an 
excess  of  cables  in  order  to  save  energj'  losses.  The 
author  computes  that  a  1  per  cent  saving  in  energy  lost 
is  equivalent  to  £58  300  in  capital  expenditure.  The 
cost  of  a  unit  of  losses  is  assumed  to  be  0-5d.,  the  period 
on  which  the  computation  is  based  being  16  years. 
This  computation  obviously  assumes  that  for  the  next 
16  years  there  will  be  no  reduction  in  the  cost  of  produc- 
ing electricity,  which  seems  to  me  to  be  very  improbable 
indeed.  If,  however,  there  is  a  reduction  in  the  cost  of 
producing  electricity,  then  the  capital  value  of  the  losses 
falls,  and  1  have  no  hesitation  in  predicting  that  during 
the  next  16  years  the  cost  of  the  losses  will  be  very 
substantially  less  than  the  figure  stated  by  the  author, 
with  the  result  that  any  capital  expended  on  the  assump- 
tion that  it  paid  to  spend  capital  to  save  losses  would 
be  largel}'  wasted.  Apart,  however,  from  this  weakness 
in  the  author's  argument,  the  whole  suggestion  that 
supply  authorities  should  spend  capital  purely  for 
the  purpose  of  saving  losses  is  against  all  commercial 
practice.  In  the  author's  case  he  proposes  to  run  bis 
33  000-volt  cable  at  a  current  density  of  500  amperes  per 
sq.  in.,  when  a  density  of  at  least  1  250  amperes  per 
sq.  in.  would  be  permissible.  In  other  words,  although 
four  cables  would  be  sufficient  for  his  purpose  he  proposes 
to  put  in  ten,  merely  because  he  can  show  on  paper  that 
the  saving  in  losses  would  justify  the  extra  capital 
expenditure.  This  argument  seems  to  me  to  find  no 
support  in  practice  in  this  or  any  other  country,  nor 
is  it  likely  to  appeal  to  any  branch  of  the  industr\-  with 
the  possible  exception  of  that  which  makes  the  cables. 

Mr.  J.  S.  Highfield  :  A  study  of  the  paper  seems 
to  suggest  that  the  author  is  adding  to  the  well-known 
comphcation  of  transmitting  electricity  by  alternating 
currents  ;  and  it  makes  one  feel  all  the  more  that  if, 
for  the  sake  of  simphcity,  we  could  generate  and  trans- 
form direct  current,  the  whole  problem  would  become 
much  more  simple.  On  that  subject  the  author  suggests 
that  even  if  we  could  use  direct  current  there  would 
still  be  tliis  difficulty  of  intersheaths  in  order  to  make 
the  insulation  secure.  I  can  assure  him  that  up  to 
100  000  volts  there  is  no  difficulty  at  all  in  using  a  single- 
core  cable  wilh  \  in.  of  insulation  (or  perhaps  a  little 
more)  to  work  at"  100  000  volts.  For  some  years  there 
has  been  a  cable  supplying  Lyons  at  tliat  pressure.  I 
laid  a  main  consisting  of  two  single-core  cables  of 
0125  sq.  in.  cores  plain  lead-covered  and  laid  in  iron 
pipes,  for  tlie  Metropolitan  Electric  Supply  Company, 
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to  work  at  100  000  \-olts.     Dr.  Fleming  has  referred  to 
the   use   of  compressed   air  as   an  insulator.     He  may 
be  interested  to  liear  that  some  years  ago,  when  I  was 
working  a  great  deal  on  the  possible  use  of  direct  current 
for  high-tension   transmission,   it  became  obvious  that 
it  was  mucli  easier  to  make  a  compressed-air  cable  with 
one  core  than  with  tliree.     With  one  core  it  appeared 
to  be  sufficiently  eas\-  to  be  worth  trying.     In  fact  we 
laid  down  a  good  many  lengths  of  18  ft.  steel  tube  with 
an   insulator   on   eacii   joint,    and   drew   through   these 
insulators  a  stranded  cable  of  about  ^  sq.  in.  section. 
\\e  drew  it  up  tight  so  that  it  could  not  touch  the  tubes. 
It  was  quite  easy  to  go  round  corners  because  there 
was  a  suitable  insulator  at  each  joint.     Working  at  a 
pressure    from    100  to  120  Ib./sq.  in.  there  was  no  diffi- 
culty in  appl3-ing  an  alternating  current  of  60  000  volts 
between   the  conductors  and  the  outside  of  the  tube, 
the  diameter  of  which  was,  I  tliink,  4  in.     In  common 
with   Mr.   Hunter,    I   liave  experienced   some   difficulty 
in  understanding  in  what  the  proposed  new  system  con- 
sists, and  I  do  not  quite  agree  with  Mr.  Hunter's  inter- 
pretation.    ]Mr.  Hunter  has  discussed  Fig.  11  as  though 
an  essential  part  of  the  system  were  six  cables  and  a 
large  bunch  of  transformers.     I  think  that  the  author 
could    carry   out   liis   s\-stem    perfectly    well   with   one 
three-phase/six-phase   transformer   and    two    three-core 
concentric  cables.     His  connections  are,  I  tliink,  designed 
with  tlie  idea  of  keeping  two  of  the  neighbouring  phases 
as  "near  earth  potential  as  possible,  i.e.   about   15  000 
volts  ;  the  two  liighest  phases  within  about  90  000  \-olts  ; 
and    the    t"\vo  middle  ones  within  about   60  000  volts. 
Consequently    the    S3'stem    might    consist    in    a    single 
transformer   providing  si.x   phases   and   two   three-core 
concentric  cables. 

Mr.  P.  Dunsheath  :  There  are  many  points  in 
the  paper  witli  ^\■hich  I  either  do  not  agree  or  on  wliich 
I  am  imable  to  follow  the  author's  argument.  I  think 
that  in  deahng  with  certain  fundamental  principles 
the  author  has  made  one  or  two  slips.  One  matter  to 
which  I  should  like  to  call  particular  attention  appears 
on  page  223.  Assuming  the  power  factor  of  the  dielectric 
to  be  1-5  per  cent,  the  author  calculates  the  dielectric 
losses  in  the  usual  way,  but  calls  them  hysteresis 
losses,  and  shows  them  as  hysteresis  losses  in  Fig.  3. 
That,  in  my  opinion,  is  not  correct.  The  product  of 
power  factor,  pressure  and  charging  current  gives  the 
total  dielectric  loss  including  the  conductance  losses, 
which  the  author  refers  to  as  a  separate  item  in  the  lower 
part  of  col.  1,  page  223.  Turning  now  to  the  author's 
six-phase/three-phase  S3-stem,  apparently  he  emploj's 
six  cables  as  detailed  in  Fig.  6,  and  by  appljang  30  000 
volts  between  the  inner  conductor  and  the  first  inter- 
sheath,  another  30  000  volts  between  the  first  and  second 
intersheath,  and  18  000  volts  between  the  latter  and  the 
lead,  he  is  able  to  work  a  100  000-volt  three-phase  s^-stem. 
It  seems  to  me  that  the  best  way  to  criticize  the  system 
is  to  compare  it  with  a  straightforward  tapping  s^-stem, 
using  exactly  the  same  cable  with  the  same  voltage 
between  conductors.  In  Fig.  A  I  have  shown  the 
elements  of  the  author's  system  on  the  left-hand  side  and 
the  equivalent  simple  tapping  system  on  the  right- 
hand  side.  It  is  obvious  from  the  vector  diagram  that 
the  addition  of  the  vector  voltages  is  considerably  less 


with  the  author's  system  than  with  the  simple  tapping 
system.  As  a  matter  of  fact,  with  equal  stresses  on 
tlie  dielectrics  of  two  equal-sized  cables  the  voltage 
available  on  the  left-hand  system  is  58  000  and  on  the 
right-hand  system  78  000.  It  seems  to  me  that  this 
is  reallv  the  basic  principle  of  the  matter,  and  to  condense 
my  point  I  should  like  to  ask  the  author  what  are  the 
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advantages  of  his  system  over  that  shown  in  Fig.  B. 
Here  two,  four  or  six  cables  constructed  similarly  to 
that  of  Fig.  6,  but  only  up  to  the  first  lead  sheath,  i.e. 
4-02  cm  radius,  are  used  instead  of  an  equal  number 
of  cables  in  accordance  with  Fig.  6,  with  a  radius  of 
5-12  cm.  With  the  alternative  wliich  I  propose,  six 
cables,  much  smaller  than  the  author's,  will  carry  the 
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same  voltage,  i.e.  100  000  volts  three  phase,  without 
the  complication  of  any  six-phase  hexagons  and  without 
the  loss,  so  far  as  I  can  see,  of  a  single  advantage  claimed 
for  the  six-phase  system.  On  the  question  of  carrying 
load  current  in  the  intersheaths,  the  author  implies 
that  this  is  one  of  the  advantages  of  his  system.  Now 
this  advantage  can  be  claimed  for  any  intersheath 
system,  but  is  it  such  an  advantage,  after  all  ?  At 
first  sight  it  seems  to  be  a  very  attractive  proposition. 
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but  when  it  is  remembered  that  energy  carried  at  the 
top  vohage  in  the  main  conductor  requires  much  less 
current  than  if  carried  in  an  intersheath,  the  advantages 
are  not  so  obvious.  In  passing,  I  should  like  to  state 
that  the  author  is  not  the  first  to  propose  the  use  of 
intersheaths  for  carrying  current.  The  firm  with  which 
I  am  connected  hold  a  patent  *  for  doing  the  same 
thing  on  a  simple  tapping  system.  So  far  my  criticism 
has  been  of  the  author's  method  of  using  intersheaths, 
but  I  should  like  to  say  a  word  on  intersheaths  in 
general.  The  development  of  super-pressure  cables  by 
the  use  of  graded  potential  intersheaths  has  been  very 
much  discussed,  but  I  do  not  think  they  are  as  effective 
as  they  are  generally  considered  to  be.  I  know  that 
many  authorities  hold  that  a  cable  breaks  down  at  a 
certain  maximum  stress  and  that,  by  a  re-distribution 
of  stress  by  potential  sheaths,  higher  values  will  be 
obtained  for  the  breakdown  of  a  given  total  thickness 
of  dielectric.  I  am  sure  that  when  we  know  more  about 
this  subject  we  shall  find  this  to  be  absolutely  untrue. 


Fig.  C— "S.L."  type  of  60000-volt,  three-core  cable.  Con- 
ductor 0-23  sq.  in.  (37/0-090);  overall  diameter  4-5  in. 
(Henley). 

A  cable  does  not  break  down  when  a  certain  maximum 
stress  is  reached,  but  for  some  other  reason.  I  know 
that  makers  of  condenser-type  terminals  are  quite  con- 
vinced of  the  usefulness  of  intersheaths,  but  I  am  of 
the  opinion  that  if  intersheaths  do  improve  a  dielectric 
they  do  so  bv  re-distributing  the  heat,  and  possibly 
stress,  circumferentially  rather  than  by  re-distributing 
the  stress  radially,  and  that  if  an  intersheath  cable  were 
left  without  the  ends  connected  to  transformer  tappings 
the  results  would  be  quite  as  good  as  if  they  were  con- 
nected. It  is  largely  because  of  these  views  on  the 
uselessness  of  potential  grading  that  I  have  been  working 
during  the  past  few  years  along  the  lines  of  developing 
super-pressure  cables,  using  three-core  cables,  and  I 
find  that  it  is  practicable  to  transmit  the  power  required 
for  the  case  quoted  b^-  the  author,  i.e.  50  000  kW, 
over  three  three-core  cables  having  an  overall  diameter 
of  4-0  inches.  The  cable  may  be  either  plain  three-core 
or  of  the  type  which  I  prefer,  shown  in  Fig.  C,  which 
I  will  refer  to  as  the  S.L.  type,  as  the  cores  are  each 
separately  lead-covered.  The  objection  to  the  use  of 
single-core    cables    is    very    frequently    based    on    the 
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impossibility  of  armouring,  but  here  is  a  type  in  which 
the  armouring  is  easily  emplo^-ed  and  which  has  many 
other  advantages,  both  mechanical  and  electrical. 
As  it  may  be  objected  against  my  suggested  alternative 
to  the  author's  system  that  the  losses  will  be  more,  I 
have  tabulated  \-arious  values,  from  which  it  will  be 
seen  that  the  advantage  is  all  with  the  three-core  type. 
The  S.L.  type  has  somewhat  larger  losses  than  the  plain 
three-core  cable,  but  its  many  other  advantages,  e.g. 
flexibility,  uniformit}^  of  temperature,  etc.,  more  than 
compensate  for  these.  As  regards  cost,  I  estimate 
that  the  saving  of  £.500  000  shown  by  the  author  by 
using  his  system  could  be  increased  to  about  £.550  000 
by  using  three  three-core  cables  as  suggested.  The 
figures  in  the  following  table  are  obtained  from  a  long 
series  of  tests  recently  carried  out  and  still  in  progress 
on  two  lengths  of  60  000-volt,  three-core  cables,  samples 
of  which  I  have  placed  on  the  table  for  inspection. 

Comparison    of  Six-phasefThree-phase    Transmission    at 
100  kV  with  Simple  Three-phase  Transmission  at  60  kV. 


6-phase/3-pha?e : 
100  kV 

Simple  3-ph 

ase :  60  kV 

Using  6  concen- 

Usinf? 3  plain 

Using  3  S.L. 

type  Score 

cables 

tric  cables 

Score  cables 

Di.stance 

30  miles 

30  miles 

30  miles 

Regulation 

K   O/ 
«>    ,0 

r;  0/ 

O    ,0 

Charging  kVA 

20  460 

8  750 

10  300 

per  phase 

Copper  losses  at 

1  387 

2  023 

2  023 

full  load,  in  kW 

Sheath  losses  at 

?  (take=^.0) 

?  (take  =  0) 

202 

full  load,  in  kW 

Copper      and 

1  387 

2  023 

2  225 

sheath     losses. 

in  k\X 

Ditto     per     an- 

1 940  000 

2  SiO  000 

3  120  000 

num,  in   units. 

40%  load  factor 

Dielectric      loss 

918 

394 

463 

at  full  load,  in 

kW, 

Dielectric      loss 

8  050  000 

3  460  000 

4  060  000 

per   annum    in 

units,  24  hours' 

load 

Total     loss    per 

9  990  000 

6  300  000 

7  ISO  000 

annum,        in 

units 

Dr.  W.  Cramp  :  In  the  first  place,  the  use  of  single- 
core,  lead-covered  cables  for  alternating  currents  is,  to 
my  mind,  tiojv  a  thing  of  absolute  certainty.  It  is 
perfectly  safe  to  use  them  even  for  periodicities  higher 
than  50.  I  am  in  possession  of  figures  which  sixiw 
that  the  loss  which  the  author  has  allowed  in  the 
lead  is  reallv  in  excess  of  what  he  is  likely  to  meet 
with   in   practice.     I   would    go    further    and   reassure 
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Mr.  Sparks  to  this  extent — that  experiments  ■which  are 
now  being  carried  out  at  Birmingham  seem  to  show  that 
even  in  a  single-core  armoured  cable  the  loss  is  much 
less  than  is  generally  anticipated.  The  second  point  is 
that  cable  makers  who  have  used  intersheaths,  and  who 
propose  to  use  them,  seem  to  me  to  be  omitting  one 
important  theoretical  possibility.  It  is  well-known  that 
if  a  conductor  and  a  partial  conductor  carrj-  a  current 
such  as  this  capacity  current,  a  charge  ^\ill  collect  at 
the  junction  between  them,  and  will  disappear  directly 
the  current  disappears.  If  the  capacity  current  has  to 
pass  through  the  metal  sheath — that  is  to  saj',  if  the 
current  on  the  two  sides  is  \'irtually  the  same,  so  that 
the  capacity  current  travels  from  core  to  core — there 
Tivill  be  a  charge  on  each  side  of  the  metal  sheath,  and 
it  may  be  of  verj-  considerable  magnitude,  in  fact 
sufficient,  if  there  are  spaces  between  the  wires,  as  in 
the  author's  rings,  to  set  up  an  ozonizing  discharge. 
In  any  case  there  is  the  possibilitj'  of  breakdown  near 
an  intersheath  due  to  that  cause. 

Mr.  A.  M.  Taylor  (in  reply]  :  It  would  seem  to  be 
true  that,  as  the  Electrician  remarks,  I  have  not  done 
mj'self  justice  in  the  presentation  of  the  facts  which 
are  enunciated  in  the  paper.  I  will  tr\-  to  remedy  tliis 
in  the  reply  to  the  discussion. 

The  essential  points  which  can  be  deduced  from  the 
data  given  and  on  which  the  paper  will  stand  or  fall 
are  the  follo\\-ing  : — 

(1)  Bj'  emplo)-ing  intersheaths  in  the  manner  out- 
lined a  gain  of  roughly  100  per  cent  in  the  voltage 
appUed  can  be  obtained  for  a  given  depth  of  insulation. 

(2)  This  enables  either  the  current  density  in  the 
central  copper  core  to  be  kept  constant  while  the  core 
section  is  halved,  or  alternatively  (and  this  is  what  I 
use  in  my  calculations  later)  the  current  density  to 
be  doubled  while  the  cross-section  is  reduced  to  one- 
quarter. 

In  the  first  case  half  the  heat  is  Uberated  per  foot 
of  cable,  and  consequently,  for  tivo  single-core  cables 
of  similar  thermal  constants  (one  at  55  000  V,  non- 
intersheathed,  and  the  other  at  110  000  V,  inter- 
sheathed)  the  thermal  gradient  is  halved,  i.e.  the 
temperature-rise  of  the  copper  is  halved. 

(3)  In  the  transition  from  a  three-core  non-inter- 
sheathed  cable  to  a  single-core  intersheathed  cable 
there  is  a  gain  in  the  thermal  gradient — i.e.  a  reduction 
in  the  copper-core  temperature-rise — of  some  60  per  cent, 
due  largely  to  there  being  the  heat  losses  of  three  cores 
concentrated  in  the  one  cable,  and  in  the  other  that 
of  one  core  onlv. 

(4)  The  resistivity  gain,  due  to  the  reduced  tempera- 
ture of  the  central  core,  would  of  itself  be  very 
valuable  ;  but  in  the  case  of  intersheath  cables 
worked  under  my  proposals  the  additional  gain,  due 
to  putting  those  parts  of  the  dielectric  which  have  to 
work  under  the  highest  dielectric  stress  at  a  part 
of  the  cable  where  the  temperature  is  lowest,  is  very 
great  and  would  amply  compensate  for  any  moderate 
loss  due  to  increased  capacity  current.  Incidentally, 
it  should  also  permit  of  working  at  much  higher  voltage 
gradients,  and  hence  of  still  further  increasing  the 
transmission  voltage. 

(5)  By  the  method  of  working  proposed,  the  capacity 


current  at  light  loads  is  reduced  to  one-third  of  that 
at  full  load. 

(6)  The  increase  in  the  total  capacity  from  core  to 
lead  sheath  (apart  from  temperature  questions),  due 
to  the  introduction  of  intersheaths  and  consequent 
slight  increase  in  diameter  of  cable,  is  almost  neghgible. 
In  a  case  which  I  have  worked  out  it  is  only  5  per  cent. 

(7)  Above  a  certain  temperature,  easily  reached  in 
practice,  the  "  leakage  conductance  loss  "  (which  de- 
pends directly  on  the  resisti\ity)  increases  very  rapidly 
and  outweighs  the  loss  due  to  increased  "  permittivity  " 
(i.e.  the  extra  capacity  current  loss),  besides  ultimately 
causing  the  breakdown  of  the  cable. 

In  view  of  the  fact  that,  in  the  near  future,  trans- 
missions of  a  magnitude  now  only  hinted  at  will  cer- 
tainly be  undertaken,  and  that  it  is  impossible  to  keep 
on  indefinitely  increasing  the  potential  gradient  in 
three-core  cables  to  meet  the  new  conditions,  it  is  advis- 
able— and  will  assist  true  progress  meanwhile — to 
consider  now  how  these  transmissions  are  to  be 
undertaken.  The  present  paper  was  \\Titten  ^\ith  this 
object. 

Reph-ing  now  in  detail  to  the  discussion  on  the  paper, 
the  most  serious  criticism  is,  I  take  it,  that  the  work 
can  equally  efficiently  be  done  with,  say,  five  55  000-V 
three-core  cables.  But  those  who  make  this  criticism 
ha\-e  sureh'  overlooked  the  supreme  importance  of 
temperature  considerations.  E.H.T.  trunk  cables  may, 
in  emergency,  be  called  upon  to  carrj^  loads  far  in 
excess  of  their  normal  loading,  and  this  may  occur 
in  the  summer  time.  To  neglect  this  possibility  would 
be  suicidal.  It  is  also  surely  of  some  importance 
that  an  unnecessary  £50  000  to  £75  000  should  not 
be  incurred  in  regulators,  which  lose  (in  boosting 
by  some  20  per  cent)  from  J  per  cent  to  perhaps 
I  per  cent  of  the  whole  power  of  the  system.  I 
propose  to  attack  the  problem  from  the  point  of 
view  of  temperature  of  the  dielectric.  It  is  rather 
interesting  that  the  latest  important  contributor  to 
this  question.  Dr.  Karl  Willy  Wagner,*  emphasizes 
the  drop  in  resistivity  due  to  temperature  as  being  of 
supreme  importance  and  the  probable  initial  cause  of 
all  breakdowns.  The  curves  which  I  exhibited  as  a 
lantern  slide  show  most  conclusively  the  importance 
of  this  question  of  the  leakage  conductance  loss  ;  also, 
how  remarkablv  the  resistivity  itself,  for  a  given  ambient 
temperature,  depends  on  the  potential  gradient.  In 
the  paper  I  have  done  my  own  proposals  an  injustice 
by  designing  a  cable  such  that  the  present  methods  of 
impregnation  could  be  applied  to  it.  As,  however, 
there-  is  a  reasonable  probability  of  our  being  able 
almost  immediately  to  obtain  cables  in  which  (apart 
from  the  question  of  bending,  which  can  be  dealt  with 
by  larger  drums  and  other  precautions)  it  is  immaterial 
whether  the  maximum  potential  gradient  occurs  at 
the  surface  of  the  central  core  or  on  one  of  the  inter- 
sheaths, I  will  take  advantage  of  the  gains  which  my 
proposals  really  involve,  were  such  a  cable  immediately 
forthcoming.  Even  if,  however,  I  had  to  fall  back  on 
the  cable  shown  in  Fig.  6  of  the  paper,  my  conclusions 
would  not  be  seriously  affected. 

*  Journal  of  the  American  Institute  of  Electrical  Engineers,  1922, 
vol.  41,  p.  1034. 


UNDERGROUND   CABLES   AT   100  000/150  000   VOLTS:    DISCUSSION. 


245 


A  careful  examination  of  Tables  2  and  3  will  show- 
that,  for  practically  no  more  loss  than  in  Table  2,  an 
advantage  of  50  per  cent  in  the  maximum  potential 
gradient  applied  to  the  innermost  core  (i.e.  the  hottest 
— at  time  of  full  load)  is  obtained,  as  compared  with 
the  gradient  of  Table  2  ;  also  that,  in  Table  2  itself, 
an  advantage  of  47  per  cent  over  Table  1  (ordinary 
non-intersheath)  is  obtained  in  the  E.M.F.  absorbed 
for  a  given  thickness  of  dielectric.  An  advantage  of 
1-47  X  1-50  =  2-2  is  thus  obtained  in  the  E.M.F. 
that  can  be  applied  to  an  intersheath  cable,  for  an  equal 
thickness  of  dielectric — i.e.  we  may  apply  2-2  times 
the  E.M.F.  of  transmission  for  a  given  maximimi  poten- 
tial gradient  next  the  central  core.  Unfortunately, 
however,  this  has,  in  the  six-phase/three-phase  system, 
to  be  discounted  by  15  per  cent  on  account  of  the 
obliquity  of  vectors.  This  brings  the  gain  down  to 
2-2  X  0-85=  1-87  times;  which,  however,  is  only 
6i  per  cent  short  of  twice.  In  view  of  the  fact  that  I 
am  going  to  compare  a  55  000-V  three-core  non-con- 
centric cable  with  a  single-core  110  000-V  intersheath 
cable  having  nearly  an  inch  less  diameter  under  the 
lead  sheath  (representing  a  "  gift  "  of  very  much  more 
than  the  aforesaid  6i  per  cent)  it  will  doubtless  be 
conceded  as  reasonable  that,  for  a  round  figure,  the 
above  gain  in  voltage  be  taken  as  100  per  cent — not 
to  mention  further  gains  which  I  might  have  drawn 
upon.  The  three-core  cable  chosen  for  the  purpose 
of  examining  thermal  gradient  is  a  standard  cable 
having  1  •  25  cm  thickness  of  insulation  both  on 
conductor  and  on  belt  and  measuring  10-9  cm  over 
the  insulation,  in  which  the  maximum  potential 
gradient  is  40  kV/cm,  the  cross-section  per  core 
being  0-15  sq.  in.  The  maximum  potential  gradient 
is  calculated  according  to  Atkinson's  method,*  which, 
I  believe,  is  generally  accepted  as  being  more  accurate 
than  the  ordinary  method.  The  internal  diameter  of 
the  lead  sheath  is  10-9  cm,  as  compared  with  8-2  cm  t 
for  the  single-core  cable.  Had  the  larger  diameter 
been  reduced  to  8-2  cm  the  effect  on  the  maximum 
voltage  gradient  of  the  55  000-V  cable  would  have 
been  very  serious. 

Prior  to  giving  detailed  consideration  to  the  three- 
core  non-concentric  cable,  let  us  first  compare  two 
single-core  cables — one  (intersheathed)  for  110  000  V 
and  one  (plain)  for  55  000  V.  It  has  just  been  shown 
that  the  voltage  may  be  doubled  for  equal  thickness 
of  insulation  where  intersheaths  are  employed  (single- 
core  cables  being  considered)  ;  let  us,  then,  examine 
what  the  doubling  of  the  voltage  gives  us  and,  for  the 
sake  of  simplicity,  ignore  capacity  current : — 

(1)  Half  the  load  current  is  required. 

(2)  The  percentage  drop  may  be  kept  constant. 

(3)  The     copper     cross-section     per     phase     (in     the 

110  000-V  cable)  is  reduced  to  one-quarter. 

(4)  The  current  density  is  doubled. 

Now,  to  fix  ideas,  take  the  110  000-V  cable  of  Fig.  1 
of  the  paper,  of  which  the  cross-section  of  copper  is 
0-185   sq.   in.     The   cross-.section   per   phase    (2   cables 

*  Transactions  of  the  American  Inslilute  of  Electrical  Engineers, 
1919,  vol.  38,  p.  971. 

t  Based  on  Fig   1,  but    modifieil    for  40  000  V/rin. 

Vol.  61. 


are   in   parallel   per  phase;     see  Appendix   B)  =0-37 
sq.  in.     Hence  : — 

(5)  Copper    section    per     phase     on    55  000-V    cable 

=  0-37  sq.  in.  x  4  (as  deduced  above)  =  1-48 
sq.  in. 

(6)  No.    of    cores  required  in   parallels  ^'^^  ^'^"  — 

(see  Note  below)  0-15sq.  m. 

=  10  cores  (per  phase). 
=  30  single-core  cables  (per  3  phases). 

Nole.~Vi,'e  cannot  put  more  than  0-15  sq.  in.  into 
the  three-core  cable  about  to  be  considered  without 
exceeding  the  potential  gradient  of  40  kV/cm. 

Now  consider  that  these  30  cables  are  to  be  replaced 
by  10  three-core  (55  000  V)  cables,  and  compare  the 
heating  in  the  two  cases. 

The  total  heat  generated  per  phase  in  the  110  000-V 
cables  is  obtained  as  follows,  bearing  in  mind  that 
2  cables  are  in  parallel  per  phase  on  the  110  000-V 
system,  and  10  cables  on  the  55  000-V  system.  It  is 
simpler  to  compare  5  cables  of  one  system  with  the 
one  cable  of  the  other  system  ;  so  let  us  work  it  out 
this  way  : — 

The  current  density  on  the  one  0-185  sq.  in.  cable 
works  out  at  approximately  1  000  A  per  sq.  in.  (see 
Appendix  B).  Hence,  from  the  conclusion  already 
arrived  at. 

Current  density  m  55  000-V  0- 15  sq.  in.  cable  =  500  A 
per  sq.  in. 

Now 

1  (50  000  V)  core  at  500  A  per  sq.  in.  and  of  0- 15  sq. 
in.  section  represents  X  watts  per  ft. 
also 

1    (110  000   V)    core   at    1000   A   per  sq.   in.   and   of 

0-185  sq.  in.  section  represents  4X  X  watts 

per  ft.  "■'™ 

and 

3  (50  000  V)  cores  at  500  A  per  sq.  in.,  each  of  0-15 
sq.  in.  section,  represent  3X  watts  per  ft. 

But  the  thermal  resistance  of  the  0- 15  sq.  in.  three-core 
cable  is  95-5  and  that  of  the  0-185  sq.  in.  single-core 
cable  is  82-5. 

(The  above  thermal  resistances  are  as  determined  by 
well-accepted  methods.) 

Hence  the  thermal  gradient  of  the  110  000-V  cable 
in  terms  of  the  55  000-V  cable  is : 

4       0-185       82-5 

-  X X  =  1-42  times. 

3       0-150       95-0 

This,  however,  is  for  10  cables  in  parallel  and  for  500  A 
per  sq.  in. 

If  we  work  at  higher  current  densities  and  with  fewer 
cables  in  parallel  (and  greater  percentage  loss)  we  get 
the  following  results  : — 

The    110  000-V  cable   is    1-42    times  hotter,   when   we 

have  ten  0-15  sq.  in.  three-core  cables. 
The  110  000- V^  cable  is  0-91    times  as  hot,   when   we 

have  eight  0-15  sq.  in.  three-core  cables. 

18 
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The  110  000-V  cable  is  0-51  times  as  hot,  when  we  have 

six  0-15  sq.  in.  three-core  cables. 
The  110  000-V  cable  is  0-22  times  as  hot,  when  we  have 

four  0-15  sq.  in.  three-core  cables. 

So  that,  with  even  8  cables,  there  is  a  gain  of  9  per  cent 
to  be  credited  to  the  single-core  intersheathed  scheme, 
neglecting  altogether  the  additional  advantage  that  the 
dissipation  of  part  of  the  (copper)  heat  nearer  to  the 
outside  of  the  cable  gives  us.  It  may  be  pointed  out 
that  an  easy  calculation  shows  that  the  effect  of  adding 
intersheaths  to  a  non-intersheath  cable  is  to  reduce 
the  thermal  gradient  (in  the  proportion  of  78 -9/82 -5 
in  the  case  of  Fig.  1)  rather  than  increase  it,  as  one 
might  possiblj'  imagine.  If  only  4  cables  were  chosen 
(equivalent  to  Mr.  Sparks's  5  cables  at  40  000  V)  the 
2-5  per  cent  line  drop  taken  in  Appendix  B  becomes 
5-0  per  cent,  involving  2|  per  cent  additional  loss  in 
the  55  000-V  scheme,  which,  as  I  have  shown  else- 
where, is  equivalent  to  £194  000  when  capitahzed ; 
besides  the  fact  that  the  innermost  insulation  is  no  less 
tha7i  4  times  hotter ;  which  factors  must  work  to  the 
ultimate  destruction  of  the  cable.* 

It  onl}-  remains  to  add  that  my  calculations  are  all 
on  a  common  basis  as  regards  maximum  potential 
gradient.  ;Mr.  Dunsheath's  figures,  and  probably  also 
Mr.  Hunter's,  are  vitiated  by  the  fact  that  they  are 
based  on  50  000  V/cm ;  just  25  per  cent  more  than 
mine.  It  may  therefore  be  taken  that  8  cables  are 
necessary  for  50  000  kW  and  16  cables  for  100  000  kW 
against  6  cables  \\-ith  the  si.x-phase/tliree-phase  svstem, 
a  saving  of  10  cables  in  the  latter  case  (or,  say, 
£750  000). 

Before  leaving  the  subject  of  the  number  of  cables 
it  is  as  well  to  remark  that  all  m}'  comparisons  in  the 
paper  are  on  the  basis  of  maximum  potential  gradient. 
I  am  quite  famihar  with  the  fact  that  tliis  has  been 
challenged  as  a  criterion  of  the  breakdown  strength, 
and  I  have  carefully  followed  all  that  has  been  written 
on  the  subject  during  the  last  2  years.  As  far  as  I 
can  judge,  Mr.  D.  M.  Simons's  paper  before  the  American 
Institute  of  Electrical  Engineers  \  is  the  most  complete 
investigation  on  the  subject  and  his  conclusion  that, 
although  the  maximum  potential  gradient  may  not 
determine  the  immediate  breakdown  of  the  insulation 
when  under  test,  yet  nevertheless  it  probably  deter- 
mines the  ultimate  breakdown  after  a  lapse  of  time,  is 
one  with  which  I  fully  agree.  Although  no  actual 
breakdown  or  deterioration  of  the  insulation  next  to 
the  central  core  may  be  visible  on  opening  up  the  cable, 
yet  it  is  undeniable  that  the  atomic  stresses  must  be 
greater  where  the  potential  gradient  is  greater  (with 
greater  hysteresis  loss  and  consequent  heating),  and 
it  is  also  undeniable  that  the  potential  gradients  follow 
the  laws  predicated  of  them,  in  a  uniform  dielectric. 

Mr.  Hunter  has  challenged  the  soundness  of  paying 
too  serious  attention  to  the  cost  of  energy  wasted  in 
the  cable,   and  he  suggests  that  the  figure  of  0-5d. 

*  Had  the  first  case,  alluded  to  at  the  commencement  of  this 
reply,  been  taken,  the  argument  in  favour  of  cooler  cables  could 
have  been  made  very  much  stronger.  In  fact,  the  core  tempera- 
ture would  have  come  out  10  times  higher,  with  4  cables,  than 
with  the  100  000-V  system. 

t  Journal  of  the  American  Institute  of  Electrical  Engineers,  1922, 
vol.  41,  p.  433. 


(as  an  average  figure)  which  I  have  taken  for  the  cost 
of  energy  delivered,  on  only  a  40  per  cent  load  factor 
basis,    at   a   substation   30    miles    away,    is    too    liigh. 
Surely  Mr.    Hunter   must   know   that  the   official   life 
of  a  high-tension  cable  is  not  16  years,  but  25  years  ; 
and   if   I   were   to  reduce  the   above   0-5d.   to   0-33d. 
(involving  a  minimum   figure  of  0-16d.)  and  still  were 
to  say  that   I  per  cent  of  lost  energ\-  meant  £78  000, 
would  he  be  sufficientlv  optimistic  to  say  that  0-33d. 
was  too  liigh,  considering  the  load  factor  and  the  point 
of    dehvery  ?     Does    he    suggest    that    central    station 
engineers  are  wrong  when  thev  consider  carefully  the 
last  1  per  cent  of  the  guaranteed  efficiency  of  the  plant 
in  determining  the  tenders  ?     Mr.  Hunter  is  apparently 
ver)-  much  alarmed  bj^  the  amount  of  capacity  current 
taken   by   my   proposals,    and    the   consequent   energy 
wasted  in  dielectric  loss.     I   may  say  at  once  that   I 
anticipate  that  the  capacity  current  will  be  some  80 
per  cent  greater  than  with  an  ordinary'  fype  of  three- 
core  cable.     The  energj^  loss  due  to  this  will  not,   at 
the   most,   be  more  than   an   additional   0  •  8   per  cent 
of  the  total  power  transmitted.     Really  the  total  loss 
will  be  less  than  half  the  full-load  loss,   because  of  my 
method  of  working  the  transformers  and  lines  in  sec- 
tions.    Perhaps    he   has   overlooked   the   fact   that    at 
higher  voltages  one  is  bound  to  get  greater  capacity 
current  than  at  low  voltages,  and  if  he  can  ever  work 
up  to  100  000  V  with  three-core  cables  he  will  find  just 
the  same  troubles  staring  him  in  the  face.     I,  on  the 
other  hand,  am  equally  interested  about  the  conductance 
losses  in  Mr.  Hunter's  cable,  owing  to  the  high  tempera- 
tures of  the  dielectric,  particularly  in  view  of  the  calcula- 
tions given  on  page  236,  which  show  that,  even  assuming 
in  both  cases  a  comparatively  cold  dielectric,  there  is 
only  a  difference  of  0-25  per  cent  between  the  loss  with 
my  cable  at  100  000  V  and  a  30  000-V  three-core  cable. 
Had  I  made  allowance  for  the  hotter  dielectric  in  his 
cable,  the  loss  would  probably  have  been  much  higher. 
The    hotter    dielectric,    as    already    pointed    out,    also 
affects  the  permittivity,  and  consequently  the  capacity 
current.     Mr.    Hunter   has    arrived    at   the    conclusion 
that  my  scheme  is  not  in  the  shghtest  degree  practic- 
able.    I   submit  that  such   a  wholesale  condemnation 
without  any  definite  specification  of  the  reason  is  unfair 
to    the    author.      I    presume  that  he  condemns   it  on 
account  of  the  alleged  complexity  of  the  transformer 
arrangements.     This  is   merely  because  they   are  new 
to   him,    and,    no  doubt,  in    particular  the  superposed 
"  major   star "    arrangement    has    frightened   him.     It 
may  relieve  Mr.  Hunter's  mind  to  know  that  the  scheme 
can  be  equally  well  carried  out,  and  the  voltage  of  trans- 
mission still  maintained,  without  any  "  major  star  "  at 
all.     The  system  then  simph'  becomes,  at  the  step-up 
end,  three  ordinary  transformers  ha\-ing  the  secondaries 
coupled  in  double  star,  which  is  no  more  comphcated 
than  is  used  daily  in  conjunction  with  rotarj'-  converters. 
Fig.   D   shows  these   new  conditions.     As   regards   the 
alleged  complexity  of  the  switching,  I  do  not  propose 
to   do    any   automatic   switching   on   the   high-tension 
side,  and  if  possible  no  non-automatic,  except  at  times 
of  light  load.      I    believe,    from    a    careful    study    of 
the  experiments  carried  out  by  Steinmetz  and  others, 
that  we  sliould  be  simply  in\'iting  trouble  by  ha\-ing  auto- 
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niatic  switching  on  the  high-tension  side  with  long 
lines  of  underground  cables.  Time  will  prove  whether 
I  am  right  or  not  in  this  prediction.  With  regard  to 
the  suggestion  that  I  should  not  be  allowed  to  credit 
my  scheme  with  the  neutrahzing  of  the  capacity  current 
and  running  at  unity  power  factor,  I  have  already 
dealt  mth  this  at  some  length,  and  if  Mr.  Hunter 
will  refer  to  the  calculations  for  a  single-core  non- 
intersheath  cable  at  100  000  V,  as  given  in  Appen- 
dix B  of  the  paper,  and  will  compare  them  with  the 
calculations  for  my  own  cable,  given  in  Appendix  D, 
he  will  find  that  the  total  kVA  under  the  two  schemes 
is  almost  identical,  which  is  a  sufficient  answer  to  his 
statement  that  I  have  a  "  greatly  "  increased  capacity 
current. 

Mr.  Sparks  has  implied  that  the  cost  of  a  five-cable 
transmission  at  40  000  V  would  be   only   half    that   of 
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Fig.  D. — Svvitchgear  arrangement  at  sending  station. 

Note. — The  dotted  lines  between  points  dj,  dg  and  da,  represent  conductors 
of  no  resistance. 

the  cables  in  the  six-phase/three-phase  system,  and  he 
must  surely  be  very  seriously  in  error.  The  prices  given 
in  Appendix  E  of  the  paper  for  ten  30  000-V  cables  were 
the  results  of  estimates  from  several  of  the  leading 
cable  makers  and  were  compared  by  me  with  prices 
of  actual  cables  then  in  my  possession. 

Now  the  cost  of  a  three-core  0-15  sq.  in.  cable  for 
55  000  V  will  not  be  appreciably  le.ss  than  that  of  a 
three-core  0-25  sq.  in.  30  000-V  cable,  except  for  the 
value  of  the  copper  saved.  (There  will  in  fact  be  more 
lead,  owing  to  the  greater  diameter  consequent  upon 
the  higher  insulation  required.)  The  figures  given 
for  the  latter  cable,  including  joints  and  laying,  w-ere 
of  the  order  of  £95  000  per  cable  per  30  miles.  Knocldng 
off  £12  000  for  the  reduced  copper  (including  the  profit 
on  the  same)  the  price  reduces    to  £83  000  per  cable. 


Now  the  price  per  multi-core  concentric  100  000-V  cable 
given  in  my  table  is  only  £66  000  per  30  miles,  hence 
Mr.  Sparks  wants  us  to  believe  that  his  three-core 
40  000-V  cable  will  cost  only  £33  000  per  30  miles.  There 
is  a  big  jump  between  £83000  and  £33  000  and  it  is  not 
likely  that  the  cable  makers,  who  simultaneously  gave 
prices  for  the  two  sj'stems  and  knew  that  they  were 
going  to  be  compared,  would  make  out  the  worst  case 
that  they  could  for  their  normal  construction  of  cable. 
On  the  question  of  armouring  I  can  assure  Mr.  Sparks 
that  the  armouring  of  the  cables  can  be  dealt  with  for 
less  energy  than  he  proposes  to  lose  in  his  regulators. 
I  expect  a  great  deal  less  from  calculations  based  on 
Dr.  Whitehead's  experiments  and  Steinmetz's  figures, 
and  Dr.  Cramp  seems  to  be  of  the  same  opinion.  As 
regards  a  "  straight  "  transmission,  I  submit  that  in 
the  ordinary  course  of  things  the  100  000  V  would 
only  be  required  for  a  point-to-point  transmission,  but 
that  where  tappings  off  such  a  line  took  place  it  would 
be  quite  practicable  to  step  down  to,  say,  30  000  V 
(or  lower)  and  to  carry  out  ordinary  -three-phase 
distribution  from  the  tap-point  in  each  district ;  and  the 
change  from  six-phase  to  three-phase  is  easy,  simple 
and  reliable.  If,  however,  such  a  step-down  is  not 
required  at  the  tapping  point,  a  plain  "  connection 
substation,"  which  would  be  quite  cheap,  could  be 
used.  Mr.  Sparks  gives  it  as  his  view  that  overhead 
transmissions  will  be  largely  employed  for  all  point-to- 
point  distribution  over  long  distances  in  this  country. 
I  believe,  on  the  contrary,  that  with  the  continued  use 
and  development  of  aviation  on  a  big  scale  there  will 
be  great  danger  in  fogs  from  aeroplanes  colliding 
with  overhead  lines,  in  many  cases  bringing  down  the 
latter,  not  to  mention  disastrous  results  to  those  in 
the  aeroplane.  Moreover,  the  cost  of  overhead  trans- 
mission is  not  at  all  so  low  as  Mr.  Sparks  imagines. 
Where  two  lines  of  towers  are  required,  which  I  suggest 
is  onl}'  reasonable  on  very  important  transmissions, 
and  upon  which  I  believe  even  our  American  friends 
have  decided  for  such  transmissions,  the  difficulty  in 
obtaining  wayleaves  for  these  lines  of  towers  across 
country  will  be  quite  considerable,  and  some  compensa- 
tion \vill  also  be  necessary  for  the  strip  of  land  between 
tower  and  tower  wliich  is  threatened  by  falling  wires. 
The  cost  per  kVA  per  mile  for  a  100  000-kW  trans- 
mission on  the  lines  I  am  recommending  would  only 
be  of  the  order  of  £0-18,  and  I  remember  not  so  long 
since  analysing  an  important  American  estimate  for 
overhead  transmission  in  which  (if  my  memory  serves 
me  right)  it  worked  out  to  something  like  £0-2  per 
kVA  per  mile  ;  so  that  on  such  a  transmission  the  cost 
with  underground  cables  would  be  as  cheap  as  with 
overhead,  and  enormously  more  reliable. 

With  regard  to  Mr,  Highfield's  remarks,  I  gather  that 
the  area  of  the  100  000-volt  d.c.  main  to  wliich  he  alludes 
would  be  only  0-125  sq.  in.  and  that  the  cable  would 
really  be  working  under  only  50  000  volts  between 
any  part  of  the  core  and  earth.  It  would  be  interesting 
to  know  whether  this  cable  has  ever  been  used  to  carry, 
say,  150  amperes  in  the  hottest  part  of  the  year  for 
several  hours,  or  whether  it  is  merely  run  at  a  low  current 
density.  No  doubt  Mr.  Highfield  is  aware  that  it  has 
been  kno^vn  for  some  time  that,  with  cables  in  which 
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the  ratio  djD  is  of  the  order  of  0-3  (which  obtains  in 
the  present  case),  vahies  of  the  maximum  potential 
gradient  greatly  exceeding  standard  values  have  been 
observed  before  breakdown  occurs — I  believe  in  some 
cases  very  greatly  in  excess  of  the  75  000  V/cm  which 
obtains  in  the  present  case.  On  the  other  hand,  it  is 
generally  accepted  that  a  given  d.c.  stress  is  equal  in 
breakdown  efilect  to  a  xery  much  greater  ax.  stress. 
As  regards  Mr.  Highlield's  comments  on  my  trans- 
former arrangements,  he  is  quite  correct  in  saying  that 
I  could  carr\'  out  my  system  perfectly  well  with  one 
three-phase/six-phase  transformer  and  two  three-core 
concentric  cables.  But  I  think  he  has  overlooked  the 
fact  that  this  arrangement  would  not  permit  of 
60  000  volts  being  exceeded  without  also  exceeding  the 
maximum  potential  gradient  of  40  kX'/cm,  whereas  the 
repetition  of  the  arrangement,  in  the  manner  proposed 
in  Fig.  11,  permits  of  -y/3  times  this  voltage  being 
emploved,  which  of  course  gives  a  verv  great  gain. 

Mr.  Dunsheath  exhibited  a  lantern  slide  (Fig.  B)  show- 
ing a  diagram  of  connections  which  he  suggested  would 
give  the  same  results  as  my  proposal.  I  am  afraid 
he  has  not  realized  that  his  proposal  would  only 
transmit  single-phase  current  and  is  therefore  useless. 
He  also  exhibited  a  table  purporting  to  give  annual  losses, 
in  which,  by  assuming  that  the  dielectric  losses  in  my 
system  went  on  undiminished  for  the  whole  24  hours, 
he  obtained  a  figure  of  8  000  000  units  per  annum.  If 
Mr.  Dunsheath  will  refer  again  to  the  paper,  he  will  see 
that  my  proposed  method  of  regulation  involves  the 
entire  shutting  down  of  4  of  the  6  cables  at  times  of 
light  load.  The  effect  of  this  is  that  his  figure  of 
8  000  000  units  for  the  losses  of  my  sj-stem  becomes 
3  200  000,  or  less  than  in  his  own  scheme.  If,  again, 
his  number  of  cables  were  increased  to  8  (at  50  000  V) 
the  dielectric  losses  (even  at  full  load)  would  be  greater 
than  in  my  system.  On  the  other  hand,  if  he  were 
transmitting  100  000  k\V  the  losses  (both  copper  and 
dielectric)  would  be  greatlv  in  favour  of  the  six- 
phase/three-phase  system,  and  still  more  so  (in  the 
case  of  the  copper  losses)  if  the  load  factor  were  better 
than  40  per  cent.  The  reason  why  he  is  able  to  use 
66  000  V  is  solely  because  he  works  his  insulation  up 
to  50  000  V  per  cm.  With  regard  to  Mr.  Dunsheath's 
statement  that  the  author  implies  that  the  carrying  of 
load  currents  in  the  intersheaths  is  one  of  the  advan- 
tages of  the  systena  but  that  this  same  advantage  can 
be  claimed  for  any  intersheath  sj'stem,  I  submit  most 
positively  that  this  is  not  the  case.  It  is  true  that  the 
plain  tapping  system  for  intersheaths  is  as  effective  as 
my  own  for  all  intersheaths  nearer  to  the  central  core 
than  a  point  which  is  at  half-way  potential,  but  for 
intersheaths   outside  this   point — and   this  is   just   the 


part  where  they  are  most  needed — the  essential  differ- 
ence between  the  straight-tap  method  and  my  own  is 
that  the  latter  uniformly  preserves  its  load-carrj-ing 
value  with  undiminished  voltage  of  transmission, 
whereas  the  other  method  rapidly  falls  off  in  efficiency. 
There  is  therefore  no  inducement  to  use  more  than  one 
intersheath.  This  is  the  reason  why,  in  the  intersheath 
cirrangement  which  Mr.  Dunsheath's  firm  has  patented, 
only  one  intersheath  can  be  efificientlv  employed.  It 
requires  only  a  very  small  calculation  to  see  that  the 
more  intersheaths  we  could  employ  the  more  effective 
would  the  scheme  be  ;  also,  I  would  particularly  point 
out  that  in  my  own  scheme  the  final  intersheath  can 
be  brought  very  close  to  the  outside  lead  envelope, 
and  that  this  intersheath  performs  a  very  valuable 
function,  in  acting  as  a  pilot  wire,  to  cut  out  the  cable 
temporarily  before  the  damage  has  penetrated  into  the 
same,  and  may  be  used  as  an  emergency  connection 
to  prevent  a  complete  shut-down  where  the  cable  is  not 
burnt  through  sufficiently  to  disqualify  it  totally. 
Under  these  conditions  the  said  arrangement  is  equiva- 
lent to  no  less  than  6  spare  cables,  on  the  assumption 
that  the  trouble  always  enters  the  cable  from  the  outside. 
The  outermost  lead  sheath  has  also  another  ver^' 
important  function  in  that  it  eases  the  situation  at  the 
junction  boxes,  and  the  nearer  it  is  to  earth  potential 
the  less  risk  there  is  of  a  breakdown  at  the  junction 
box  due  to  water  getting  into  the  latter.  Xo  doubt 
there  is  some  truth  in  ^Ir.  Dunsheath's  statement  that 
intersheaths  may  be  valuable  in  redistributing  the 
heat — particularly  in  triple-core  cables — but  I  must 
totally  disagree  with  his  statement  that  "if  an  inter- 
sheath cable  were  left  without  the  ends  connected  to 
transformer  tappings  the  results  would  be  quite  as 
good  as  if  they  were  connected."  On  the  other  hand, 
I  can  quite  believe  that,  Mr.  Dunsheath  being  limited 
— from  the  point  of  view  of  efficiency — to  the  employ- 
ment of  only  one  intersheath,  and — from  the  point  of 
view  of  space — to  even  less  than  one  intersheath  (owing 
to  his  determination  to  put  three  cores  in  a  given  cable), 
he  rather  naturally  came  to  the  conclusion  that  inter- 
sheaths were  useless.  With  regard  to  Mr.  Dunsheath's 
"  S.L."  tj-pe  of  cable  (see  Fig.  C)  and  the  table  of  losses 
which  he  gives  in  connection  therewith,  I  may  say  that 
after  this  table  has  been  corrected  in  the  manner  I  have 
already  indicated  the  onlv  conclusion  I  can  draw  from 
it  is  that  the  loss  in  the  lead  sheath  with  this  iypc 
of  cable  is,  as  I  should  expect,  considerabh-  more  than 
in  an  ordinan,'  t\-pe  of  cable. 

The  remarks  of  Professor  Fleming  in  reference  to 
compressed  air  are  most  interesting,  but  I  cannot  say 
anything  upon  this  subject,  not  having  made  any 
studv  of  the  same. 


NORTH-E.\STERX    CENTRE,    Xl    XeWC.\STLE,    11    DECEMBER,    1922. 


Mr.  H.  W.  Clothier  :  The  paper  has  two  general 
objects  with  which  we  should  all  be  in  perfect  sym- 
pathy :  (1)  The  covering  with  metal  of  long  trans- 
mission cables  in  preference  to  the  use  of  overhead 
hnes  ;  and  (2)  the  reduction  in  the  initial  costs  of 
insulating    these    conductors    by    suitable    grading    of 


dielectric  stresses  (potential  gradient).  In  these  general 
principles  switchgear  manufacturers  have  met  with 
some  success,  and  their  influence  has  extended  to  the 
transformer  terminals  and  the  generator  terminals.  In 
fact,  metal  covering  is  now  a  possibiUty  for  all  con- 
nections between  the  generator  and  the  load,  with  the 
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notable    exception    of    the    long-distance    transmission 
line   in   cross-country  journeys   where,    in   some   cases, 
the   increased    cost    of   ordinary   cables    makes    it    too 
expensive  as  compared  with  overhead  bare  lines.     These 
general  principles  have  many  advantages,  e.g.  safety  to 
life,  absence  of  interference  by  weather,  elimination  of 
the  vexed  problem  of  protection  against  lightning,  and 
simplicity  of  maintenance.     In  fact,  I  was  informed  by 
an  eminent  engineer  engaged  upon  transmission  schemes 
across  long  distances  in  India,  that,  on  account  of  the 
cost  of  patrol  and  repair,  it  was  cheaper  in  the  end  to 
use  high-tension  cables  than  overhead  lines.     We  have 
also  the  instance  of  the  G.P.O.,  who  are  now  engaged 
upon  putting  under  ground  a  great  many  of  their  long- 
distance   telephone    lines.     I    think    that    the    author 
should  give  us  the  cost  of  the  overhead  lines  at  30  000 
volts  and   100  000  volts,  to  enable  a  comparison  to  be 
made  with  the  cable  schemes.     I  understand  that  by 
his    method    of    connection    there    is    some    reasonable 
prospect   of  laying  cables   at   a   cost   which   would   be 
little  or  no  more  than  that  of  ordinary  overhead  lines. 
That  being  so,  all  that  remains  is  to  prove  the  economy 
and    efficiency    in    operating    the    system.     When    one 
comes  to  examine  it  in  detail,  at  first  sight  it  seems  so 
complex  as  to  be  likely  to  fail  to  receive  that  amount 
of  welcome  which  its  objects  deserve.     I  have  had  the 
switches    under    Scheme    B    set    out    in    diagrammatic 
form,    and    I    had    some    difficulty   in    placing    all    the 
switches  and  transformers  on  the  schedule.     Under  the 
major  star  transformers   two   sets   of  eight   are  given. 
I  presume  one  set  is  an  alternative  to  the  other,   but 
I  can  only  find  room  for  three  at  each  end,  so  I  presume 
that  one  at  each  end  is  spare.     Comparing  the  systems, 
there  must  either  be  a  considerable  amount  of  energy 
lost  in  System  B,  or  else  it  is  designed  for  a  more  liberal 
load.     System   A   has,    at   each   end,    15x4  200   kVA 
=  63  000  kVA,  whereas  System  B  has  (3  x  7  000  kVA) 
-I-  (9  X  5  000  kVA)  -t-   (3  X  2  500  kVA),   or   a  total  of 
73  500    kVA.      Some   adjustment   of    the   connections 
would   probably   be   necessary   when   the   requirements 
for  automatic  protection  against  faults  on  the  cables  are 
investigated.     Some  scheduled  as  "  isolating  switches  " 
would  need  to  be  automatic  circuit  breakers.      Possibly 
the    principles     of    self-balance    protection     could     be 
applied    to   a  pair  of   cables   and   the    hexagon   trans- 
formers but  much  complication  would  arise  if  we  were  to   ! 
attempt  to  cut  out  one  of  a  pair.     I  suggest  also  that 
the   switching   operations   would   require    very   careful 
handling.     To  close  up  on  a  line  tlierc  would   appear 
to  be  about  18  distinct  switching  operations  to  perform. 
Mr.  R.  J.  H.  Beaty:    The  author  has  put  forward 
a  very  ingenious  scheme  but  there  is  one  point  with 
which  I  am  not  in  agreement.     The  top  of  the  hexagon 
is  connected  to  the  end  of  one  phase  of  the  "  major 
transformer,"     presumably    through    a    balance     coil 
although   it   does   not  appear  to   be   mentioned  in   the 
paper.     The  voltages  supplied  to  the  various  cores  of 
the  cable  are  consequent  voltages,  the  bottom  of  the 
hexagon  giving  a  resultant,  not  a  real  earth.     A  dead 
short-circuit  on  one  of  the  hexagon  transformers  might 
cause   a   potential   difference   of   60  000   volts   between 
the   outer   conductor  of  the  cable  and    earth.     I   see 
no  reason  why  each  hexagon  should  not  consist  of  one 


three-phase  transformer.  The  information  given  as  to 
the  behaviour  of  the  dielectric  is  extremely  interesting, 
and  I  feel  that  it  could  usefully  be  amphfied. 

Mr.  G.  V.  Twiss  :  As  one  interested  in  overhead 
transmission,  notl:ing  would  please  me  more  than  to 
find  av.ailable,  underground  cables  suitable  for  work  at 
as  high  voltages  as  are  possible  with  an  overhead  trans- 
mission line.  Such  high-voltage  cables  would  be  very 
helpful  adjuncts  to  overhead  transmission,  not  only 
for  the  bringing  of  transmissions  into  towns,  but  par- 
ticularly in  this  country  where  one  has  to  negotiate 
so  many  obstacles,  such  as  road  crossings,  trunk  P.O. 
line.s,  important  railways  and  the  like.  The  arguments 
in  the  paper  are,  however,  in  the  main  ba?ed  upon  the 
use  of  33  000-volt  cable  to  transmit  50  000  kW  a  distance 
of  30  miles.  For  such  cases,  however,  this  voltage  is 
not  an  economic  one,  as  the  conductor  requires  a 
pressure  certainly  not  less  than  100  000  volts.  To 
transmit  this  pressure  a  distance  of  30  miles  by  means 
of  overhead  transmission,  allowing,  as  an  additional 
safeguard,  two  independent  transmission  lines,  each 
carrying  a  single  circuit,  would  cost  not  more  than 
£150  000.  Thus,  based  upon  the  author's  data,  we  get 
the  following  comparison  : — 

£ 
Using  33  OCO-volt  underground  cable  .  .    1  000  000 

U.sing   the    author's    system    of   underground 

cable  at   100  000  volts  500  000 

Using  overhead  transmission  at  100  000  volts      150  000 

Thus,  whilst  the  author  claims  a  big  saving  on  ordinary 
underground    cables,    yet    it    would    only    be    justified 
where  the  overhead  system  could  not  be  used.     It  is 
difficult,  however,  to  conceive  a  case  of  a  30-mile  line 
that  is  not  in  the  main  over  open  country,  for  which 
an   overhead   line   is   more   suitable   than    underground 
cable,  so  that  the  case  given  b)'  the  author  does  not 
appear  to  be  one  of  economic  practicabilitv.     I  there- 
fore considered  the  application  of  the  author's  system 
to  what  seems  to  me  to  be  the  practical  case,  namely, 
that   of   leading-in   off    an    overhead   transmission    line 
into     a    town     by     underground     cable.      Apparently, 
however,    the    proposed    system    would   involve    trans- 
formation, necessitating  an  expenditure  at  least  equal 
to   that   of  ordinary  stepping-down,    or,    alternatively, 
the  ov-erhead  line  would  have  to  be  built  on  the  author's 
system,  the  added  cost  of  which  would  offset  any  saving 
due  to  avoiding  stepping-down.     I  am  unable,  tlicrrfore, 
to  see  the  application  of  the  proposed  system  to  practical 
cases  of  transmission  of  the  nature  which  he  himself 
cites.     Nevertheless,  he  has  clearly  put  a  great  amount 
of  work  and  trouble  into  worldng  out  this  system,  and 
has  drawn  particular  attention  to  what  is  achievable 
from   the   application   of   the   study   of  dielectrics  and 
gradients,  and  there  is  much  in  the  paper  and  the  new 
ideas   behind   it   which   will   open    up   new   avenues  of 
thought    and    will    doubtless    be    very    helpful    to    the 
electrical  industry. 

Mr.  A.  M.  Taylor  {in  reply)  :  Replying  to  Mr. 
Clothier,  I  regret  that  at  the  moment  I  have  not  any 
definite  figures  of  the  cost  of  overhead  lines,  but  I 
may  say  that  some  time  ago  I  examined  the  detailed 
costs  of  a  very  important  .American  overhead  line,  and 
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my  recollection  is  that  these  were  approximately  £0  •  1 
per  kW  per  mile.  There  was,  I  beUeve,  a  double  line 
of  towers,  as  well  as  circuits,  and  the  cost  of  wayleaves 
for  the  towers  was  included.  In  the  scheme  proposed 
in  my  paper  the  cost  of  the  cables,  alone,  approximates 
to  £0-26  per  kW  per  mile.  At  a  very  trifling  extra 
cost,  however,  100  000  kW  could  be  transmitted  over 
this  line,  and  the  cost  in  this  case  would  be  only  of  the 
order  of  £0- 14  per  kW  per  mile  ;  and  if  it  were  possible 
to  work  at  150  000  volts  and  transmit  150  000  kW 
(as  now  seems  more  possible  than  when  the  paper  was 
read)  the  cost  would  be  reduced  to  about  £0  •  1  per 
mile. 

I  greatly  regret  that  I  cannot  fully  answer  Air. 
Clothier's  question  about  the  transformers  without 
extending  this  reply  unduly.  I  may  state  here  that 
liis  remark  is  substantially  correct  as  regards  the  "  B  " 
s\-stem,  except  that  it  has  (6  x  7  000  kVA)  +  (9x5  000 
kVA)  +  (3x2  500  kVA),  or  a  total  of  94  500  kVA. 
The  reason  for  tliis  very  large  kVA  rating  is  that  the 
transformers  are  required  to  work  at  rather  a  low  leading 
power  factor,  on  account  of  the  large  condenser  current, 
but,  as  pointed  out  in  the  estimate,  if  it  should  be 
found  practicable  to  control  the  power  factor  in  the  way 
indicated  in  the  paper,  the  requisite  capacity  of  the 
transformers  would  be  greath'  reduced.  The  switcliing 
operations  vdW,  of  course,  be  considerably  simplified 
by  adopting  the  arrangement  of  transformers  which  I 
have  put  forward  in  my  reply  to  the  London  discussion 
(page  247) .  Possibly  this  diagram  may  sufficiently  meet 
his  difficulties. 

In  reply  to  Mr.  Beaty,  the  top  of  the  hexagon  shown 
in  Fig.  11  is  connected  to  the  end  of  one  phase  of 
the  "  major  star  "  transformer  through  a  balance  coil, 
in  the  way  that  he  presumes.  Tliis,  however,  is  not  the 
arrangement  that  I  would  naturally  choose,  but  it 
appeared  sufficient  for  the  purposes  of  explanation. 
As  a  matter  of  fact,  I  had  with  me  in  London  and  New- 
castle a  lantern  sUde  giving  the  arrangements  wliich 
I  should  prefer,  but  there  was  no  time  to  exliibit  it. 
I  do  not  consider  that  there  is  any  serious  point  in  Mr. 
Beaty 's  statement  that  "  a  dead  short-circuit  on  one 
of  the  hexagon  transformers  might  cause  a  potential 
difference  of  60  000  volts  between  the  outer  conductor 


of  the  cable  and  earth."  It  is  quite  easy  to  prevent 
this.  In  any  case  the  result  would  only  be  momentary 
and  the  cable  should  not  be  damaged  by  it.  I  do 
not  consider  that  an\'thing  more  need  be  provided 
for  in  my  scheme  than  an  insulation  between  any 
outer  core  and  earth  equal  to  \vithstanding  30  000  to 
40  000  volts,  if  necessary,  during  emergency  conditions. 
In  reply  to  Mr.  Twiss,  my  proposal  was  not  really 
intended  to  be  employed  for  running  across  country, 
but  has  so  far  been  designed  exclusively  for  employment 
on  railways.  It  remains  to  be  ascertained  whether 
the  cost  of  running  overhead  lines  across  country  will 
not  be  expensive  if  a  duphcate  line  of  towers  be  in- 
stalled, and  I  maintain  that  nothing  less  than  this 
should  be  done.  Wayleaves  have  to  be  obtained,  not 
only  for  the  sites  for  the  towers  but  also  for  continued 
access  to  these  towers  with  repairing  gear  ;  and  when 
the  big  towns  are  approached,  or  even  in  the  more 
densely  populated  parts  of  the  country  between  small 
towns,  as  in  Lancasliire,  Yorkshire,  Kent  and  Surrey, 
etc.,  it  may  prove  very  difficult  to  get  wayleaves  without 
considerable  expense.  Then  there  is  a  difficulty  which 
I  have  already  mentioned  elsewhere,  viz.  the  question 
of  aviators  flying  into  the  overhead  line  in  fogs  or  at 
night  time,  with  possibly  very  disastrous  results.  Also, 
the  question  of  malicious  interference  has  to  be  con- 
sidered. I  have  already  mentioned  in  my  reply  to 
Air.  Clothier  that  the  cost  of  my  system  if  apphed  to 
transmit  150  000  kW  at  150  000  volts  would  come 
down  to  the  order  of  £0-1  per  kW  per  mile.  This 
would  give  interest  and  sinking  fund  charges,  on  a 
30-niile  line,  of  the  order  of  0-022d.  per  unit  (total 
for  whole  line).  I  beUeve  that  a  combination  of  the 
overhead  system  with  my  system  for  the  entry  into  to'wns 
might  not  be  impracticable,  when  we  bear  in  mind 
that  at  least  six  of  the  conductors  have  to  be  insulated 
for  only  15  000  volts  to  earth  and  another  six  for  only 
30  000/40  000  volts  to  earth.  I  agree  with  Mr.  Twiss 
that  my  system  should  only  be  \ised  where  it  is  inad 
visable  or  mexpedient  to  install  the  overhead  system. 
If,  however,  wayleaves  can  be  obtained  along  the  rail 
ways  and  if  the  system  become  common  both  to  the 
railways  and  to  municipahties  along  the  line,  a  very 
different  aspect  will  be  put  upon  the  case. 


South  Midland  Centre,  at  Birmingham,  13  December,  1922. 


Mr.  G.  Rogers  :  The  advantages  claimed  for  the 
new  method  of  long-distance  three-phase  power  trans- 
mission put  forward  by  the  author  are  of  such  an  order 
that  the  scheme  calls  for  the  most  careful  attention  of 
engineers  interested  in  the  matter.  If  the  saving  in 
capital  cost  of  the  new  scheme  as  compared  with  the 
normal  tln-ee-phase  transmission  at  30  000  volts  by 
means  of  three-core  cables  is  only  half  that  claimed 
by  the  author,  then  it  seems  to  me  that  a  strong  case 
has  been  made  out.  To  turn  to  the  practical  considera- 
tion of  the  scheme  the  connecting  up  of  the  transformers 
and  switchgear  both  at  tlie  sending  and  receiving  ends 
would  appear  to  be  rather  complex  and  difficult.  I 
should  like  to  ask  the  author  how  he  proposes  to  dispose 


of  the  inner  lead  sheath  at  the  terminal  ends  of  his 
cable.  Also,  the  question  of  the  electric  protection  of 
the  cable  has  not  been  mentioned,  and  perhaps  the 
author  will  say  whether  he  has  considered  this  important 
matter.  It  would  appear  that  the  usual  methods  of 
protection  would  not  apply,  and  special  arrangements 
would  have  to  be  devised. 

Mr.  F.  Forrest  :  The  estimates  of  possible  saving 
to  be  effected  by  the  adoption  of  the  author's  system 
as  against  the  use  of  ordinary  three-core,  30  000-volt 
cables  are  so  great  that  one  wonders  whether  the  esti- 
mates are  based  upon  really  rehable  manufacturing 
costs.  As  far  as  I  am  aware  there  is  no  cable  of  the 
type  proposed  by  the  author  as  yet  actually  made,  and. 
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until  the  system  has  been  tried,  many  people  will  regard 
these  estimates  of  cost  with  a  good  deal  of  scepticism. 
The  superiority  of  25  periods  over  50  periods  for  long- 
distance transmission  has  not  been  dealt  with  by  the 
author  and  it  would  be  interesting  if,  in  Iris  reply,  he 
could  indicate  what  the  reduction  in  the  losses  would 
amount  to  if  the  lower  frequency  were  used.  When 
very  liigh  potentials  and  long-distance  transmission 
lines  are  considered,  especially  when  underground 
cables  are  used,  the  superiority  of  a  low  frequency 
becomes  verj^  marked,  and  from  the  point  of  view  of 
dielectric  and  sheath  losses  it  should  be  possible  to 
produce  a  cheaper  and  more  rehable  cable  with  25- 
period  worldng  than  with  50-period  working. 

Mr.  R.  H.  RawU  :  I  should  like  to  draw  atten- 
tion to  the  formula  i^  =  27r/ce/sin  6a,  which  appears  on 
page  222.  The  author  gives  e  as  the  "  voltage  between 
core  and  intersheath."  As  a  concentric  ring  of  insulation 
is  being  considered,  of  wliich  the  capacity  c  per  foot 
length  has  already  been  calculated  in  a  previous  formula, 
and  since  i^  is  the  capacity  current  flowing  radially 
through  tliis  ring,  e  must  be  the  potential  difference 
across  this  ring  and  not  as  stated  above.  An  example 
will  make  this  clear.  If  the  tenth  layer  of  insulation  is 
taken,  for  the  sake  of  argument,  the  voltage  absorbed 
by  this  layer  is  (from  Table  1,  Appendix  C)  1  840,  which 
is  obviously  the  value  of  e  to  be  used  in  the  formula 
in  question.  If,  however,  e  is  as  defined  above,  tliis 
value  would  be  41  250  volts,  i.e.  the  voltage  between  the 
core  and  tliis  layer — a  very  different  tiling  indeed. 
That  the  author  does  not  mean  tliis  latter  figure  to  be 
taken  is  very^  obvious  from  a  perusal  of  the  calculations 
given,  and  I  merely  point  out  this  apparent  discrepancy 
in  case  others,  on  substituting  the  various  quantities 
into  the  equation,  should  find  a  difference  between 
their    own    calculated    results    and    those    tabulated. 

Mr.  W.  J.  Line  :  In  the  right-hand  portion  of  Fig.  8 
the  author  proposes  to  superimpose  on  the  two  six- 
phase  systems  which  are  linked  together,  and  represented 
by  the  two  he.xagons,  a  123  000-volt  single-phase  supply. 
In  Fig.  10  et  seq.  it  is  similarly  proposed  to  superimpose 
a  three-phase  supply  at  increased  voltage  (represented 
by  the  "  major  star  "  in  the  figure)  on  the  three  inter- 
hnked  six-phase  systems  represented  by  the  tliree 
he.xagons,  and  thereby'  transmit  increased  power. 
How  does  this  affect  the  current-carrjang  capacity  of 
the  cables  in  the  separate  he.xagons  ?  It  appears  to 
me  that  the  proposal  must  involve  more  current  in 
the  lines.  Does  not  tliis  mean  that  their  size  must  be 
increased  ?  On  page  2.30  the  author  points  out  that 
at  light  loads  the  charging  current  in  the  line,  due  to 
its  capacity,  would  be  reduced  to  about  one-tliird  of 
its  maximum.  He  proposes  also  to  offset  the  charging 
or  leading  current  by  the  magnetizing  or  lagging  current 
of  an  induction  motor  or  transformer  load,  and  thus 
reduce  or  eUminate  the  wattless  current  to  be  supplied 
by  the  station.  Now  at  times  of  fight  load,  unless  the 
reduction  took  place  through  the  actual  shutting-down 
of  motors,  the  lagging  or  magnetizing  current  of  the 
motor  load  would  not  fall  off  in  the  same  way  as  the 
leading  or  charging  current  of  the  fine.  An  induction 
motor  takes  the  same  magnetizing  current  whether 
running  fight   or   fully  loaded.     Therefore   it   appears 


to  me  that  the  lagging  and  leading  currents  could  not 
always  be  balanced  against  one  another  under  varying 
load  conditions,  and  at  times  resonance  conditions  might 
arise.  However,  the  proposal  has  the  advantage  that 
under  all  the  circumstances  the  generating  station  would 
be  reUeved  of  the  supply  of  some  at  least,  if  not  all, 
of  the  wattless  current. 

Mr.  W.  Lawson  :  The  author's  scheme,  owing  to 
the  exhaustive  treatment  of  the  details,  appears  at 
first  to  be  unusually  compUcated,  but  this  impression 
largeh'  disappears  with  a  fuller  grasp  of  the  scheme  as 
a  whole.  In  separating  the  phases,  and  in  the  particular 
method  of  employing  intersheaths  for  the  better  dis- 
tribution of  dielectric  stresses  in  the  insulation,  the 
author  has  succeeded  in  designing  his  cables  without 
introducing  any  condition  of  working  which  is  not  already 
met  with  in  E.H.T.  transmission  cables.  The  really 
novel  and  debatable  feature  of  the  scheme  is  the  author's 
arrangement  of  the  transformers.  Here  some  compfica- 
tion  creeps  in  with  the  necessity  of  ha\ang  to  employ 
a  large  number  of  transformers  of  various  primary  and 
secondary  voltages,  but  providing  there  is  no  serious 
disadvantage  in  this  (and  such  is  not  self-evident) 
the  objection  to  the  scheme  on  the  score  of  complexity- 
is  discounted.  Since  the  discussion  the  author  has 
informed  me  that  he  proposes  to  discard  the  super- 
posing transformers,  wliile  still  transmitting  power  at 
100  000  volts  through  the  central  cores.  With  tlus 
mocfification  the  scheme  will  take  the  form  of  a  triple 
six-phase  transformer  scheme.  The  author  mentions 
the  difficulty  of  jointing  single-core  cables  having  a 
hempen  centre.  Does  he  consider  this  to  be  more 
serious  than  the  jointing  of  lus  own  cables  ?  A  valu- 
able feature  of  the  scheme  consists  in  the  possibifity 
of  taldng  up  loads  of  poor  power  factor,  with  a  gain 
in  efficiency  and  regulation.  I  consider,  however, 
that  the  figure  of  0-7  which  the  author  has  assumed  as 
the  probable  average  power  factor  of  the  substations' 
loads  is  too  low,  in  view  of  the  attention  which  is  now 
being  given  to  the  improvement  of  consumers'  power 
factors.  In  the  comparative  costs  of  30  000-volt 
and  100  000-volt  schemes  detailed  in  Appendix  E, 
the  costs  of  trunk  cables  for  the  former  include  laying, 
and  excavating  and  reinstating  streets,  but  apparently 
the  cost  of  this  work  has  not  been  included  in  the 
amount  given  for  cables  in  respect  of  the  100  000-volt 
scheme.  I  shall  be  glad  if  the  author  will  explain  tins 
point. 

Mr.  A.  M.  Taylor  (in  reply)  :  Mr.  Rogers  raises  the 
question  of  the  electric  protection  of  the  cable.  This 
has  had  some  consideration,  and  I  have  discussed  the 
matter  with  Mr.  H.  W.  Clothier,  and  also  indicated  in 
the  discussion  before  the  North-Eastern  Centre  (page  250) 
a  method  of  protection  which  I  beUeve  would  be  quite 
efficacious  uithout  the  use  of  pilot  wires.  The  problem 
is  not  nearly  so  complicated  as  it  appears  at  first  sight, 
but  one  must  first  get  a  tlioroughly  clear  idea  as  to  what 
the  different  currents  are  doing  in  the  tvvo  systems. 

In  reply  to  Mr.  Forrest,  the  estimates  for  the  cables 
were  given  to  me  by  thoroughly  reliable  firms,  and 
since — in  most  cases— the  same  firms  gave  mc  estimates 
for  ordinary  three-core  cables,  they  would  not  be  likely 
to  magnify  the  expense  of  the  latter  in  their  estimates. 
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In  reply  to  his  question  as  regards  the  superiority  of 
25  periods  over  50  periods,  it  may  be  said  that  the 
doubling  of  the  frequency  doubles  the  hysteresis  loss 
in  the  dielectric,  and  also  doubles  the  capacity  current  ; 
it  quadruples  the  dielectric  loss  due  to  capacity  current  ; 
it  quadruples  the  regulation  of  the  line  due  to  the 
"  capacity  rise  "  ;  and  it  also  quadruples  the  lead- 
sheath  loss.  It  is  therefore  evident  that  a  25-period 
cable  is  inherently  much  less  likely  to  break  down  than 
a  50-period  cable,  and,  if  this  were  the  only  question 
to  be  considered,  one  would  say  at  once  that  it  is  most 
unfortunate  for  long-distance  transmission  by  under- 
ground cables  that  50  periods  has  been  decided  upon 
as  the  standard  periodicity.  It  is  therefore  evident 
that  considerably  greater  distances  can  be  covered  with 
25  periods  than  with  50  periods,  also  that  armoured 
cables  can  be  safely  used,  with  negligible  loss  in  lead 
sheath  and  armouring. 

Mr.  Line  is  correct  in  surmising  that  additional 
copper  is  required  for  the  superposed  current.  It  is 
stated  in  the  paper  that  additional  copper  to  deal  with 
this  current  is  placed  in  the  central  core  at  a  quite 
reasonable  extra  cost  on  the  cable.  Mr.  Line's  statement 
that  an  induction-motor  load  takes  the  same  magnetizing 
current,  whether  running  light  or  full}'  loaded,  is  correct. 
What  he  has  not  pointed  out,  however,  is  that  as  the 


load  on  the  induction  motor  is  reduced,  the  reduced 
load  becomes  the  equivalent  of  a  greatly  increased  dead 
resistance,  and  this  dead  resistance  is  of  itself  quite 
sufficient  to  check  any  resonance.  There  is  also  the 
other  point  of  view,  i.e.  that  motors  are  switched  com- 
pletely off  and  on,  and,  as  they  are  all  in  parallel  with 
one  another,  the  magnetizing  component  of  the  motors 
left  in  circuit  is  equivalent  to  a  large  reduction  in  the 
total  magnetizing  component  of  all  the  motors  on  the 
system  ;  from  both  points  of  view,  therefore,  the  move- 
ment is  in  the  right  direction. 

I  thoroughly  concur  with  !Mr.  Lawson's  remarks, 
and  I  am  pleased  to  note  that  he  agrees  that  the  scheme 
becomes  a  simple  one  when  the  superposed  major  star 
is  removed.  On  the  question  of  power  factor  I  should 
like  to  ask  Mr.  Lawson  to  bear  in  mind  that  Birmingham 
is  particularly  favoured  in  the  matter  of  power  factor 
owing  to  its  large  rotary-converter  and  tramway  load, 
but  that  even  in  Birmingham  the  pure  motor-load 
power  factor  is  sufficiently  low  to  fulfil  my  suggested 
conditions.  In  reply  to  his  last  remark,  1  do  not 
debit  my  scheme  with  the  cost  of  excavation  and  of 
remaking  the  streets,  because  it  presupposes  the 
running  of  the  cables  along  the  main  lines  of  railway 
by  the  permission  of,  and  for  the  benefit  of,  the  railway 
companies. 
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By  J.  Caldwell,  Member. 

(Paper  first  received  Hth  July,  and  in  final  form   Xlth  October,  1922;   read  before  The  Institution-   lith  December,    1922.) 


Summary. 

The  intention  of  this  paper  is  to  deal  with  the  physical 
features  of  the  iron  arc  as  used  for  welding  ferrous  metals, 
so  far  as  those  features  are  known,  indicating  some  of  the 
lacunas  in  present  knowledge  ;  and  to  describe  the  general 
types  of  apparatus  and  equipment  which  have  been  deve- 
loped, illustrated  by  some  examples  of  each  type,  and  some 
of  recent  design  which  promise  well. 

The  two  branches  of  the  subject  are  directly  connected, 
because  the  apparatus  must  conform  in  its  performance  to 
the  conditions  of  the  welding  arc  and  to  the  requirements 
of  the  welder. 

Operating  or  workshop  methods  are  touched  on  only  so 
far  as  they  illustrate  or  determine,  or  are  determined  by,  the 
physics  of  the  welding  arc  and  the  practical  requirements 
of  welding. 

Working  methods  and  applications  of  arc  welding  have 
been  described  in  several  recent  contributions  to  other 
Institutions  and  Associations,  in  technical  journals,  and  in 
books,  reports,  etc.  A  short  list  of  the  more  important  of 
these  within  the  author's  knowledge  is  set  out  in  Appendix  II 
at  the  end  of  the  paper. 
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(1)  The  State  of  the  Art. 

Arc -welding  practice  is  in  advance  of  theory.  It  is 
an  established  fact  that  good  welds  can  be  made  on 
any  ferrous  material  if  certain  conditions  are  observed, 
and  the  standardization  of  these  conditions  has  been 
established  for  many  applications  by  empirical  methods. 
As  usually  happens  in  an  empirical  art,  there  is  con- 
siderable divergence  of  opinion  on  many  points  which 
can  only  be  reconciled  by  the  establishment  of  exact 
knowledge. 

Arc  welding  was  originally  tried  for  repair  work, 
either  because  there  was  no  other  method  or  because 
it  was  evidently  quicker  and  cheaper  than  any  other. 
It  was  looked  on  with  suspicion,  but  vihcf).  time  was  of 


importance  and  new  parts  were  not  readily  obtained, 
the  successful  use  was  worth  risking  and  failure  did  not 
harm  the  existing  position.  During  the  war  the  con- 
ditions favouring  such  trials  were  intensified,  and  the 
generally  good  results  obtained  greatly  widened  the 
applications,  developed  welding  as  a  regular  repair 
process  and  led  to  its  adoption  for  constructional  work. 

Ship  repairers  led  the  way  in  this  empirical  develop- 
ment, assisted  by  their  wide  knowledge  of  ferrous 
materials  and  methods  of  joining  them  up  into  structures 
exposed  to  severe,  complex  stresses.  They  have  had 
the  co-operation  of  electrical  engineers,  metallurgists 
and  chemists,  who  have  investigated  the  subject,  each 
from  his  own  point  of  view.  There  has  been  a  certain 
amount  of  systematic  research  work,  directed,  however, 
rather  more  to  immediate  practical  results  than  to 
fundamentals. 

A  greater  knowledge  of  the  physical  foundations  of 
the  process  is  desirable  as  a  guide  for  practical  develop- 
ment, and  as  a  basis  for  confidence.  If  it  can  be 
demonstrated  that  this  method  of  uniting  steel  and  iron 
parts  gives  consistently  good  results,  not  inferior  to 
the  older  methods,  the  saving  in  weight  and  labour  will 
lead  to  its  adoption  as  standard  practice  in  lieu  of  the 
older  methods  of  riveting,  screwing  and  bolting. 

A  great  deal  of  work  has  been  done  to  ascertain  the 
electrical  conditions  necessary  for  good  work,  their 
more  or  less  automatic  control  by  suitable  apparatus, 
the  adaptation  of  electrode  material  and  fluxes  to  the 
particular  metals  to  be  welded,  and  the  training  of 
operators. 

The  object  of  this  paper  is  to  endeavour  to  put  the 
results  of  this  work  on  record,  within  the  limits  indicated 
above.  The  paper  does  not  deal  with  carbon-arc 
welding,  which  is  well  established  for  certain  manu- 
facturing work,  except  to  mention  some  physical  facts 
which  have  a  bearing  on  the  iron-welding  arc. 

(2)   Iron-arc  Characteristics. 

The  physics  of  the  carbon  arc  as  applied  to  lighting 
have  been  investigated  by  Mrs.  Ayrton  in  her  well- 
known  work.  Making  allowance  for  the  diffcnnce  in 
the  behaviour  of  the  electrode  materials  and  the  pur- 
poses to  which  it  is  applied,  it  is  assumed  that  the 
facts  established  are  generally  true  for  metallic  arcs, 
and  the  iron  arc  in  particular. 

The  distinctive  characteristic  of  an  arc  is  that  the 
current  is  carried  by  a  gaseous  or  quasi-gaseous  con- 
ductor composed  of  gas,  vapour,  very  fine  solid  particles, 
or  a  mixture  of  such  bodies,  across  a  gap  between 
terminals  or  electrodes  which  by  volatilization  or 
disintegration  furnish  a  supply  of  the  quasi-gaseous 
conductor.     It  is  therefore  essential  that  one  or  both 
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of  the  electrodes  shall  be  maintained  at  a  temperature 
producing  such  volatilization  or  disintegration.  The 
gaseous  conductor  behaves  as  one  having  a  negative 
temperature  coefficient  :  high  temperature  is  a  con- 
dition of  its  conductivity-.  The  volatilization  tempera- 
ture is  produced  by  the  passage  of  the  current  across  a 
relatively  high  surface  resistance  or  contact  resistance 
located  at  the  junction  of  the  gaseous  conductor  and 
the  electrode.  The  electrode  in  the  carbon  arc  is  soUd, 
while  in  the  iron  (and  other  metallic)  arc  it  is  liquid, 
i.e.  molten.  This  contact  resistance  appears  to  be 
related  to  the  volatiUzation  temperature  and  heat  of 
the  electrode  material,  and  to  require  a  minimum 
current  density  for  any  particular  electrode  material. 
This  results  in  a  fixed  voltage-drop  at  the  contact  surface 
where  volatilization  occurs.  The  voltage-drop  along  the 
gaseous  conductor  is  proportional  to  its  length,  so  that 
it  appears  to  have  a  definite  specific  resistance.  If 
volatiUzation  takes  place  at  one  electrode  only,  as  in 
the  direct-current  carbon  arc,  the  surface  resistance 
and  voltage-drop  are  lower  at  the  other  electrode.  In 
the  carbon  arc  the  temperature  at  the  volatilization 
surface  is  higher  than  at  the  other,  i.e.  the  positive 
electrode  is  hotter  than  the  negative.  The  volatilization 
surface  is  the  seat  of  the  highest  temperature  in  the  arc. 
The  total  voltage-drop  between  the  electrodes  is 
therefore  the  sum  of  three  terms  :  two  at  the  contact 
surfaces  between  the  electrodes  and  the  gaseous  con- 
ductor, and  one  in  that  conductor.  The  surface  voltage- 
drops  are  fixed  for  any  particular  electrode  material, 
while  that  of  the  gaseous  conductor  is  proportional  to 
its  length.  For  variations  in  current,  the  electrode 
material  and  arc  length  being  fixed,  the  contact-surface 
areas  and  the  cross-section  of  the  gaseous  conductor 
automatically  vary  so  as  to  keep  the  current  density 
in  each  constant.  The  resistance  of  the  whole  arc 
therefore  varies  inversely  with  the  current  passing,  and 
the  arc  is  unstable  in  itself.  These  statements  are 
subject  to  qualifications,  but  are  at  least  first  approxi- 
mations. The  conditions  of  the  carbon  arc  change 
suddenly  at  a  current  density  which  brings  the  positive 
contact  surface  (crater)  to  the  edge  of  the  electrode, 
producing  the  unstable  "  liissing  "  arc. 

The  numerical  values  of  the  voltage-drops  and  some 
other  elements  have  been  investigated  by  JMrs.  Ayrton 
for  the  carbon  arc  in  air.  For  arcs  between  metallic 
electrodes  they  are  not  definitely  known.  There  is 
e\'idence  that,  between  iron  electrodes  of  equal  size, 
the  positive  electrode  gas-surface  develops  more  heat 
than  the  negative.  Presumably,  therefore,  it  is  similar 
to  the  carbon  arc  in  having  a  higher  voltage-drop  at 
the  positive  electrode.  It  is  known  that  the  total 
voltage-drop  across  an  iron  arc  is  considerably  less 
than  that  across  a  carbon  arc,'  and  it  is  probable  that 
this  lower  voltage  corresponds  to  a  smaller  amount 
of  energy  consumed  in  the  volatilization  of  iron  com- 
pared with  tijat  required  to  volatilize  carbon.  The 
energy  of  volatilization  is  not  a  question  of  temperature 
only,  different  metals,  as  they  have  different  "  latent 
heats  of  fusion,"  doubtless  having  different  "  latent 
heats  of  volatiUzation."  In  the  special  case  of  carbon, 
volatilization  takes  place  from  the  solid  state,  the 
liquid  state  being  non-existent  at  ordinary  pressures, 


so  that  the  latent  heat  of  a  double  change  of  state 
is  involved.  From  calorimeter  determinations  on 
fuels,  the  heat  of  vaporization  of  carbon  from  the 
solid  amorphous  state  is  3-231  calories  per  gramme, 
or  5  817  B.Th.U.  per  pound.  The  temperature  of 
volatilization  is  about  3  600°  C.  The  author  is  not 
aware  of  similar  data  for  iron  or  other  metals  of  high 
melting  point. 

In  the  carbon  arc  the  volatilization  temperature  is 
reached  at  the  positive  electrode  only,  with  a  drop  of 
about  30  volts.  According  to  Mrs.  Ayrton,  the  volatilized 
carbon  is  projected  from  the  positive  to  the  negative 
electrode  as  a  "  carbon  mist."  In  air  some  of  this 
carbon  mist  is  burnt,  with  the  production  of  a  sheath 
of  flame  around  the  arc  proper.  Some  of  it — in  arcs 
of  normal  length — reaches  the  negative  electrode,  on 
which  it  is  deposited. 

It  has  been  rather  generaUy  assumed  that  a  similar 
projection  of  metal  takes  place  across  an  iron  arc,  from 
positive  to  negative,  but  this  is  not  in  accordance  with 
welding  practice.  Deposition  takes  place  equaUy  well 
whether  the  electrode  or  the  work  is  positive,  and  at 
least  as  well  with  alternating  current  as  with  direct 
current.  It  may  be  suggested  that  the  cause  of  the 
transfer  of  iron  is  different  from  that  in  the  case  of 
carbon,  but  there  is  at  present  no  ground  for  supposing 
that  there  are  different  processes  to  bring  about  similar 
results.  Both  cases  are  covered  by  the  single  state- 
ment that  electrode  material  is  transferred  from  the 
hotter  to  the  cooler  electrode.  The  question  as  to 
whether  the  transferred  metal  travels  in  the  state  of 
vapour,  a  fine  spray,  or  otherwise,  has  been  much  dis- 
cvfesed,  and  there  are  various  opinions.  One  American 
investigator  claims  to  have  proved  that  it  is  in  the 
form  of  drops  numbering  30  000  to  the  ounce,  which 
may  be  caUed  a  spray.  That  there  is  a  definite  pro- 
jection is  certain,  for  in  overhead  and  vertical  welding 
the  iron  passes  against  gravity  from  the  electrode  to 
the  work.  Although  there  is  e\'idence  that  more  heat 
is  evolved  at  the  positive  electrode  than  at  the  negative, 
the  greater  mass  and  conductivity  of  the  work  keep  the 
temperature  below  that  of  the  electrode,  even  with  the 
work  positive. 

The  minimum  pressure  needed  to  maintain  an  iron 
arc  is  known  to  be  about  15  volts.  This  covers  the 
sum  of  the  two  surface  resistances  and  that  of  the  gaseous 
column.  The  separate  values  of  the  three  terms  are 
not  known.  As  the  welding  arc  is  very  short,  it  can 
be  said  that  the  sum  of  the  two  surface  voltage-drops 
is  something  under  15  volts.  This  is  not  very  different 
from  one-third  of  the  similar  drop  in  a  carbon  arc. 
In  a  carbon-iron  welding  arc  with  a  ^  inch  diameter 
carbon  negative,  an  arc  length  of  J  inch  and  a  current 
of  200  amperes  flowing,  the  total  arc  voltage  is  22. 
If  the  voltage-drop  at  the  carbon  is  the  same  as  at  the 
negative  of  a  carbon-carbon  arc,  i.e.  about  9  volts, 
these  figures  indicate  that  the  principal  difference 
between  the  carbon  and  iron  arcs  is  in  respect  to  the 
voltage-drop  at  the  positive  electrode.  Probably  the 
conditions  of  a  welding  arc  are  analogous  to  those  of 
a  "  hissing  "  carbon  arc,  in  which  the  voltage-drop  at 
the  positive  is  less  than  in  a  steady  arc. 

From   these  statements   it   appears    that  there   are 
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two  very  definite  openings  for  research  on  the  welding 
arc,  viz.  (1)  In  what  state  does  the  iron  cross  the 
arc,  and  what  conditions  determine  its  transit  ?  and 
(2)    \\liat   is    the   distribution  of    voltage-drop   in   the 


Fig.   1. — Long  and  short  arcs. 

iron  arc  ?  Another  is  :  What  are  the  quantitative 
relations  of  this  transfer  of  metal  to  the  electrical  and 
other  variables  ? 

The  practical  object  of  research  on  the  subject  must 
be  to  determine  the  conditions  which  make  the  useful 


flux-covered  electrodes,  as  the  metal  "  cups  "  a  little 
above  the  edge  of  the  covering. 

If  the  arc  is  lengthened  much  beyond  the  figures 
given,  good  welding  is  impossible.  The  iron  passing 
across  the  arc  bums  to  oxide,  absorbs  nitrogen,  and  the 
deposit  is  contaminated,  permeated  with  blow-holes, 
mechanically  weak,  and  may  fail  to  unite  with  the 
metal  of  the  work.  The  arc  length  at  which  this  defect 
commences  is  variously  stated  as  that  corresponding 
to  from  27  to  30  volts.  It  is  probably  rather  higher 
for  covered   electrodes   and  for   alternating  current. 

The  fact  that  good  welding  can  be  done  only  within 
a  rather  narrow  range  of  arc  length  and  voltage  imposes 
another  condition  on  welding  equipments,  i.e.  they 
should  not  permit  of  an  arc  voltage  exceeding  the  maxi- 
mum for  the  deposit  of  good  metal.  If  an  arc  is  drawn 
beyond  this  it  should  be  extinguished.  Fig.  1  shows 
the  appearance  of  long  and  short  arcs,  and  their  effect, 
and  Figs.  2  to  6  illustrate  degrees  of  penetration. 

This  condition  has  to  be  reconciled  with  the  fact 
that  the  open-circuit  voltage  must  be  in  considerable 
excess  of  the  arc  voltage  to  provide  for  the  voltage- 
drop  in  the  steadpng  resistance  or  reactance  required 
to  make  the  circuit  reasonably  stable,  and  also  to  permit 
the  arc  to  be  struck  readily. 

Facility  of  striking  the  arc  is  an  important  element 


Fig.  2.— Small  penetration.     Fig.  3. — Good  penetration.     Fig.  4. — Good  penetration 

of  crater. 


transfer  of  electrode  material  a  maximum.  "  Useful 
transfer  "  covers  a  rather  wide  ground. 

Like  the  carbon  arc,  the  iron  arc  behaves  as  if  it  had 
a  negative  resistance,  i.e.  an  increase  of  current  across 
an  arc  of  fixed  length  reduces  the  voltage-drop.  It  is 
therefore  inherently  unstable,  and,  since  good  welding 
demands  the  maintenance  of  a  steady  current  propor- 
tioned to  the  size  and  composition  of  the  electrode 
and  the  character  of  the  work,  all  welding  equipments 
have  to  include  some  means  of  adjusting  the  current 
and  keeping  it  within  limits  during  the   operation. 

The  figure  of  15  volts  for  minimum  welding-arc 
voltage-drop  is  derived  from  tests  m.ade  with  direct 
current,  bare  iron  electrodes  and  automatic  feed  of  the 
electrode.  With  hand  operation  the  voltage  is  always 
higher,  i.e.  from  22  to  25  volts.  This  is  for  the 
mechanical  reason  that  the  hand  cannot  maintain 
steadily  the  very  short  arc,  about  -,',y  inch,  corresponding 
to  the  minimum  voltage,  but  has  to  work  with  a  minimum 
length  of  about  J  inch.  Flux-covered  electrodes  appear 
to  permit  of  a  somewhat  greater  working  length  and 
voltage,  thus  rendering  the  manipulation  easier.  It 
is  rather  difficult  to  measure  the  true  arc  length  with 


in  the  tirne  and  labour  costs  of  arc  welding.  \\Tiilst 
a  sufficient  open-circuit  voltage  is  necessary,  if  the 
circuit  conditions  permit  the  passage  of  a  verj'  large 
current  at  the  moment   of   contact  the   electrode  may 


Fig.  5. — Good  pene- 
tration (section). 


Fig.  0. 


—Poor  penetration 
(section). 


stick  or  "  freeze  "  to  the  work,  making  a  sort  of  resistance 
weld,  which  is  not  wanted.  As  the  longest  electrode 
which  can  be  conveniently  used  is  consumed  in  a  run 
of   1   to   3  minutes,  such  interruptions  add   materially 
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to  the  time  spent  in  changing  the  electrodes.     Fig.   7 
shows  photo-micrographs   of  welds. 

Some  experiments  designed  to  throw  light  on  certain 
of  the  questions  raised  in  this  section  of  the  paper  have 
been  made  by  Mr.  H.  M.  Sayers  and  Mr.  Langdon 
Da\'ie&  at  Faraday  House  and  elsewhere.  These 
experiments  and  the  deductions  from  them  are  described 
in  Appendix  III. 


(3)  Direct-current  versus  Alternating-current 
Welding. 

Good  welding  can  be  done  with  both  direct  and 
alternating  current.  There  are  preferences,  and  as 
direct  current  had  the  start  more  operators  and  others 
were  in  favour  of  direct  current  than  of  alternating 
current.  The  best  electrical  conditions  are  slightly 
different,  and  there  are  differences  in  the  actual  manipu- 
lation, but  experience  shows  that  operators  who  have 
been  accustomed  to  one  readily  adapt  themselves  to 
the  other.  It  is  also  the  case  that  flux-covered  electrodes 
are  essential  for  alternating  current,  apparently  because 
the  lagging  effect  of  the  flux  and  slag  maintains  the 
necessary  temperature  during  the  periodical  current 
reversals.  The  only  real  difference  is  that  the  striking  of 
the  arc  is  rather  more  difficult  with  alternating  current. 

A  higher  open-circuit  voltage  is  required  with  alter- 
nating current.  ^^■ith  direct  current  an  arc  can  be 
maintained  with  a  minimum  of  45  volts  (open  circuit), 
but  60  volts  is  much  easier  to  work  with  and  can  be 
taken  as  the  practical  figure.  A  higher  voltage  permits 
of  an  excessive  arc  length  and  a  poor  qualilry  of  deposit. 

With  alternating  current  the  open-circuit  voltage 
should  be  from  75  to  90  volts.  The  difference  between 
the  arc  voltage  and  the  open-circuit  voltage  has,  in 
the  case  of  direct  current,  to  be  taken  up  in  a  steadying^ 
resistance,  while  a  reactance  is  used  with  alternating 
current.  There  is  therefore  not  so  much  difference 
in  the  steadying  losses  as  might  be  supposed.  It  may, 
indeed,  be  possible  to  make  alternating  current  more 
efficient  in  this  respect  than  direct  current,  as  wiU 
appear  later  in  the  descriptions  of  some  of  the  equip- 
ments available.  The  alternating-current  arc  has  a 
lagging  power  factor,  but  the  magnitude  of  this  depends 
a  good  deal  upon  the  steadying  and  regulating  equip- 
ment, and  it  need  not  be  lower  than  that  of  the  average 
works  induction  motor  at  full  load. 

Where  it  is  desired  to  make  use  of  a  general  public 
supply  for  welding,  direct  current  imposes  the  necessity 
for  the  use  of  some  form  of  motor-generator.  The 
pressure  of  the  public  supply  mains  is  generally  200 
volts  or  more.  To  take  from  such  mains  welding 
currents  of  from  30  to  200  amperes  per  operator  is  not 
practicable  or  economical,  for,  in  addition  to  the  waste, 
the  large  bulk  and  high  cost  of  the  resistances,  the  open- 
circuit  voltage  is  far  too  high.  Further,  public  supplies 
generally  have  an  earthed  neutral,  and  the  earthing 
of  the  work  welded,  which  is  often  unavoidable  and 
always  advisable,  cannot  be  permitted  by  the  supply 
authorities,  who  also  will  not  be  pleased  by  the  inter- 
mittent peak  of  hundreds  of  amperes.  With  an 
alternating-current  supply  the  voltage  reduction  requires 
only  a  transformer. 


(4)  Electrodes. 

The  first  iron-arc  welding  was  done  with  bare-wire 
electrodes.  These  are  still  widely  used,  and  for  some 
kinds  of  work  where  strength  is  not  material  the 
welds  made  may  be  satisfactory'.  With  direct  cur- 
rent operating  on  mild  steel  and  wrought  iron,  flux- 
covered  electrodes  provide  better  results.  For  welding 
cast  iron,  high-carbon  steels  and  aOoy  steels,  and 
generally  with  alternating-current  welding,  flux-covered 
electrodes  are  necessary-. 

W  ith  bare  electrodes  there  is  oxidation  of  the  electrode 
itself  beyond  the  arc,  and  of  the  weld  metal  and  work 
whilst  they  are  hot.  A  suitable  flux-covering  protects 
the  electrode  beyond  the  arc,  forms  a  protective  slag 
on  the  deposited  metal  and  work,  and  reduces  the  access 
of  air  to  the  arc  itself.  The  arc  length  is  somewhat 
greater  and  the  current  steadier,  probably  because 
the  current  is  confined  to  the  electrode  end,  and  it 
cannot  reach  the  outside.  Manipulation  is  easier,  as 
the  arc  can  be  struck  on  hot  slag  without  any  liability 
of  the  electrode  to  "  freeze  on."  The  deposit  from  a 
covered  electrode  on  to  a  flat  surface  spreads  more  than 
that  from  a  bare  electrode,  owing  to  the  fluxing  action  of 
the  slag,  thus  making  a  wider  union  and  a  neater  finish. 

Coated  electrodes  are  essential  for  use  with  alternating 
current,  probably  because  the  coating  and  slag  conserve 
the  temperature  during  the  periodic  variations  of  the 
current. 

The  flux  coating  plays  a  verj'  important  part  in  welding 
high-carbon  steels  and  alloy  steels  and  cast  iron,  where 
it  is  necessary  to  obtain  weld  metal  approximating  in 
composition  and  structure  to  those  materials.  The 
electrode  metal  passing  through  the  arc  is  considerably 
altered  in  composition  ;  for  example,  carbon  and  man- 
ganese are  burnt,  or  rather  oxidized,  by  the  reducing 
influence  of  the  arc.  The  flux  coating  reduces  the 
amount  of  this  change,  and  may  impart  or  restore  the 
desired  constituents.  Whether  this  action  takes  place 
in  the  arc,  or  between  the  flux  and  the  deposited  metal, 
or  partly  in  each,  cannot  be  said.  In  the  manufacture 
of  steel  the  reactions  between  the  metal  and  the  flux 
in  the  furnace  are  essential  parts  of  the  process,  and 
the  composition  of  the  flux  is  carefully  adapted  to  the 
product  desired.  In  arc  welding,  however,  the  time 
available  for  reaction  is  very  short.  This  short  time, 
the  high  temperature  and  the  fine  division  of  the  electrode 
metal  passing  through  the  arc,  are  conditions  widely 
different  from  those  of  the  steel  furnace,  and  a  great 
deal  of  experiment  has  consequently  been  needed  to 
arrive  at  the  proper  fluxes  for  different  materials. 
In  matching  any  particular  steel  the  composition  of 
the  electrode  and  the  flux  co-operate.  The  electrode 
metal  does  not,  as  a  rule,  match  that  of  the  material. 
The  work  of  producing  electrode  and  flux  combinations 
which  will  make  good  welds  in  different  materials  has 
met  with  great  success.  It  has  necessarily  been  done 
empirically,  as  no  general  principles  can  yet  be 
formulated. 

In  the  result,  cast  iron,  manganese  steel,  nickel  steel, 
stainless  steel  and  other  special  alloy  steels  are  all 
successfuUy  arc-welded  by  the  use  of  appropriate 
electrodes  and  fluxes. 
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Magnification  =  8  diameters. 


B 

Magnification  =  8  diameters. 


Magnification  =  8  diameters. 


Magnification  =  40  diameters. 


Magnification  =  40  diameters. 


Magnification  =120  diameters. 


G  H  '  I 

Magnification  =  4'8  diameters.  Magnification  =  120  diameters.  Alagnificatinn  =  120  diameters. 

Fig.  T. — Micrographs  of  arc  welds  :   A  to  F  are  of  mild  steel  ;  G,  H,  I  are  of  cast  iron. 

(A)  and  (B),  good  welds.    (C),  poor  weld;  gas  trapped  on  weld  line  and  in  weld  metal.    (D)  and  (E).  weld  or  interfusion  line.    (F),  weld  line.     (C),  castiroo 

weld.    (H),  weld  line  of  (G).     (I),  weld  meUl  of  (G). 
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For  most  purposes  a  flux  coating  of  a  basic  nature 
is  desirable,  but  in  some  cases  it  is  of  an  acid  descrip- 
tion. An  aluminium  wire  or  tape  is  sometimes  included, 
and  nickel  plating  is  also  used.  Both  these  metallic 
additions  tend,  in  different  ways,  to  reduce  oxidation 
of  the  electrode  metal,  and  may  also  have  other  effects. 

The  metallurgical  and  chemical  actions  of  the  coating 
and  the  flux  formed  by  it  have  to  be  reconciled  with 
other  requirements.  The  coating  must  fuse  at  a 
slightly  higher  temperature  than  the  metal,  while  the 
slag  formed  must  be  very  liquid  and  light  so  that  it 
will  rise  to  the  surface  before  the  metal  solidifies  and 
will  spread  over  the  hot  weld  and  so  protect  it  from 
the  air.  The  flux  should  dissolve  or  reduce  the  iron 
and  other  oxides.  The  glass}-  skin  of  cooled  slag  should 
be  easily  removed  from  the  welded  surface  bj'  brushing 
or  light  hammer  chipping,  and  the  coating  must  be 
sufficiently  tough  and  adherent  to  the  electrode  to 
withstand  transport  and  handling.  In  working,  the 
coating  must  fuse  evenly  without  flaking  and  must 
keep  level  with  the  end  of  the  electrode.  There  is 
usually  a  little  "  cupping,"  i.e.  the  electrode  end  is  a 
trifle  inside  the  fused  rim  of  coating.  Deep  cupping 
is,  however,  objectionable,  as  a  projecting  rim  of 
fused  coating  interferes  with  the  arc  striking  and  mis- 
leads the  operator  in  respect  to  the  length  of  arc. 
\A'hilst  hot  the  slag  is  a  semi-conductor  and  the  arc  may 
be  struck  on  it  without  any  risk  of  the  electrode  sticking. 

Intermediate  betsveen  bare  and  coated  electrodes 
are  dipped  electrodes,  i.e.  electrodes  dipped  into  a 
"  slurrj' "  of  a  basic  nature.  This  coating  has  some 
protective  influence  on  the  electrode  as  against  oxida- 
tion, and  reduces  spluttering  and  current  fluctuations 
as  compared  with  bare  electrodes.  It  is  not  a  sub- 
stitute for  flux  coating. 

(5)  Current  Density. 

The  current  required  for  welding  depends  mainly 
upon  the  thickness  and  mass  of  the  parts  to  be  joined. 
It  may  be  said  roughlj-  that  the  dimensions  of  the  work 
determine  the  current,  and  the  current  determines  the 
size  of  the  electrode.  For  each  gauge  of  electrode  there 
is  some  maximum  manageable  current.  If  this  maxi- 
mum is  exceeded  the  electrode  fuses  far  beyond  the  arc, 
large  portions  drop,  the  current  fluctuations  are  wild  and 
the  arc  is  turbulent  and  unmanageable.  For  coated 
electrodes  the  maximum  currents  range  from  60  amperes 
for  No.  14  gauge  to  200  amperes  for  Xo.  4  gauge.  The 
current  densities  thus  vary  from  about  12  000  amperes 
per  square  inch  for  the  smaller,  down  to  about  5  000 
amperes  per  square  inch  for  the  larger.  Somewhat 
higher  current  densities  can  be  used  \vith  bare  electrodes. 
The  American  practice,  which  is  chiefly  with  bare 
electrodes,  is  to  use  10  000  to  12  000  amperes  per  square 
inch. 

An  electrode  is  capable  of  welding  properly  with 
two-thirds  or  less  of  the  maximum  current,  so  that 
six  gauges,  i.e.  Xos.  4,  6,  8,  10,  12  and  14,  cover  a 
long  range  of  work.  A  current  of  200  amperes  and  a 
No.  4  electrode  are  about  the  manageable  maxima 
for  hand  welding,  ^^^lethe^  automatic  welding  will 
permit  of  larger  values  has  not  yet  been  determined. 


Automatic  arc  welding  is  hardly  beyond  the  experimental 
stage  in  commercial  ser\ice. 

The  statement  made  above  (that  the  current  is 
determined  by  the  dimensions  of  the  work)  is  subject 
to  some  qualifications.  For  example,  in  making  a 
butt  weld  between  two  plates,  say,  J  inch  thick,  the 
edges  wiU  be  bevelled,  forming  a  V  of  an  angle  of  about 
60°  when  approximated.  The  first  run  of  welding 
must  be  done  with  a  small  electrode,  say  Xo.  8,  in  order 
t9  get  the  electrode  to  the  bottom  of  the  V,  which  must 
be  first  filled.  A  second  run  is  then  made  over  the  first 
with  a  larger  electrode,  and  a  third  may  be  necessary. 
As  the  area  or  width  increases,  the  electrode  size  and 
current   required  increase. 

IMr.  H.  M.  Hobart,  who  has  taken  a  leading  part 
in  electric  arc -welding  development  and  research  in 
the  United  States,  says  that  the  largest  current  which 
can  be  used  makes  the  soundest  welds.  Too  large  a 
current  for  the  thickness  and  mass  of  the  work  burns 
holes  in  it. 

'\\'elding  thin  sheet  is  practicable  but  has  not  been 
much  developed,  possibly  because  oxy-acetylene  and 
resistance  welding  have  a  firm  hold  on  this  class  of  work. 
Recent  experiments,  however,  promise  good  results, 
and  thin  sheet  arc  welding  may  prove  commercially 
valuable. 

(6)    P0L.\RITY. 

It  is  the  established  practice  to  make  the  work  positive 
and  the  electrode  negative.  This  practice  seems  to 
have  originated  with  carbon-arc  welding,  the  reason 
being  that,  with  a  positive  carbon  electrode,  carbon  is 
carried  across  the  arc  into  the  work,  and  the  weld  is 
unmanageablj'  hard.  With  iron  electrodes  the  reason 
for  making  the  work  positive  is  that,  as  more  heat  is 
evolved  at  the  positive  electrode,  the  greater  conduc- 
tivity of  the  work  is  countered  and  the  work  surface 
raised  to  the  fusing  point  with  a  smaller  current  than 
would  otherw-ise  be  necessary'.  The  total  heating  of 
the  work,  and  expansion  and  other  troubles  due  to  such 
heating  are  reduced.  It  is  exactly  analogous  to  the 
well-known  fact  that  to  solder  fine  work  with  the 
smallest  heat-damage,  the  soldering  bit  should  be  as 
hot  as  possible. 

(7)  Direct-current  Single  Welders. 

Output. — For  general-purpose  sets,  the  maximum 
loading  is  200  amperes  at  60  volts.  This  current  is 
about  as  large  as  can  be  managed  in  hand  operation. 

Regulation. — This  is  the  special  problem  of  the  single- 
welder  set.  The  ideal  characteristic  for  such  a  macliine 
is  a  flat  voltage  characteristic  from  zero  up  to  the  full 
current  for  which  it  is  adjusted,  and  a  very  rapid  voltage- 
drop  with  any  greater  current.  A  general-purpose 
macliine  must  have  some  means  for  varj-ing  the  current 
at  which  this  voltage-drop  occurs.  To  prevent  sticking, 
it  is  necessary  to  limit  the  current  on  striking  the  arc. 
It  is  desirable  that  current  fluctuations  caused  by  the 
unavoidable  variations  in  arc  length  shall  be  checked 
and  limited.  The  requirements  may  be  summarized 
as  follows  : — 

(1)  A  drooping  characteristic  for  any  current  beyond 
that  fixed  by  adjustment. 
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(2)  A  uniform  voltage  for  currents  up  to  the  set  or 

adjusted  load,  with  httle  or  no  increase  at 
no  load. 

(3)  Very   rapid   regulation   to   counter   the   effect   of 

arc  \-ariations. 

The  devices  employed  with  more  or  less  success  to 
meetVthese  requirements  can  be  roughly  classified 
as  follows  : — 

(1)  Excitation  methods.     Combinations  of  self  excita- 

tion, separate  excitation,  direct  and  reversed 
series  excitation.  Special  arrangements  of 
the  magnetic  circuit,  including  pole  disposi- 
tion, proportions  and  shapes  of  poles,  pole- 
pieces  and  yokes,  calculated  to  vary  the 
armature  reaction  with  different  load  con- 
ditions. External  regulators  acting  on  the 
exciting  circuits. 

(2)  Regulation  of  speed  or  torque  of  driving  engine 

or  motor  by  electrical  control  of  governor  or 
transmission  clutch. 

(3)  External     regulators     controlling     resistances     in 

the  welding  circuit,  sometimes  acting  simul- 
taneously on  one  or  more  of  the  exciting 
circuits. 

With  tliose  automatic  regulations  it  is  always  neces- 
sary to  adjust  the  field  rheostats   to   suit  the  current 


Fig.  8. — Connections  of  Premier  welding  set. 

needed  for  the  particular  work  in  hand.  The  ideal  set 
requires  only  this  one  adjustment,  the  automatic  devices 
keeping  the  output  at  that  level. 

Most  of  the  single-welder  sets  on  the  market  employ 
one  or  more  of  the  devices  classified  above,  and  some  of 
them  are  very  complex.  Such  devices  as  separate 
exciters  and  multiple  field  windings  cause  a  generating 
set  to  be  larger  and  much  more  expensive  than  a  plain 
generator  of  the  same  maximum  output. 

A  sufficient  rapidity  of  regulation  to  counter  arc 
irregularities  is  rather  difficult  to  secure.  Magnetic 
flux-changes  in  fairly  massive  iron  circuits  involve 
time-lag,  and  inductive  action  between  different  windings 
on  the  same  magnetic  circuit  has  to  be  allowed  for. 
It  is  doubtful  if  the  generator  can  be  so  altered  as  to 
control  arc  fluctuations.  An  American  designer  has 
recently  found  it  necessary  to  explain  his  proposals 
for  a  thoroughly  automatic  single  welder  by  several 
pages  of  equations  culminating  in  determinants  which 


reduce  into  cubic  equations  and  have  a  forbidding 
appearance. 

Single-welder  sets  are  generally  arranged  for  mounting 
as  self-contained  portable  machines,  with  internal 
combustion  engines  of  the  motor-car  type,  or  with 
driving  motor,  on  trucks  or  otherwise  to  suit  the  users. 

The  examples  selected  for  illustration  are  in  use, 
and  are  typical  of  the  many  different  machines  proposed 
to  give  characteristics  meeting  the  requirements  of  arc 
welding  by  automatic  variation  of  excitation. 

(i)  Kramer  type,  adopted  for  the  Premier  set.  The 
connections  are  shown  in  Fig.  8. 

A  =  reversed  series  winding  in  welding  circuit. 

B  =  shunt   winding,    self-excited. 

C  =  shunt  winding,  separately  excited. 

B  and  C  are  wound  in  the  same  sense,  and  A  in  the 
opposite  sense.  In  series  with  B  and  C  there  are 
rheostats  for  the  regulation  of  the  welding  current. 

(ii)  Macfarlane  type,  adopted  for  A.W.P.  set.  The 
connections  are  as  in  Fig.  9. 

Four-pole  field. 

A  =  shunt  winding  on  one  pair  of  diametrically 
opposite  poles,   separately  excited. 

B  =  shunt  winding  on  other  pair  of  diametrically 
opposite   poles,    self-excited. 


Fig  9. — Connections  of  Macfarlane  (A.W.P.)  welder. 

A  and  B  are  wound  in  the  same  sense,  and  each  has 
a  rheostat  in  series  for  the  regulation  of  welding  current. 

The  pole-piece  form,  etc.,  are  designed  to  faciUtate 
armature  reaction,  giving  a  result  similar  to  that  of  a 
reversed  series  winding. 

The  characteristics  of  this  macliine  with  the  regulator 
in  three  different  positions  arc  shown  in  Fig.   10. 

(iii)  Westinghouse,  American.  The  connections  are 
as  in  Fig.    11. 

A  =  shunt  field,  separately  excited. 

B  =  reversed  series  winding. 

C  =  commutating  winding. 

D  =  shunt  winding,  differential.  This  winding  is  self- 
exciting  while  the  generator  voltage  exceeds  the 
separate  supply  voltage,  as  reduced  by  the 
rheostats  ;  and  is  reversed  and  assists  the 
series  winding  to  limit  the  generator  voltage 
when  striking  the  arc. 
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A  characteristic  of  this  machine  is  shown  in  Fig.  12. 
(iv)  SpHt-pole   type  {Goteral  Electric   Co.,   American). 
The  connections  are  as  shown  in  Fig.  13. 

A  =  shunt  winding,  self-excited,  on  main  poles,  viz. 

those   on   the   horizontal   diameter. 
B  =  shunt  winding,  self-excited,  on  cross  poles,  viz. 

those  on  the  vertical  diameter. 
C  =  series  winding  in  welding  circuit,  on  cross  poles, 
reversed  with  respect  to  the  shunt  winding. 

The  main  poles  are  normally  saturated  ;    the  cross 
poles  are    not   saturated    but    provide    a   path  for  the 
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Fig.   10. — Characteristics  of  Macfarlane  (A.W.P.)  welder. 

armature  reaction  flux,  which  is  assisted  by  the  series 
winding.  The  series  turns  are  adjustable  for  different 
welding  currents.  At  a  given  load  the  cross  field  is 
reversed  by  the  sum  of  the  armature  reaction  and  the 
series  winding  effects.  On  short-circuit  the  reverse 
field  cancels  the  main  field,  giNdng  zero  voltage.  At 
any  load  the  voltage  is  proportional  to  the  arithmetical 
sum  of  the  main  and  cross  fields. 

(v)   Simple    shtini-series   combination    (Mawdsley    and 
others).     The  connections  are  shown  in  Fig.   14. 

A  =  shunt  winding,  separately  excited. 

B  =  series  winding  in  welding  circuit,  reversed. 

Some  of  the  machines  of  this  typs  have  pole-pieces, 
etc.,  designed  to  facilitate  armature  reaction. 


AAAM 


Fig.    11. — Connections   of   Westinghouse    (American)    welder. 

With  the  two  field  windings  so  disposed  to  have 
considerable  mutual  induction,  there  is  a  large  rise  of 
current  during  a  few  hundredths  of  a  second  on  a  short- 
circuit,  as  shown  in  Fig.  15. 

General. — When  used  as  self-contained  sets,  driven 
by   engines,  belt,  or  a.c.    motors,  the  machines  shown 


as  having  separate  excitation  require  an  exciter  in 
addition  to  the  main  generator.  When  driven  by  d.c. 
motors  the  separate  excitation  can  be  given  by  the 
supply  circuit. 

Commutating       poles       are       generally      necessary. 
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12. — Characteristics    of    Westinghouse    (American) 
welder. 


Entirely  laminated  magnetic  circuits  improve  the 
regulating  action.  The  adjustments  to  suit  different 
welding  currents  are  made  on  one  or  more  of  the  exciting 
windings. 

An  exhaustive  paper  on  "  The  Design  of  Constant- 
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Fig.  13. — Connections  of  General  Electric  (.\mcrican)  welder. 


Current  Generators  for  Arc  Welding,"  by  Mr.  K.  L. 
Hansen,  appeared  in  the  Transactions  of  the  American 
Institute  of  Electrical  Engineers,  1920,  vol.  39,  part  2, 
p.  1357. 

Balancer    welding    machines,     dividing    the    supply 
current  into  motor  and  welding  current,  with  various 
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arrangements  to  produce  the  welding  characteristic, 
have  been  used,  but  the  general  objections  to  welding 
direct  from  a  public  supply  are  not  removed  by  their 
use.  They  are  less  wasteful  than  the  stabilizing  resistance 
needed  to  take  up  the  difference  between  the  welding 
and  the  supply  voltages. 

External  field  regttlation. — Designs  of  automatic 
regulators  using  the  welding  current  to  act  on  the 
generator  fields  have  been  proposed,  but  do  not  appear 
to  be  in  use.  The  American  Westinghouse  Company 
supplies  a  "  flat  compounded  "  machine  with  a  panel 
adjustment  of  the  series  and  commutating  windings, 
which  appears  to  regulate  by  armature  reaction  effect. 


Fig.   14- 


-Connections  of  reversed  series,  separately  excited 
welder. 


Regulation  by  drive. — The  only  example  known  to 
the  author  is  the  Davies-Soames  set.  The  connections 
are  as  shown  in  Fig.   16. 

A  magnetic  clutch  is  interposed  between  the  driving 
motor  and  the  generator.  There  are  three  windings 
on  the  clutch  magnet :  A,  separately  excited  ;  B,  in 
series  with  the  welding  circuit  ;  and  C,  shunt-excited 
by  the  generator. 

Winding  A  predominates  normally.  Windings  B 
and  C  both  oppose  A.     When  the  welding  current  in 
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). — -Short-circuit    char^icteristic    of    reversed    series, 
separately  excited  welder. 


winding  B  overpowers  that  in  A  the  clutch  slips.  The 
welding  current  is  adjusted  by  rheostats  in  circuits  A 
and  C.  Winding  C  also  weakens  the  clutch  magnet  to 
slipping  point  if  the  generator  voltage  becomes  excessive. 
The  generator  is  compound-wound.  The  shunt 
winding  is  separately  excited  from  the  supply  circuit. 

Vol.  61. 


and  the  series  winding  is  cumulative,  not  reversed. 
If  driven  by  an  engine  or  an  a.c.  motor  an  exciter  is 
necessary. 

A  characteristic  curve  is  shown  in  Fig.  17.  In  this 
figure  E  represents  the  welding  current  for  which  the 
set  is  adjusted. 


Clutch  (Iron,  dotted) 


N0TE:-^/ifOsidts  in  arcuifs  Kand  C  arc  not  slicuvn 

Fig.    16. — Connections    of   Davies-Soames    magnetic    clutch 
welder. 

(8)  Direct-current  Multiple-welder  Sets. 

Generators  to  supply  a  number  of  welders  should 
give  constant  voltage  at  all  loads  from  zero  to  the 
simultaneous  maximum  demand  of  all  the  welders. 
As  the  fluctuation  of  load  is  extremely  violent  the 
self  regulation  must  be  very  prompt.  Compounding 
should  cover  the  voltage-drop  in  the  mains  as  well  as 
the  variation  of  speed  with  load  in  the  driving  motoi. 
Separate  excitation  and  a  quick-acting  automatic 
regulator  in  the  shunt  circuit  are  advisable,  and 
commutating  poles  are  essential.  It  will  lessen  the 
risk  of  mutual  interference  by  the  welders  if  a  rather 
higher  voltage  than  60  is  provided. 

Multiple  welders  in  general  are  "  flat  compounded  " 
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Fig.    17.— Characteristic   (at   70  amperes)   of  Davics-Soamos 
magnetic  clutch  welder. 

macliines,  with  commutating  poles.  The  regulatiou 
for  each  welder  is  effected  by  separate  resistances. 
The  welding  circuits  are  all  in  parallel. 

The  Wilson  equipment  has  a  carbon-pile  resistance 
with  a  solenoid  in  the  welding  circuit  acting  against 
a  spring  which  compresses  the  pile.     The  adjustment 
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is  made  by  shunts  on  the  solenoid.  This  machine  is 
made  as  a  single  or  multiple  welder. 

One  American  company  makes  a  constant-current 
series  multiple  welder,  in  which  the  individual  welder 
adjustments  are  made  by  shunts  on  the  main  line. 
When  welding  is  not  in  progress  the  shunt  is  short- 
circuited.  The  machine  regulates  for  constant  current, 
and  variable  voltage,  much  as  a  sories  arc-lighting 
machine.  The  machine  seems  only  suitable  for  factory 
use  on  bench  work  where  the  work  can  be  insulated 
and  is  of  a  fairly  uniform  character. 

Performance  and  testing. — A  satisfactory  characteristic 
obtained  by  the  usual  method  of  varj'ing  the  circuit 
resistance  does  not  prove  that  a  machine  will  be  satisfac- 
tory for  welding.  In  welding,  the  transient  effects  of 
load  variations  are  important  and  are  not  shown  by 
the  usual  tests.  The  rapid  fluctuation  of  a  welding 
load  is  a  severe  test  of  commutating  qualities.  The 
only  satisfactory  test  of  a  welding  set  is  to  make  good 
welds  with  it,  using  the  different  current  values  which 
will  be  required  in  actual  work. 

Stabilizing  rheostats. — There  is  a  somewhat  general 
opinion  among  welders  that  the  stabilizing  resistance 
in  direct-current  welding  are  improved  by  the  addition 
of  a  certain  proportion  of  reactance.  Evidently  react- 
ance is  calculated  to  reduce  the  rate  of  current  fluctua- 
tion, and  particularly  to  reduce  "  sticking  "  on  striking 
the  arc.  Such  reactances  must  be  adjustable  for 
different  welding  currents,  and  obviously  must  include 
air-gaps.  It  seems  more  logical  to  provide  the  reactance 
in  the  generator  itself,  particularly  in  the  form  of 
armature  self-induction.  Flux-covered  electrodes  give 
smaller  fluctuations  than  bare  electrodes  and  at  least 
reduce  the  need  for  external  reactance. 

(9)  Welding-circuit  Regulation. 

Each  welder  requires  a  resistance  which  he  can 
adjust  to  pass  the  current  required  by  the  work  in  hand. 
It  is  generally  stated  that  this  resistance  should  include 
some  reactance,  as  the  amplitude  of  current  oscillations 
is  thereby  reduced.  Evidently  the  reactance  should 
also  be  adjustable  to  suit  the  working  current.  React- 
ance probably  assists  in  striking  the  arc,  as  it  chokes 
down  the  current-rush  on  making  contact,  and  adds  a 
little  to  the  circuit  voltage  as  the  contact  is  broken. 
Such  reactances  must  have  air-gaps,  which  may  be 
adjustable  to  suit  various  currents.  One  device  used 
to  assist  the  arc  striking  is  an  automatic  switch  which 
cuts  out  some  resistance  as  soon  as  the  arc  starts. 

These  resistances  have  to  dissipate  from  1  to  6  kW 
each  as  long  as  welding  is  being  done.  They  are  there- 
fore more  bulky  and  expensive  for  their  capacity  than 
starting  resistances  and  the  like  which  are  only  in  use 
intermittently,  and  a  much  more  liberal  design  is 
necessary.  They  have  to  be  located  within  reach  of 
the  welders.  It  is  therefore  worth  while  to  pay  attention 
to  their  design  in  respect  to  working  temperature, 
ventilation,  bulk  and  protection.  The  grid  form  is  robust 
and  convenient  if  made  with  steel  imits,  otherwise 
coils  are  to  be  preferred.  A  tapered  resistance,  i.e.  one 
in  which  the  cross-section  is  reduced  at  the  successive 
taps,  saves  material  as  compared  with  a  uniform  section 
of   resistor.      Usually    the   welding  lead  terminates  in 


a  plug  inserted  into  sockets  connected  to  the  taps. 
Some  resistance  material  could  be  saved  by  arranging 
for  sections  to  be  connected  in  parallel  and  series 
combinations,  but  this  would  require  some  form  of 
controller,  with  doubtful  net  saving.  A  finer  adjust- 
ment than  that  provided  by  the  taps  is  sometimes 
used,  and  this  is  advantageous  for  the  finer  classes 
of  work.  Squeeze-up  carbon  piles  are  not  suitable  for 
the  main  resistances,  as  their  resistance  changes  too 
much  with  temperature,  and  they  do  not  give  sufficient 
range.  They  are,  howe\-er,  fairly  satisfactory  for  fine 
adjustment.  Evidently,  where  welding  equipments 
are  intended  for  uniform  work,  a  lesser  range  of  current 
adjustment  is  needed  than  where  the  work  is  of  a  varied 
character. 

(10)  Alternating-current  Sets. 

It  may  be  assumed  that  alternating  current  will 
always  be  taken  from  a  public  or  works  general  supply 
and  transformed  to  the  welding  voltage.  Whilst  the 
current  fluctuations  on  the  supply  side  will  be  reduced 
in  the  transforming  ratio,  they  may  still  be  considerable 
in  the  view  of  the  supply  undertaking.  Welding  is  a 
single-phase  load  with  a  lagging  power  factor,  and  the 
supply  engineer  will  naturally  want  to  be  consulted  as 
to  the  arrangements.  If  the  supply  is  three-phase  the 
welding  current  disturbs  the  balance  of  the  phases. 
This  can  be  met  to  some  extent  where  a  number  of 
welders  are  in  use,  by  di\'iding  them  between  the  phases, 
or  single-phase  current  can  be  taken  from  a  three- 
phase  transformer  by  the  well-known  method  of 
connecting  the  secondaries  in  series  with  one  winding 
reversed.  This  equalizes  the  currents  in  the  primary 
phases,  but  in  two  of  them  the  currents  are  60°  out  of 
phase,  one  leading,  and  the  other  lagging.  It  is  for  the 
supply  undertaking  to  decide  which  is  the  less  objection- 
able, and  the  user  should  agree  with  them  at  the  outset. 

Alternating-current  welding  requires  75  to  90  volts 
on  open  circuit.  The  difference  between  this  and  the 
arc  voltage  is  taken  up  by  means  of  a  reactance  in  the 
circuit. 

The  equipment  for  a.c.  welding  is  therefore  a  trans- 
former, to  give  75  to  90  volts  at  the  secondary  terminals 
on  open  circuit  and  to  carry  the  maximum  welding 
current  required  for  the  work  to  be  done.  An  adjust- 
able reactance  takes  the  place  of  the  resistance  used 
with  direct  currents. 

The  capacity  of  single-welder  sets  for  a  full  range 
of  welding  is  12  kVA.  For  multiple-welder  sets  the 
transformer  capacity  may  be  less,  say  from  6  to  8  kVA 
per  welder  served. 

^^■hether  an;^'thing  is  to  be  gained  by  using  a  multiple- 
welder  transformer  as  against  a  separate  transformer 
to  each  welder  depends  mainly  upon  the  distribution 
of  the  welders  in  the  particular  case  considered.  If  all 
the  welders  are  in  one  shop  so  that  the  secondary  leads 
are  short,  the  saving  in  transformer  cost  may  be  worth 
while.  If  they  are  widely  distributed  over  a  large 
factory  or  shipyard  the  cost  of  the  long  secondary 
leads  may  easily  outweigh  the  saving  on  the  trans- 
formers. Single-welder  transformers  may  advantage- 
ously be  designed  with  an  internal  reactance  which 
reduces    the    amount    of  external  reactance   that   has 
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otherwise  to  be  provided.  There  may  also  be  a  saving 
in  the  cost  of  current  effected  by  the  reduction  of  the 
total  iron  losses  if  single-welder  transformers  are  used. 
Each  case  has  to  be  considered  on  its  own  conditions. 

The  open-circuit  voltage  required  for  a.c.  welding 
may,  in  some  working  conditions,  be  dangerous.  The 
Home  Office  has  for  this  reason  objected  to  a.c.  welding 
in  some  exposed  positions.  To  prevent  this  danger, 
apparatus  has  been  devised  which  reduces  the  open- 
circuit  voltage  to  25  volts  and  also  facilitates  the  striking 
of  the  arc. 

A  fixed  reactance  does  not  produce  the  drooping 
characteristic  desirable  for  arc  welding  in  the  sharp 
way  necessary  ;  the  choke  should  increase  very  rapidly 
if  the  desired  current  is  exceeded.  Several  forms  of  a.c. 
single-welder  apparatus  are  described  below  : — 

(a)  Ordin  irv  transformer . — For  a  complete  range  of  work 
the  output  of  a  single-welder  transformer  is  200  amperes 
at  60  volts,  with  an  open-circuit  pressure  of  from  75  to 
90  volts,  depending  somewhat  on  the  class  of  work 
to  be  done.  This  implies  considerable  internal  reactance. 
It  is  convenient  to  have  tappings  at  5-volt  steps  to  allow 
for  conductor  resistance  and  for  variation  in  the  elec- 


FiG.    IS. — Connections  of   Holslag  welding   transformer 


trodes  and  stock  metal.  An  adjustable  reactance  with 
sockets  to  take  the  electrode  plug  is  required  for  current 
adjustment.  With  this  simple  equipment  good  work 
can  be  done  and  the  set  can  be  used  in  any  part  of  a 
factory,  shipyard,  etc.,  where  the  a.c.  supply  is  accessible. 
(b)  Holslag  welding  transformer  (The  A.C.  Cutting 
and  Welding  Company). — This  transformer  has  a  third 
winding  in  addition  to  the  primary  and  secondary 
windings,  which  is  put  on  a  separate  iron  limb  connected 
to  the  main  yokes,  and  an  unwound  limb  stands  between 
the  common  yokes  with  an  adjustable  air-gap  (see 
Fig.  18).  It  is  a  combined  transformer  and  choke  coil, 
but  with  mutual  inductance  and  a  common  leakage 
path  between  the  two  elements.  Provided  with  tappings 
on  primary,  secondary  and  choker  windings,  and  the 
adjustable  leakage  path,  many  combinations  may  be 
made.  The  inventor  claims  for  it  a  wide  range  of 
welding  utility.  The  mutual  inductance  between  the 
choker  and  the  transformer  windings  is  stated  to  stabilize 
the  circuit  more  effectively  than  an  independent  choker. 
Sets  are  made  up  for  one-,  two-  and  three-pha.se  supply. 
A  description  of  the  device  and  its  theory  will  be  found 
in  the  Transactions  of  the  American  Institute  of  Electrical 
Engineers,  1920,  vol.  39,  part  2,  p.  1435. 


(c)  Davies-Soames  automatic  regulator  (Daysohms, 
Ltd.). — This  apparatus  resembles  a  wound  rotor  induc- 
tion motor.  The  stator  and  rotor  windings  are  in  series, 
and  are  of  equal  numbers  of  turns.  The  rotor  is  free 
to  rotate  within  limits  against  certain  restraints.  In 
the  no-load  position  the  windings  produce  nearly  co- 
axial opposed  poles  and  magnetomotive  forces  in  the 
iron,    with    a    minimum    reactance.     \Vhen    current    is 


Fig.  19. — Connection!;  of  Davies-Soames  automatic  regulator. 


passing  the  rotor  tends  to  rotate  in  the  direction 
increasing  the  resultant  flux  and  reactance,  up  to  the 
position  where  the  poles  are  co-axial  and  the  magneto- 
motive forces  are  added.  This  is  the  position  of 
maximum  reactance.  With  2-pole  windings  the  angular 
movement  from  minimum  to  maximum  choke  is 
obviously   180°.     The  rotation  is  opposed  by  a  spring. 
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Fig.  20. — Characteristic   (at  25  amperes)  of  Davies-Soames 
automatic  rcgnlator. 

the  force  of  which  can  be  regulated  and  damped  by  a 
dash-pot.  The  minimum  choke  can  be  regulated  by  an 
adjustable  stop  which  limits  the  rotor  movement  in  the 
direction  given  by  the  spring. 

To  adjust  the  regulator  for  welding,  the  spring  is 
regulated  for  the  desired  welding  current,  and  the 
stop  is  fixed  for  the  choke  corresponding  to  the  arc- 
striking  current..  The  open-circuit  voltage  is  that  of 
the  transformer  but  on  striking  the  arc  the  circuit 
voltage  drops  instantly,  due  to  the  operation  of  the  choke, 
and  the  rotor  moves  until  the  current  torque  is  balanced 
by  that  of  the  spring.  In  practice  it  is  found  that  this 
regulator   gives   a   very   nearly   constant   current,    viz. 
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that  at  which  the  rotor  and  the  spring  torque  just 
balance,  with  a  very  sharp  voltage-drop  if  that  current 
is  exceeded.  This  drop  is  not  dependent  upon  the 
movement  of  the  rotor.  As  the  voltage  can  only 
increase  sensibly  with  a  decrease  in  the  current,  a  long 
arc  cannot  be  maintained,  being  extinguished  by  the 
current-drop.  Fig.  19  gives  a  diagram  of  the  arrange- 
ment, a  weight  being  shown  instead  of  the  spring 
actually  used  ;  and  Fig.  20  shows  a  characteristic 
curve  of  the  performance. 

The  latest  form  of  this  alternating-current  arc  welder 
embodies  the  same  principle,  bv  which  the  striking  and 
the  welding  current  are  separately  adj  iistable,  and  con- 
sists of  a  transformer  and  choke  coil  in  one  unit,  the 
choke  coil  being,  as  before,  provided  with  a  dashpot 
and  adjustable  stops  to  limit  the  movement  of  its 
keeper,  and  a  spring  to  return  it  towards  zero,  which 
will  give  the  full  range  of  25  to  200  amperes  in  infinite 
gradation.  This  unit  is  arranged  for  direct  connection 
to  any  alternating-current  mains,  and  as  it  weighs  only 
about  3  cwts.  and  is  fitted  with  castors,  it  is  very  easily 
moved  about  a  works. 

(d)  Alternating-current  welding  safety  device  [Day- 
sohms,  Ltd.). — Fig.  21  is  a  diagram  of  this  apparatus. 


Supply  mains 

u 


Edith 
Fig.   21. — Connections  of  Davies-Soames  safety  device. 

with  the  connections.  In  addition  to  the  main  or 
welding  transformer  there  is  an  auxiliary  transformer 
the  secondary  of  which  gives  25  volts,  and  the  work 
is  connected  to  one  end  of  each  of  the  two  secondaries. 
The  electrode  lead  passes  through  a  solenoid,  the  core 
of  which  pulls  on  a  switch  lever.  With  no  current 
passing  and  the  core  down,  the  switch  connects  the 
electrode  to  the  other  terminal  of  the  25-volt  secondary, 
so  that  the  open-circuit  voltage  between  the  electrode 
and  the  work  or  earth  is  25.  On  touching  the  work 
with  the  electrode  to  start  the  arc,  the  core  is  pulled  up 
and  the  switch  moved,  first  to  an  intermediate  contact 
connecting  to  the  main  transformer  through  a  resistance, 
and  then  to  a  third  contact  which  cuts  out  the  resistance, 
the  switch  breaking  from  the  25-volt  terminal  just  before 
the  third  contact  is  made.  The  additional  resistance 
at  the  moment  of  striking  reduces  the  current-rush 
and  so  prevents  sticking.  When  the  arc  is  broken  the 
core  drops  back  and   the   welding  transformer  is   dis- 


connected from  the  electrode.  It  is  understood  that 
the  Home  Office  accepts  this  device  as  removing  the 
shock   danger   from   alternating-current   welding. 

(11)  Copper,  Brass  and  Bronze  Welding. 

As  the  result  of  recent  research  work,  three  types  of 
electrodes  are  now  available  for  the  purpose  of  welding 
and   depositing  non-ferrous  metals.  '-.,'.    •*'■»{ 

The  perfection  of  these  products  to  a  commercial 
stage  represents  the  latest  development  in  the  successful 
application  of  electric  arc  welding  for  construction  and 
repair. 

The  metal  core  is  of  tinned  copper,  surrounded  by 
a  fiux  covering,  which  adheres  firmly  to  the  welding 
rod  and  does  not  break  away  when  subjected  to  trans- 
port and  workshop  usage.  This  flux  covering  is  of  special 
composition  to  suit  the  nature  of  the  copper  alloy  to 
be  welded,  and  produces  a  powerful  reducing  atmosphere 
around  the  work  to  ensure  the  deposition  of  good  metal 
in  the  weld. 

Copper  and  the  various  alloys  of  brass  and  bronze 
in  general  use  have  a  very  short  temperature-range 
between  the  welding  and  fusion  points,  and  practice 
is  necessary  to  prevent  the  metal  becoming  fluid  or 
remaining  in  a  sluggish  condition.  Care  must  be  taken 
to  prevent  the  parts  bein^  welded  from  being  pierced 
by  excessive  heating. 

The  heat  conductivity  of  copper  is  veiy-  high,  and  the 
deposited  metal  will  lose  its  heat  to  the  work  unless 
this  is  pre-heated  to  a  sufficiently  high  temperature. 
Therefore,  when  using  these  non-ferrous  electrodes  it  is 
advisable  to  pre-heat  the  work  before  starting  the 
welding  operation.  In  the  majority  of  cases  local 
heating  along  the  line  of  the  weld  is  sufficient,  and  this 
may  be  applied  by  a  blow-lamp.  Whenever  possible 
the  joint  to  be  welded  should  rest  upon  come  refractory 
material,  e.g.  carbon,  asbestos  miUboard,  or  furnace 
lining   material. 

It  is  not  necessary  or  advisable  to  hammer  the  metal 
deposited,  as  this  is  perfectly  homogeneous  and  free  from 
blow-holes. 

The  electric  current  requires  to  be  regulated  according 
to  the  nature  and  dimensions  of  the  material  to  be 
welded.  Once  this  has  been  ascertained,  however, 
the  welding  operation  should  be  proceeded  with  as 
rapidly  as  possible,  when  no  difficulty  will  be  experi- 
enced in  welding  copper,  brass  and  bronze  with  entire 
satisfaction. 

The  author  takes  tliis  opportunity  of  thanking  the 
several  firms  supplying  electric  arc-welding  plant  and 
equipment  for  granting  facihties  to  gain  a  knowledge 
of  the  apparatus  described  in  the  paper.  He  also 
■\vishes  to  record  his  appreciation  of  the  freely  offered 
assistance  received  from  Mr.  H.  M.  Sayers  and  Mr. 
Langdon  Davies,  and  the  co-operation  of  Messrs.  H.  M. 
and  F.  M.  Sayers  in  contributing  Appendix  III  wliich 
has  revealed  the  mechanical  actions  and  the  functions 
of  the  flux  covering  of  electrodes,  in  some  respects 
leading  up  to  the  determinations  of  the  physical  features 
of  the  welding  arc. 
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APPENDIX    I. 

Classification  of  Flux-covered  Electrodes. 


Type 

(1)  Standard      ..      . 

(2)  Special  tensile  A. 

(3)  Special  tensile  B. 

(4)  Cutting  .  .      . 

(5)  Overhead     . . 

(6)  Carbon  A  .  . 

(7)  Carbon  B  .  . 

(8)  Carbon  C 

(9)  Carbon  D  .  . 

(10)  Carbon  E     .  . 

(11)  High-speed  steel 

(12)  Self -hardening     . 

(13)  Manganese  steel 


(14)  Nickel-carbon 

steel 

(15)  Electrode   for   de- 

positing cast  iron 


(16)  Soft  iron 


(17)  Stainless  steel 


Description 
To  give  a  weld  strength  of  26 

tons  per  square  inch. 
To  give  a  weld  strength  of    29 

tons  per  square  inch. 
To  give  a  weld  strength  of  35 

tons  per  square  inch. 
For  cutting  with  the  electric  arc. 
For    welding    in    an    overhead 

position,  specially  suitable  for 

boiler  repairs. 
To  deposit  1  •  5  per  cent  carbon 

steel. 
To   deposit    1   per  cent  carbon 

steel. 
To  deposit  0  •  75  per  cent  carbon 

steel. 
To  deposit  0  ■  5  per  cent  carbon 

steel. 
To  deposit  0  ■  25  per  cent  carbon 

steel. 
For  depositing  high-speed  steel 

on  tools,   drills   and   cutters, 

and  for  reinforcing.     Deposit 

adjusted  to  suit  type  of  work. 
An  electrode  providing  a  hard 

steel  deposit. 
For    depositing     14    per    cent 

manganese  steel. 
For  welding  nickel-carbon  and 

high-tensile  steel. 
Forms  a  high-quality  cast  iron 

which    flows    readily    and    is 

machinable,  but  should  only 

be  used  when  pre-heating  is 

possible. 
For  repairing  heavy    cast-iron 

structures    which    cannot    be 

pre-heated  ;     also    for    work 

requiring    a    high    degree    of 

ductility. 
For  welding  all  kinds  of  stain- 
less steel  and  iron.    Deposits 

stainless     steel     of     highest 

quality. 
To  weld  and  deposit  copper. 
To  weld  and  deposit  the  various 

alloys  of  brass  required. 
To  weld  and  deposit  the  various 

alloys  of  bronze  required. 
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APPENDIX    III. 

AN  INVESTIGATION  OF  THE    IRON  WELDING  ARC. 

By  H.  M.  Sayers,  Member,  and  F.  M.  Sayers. 

The  object  of  the  investigations  described  in  this 
Appendix  was  to  obtain  some  knowledge  of  the  iron 
welding  arc,  with  a  special  view  to  some  indication 
of  the  conditions  determining  the  transfer  of  metal 
from  the  electrode  to  the  work,  and  the  state  of  the 
metal  during  the  transfer.  The  e.xperiments  have  been 
confined  to  the  alternating-current  arc  at  a  frequency 
of  50  periods  per  second,  that  being  the  available  supply. 

Testing  arrangements. — Optical  projection  is  the 
obvious  way  to  examine  an  arc,  both  visually  and 
photographically,  and  it  permits  of  some  magnification, 
which  is  essential  with  the  very  short  arc  that  produces 
a  satisfactory  deposit. 

To  get  the  arc  in  a  fixed  position  necessary  for  optical 
projection  and  photographing,  an  apparatus  was  made 
which  resembles  a  lighting  arc  lamp.  The  electrode  is 
clamped  in  a  holder  on  a  rack  which  is  fed  to  the  work 
by  a  series  motor  through  a  suitable  train  of  gearing. 
A  brake  solenoid  connected  across  the  arc  checks  the 
feeding  speed  when  the  arc  voltage  is  low,  and  vice 
versa,  so  that  the  arc  length  is  kept  approximately 
constant.  There  is  also  a  hand-moved  regulator  in  the 
driving  motor  circuit,  so  that  the  operator  has  an  inde- 
pendent control  of  the  feeding  speed  and,  consequentlj', 
of  the  arc  length.  The  "  work  ' '  is  represented  by  a  strip 
of  plate  clamped  to  the  periphery  of  a  circular  table, 
which  is  geared  to  the  driving  train  and  revolves  at 
a  speed  proportional  to  the  electrode  feeding  speed. 
The  electrode  is  horizontal,  w-hile  the  "  work  "  strip  is 
vertical  and  part  of  a  cylinder.  A  long  camera  is 
mounted  to  one  side  with  some  freedom  for  swinging 
about  a  vertical  axis  passing  approximately  through 
the  arc,  so  that  the  best  aspect  of  the  arc  can  be  chosen, 
and  small  variations  in  its  position  followed  by  the 
observer  at  the  screen  end.  A  shutter  rotated  by  a 
sjTichronous  motor  is  fitted  between  the  arc  and  the 
camera  lens,  and  the  stator  of  the  motor  is  rotatable 
about  its  own  axis  so  that  the  phase  at  which  the  arc 
is  imaged  can  be  varied.  For  photographing  purposes 
there  is  fitted  to  the  screen  end  of  the  camera  a  plate 
holder  adapted  for  use  with  either  a  stationary  or  a 
falling  plate.  The  magnification  obtained  is  about 
4  diameters,  and  the  falling-plate  speed  such  as  to  give 
two  complete  periods  (1/25  second)  in  about  3  inches. 
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so  that  two  periods  are  obtained  on  a  quarter  plate. 
The  arrangement  permits  of  spectroscopic  observation 
of  different  parts  of  the  image. 

ft  will  be  seen  that  the  position  of  the  electrode 
and  work  is  that  of  "  vertical  "  welding.  As  only 
alternating  current  is  available  all  the  work  has  been 
done  with  covered  electrodes,  some  types  of  which 
were  found  to  work  much  better  than  others.  The 
criterion  for  this  work  is  that  with  the  mechanical 
feed  the  arc  shall  be  maintained  steadily  for  the  useful 
length  of  an  electrode,  i.e.  about  16  inches.  As  this 
is  consumed  in  rather  less  than  a  minute  there  is  only  just 
sufficient  time  to  observe  or  photograph  when  there 
are  no  interruptions  of  the  arc. 

For  recording  the  arc  voltage  and  current  curves 
a  small  oscillograph  was  made,  with  a  falling-plate 
camera,  which  gives  also  two  periods  on  a  quarter  plate. 

Supply  conditions. — The  supply  conditions  were 
adjusted  by  some  preliminary  trials  until  the  deposit 
proved  good,  and  were  subsequently  kept  constant. 
The  frequency  is  50  periods  per  second,  the  open-circuit 
voltage  of  the  welding  transformer  about  68,  the  steady- 
ing impedance  is  partly  a  choking  coil  and  partly  a 
resistance,  the  electrodes  are  No.  14  S.W.G.  closely 
wound  with  asbestos  yarn  coated  with  a  flux  compound, 
kindly  supplied  by  Messrs.  Alloy  Welding  Processes, 
Ltd.,  and  the  current  is  approximately  30  amperes. 

General  appearances. — Observing  the  magnified  image 
on  the  screen  with  the  shutter  stationary,  one  sees  that 
the  surface  of  the  work  is  hollowed  and  rippled,  the 
ripples  being  roughly  concentric  and  moving  outwards 
towards  the  rim  of  the  crater.  The  crater  surface 
appears  to  be  of  clean,  molten  metal.  Surrounding  it 
there  is  a  red-hot  rim  of  matter  in  ebullition,  presumably 
molten  slag.  At  the  end  of  the  electrode  the  covering 
melts  with  a  steady  rotation  at  the  rate  of  four  or  five 
revolutions  per  second.  At  each  rotation  one  turn  of  the 
asbestos  yarn  is  removed.  The  molten  covering  forms 
drops  at  the  lower  edge  of  the  electrode,  parts  of  which 
fly  across  to  the  work  at  frequent  intervals.  The  path 
appears  to  be  outside  the  vapour  body. 

The  arc  or  vapour  mass  is  of  no  very  definite  or 
constant  form,  and  rapidly  changes  shape.  At  the 
electrode  end  it  appears  to  be  of  rather  larger  diameter 
than  the  electrode,  and  apparently  an  overlap  of  it 
rotates  and  removes  the  covering,  as  described  above. 
It  narrows  at  the  work  end  and  seems  to  terminate  on 
a  very  bright  part  of  the  crater  on  the  work,  a  patch 
smaller  than  the  electrode  diameter,  and  of  irregular 
and  changing  shape.  Between  the  two  the  arc  expands 
a  good  deal  on  the  upper  side,  but  not  so  much  on  the 
lower  side.  It  gives  the  impression  that,  but  for  the 
effect  of  gravity,  it  would  take  a  spherical  shape,  but 
with  a  somewhat  large  segment  cut  off  by  the  electrode 
boundary.  The  colour  of  this  arc  is  a  blue-violet,  and 
there  is  no  appearance  of  any  drops  or  particles  travers- 
ing it.  To  the  eye  it  is  not  brighter  than  the  electrode 
and  work  surfaces,  but  the  colour  of  the  latter  is  bright 
red  to  orange,  or  nearly  white,  while  that  of  the  arc  is 
blue,  as  stated.  Photographed  without  any  colour 
screen,  the  arc  is  far  brighter  than  anything  else  excepting 
the  bright  patch  where  it  seems  to  terminate  on  the 
work  crater.     It  has  not  been  possible  to  sec  the  actual 


electrode  end,  as  the  flux  covering  masks  it,  suggesting 
that  the  metal  surface  is  decidedly  within  the  edge  of 
the  covering. 

Photographed  on  a  dropping  plate  (with  the  shutter 
open  and  stationary)  the  arc  shows  as  two  bright  patches 
per  period.  The  width  of  these  patches  corresponds 
to  about  two-thirds  of  an  alternation;  and  they  are 
brightest  in  the  centre,  shading  ofi  to  a  sharp  edge. 
The  image  of  the  bright  spot  on  the  work  crater  is 
nearly  continuous  but  is  not  so  bright. 

Observed  visually  with  the  sjmclu-onous  shutter  and 
a  certain  position  of  the  stator,  the  appearance  is  not 
materially  different  from  that  obtaining  with  no  shutter. 
On  rotating  the  stator,  i.e.  altering  the  phase  of  the 
shutter  opening,  the  blue  vapour  mass  fades  and  finally, 
for  a  space  centred  on  a  90°  angle  from  the  maximum 
arc  size  and  brightness,  the  vapour  mass  disappears. 
The  electrode  end  and  the  work  crater  surface  are  seen 
glowing,  and  the  surrounding  slag  boding,  the  inference 
being  that  the  arc  is  extinguished,  or  the  blue  vapour 
mass  non-existent,  for  a  definite  interval  on  either  side 
of  the  zero-current  points. 

Oscillograms. — Oscillograms  have  been  made,  using 
the  falling-plate  method.  The  open-circuit  voltage  is 
approximately  sinusoidal.  The  voltage  curve  with  the 
arc  established  has  much  steeper  sides  and  a  broad  two- 
peaked  maximum.  The  arc-current  curve  is  a  triangular 
peak  with  a  base  of  about  two-thirds  the  duration  of 
each  alternation.  The  other  third  is  at  zero  value.  This 
duration  corresponds  to  the  falling-plate  photograph 
of  the  arc,  and  appears  to  mean  that  the  current  passes 
only  while  the  vapour  body  is  in  existence.  Presumably 
the  current  is  interrupted  and  the  arc  stops  at  some 
point  in  the  descent  of  the  voltage,  and  both  are 
re-established  on  the  following  reverse  rise  of  the  voltage. 
It  is  clear  that  the  arc  duration  in  each  alternation 
corresponds  to  that  of  the  peak  of  the  voltage  curve, 
the  valley  between  the  two  peaks  of  the  voltage  maximum 
to  the  rapid  rise  of  the  current,  and  the  rise  to  the 
second  peak  to  the  rapid  fall  of  the  current. 

At  the  time  of  preparing  this  Appendix  no  calibrated 
measurements  have  been  made  of  these  oscillograms, 
but  it  is  hoped  to  make  some  in  subsequent  work. 

Spectroscopic  appearances. — Only  visual  observations 
have  been  made  with  a  small  direct-vision  spectroscope. 
These  show  a  bright-line  spectrum  of  the  arc  body, 
which  seems  to  be  chiefly  the  arc  spectrum  of  iron, 
though  the  sodium  D  line  is  strong,  doubtless  from  the 
flux  composition.  Satisfactory  observations  of  the 
electrode  and  work  spectra  during  the  periods  of  arc 
extinction  have  not  yet  been  achieved.  It  is  hoped  to 
improve  the  apparatus  sufficiently  to  succeed  in  these, 
and  perhaps  to  obtain  spectrographs  photographically. 

Temperature  distribution. — With  an  image  of  the  arc 
in  a  nearly  stationary  position  on  a  screen  it  seems 
possible  to  investigate  the  temperature  distribution  by 
a  thermopile  or  other  means  of  measuring  radiation. 
This  has  not,  however,  yet  been  attempted. 

Method  of  transfer  of  metal. — The  observations  made 
do  not  justify  any  decisive  statement  as  to  the  way  in 
which  the  iron  is  transferred  from  the  electrode  to  the 
work.  They  seem,  however,  to  indicate  that  the  arc 
body  is  chiefly  iron  vapour  at  a  temperature  consider- 
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ably  above  the  melting  point  of  the  metal.  It  is 
possible  that  this  vapour  body  sheathes  and  masks  a 
stream  of  verj-  fine  droplets  of  molten  iron,  but  so  far 
nothing  of  the  kind  has  been  observed.  The  molten 
flux-covering  does  Nasibly  pass  from  the  electrode  to  the 
work  in  fairly  large  drops,  but,  as  above  stated,  outside 
the  arc,  and  below  it  in  this  case  of  vertical  welding. 
The  current  oscillograms  are  symmetrical  above  and 
below  the  zero  line,  i.e.  they  indicate  no  difference  due 
to  the  reversing  polarity  of  the  electrode  and  the  work. 
It  would  obviously  be  easier  to  observe  any  such  differ- 
ence as  shown  by  the  arc  image  with  direct  curren  t,  and  it 
is  recognized  that  the  investigations  described  are  incom- 
plete without  working  on  direct-current  welding  arcs. 

Oitatttity  of  deposit. — One  of  the  measurements  which 
it  is  hoped  to  make  with  the  help  of  the  apparatus 
described  is  the  quantity  of  iron  deposited  per  unit  of 
current  and  time,  or  per  unit  of  energy  in  the  arc. 
This  again  should  be  observed  with  both  alternating 
and  direct  currents,  and  with  varying  electrode  sizes 
and  currents. 

The  literature  of  the  subject  contains  a  number  of 
statements  on  this  point,  but  they  vary  so  widely  that 
one  can  only  suppose  that  they  are  made  under  widely 
varjing  conditions  and  are  not  comparable.  Mr. 
Langdon  Davies  has  kindly  furnished  some  results  of 
tests  made  by  him.  With  a  No.  8  electrode  and  direct 
current  he  found  a  deposit  of  157-8  grammes  per 
kUowatt-hour,  the  energy  being  measured  at  the 
input  side  of  a  motor-generator.  With  alternating 
current  he  obtained  with  the  same  size  of  electrode  a 
deposit  of  315-5  grammes  per  kilowatt-hour  when  the 
open-circuit  voltage  of  the  transformer  was  55  ;  and 
351-0  grammes  per  kilowatt-hour  when  the  open- 
circuit  voltage  was  45.  The  energy  measurements  in 
this  case  also  were  made  on  the  input  side  of  the  trans- 
former. As  the  energy  includes  the  converting  and 
transforming  losses  it  is  obvious  that  the  deposit  per 
unit  of  arc  energy  must  be  higher.  The  greater  weight 
per  kilowatt-hour  with  alternating  current  is  naturally 
due  to  the  fact  that  the  motor-generator  losses  were 
much  higher  than  the  transformer  losses.  The  improve- 
ment in  depositing  efficiency  due  to  reducing  the  open- 


circuit  voltage  from  55  to  45  of  course  means  smaller 
impedance  losses  between  the  transformer  and  the  arc. 
These  figures  appear  to  suggest  that  the  deposit  per 
kilowatt-hour  of  arc  energy  is  of  the  order  of  800 
grammes.  Measurements  with  a  considerable  number 
of  current  values  and  electrode  sizes  will  be  necessary 
to  estabUsh  the  figure,  which  is  hardly  likely  to  be  a 
physical  constant  in  any  sense.  If  it  is  the  case  that 
the  iron  is  transferred  as  vapour,  then  there  is  a  limit 
fixed  by  the  vaporization  heat  of  iron.  Having  found 
no  record  of  a  determination  of  this  quantity,  the  authors 
cannot  say  what  such  limit  is.  Evidenth-,  however, 
not  all  the  iron  volatDized  at  the  electrode  is  deposited 
on  the  work,  and  the  losses  by  oxidation,  condensation, 
etc.,  are  likely  to  vary  to  a  large  extent  with  the  working 
conditions.  Thus  the  oxidation  losses  should  be 
higher  with  small  electrodes  than  VNith  large,  supposing 
similar  current  densities,  as  the  ratio  of  the  surface 
to  the  mass  of  the  vapour  or  arc  body  is  greater  in  the 
case  of  the  smaller  electrodes  and  currents. 

It  may  be  observed  that  one  instrumental  difficulty 
in  measuring  the  arc  energy  is  that  there  are  no  integrat- 
ing meters  on  the  market  for  voltages  in  the  neighbour- 
hood of  20  volts,  and  an  integrating  meter  (or  the 
integration  of  voltage  and  current  oscillograms)  is  the 
only  practicable  way  of  measuring  the  rapidl}'  fluctuating 
energy  in  a  welding  arc. 

Conchtsion. — The  authors  cannot  claim  to  have  given 
definite  answers  to  the  question  :  ^^'hat  are  the  physical 
conditions  of  the  iron  welding  arc  ?  They  have,  it  is 
hoped,  shown  ways  by  which  some  partial  solution 
may  be  reached,  and,  if  circumstances  permit,  they 
hope  to  pursue  the  inquiry  with  improved  means 
and  thus  obtain  some  results  of  practical  utility,  and 
possibly  of  scientific  value. 

The  work  described  has  been  done  wth  home-made 
appliances,  and  under  the  limitations  of  a  dwelling 
house.  With  laboratory  conveniences  and  resources 
more  definite  results  might  have  been  obtained  with 
less  e.spenditure  of  time  and  labour. 

The  authors  desire  to  acknowledge  much  assistance 
and  encouragement  from  Mr.  Langdon  Davies,  as  well 
as  from  Major  Caldwell. 


Discussion  before  The  Ixstitutiox,  14  December,    1922. 


Mrs.  H.  Ayrton  :  I  have  been  interested  to  see  that 
this  paper  makes  no  mention  of  a  back  E.M.F.  in  the  arc. 
When  I  first  took  up  arc  work  in  1893,  and  for  long  after- 
wards, the  idea  that  there  must  be  a  back  E.M.F.  at  the 
crater  to  account  for  the  sudden  drop  of  potential  there 
was  practically  universal.  But  from  my  experiments  I 
concluded  that  what  was  called  a  back  E.M.F.  was  really 
a  resistance — not,  as  the  author  calls  it,  a  contact  resist- 
ance, but  the  resistance  of  a  thin  layer  of  carbon  vapour 
covering  the  crater.  It  seemed  to  me  that  the  arc 
exactly  resembled  the  steam  that  issues  from  a  kettle 
of  boiling  water ;  this  is  true  vapour  (and  therefore 
in\isible)  only  for  a  very  short  distance  from  the  spout, 
but  further  away  becomes  condensed  bv  cooling  into  a 
mist  of  droplets.  In  the  same  way  the  carbon  vapour 
given  ofi  by  the  crater  of  the  carbon  arc,  which  is  at 


the  temperature  of  volatilization,  is  onlv  true  vapour 
while  it  is  near  enough  to  the  crater  to  remain  at  that 
temperature.  As  successive  lavers  of  vapour  are  given 
off,  the  crater  recedes  further  from  the  earlier  ones, 
which,  at  some  very  short  definite  distance  from  it, 
must  drop  below  that  temperature  and  cool  into  a  mist 
of  droplets  or  particles — probably  the  latter.  The 
vapour  and  mist  column  form  the  arc  proper,  sheathed 
in  a  flame  due  to  the  burning  of  the  mist  in  contact  with 
the  air.  Leaving  out  of  account  the  small  fall  of  poten- 
tial at  the  negative  carbon,  the  resistance  of  the  carbon 
arc  is,  on  this  theory-,  the  sum  of  the  resistances  of  a  thin 
layer  of  vapour  of  high  specific  resistance  and  of  a  column 
of  mist  of  much  lower  specific  resistance.  In  free  air 
the  cross-sections  of  the  crater,  the  vapour  and  the 
mist   are   all   smaller   than   they   would   otherwise   be, 
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owing    to    the    cooling   down    of    their    circumferences. 
Except  for  modifications  due  to  this  cooling,  the  current 
alone  determines  the  area  of  the  crater,  and  this  area 
fixes   the   cross-sections   of   the   vapour   and   the   mist. 
Thus,  if  there  were  no  circumferential  cooling,  a  change 
of  current  would,  all  other  things  being  equal,  produce 
an  exactly  proportional  change  in  the  cross-sections  of 
the  crater,   the  vapour  and  the  mist ;    and,   since  the 
resistances  of  the  two  latter  are  inversely  proportional 
to  their  cross-sections,  the  resistance  of  an  arc  of  given 
length  would  be  inversely  proportional  to  the  current, 
and  thus  the  P.D.  across  it  would  be  constant  for  that 
length.     All  this  is  changed,  however,  b)'  the  skin  cooling, 
which,   by  making  the  resistance  of  the  arc  diminish 
more    rapidly    than    the    current    increases,    gives    the 
appearance  of  a  negative  resistance,  causing  the  P.D. 
across  the  arc  to  diminish  when  the  current  is  increased, 
and  vice  versa.     It  is  easy  to  see  how  this  happens. 
Take  r  as  the  radius  that  a  cross-section  of  the  arc  would 
have  if  there  were  no  skin  cooling.     Then  the  actual 
cross-section  is  m  {r-—nr)  or  mr  {r  —  n),  where  m  and  n  are 
constants.     Clearly  r—n  increases  more  rapidly  than  r, 
and  therefore  r(r— ?i)  increases  more  rapidly    than    r^  ; 
that  is,  the  actual  cross-section  increases  more  rapidly 
than  it   would  in    the   absence   of    skin    cooling.     But 
the    current    is    proportional    to   the    uncooled    cross- 
section,    and    the    resistance    is   inversely  proportional 
to   the   actual   cross-section.     Therefore   the   resistance 
diminishes    more   rapidly   than    the    current   increases. 
How    much    of   the    preceding    applies    to    metal    arcs 
I    do    not    know,    but    it    is    worth    while    bearing    in 
mind    when    experimenting   with    them.     With    regard 
to    the    transfer    of    material    from    one   electrode   to 
another,   I  have  seen    tliis    happen    in    two    ways   in 
the    vertical    direct-current    carbon    arc.      Sometimes 
small  pieces  break  off  the  positive  and  drop  on  to  the 
negative,  or  break  off  the  negative  and  are  carried  by 
convection  currents  to  the  positive.     This  is  accidental, 
but  the  second  way  is  essential.     When  a  fairly  short 
arc  is  suddenly  further  shortened,  a  wliite-hot  cap  grows 
on  the   tip  of  the  negative  carbon,  lengthening  it  for 
a  short  time.     If  hissing  supervenes  the  cap  grows  into 
a  "  mushroom  "  ;  if  not,  it  shorth-  disappears.     The  cap 
is  mist,  condensed  by  the  sudden  transference  of  the 
tip  of  the  negative   from   a  cooler  to   a  hotter  place. 
For  a  short  time  the   negative  retains  the  lower  tem- 
perature  and   the  mist  in   contact  with  it   condenses. 
Only  a  short  arc  has  a  sufficiently  steep  temperature 
gradient  for  this  to  happen.     As  the  mist  was  originally 
crater  vapour  this  is  a  genuine  case  of  transference  from 
positive  to  negative,   but  it  only  occurs  in  the  above 
special  circumstances.     There  is   much  to   be  said  on 
the  point,   but   it   would   be   out   of  place   here.     The 
transfer  of  material  with  metal  arcs  is  altogether  another 
question.     Here,  as  the  author  points  out,  the  vaporiza- 
tion is  from  a  molten  metal  crater  instead  of  from  a 
solid    one  ;     in    addition,    the   negative   may  easily   be 
melted  under  the  roasting  of  the  crater,  and  so  rendered 
particularly  easy  of  transference.     I  would  suggest  that 
the  superiority  of  the  short  arc  in  welding  is  due  partly 
to  the  deep  crater  that  a  short  arc  always  entails,  making 
"  penetration  "  easy,  and  partly  to  the  negative  being 
melted  owing  to  its  proximity  to  the  crater.     With  an 


alternating-current  arc  this  apphes  even  more  strongly 
than  with  direct  current,  because  in  this  case  as  each 
electrode  is  positive  in  turn  they  must  both  necessarily 
be  all  the  time  in  a  molten  state,  and  therefore  easily 
transferable.  May  not  this  be  the  resison  why  Mr. 
Langdon  Davies  found  that  an  alternating-current  arc 
deposited  practically  twice  as  much  per  kW'h  as  a 
direct-current  arc  ?  The  deposit  would  probably  be 
even  greater  with  more  rapid  alternations.  Half  a 
dozen  problems  he  in  tliis  question  alone.  The  author's 
paper  shows  that  the  metal  arc  offers  a  wide  and  fasci- 
nating field  for  research,  and  it  is  to  be  hoped  that  Messrs. 
Sayers  will  be  able  to  continue  their  careful  and  well- 
thought-out  experiments.  Indeed,  there  is  room  for 
many  investigators  in  a  subject  wliich  promises  such 
varied  and  rich  results,  both  scientific  and  practical. 
Mr.  H.  M.  Hobart :  During  the  past  5  years  flux- 
covered  electrodes  have  been  almost  exclusively  used 
in  this  country,  and  no  progress  has  been  made  with 
the  introduction  of  the  bare  electrode.  I  consider  that 
the  author  has  made  out  a  very  good  case  for  the  use 
of  flux-covered  electrodes  for  the  highest  grade  work. 
It  is  interesting  to  realize  that  in  this  country  during 
the  last  24  hours  there  have  been  melted  up  several 
hundred  thousand  feet  of  electrodes  in  making  electric 
arc  welds,  and  that  during  the  same  period  in  America 
a  more  or  less  similar  quantity  has  been  used.  At 
least  95  per  cent  of  the  work  in  America  has  been  done 
with  bare  wire,  while  in  Great  Britain  flux-covered 
electrodes  have  been  almost  invariably  used.  During 
these  past  5  years  each  country  has  known  what  the 
other  has  been  doing,  and  each  has  been  going  its  own 
way  in  the  comfortable  belief  that  its  own  method  was 
preferable.  I  should  like  to  point  out  the  importance 
of  different  countries  keeping  in  close  touch  with  one 
another  in  their  researches.  For  instance,  British 
welding  engineers  are  aheady  satisfied  that  the  use  of 
the  flux-covered  electrode  is  correct  in  the  majority 
of  cases,  and,  consequently,  although  the  paper  is 
instructive  it  is  not  nearly  as  useful  as  it  w-ould  be  if 
it  were  presented  in  America.  In  the  same  way  some 
American  authors  have  shown  to  the  satisfaction  of 
almost  everybody  in  America  that  the  bare  electrode 
is  preferable  ;  they  say  that  the  flux  covering  interferes 
with  good  work  and  involves  greater  cost.  They  also 
say  that  the  bare  electrode,  in  the  hands  of  operators 
who  know  how  to  use  it,  gives  the  best  results.  If 
studied  in  this  country  it  might  be  found  that  there  is 
a  field  for  the  bare  electrode  in   arc  welding. 

Dr.  C.  Sharp  :  I  should  like  to  say,  as  a  member 
of  many  years'  standing  of  the  American  Institute  of 
Electrical  Engineers,  that  it  gives  me  very  great 
pleasure  to  attend  a  meeting  of  this  Institution.  I 
have  never  heard  a  more  interesting,  a  better  presented 
and  more  instructive  paper  on  electrical  welding.  \\  e 
all  wish  to  effect  a  more  intimate  tie  betiveen  England 
and  America,  and  to  accomplish  this  result  no  means 
are  more  effective  than  electrical  means. 

Mr.  C.  R.  Darling  :  Some  jrears  ago  it  was  my 
privilege  to  preside  over  an  Electric  Welding  Research 
Committee,  which  was  under  the  auspices  of  the  Ad- 
miralty. There  I  worked  with  Major  Caldwell  and 
others,  and  we  kept  in  touch  during  the  whole  period 
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with  the  corresponding  committee  in  tlie  United  States. 
We  certainly  learned  sometliing  from  them,  and  1  hope 
that  they  learned  something  from  us.  I  quite  agree  that 
international  research  is  very  desirable.  \'ery  great 
advances  have  been  made  during  the  past  few  years  in 
equipment  and  similar  matters,  but  we  do  not  seem  to 
have  got  much  further  towards  a  proper  understanding 
of  the  nature  of  the  iron  arc.  Surely  tliis  question  of 
fluxing  the  electrodes  could  be  worked  out  and  proved 
one  way  or  the  other.  It  seems  extraordinary  that  in 
America  90  per  cent  of  the  work  is  done  with  bare  elec- 
trodes at  a  cost  much  less  than  that  in  this  country 
where  flux-covered  electrodes  are  used.  It  surely 
should  not  be  difficult  to  discover  whether  an  equally 
good  weld  cannot  be  obtained  with  bare  wre  ;  it  is 
only  a  matter  of  having  welds  made  by  competent 
operators  and  testing  them.  A  firm  wliich  possesses  a 
research  laboratory  could  take  the  two  types  of  elec- 
trodes, make  weld'^  and  test  them  to  see  if  those  produced 
by  one  method  are  as  good  as  those  produced  by  the  other. 
Again,  no  mention  has  been  made  of  the  chemical  side 
of  the  problems  of  arc  weldmg.  I  have  frequently  seen 
welds  made  by  the  same  welder  on  two  pieces  of  plate 
cut  side  by  side  from  a  large  plate  with  the  same  elec- 
trodes, but  the  tensile  strength  of  one  weld  would  be 
about  27  tons  per  sq.  in.,  while  that  of  the  other  one  was 
only  about  19  tons  per  sq.  in.  These  differences  are 
attributed  to  the  presence  of  sulphur  or  occluded  gases 
but  were  never  properly  explained.  These  points  also 
could  be  cleared  up  by  the  research  department  of  a  firm, 
with  the  result  that  ultimatelv  we  should  be  able  to  put 
electrical  welding  on  a  much  better  basris,  wliich  would 
be  all  for  the  good  of  the  work.  In  conclusion,  I  should 
like  to  refer  to  the  projection  of  the  material  across  the 
arc.  In  the  case  of  an  overhead  weld  the  iron  rises 
vertically  from  the  electrode  and  is  deposited  on  the 
work  overhead,  although  the  condensed  vapour  is 
heavier  than  air.  The  fact  must  always  be  remembered 
when  discussing  any  theories  of  electrical  welding. 
That  is,  I  think,  what  the  author  meant  when  he  said 
that  there  was  definite  projection. 

Captain  R.  J.  Wallis-Jones  :  The  author  states 
that  owing  to  the  war  conditions  the  use  of  arc  welding 
was  very  greatly  extended,  but  I  think  one  may  say  that 
electric  arc  welding  was  almost  re-invented  during  the 
war.  The  paper  is  an  excellent  review  of  the  present 
position  of  the  arc  with  regard  to  electric  welding. 
Further,  it  indicates  the  matters  upon  which  further 
investigation  is  needed.  I  refer  particularly  to  page  255, 
where  the  author  asks  :  "In  what  state  does  the  iron 
cross  the  arc  ?  "  Dr.  Elihu  Thomson,  in  a  recently  pub- 
lished article  in  the  Encydopadia  Brttannica,  gives  his 
view  on  that  point  as  follows  :  "In  operation  the  arc 
voltage  may  be  from  10  to  20  volts,  and  the  current 
traversing  the  arc  may  be  from  80  to  200  amperes  or 
more.  The  welding  is  attended  by  much  spluttering 
and  projection  of  fused  and  superheated  globules  of 
iron  from  the  end  of  the  wire  electrode  towards  the  cooler 
and  heavier  masses  of  the  work  pieces  ;  in  fact,  the 
deposition  of  metal  on  the  work  is  possibly  due  to  a  jet 
of  iron  vapour  from  the  electrode  wire  carrying  fused 
iron  globules  as  a  result  of  explosive  boiling  of  the 
iton."     The  author  also  asks  what  is  the  distribution 


of  voltage-drop  in  the  iron  arc,  and  what  are  the  quanti- 
tative relations  to  electrical  and  other  variables  of  tliis 
transfer  of  metal.  I  feel  quite  sure  that  we  shall  get 
some  very  useful  information  on  these  three  points  in 
the  future.  The  author,  later  in  the  paper,  refers  to  the 
use  of  alternating  current,  and  the  danger  of  shock. 
I  think  it  is  not  fully  realized  how  very  dangerous  it  is 
under  certain  conditions  to  get  a  shock  from  a  com- 
paratively low-voltage  alternating  current.  The  Memo- 
randum on  Electric  Arc  Welding  issued  by  the  Home 
Office  Factory  Department  states  that  in  six  years  the 
number  of  fatal  acc'dents  from  electric  shcck  at  250 
volts  or  less  was  98  on  a.c.  circuits  (one  being  from  a 
welding  set),  and  none  on  d.c.  circuits.  As  pointed  out 
by  the  author,  fortunately  at  the  present  moment  there 
are  at  least  two  devices  which  automatically  hmit  the 
voltage,  so  that  it  is  quite  safe  to  weld  in  even  such  an 
undesirable  place  as  the  interior  of  a  boiler.  The  author 
also  refers  to  automatic  arc-welding  machines  as  being 
barely  beyond  the  experimental  stage.  There  are,  how- 
ever, two  macliines  at  present  available,  one  of  them 
being  designed  by  the  General  Electric  Company. 
It  has  an  endless  electrode,  which  is  moved  upwards 
and  dowTiwards  by  means  of  a  motor  actuating  rolls 
which  grip  the  electrode  ;  the  regulation  is  so  perfect 
that  the  arc  has,  I  understand,  been  operated  for  no  less 
than  16  hours  without  interruption.  It  is  claimed  for 
this  machine  that  it  is  very  adaptable  for  welding  thin 
sheet  down  to,  say,  No.  26  gauge.  Another  American 
machine,  the  Lincoln  automatic  arc  welder,  uses  a 
carbon  electrode,  and  the  regulation  of  the  length  of 
the  arc  is  also  controlled  by  a  motor.  The  traverse 
of  the  arc  over  the  work  is  actuated  by  another  small 
motor.  I  have  seen  samples  of  work  said  to  have  been 
done  by  tliis  machine  and  they  are  very  good,  especially 
on  thin  material.  The  author  refers  to  the  fact  that 
welding  on  thin  sheets,  etc.,  has  not  been  very  largely 
carried  out  by  means  of  the  arc  process,  possibly  o\ving 
to  the  competition  of  oxy-acetylene  welding  and  resist- 
ance methods.  I  should  like  to  quote  one  or  two 
figures  of  the  rate  of  welding  by  the  Thomson  or  resist- 
ance method.  In  the  case  of  seam-welding  two  pieces 
of  steel  plate  0036  in.  tliick,  at  the  rate  of  6  ft.  per 
minute,  such  a  seam  24  ft.  long  would  cost  Id.  to  weld, 
for  the  energy  only,  when  the  cost  of  energy  is  taken  at 
Id.  per  unit.  In  spot-welchng  sheets  of  an  added  thick- 
ness of  0- 16  in.  at  a  speed  of  70  spots  per  minute,  400 
spots  can  be  welded  at  a  cost  of  Id.  with  energy  at  the 
same  price.  These  are  fair  figures.  The  very  interesting 
apparatus  wliich  INIessrs.  Savers  have  designed  will,  I 
feel  sure,  give  much  more  information  in  the  future 
about  the  action  of  the  arc.  In  conclusion,  I  should 
like  to  say  a  few  words  in  regard  to  the  war  services 
rendered  by  the  author.  \Miile  at  the  Admiralty,  owing, 
I  beheve,  first  to  the  difficulty  of  getting  oxygen  for 
acetylene  welding,  the  attention  of  the  authorities  was 
turned  to  the  possibihties  of  arc  welding.  At  that  time 
the  submarine  menace  was  very  serious,  and  therefore 
anytliing  that  could  be  done  to  facihtate  the  repair  of 
shipping  or  to  aid  in  the  construction  was  of  the  greatest 
national  importance.  Major  Caldwell  did  much  valuable 
work  for  the  Admiralty  ;  he  also  visited  America  and, 
in  collaboration  with  i\Ir.  Hobart,  did  immense  service 
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in  finding  out  what  could  be  done  to  increase  the  use  of 
electric  welding.  I  should  hke  to  ask  the  author  if 
he  would  be  good  enough  to  present  to  the  Institution 
Library  two  books  which  he  wrote  at  the  time.  The 
first  is  "  Reports  on  Electric  Welding  and  its  AppUcation 
to  Ship  Construction,"  United  States  Slripping  Board 
(Emergency  Fleet  Corporation),  and  the  other  is  the 
"  Report  on  Applications  of  Welding  to  Ordnance 
Construction." 

Mr.  W.  McClelland  :  As  a  colleague  of  the  author 
at  the  Admiralty,  I  should  hke  first  to  associate 
myself  with  Captain  WaUis-Jones's  remarks  in  regard  to 
the  valuable  work  wliich  the  author  did  during  the  war. 
He  set  up  an  organization  and  trained  men  all  over 
the  country,  with  the  result  that  much  very  remarkable 
electric  welding  work  was  accomplished.  As  an  example, 
a  sliip  came  into  one  of  the  shipyards  very  badly  holed 
at  the  bottom,  and  it  was  necessary  that  she  should  be 
repaired  quickly.  The  ordinary  time  for  repairing  that 
ship  by  riveting  would  have  been  3  to  4  months,  but  with 
electric  welding  the  slup  went  out  to  sea  in  3  to  4  weeks, 
and  for  18  months  after  that  crossed  the  Atlantic  to 
and  fro  regularly  without  a  break.  At  a  later  stage  the 
author  assisted  the  U.S.A.  authorities  in  regard  to  the 
development  of  electric  arc  welding  for  shipbuilding 
purposes.  On  page  253  he  says  :  "  Arc-weldmg  prac- 
tice is  in  advance  of  theory."  He  knows  full  well  why 
this  is  so  ;  it  was  absolute  necessity  ;  the  development 
during  the  war  was  one  almost  of  trial  and  error-eUmina- 
tion.  It  seems  to  me  that  the  ideal  electrode  for  welding 
should  provide  a  molten  vapour  stream  enclosed  in  an 
inert  gas.  The  interesting  experiments  shown  by  Mr. 
Sayers  this  evening  demonstrate  that  with  the  short  arc 
the  molten  stream  is  enveloped  in  the  molten  flux  from 
the  flux-covered  electrode.  I  think  that  is  a  very  im- 
portant point,  and  indicates  a  great  advantage  of  the 
flux-covered  electrode  over  the  bare  electrode.  I  should 
Uke  to  ask  the  author  whether  the  experiments  referred 
to  in  Appendix  III  were  made  with  makes  of  electrodes 
other  than  the  Alloy  Welding  Process  electrodes,  and, 
if  so,  whether  he  could  tell  us  what  makes  and  with 
what  results.  On  page  255  he  refers  to  the  voltage, 
which  he  considers  would  produce  what  might  be  termed 
"  porosity  "  defects.  That  again  is,  I  think,  a  question 
of  the  particular  electrode  used.  My  experience  is  that 
tliis  voltage  with  flux-covered  electrodes  would  be  from 
35  to  40.  As  regards  choice  of  current,  it  seems  to  me 
that,  apart  from  the  question  of  general  distribution  of 
alternating  current,  alternating-current  welding  has 
very  few  advantages.  As  to  direct-current  versus 
alternating-current  welding — I  say  this  with  all  deference 
to  the  experiments  shown  to-night  and  to  what  Mrs. 
.\yrton  has  so  kindly  stated — a.c.  welds  do  not  seem  to 
be  so  uniform  or  so  consistent  in  mechanical  strength 
as  d.c.  welds.  Certain  tests  wliich  were  carried  out 
some  time  ago  on  steel  plates  with  various  classes  of 
joints  showed  definitely  that  the  d.c.  weld  was  much 
superior  to  the  a.c.  weld.  With  alternating  current, 
difficulty  is  sometimes  experienced  in  estabhshing  and 
maintaining  the  arc  under  a  pressure  of  90  to  100  volts, 
particularly  at  a  low  periodicity.  The  question  of  a.c. 
shock  at  tliis  pressure  to  operators  wearing  coloured 
glasses  and  working  on  narrow  staging  at  considerable 


heights  on  the  side  of  an  "  earthed  "  ship  in  dry  dock, 
is  a  serious  one,  and  the  automatic  a.c.  set  referred  to 
on  page  263  appears  therefore  to  be  an  interesting 
and  useful  development.  With  regard  to  the  generator 
design,  I  am  not  sure  that  the  importance  of  the  auto- 
matic macliinery  for  the  production  of  a  satisfactory 
weld  has  not  been  rather  overstated.  The  author  has 
furnished  an  excellent  statement  indicating  the  types 
of  welding  macliines  at  present  on  the  market.  My 
experience  for  shipyard  work  is  that  the  d.c.  multiple 
welding  set  with  a  flat-compounded  generator  giving 
probably  60  to  70  volts  when  worked  by  a  skilled  operator 
produces  satisfactory  and  consistent  results.  Tliis  type 
of  macliine  is  in  my  opinion  the  simplest  and  best  to  use, 
particularly  where  there  is  a  possibility  of  extensions  to  a 
welding  system,  as  with  such  a  set  one  or  many  opera- 
tors can  work  simultaneously  quite  satisfactorily.  For 
welding  work  on  the  side  of  a  ship  in  dry  dock  it  is  hardly 
practicable  to  have  a  portable  automatic  running 
machine  for  each  operator ;  the  first  cost  of  such 
automatic  machines  would  be  high. 

Mr.  E.  B.  Wedmore  :  Mr.  Addenbrooke  suggested 
to  me  recently  that  had  it  not  been  for  Ohm  we  should 
know  a  good  deal  more  about  insulation  than  we  do. 
Ohm  gave  us  a  simple  law  of  resistance.  We  sav  that 
conductivity  is  the  inverse  of  resistance,  and  think  that 
we  know  all  about  conductivity.  I  now  suggest  that 
had  it  not  been  for  Mrs.  Ayrton  we  should  perhaps  know 
a  great  deal  more  than  we  do  about  the  metallic  arc. 
We  are  tempted  to  tliink  that  Mrs.  Ayrton  has  told  us  all 
about  the  arc,  and  we  cease  from  making  observations, 
whereas  the  success  of  the  welding  industry  in  the  future 
will  depend  upon  the  attention  given  to  the  properties  of 
the  metallic  arc.  The  author  has  maintained  in  the 
paper  a  very  proper  balance  between  our  interests  in  the 
past  and  in  the  future.  Wliilst  bringing  to  our  notice 
details  of  the  development  of  a  large  and  important 
industry,  he  has  devoted  a  large  part  of  the  paper  to  the 
subject  of  research,  and  the  future  rests  on  research. 
Mr.  H.  M.  Sayers  and  his  son  are  making  a  vigorous 
attack,  but  with  very  inadequate  facihties,  on  seme  of 
the  technical  problems  urgently  awaiting  solution. 
A  sum  corresponding  to  the  saving  already  effected  in 
carrying  out  any  one  only  of  the  larger  repair  jobs 
which  have  been  described  to  us,  would  provide  the 
means  for  a  comprehensive  and  productive  research, 
wluch  should  repay  the  industry  manifold.  I  feel  sure 
that  the  Electrical  Research  Association  would  count  it 
a  privilege  to  place  facilities  for  co-operative  research 
at  the  disposal  of  the  interested  parties. 

Mr.  H.  M.  Sayers  :  I  propose  first  to  show  three 
slides  in  connection  with  a.c.  welding.  The  first  shows 
the  supply  voltage,  approximately  sinusoidal.  The 
second  shows  the  voltage  across  the  arc,  and  it  will  be 
seen  that  it  is  very  different  from  the  supply  voltage. 
The  rise  and  fall  of  the  voltage  are  very  sharp,  and  there 
is  a  double  peak.  The  third  slide  shows  the  arc  current. 
The  curve  is  almost  triangular,  with  a  very  considerable 
portion  of  zfero  current,  and  if  the  current  curve  is  super- 
imposed on  the  voltage  curve  it  will  be  seen  that  the 
triangular  arc  peak  must  correspond  to  the  valley 
between  the  double  peaks  of  the  voltage  curve.  I  want 
to  point  out  that  the  arc  makes  its  own  voltage  curve. 
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owing  to  the  mmimum  voltage  required  for  the  arc 
current.  Metal  arc-voltage  and  arc-current  curves 
with  alternating  current  always  seem  to  present  these 
features.  I  have  made  some  spectroscopic  investiga- 
tions upon  the  question  of  how  the  metal  is  transferred 
across  the  arc,  and  I  find  that  at  ma>dmum  current,  i.e. 
when  there  is  a  blue  luminous  arc  between  the  electrode 
and  the  work,  the  spectrum  is  to  all  intents  and  purposes 
an  iron-arc  spectrum,  wliich  contains  a  great  man3'  bright 
lines  with  some  dark  lines,  particularly  the  dark  sodium 
D  line.  At  the  phase  of  zero  current  the  spectroscope 
shows  other  bright  lines,  i.e.  not  the  iron-arc  line.  The 
brightest  is  the  sodium  D  line.  This  shows  that  some 
of  the  iron  is  incandescent  vapour.  If  it  were  wholly 
in  a  liquid  state  it  would  give  a  continuous  spectrum, 
but  as  it  gives  a  bright-hne  spectrum,  and  not  a  con- 
tinuous spectrum,  the  inference  must  be  that  some  part 
of  the  metal  is  in  the  state  of  gas.  The  fact  that  the  dark 
sodium  line  is  superimposed  on  the  iron  spectrum  and 
a  bright  sodium  line  appears  during  zero  current  shows 
that  the  flux  coating  containing  sodium  produces  an 
enveloping  sheath  round  the  iron  vapour,  and  probably 
protects  it  from  oxidation.  It  also,  I  consider,  fulfils 
the  verj'  important  part  of  forming  a  conducting  bridge, 
or  a  bridge  which  will  be  conducting  as  soon  as  the 
voltage  reaches  a  certain  point  and  prevents  the  extinc- 
tion of  the  arc  during  the  zero  periods.  I  suggest  that,  at 
any  rate  as  regards  a.c.  work,  these  two  functions  of  the 
flux  are  of  the  very  greatest  importance.  With  the  help 
of  yir.  Hamilton  Wilson's  tiny  thermopiles  I  hope  to 
explore  the  temperature  distribution  in  the  arc  by 
getting  radiation  measurements  in  the  arc  image.  As 
to  the  quantitative  relation  between  the  energy-  installed 
in  the  arc  and  the  deposition,  since  I  wrote  Appendix  III 
I  have  seen  a  statement  in  an  American  journal  of 
the  latent  heat  of  vaporization  of  iron,  in  terms  of 
grammes  per  unit  of  energ\-,  from  which  1  kWh 
should  vaporize  some  750  grammes.  That  is  rather 
a  lower  figure  than  the  800  grammes  wliich  I  have  sug- 
gested. Most  of  the  electrodes  used  in  the  experi- 
ments described  in  Appendix  III  were  those  of  the  Alio}- 
Welding  Processes,  Ltd.,  and  the  Quasi-Arc  Company. 
I  have  had  to  give  more  time  to  getting  workable  con- 
ditions than  to  making  comparisons  between  different 
electrodes. 

Mr.  P.  M.  Baker  {communicated)  :  The  paper  is 
particularly  interesting  to  me  as,  during  the  later  days 
of  the  war,  I  was  able  to  make  a  few  observations  in 
connection  with  welding  arcs  in  the  estabhshments  wliich 
we,  of  the  ^Ministry  of  ^Munitions,  set  up  to  train  men 
and  women  as  operators  for  the  welding  work  in  wliich 
the  author  was  then  engaged.  At  that  time  the  view 
was  held  that  in  the  d.c.  iron-iron  arc  the  transfer  of 
metal  from  electrode  to  work  was  an  electrical  function 
(analogous  to  some  extent  to  the  transfer  in  an  elec- 
trolytic cell),  and  a.c.  arcs  were  not,  in  consequence, 
favoured,  particularly  for  upright  and  overhead  work. 
We  incidentally  found  that  wliile  it  was  a  quite  simple 
matter  to  train  otherwise  unskilled  persons  to  do  reUable 
welding  with  d.c.  equipment  in  a  comparatively  short 
time,  the  work  done  by  operators,  trained  on  an  "  in- 
tensive "  system,  with  a.c.  equipment  was  much  rougher 
and  less  satisfactory.     The  author's  investigations  and 


experiences  seem  to  show  that  our  ideas  as  to  the  force 
propelling  the  metal  across  the  gap  were  wrong  (we 
never  held  them  very  stron.gly),  and  he  seems  to  favour 
the  view  that  it  is  a  thermal  function — the  metal  travel- 
ling from  a  hotter  to  a  cooler  body.  I  should  hke  to  sug- 
gest that  it  may  be  a  function  of  the  difference  between 
the  masses  of  the  work  and  of  the  electrode,  respectively. 
From  a  scientific  point  of  view  this  would  be  an  interest- 
ing point  to  investigate,  but  its  practical  importance 
is  not  verj-  great.  In  connection  vdxh  single-welding 
d.c.  outfits  it  would  be  interesting  to  know  whether 
either  the  excitation  or  the  magnetic  clutch  method  of 
control  acts  sufficiently  rapidly  to  maintain  the  arc 
current  at  anything  hke  a  constant  value.  Possibly 
the  author  in  his  reply  could  give  recording-ammeter 
charts  for  some  of  these  machines.  Referring  to  the 
neat  devices  used  by  Mr.  Sayers,  I  suggest  that  the 
results  of  liis  spectroscopic  examinations  would  be  of 
value,  and  the  publication  of  liis  oscillograms  would 
be  helpful  to  those  who  are  trjang  to  visuahze  what 
happens  in  the  a.c.  arc.  The  two  "  shoulders  "  which 
appeared  on  the  "  steeple  "  of  the  current  wave  seem 
to  indicate  either  a  latent-heat  effect  or  a  curious 
resistance-temperature  variation  in  the  vapours  at  the 
moment  of  vaporization  or  quasi-vaporization  of  the 
iron.  The  superposition  of  the  current  and  voltage 
oscillograms  in  correct  phase  relationship,  if  available, 
would  probably  help  to  decide  which  explanation  was 
correct. 

Mr.  W.  H.  Flood  {communicated)  :  The  author  has 
brought  to  our  notice  the  successful  development  of 
electrodes  for  depositing  copper,  bronze  and  brass,  and 
I  am  sure  this  will  fill  a  long-felt  want,  as  years  ago  we 
were  asked  if  we  could  weld  on  copper  or  bronze  pipe 
flanges  by  the  arc  process.  Now  that  non-ferrous 
electrodes  are  available  for  this  purpose,  it  will  be  possible 
to  caiT}'  out  quite  a  large  number  of  repairs  which  have 
hitherto  been  next  to  impossible,  e.g.  locomotive 
furnaces,  copper  vats,  etc.,  which  must  be  repaired  in 
position.  I  hope  that  the  author  w-ill  be  able  to  supply 
us  with  data  on  copper  welding,  and,  if  possible,  show 
some  examples  of  actual  work  accomplished.  As 
regards  the  various  types  of  plant  used  and  recom- 
mended by  different  concerns,  the  tendency  appears  to 
be  in  favour  of  alternating  current,  as  the  d.c.  sets 
described  which,  I  take  it,  are  the  best  that  designers 
can  produce,  are  stated  to  be  more  or  less  complicated, 
and  in  consequence  require  a  deal  of  care  and  skill  to 
adjust  in  order  to  extract  from  them  the  exacting 
welding  characteristics  demanded  by  the  metallic  arc, 
whereas  the  alternating-current  equipments  are  simple 
and  free  from  such  comphcations.  As  electric  welding 
is  now  looked  upon  as  a  commercial  proposition,  the 
plant  used  must  of  necessity  be  quite  free  from  un- 
certainty of  action  and  complex  adjusting  s\vitches  and 
instruments,  as  the  average  w-elder  is  neither  a  mechanic 
nor  an  electrician,  and,  further,  he  cannot  be  expected 
to  acquire  sufficient  knowledge  to  make  delicate  adjust- 
ments, even  though  he  were  so  disposed,  as  in  order  to 
acquire  the  art  of  good  welding  he  must  devote  the  whole 
of  his  time  to  the  business  end  of  the  electrode.  To 
fit  ammeters  and  voltmeters  to  welding  sets  for  the 
guidance  of   welders  is  to  my  mind  not  only  waste  of 
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money  but  absurd,  as  the  man  cannot  possibly  view 
these  instruments  when  he  is  paying  attention  to  the  arc. 
The  same  applies  to  shunt  regulators  and  other  hand- 
operated  devices  which  are  found  necessary  m  cases  where 
motor-generator  sets  are  employed.  It  is  quite  apparent 
that  the  majority  of  d.c.  combinations  are  only  suitable 
for  single  operators,  and  I  doubt  very  much  if  any 
shipbuilding  or  engineering  concern  would  be  prepared 
to  install  a  sufficient  number  of  these  sets  to  meet  the 
demand  of,  say,  from  10  to  50  welders,  as  my  experience 
of  plant  of  this  description  is  that  the  possibiUty  of 
breakdown  is  always  present,  and  the  upkeep  of  brushes 
and  brush-gearis  sufficient  to  putthe  proposition  entirely 
out  of  court.  To  install  one  large  unit  with  regulating 
resistances  for  each  welder  is  equally  bad,  as  the  capacity 
of  the  generator  must  of  necessity  be  more  than  double 
that  required  by  the  welders,  on  account  of  the  heavy 
loss  in  resistances.  Further,  the  cost  of  low-pressure 
cables  between  the  generator  and  the  various  welding 
locations  would  be  a  considerable  item  wliich  no  pur- 
chaser could  afford  to  ignore.  With  alternating  current 
these  difficulties  are  removed  almost  entirely,  as  the 
change  from  high  pressure  to  the  welding  voltage  is  made 
by  means  of  static  apparatus,  and  no  further  adjustments 
are  required  when  once  the  correct  values  are  fixed, 
and  in  a  well-known  type  of  welding  transformer  the 
whole  of  the  regulation  required  to  give  the  correct 
welding  characteristics  is  embodied  in  the  design,  and 
self-contained  on  one  core.  I  refer  to  the  Holslag 
transformer  briefiv  described  on  page  263.  With  this 
apparatus  the  operator  is  not  expected  to  have  any 
electrical  knowledge  whatever,  and,  as  it  is  not  possible 
to  destroy  or  burn  out  the  windings  during  welding  or 
by  wilful  means,  the  adoption  of  this  welder  is  a  sound 
commercial  proposition  and  should  find  favour.  This 
transformer  must  not  be  confused  with  the  ordinary 
transformer  and  choke-oil  combination,  as  the  design 
is  quite  unique,  and  means  are  provided  for  obtaining 
full  control  of  the  correct  heat  or  power  required  by 
any  size  or  tvpe  of  electrode,  including  bare  wire.  The 
transformer  and  choke-coil  combination  is  analogous 
to  the  resistance  on  direct  current  so  far  as  regulation  is 
concerned,  and  its  use  is  a  step  backwards  in  the  progress 
of  arc  welding,  as  a  separate  reactance  can  only  sub- 
tract from  the  voltage  of  the  transformer,  and  such  a 
system  cannot  supply  the  voltage  regulation  correspond- 
ing to  the  current  fluctuations  in  the  arc.  Oscillograms 
show  that  were  it  not  for  the  heavy  flux  coating  on 
certain  electrodes,  a  separate  reactance  could  not  hold 
the  arc  at  the  voltage  employed,  which  means  that 
there  are  periods  when  the  molten  slag  is  the  only  con- 
ductor and  support  for  the  arc  with  no  iron  vapour 
present,  and  this  condition  encourages  slag  inclusion 
which  is  a  very  bad  feature.  Also,  the  proper  variation 
and  separation  of  the  voltage  factor  cannot  be  obtained 
with  the  transformer  and  separate  reactance.  The 
only  regulation  obtained  is  that  for  constant  current, 
whereas  the  control  of  power  is  absolutely  essential  for 
melting  metal  efficiently.  For  correct  welding  the  power 
must  be  kept  constant,  and  means  provided  for  auto- 
matically adjusting  the  voltage  instantly  the  current 
varies  or  the  arc  has  a  tendency  to  die  out.  This  is 
called   a   "  guardian  "   voltage,   and  is  always  present 


with  the  Holslag  system  and  ready  to  act  instantaneously 
when  required  to  support  or  adjust  the  power  for  wliich 
the  apparatus  is  set.  To  meet  Home  Office  regulations 
this  set  is  fitted  with  a  special  safety  contactor  device 
operated  by  a  25-volt  winding,  wluch  ensures  that  the 
operator  is  protected  from  all  possibility  of  receiving  a 
shock  due  to  the  open-circuit  voltage  wliich  is  considered 
dangerous.  This  contactor  is  operated  automatically 
on  striking  the  arc,  and  drops  out  immediately  the  arc 
is  broken.  It  will  be  readily  observed  that  with  ap 
paratus  of  tliis  description  there  is  no  limit  to  the  number 
of  units  which  can  be  installed,  as  in  the  majority  of 
cases  works  have  an  ample  supply  of  alternating  current 
and  substantial  transformers,  and  by  equally  distributing 
the  welding  sets  across  the  phases  the  load  is  balanced 
witliin  limits,  and  no  complexities,  other  than  those 
present  when  the  first  few  sets  are  put  into  operation, 
appear.  The  efficiency  of  such  a  system  is  good,  and 
as  the  upkeep  of  plant  is  reduced  to  practically  nil  I  think 
it  will  be  agreed  that  the  alternating-current  proposition 
is  to-day  in  advance  of  any  direct-current  scheme. 

Lord  Angus  Kennedy  (communicated)  :  In  the 
discussion  of  the  use  of  flux-covered  versus  bare  metal 
electrodes  it  appears  to  me  that  sufficient  stress  has  not 
been  laid  upon  the  important  part  that  the  flux  plays 
in  alternating-current  welding  by  protecting  the  weld 
from  the  air.  If  welders  attempt  to  use  bare  electrodes 
with  alternating  current,  consistently  satisfactory  results 
cannot  be  expected. 

Mr.  R.  S.  Kennedy  (communicated)  :  I  consider 
the  paper  to  be  an  able  exposition  on  plant  and  materials 
as  at  present  available.  On  page  258  the  author  quite 
rightly  remarks  that  the  automatic  arc  welder  has  not 
yet  arrived.  My  own  experience  in  actual  working 
has  been  entirely  with  direct  current,  and  we  find  the 
difference  in  temperature  of  the  poles  to  be  a  distinct 
advantage.  We  also  find  a  voltage  of  45  on  a  level- 
compound  machine  to  be  sufficient  for  our  work, 
and  considerably  higher  currents  than  200  amperes 
can  be  handled.  On  the  same  page  the  coating  of  the 
electrode  also  is  referred  to  ;  I  prefer  a  coating  that 
fuses  at  a  shghtly  lower  temperature  than  the  iron 
electrode,  so  that  the  tip  is  exposed  and  the  man  can 
better  watch  liis  work.  This  is  particularly  necessary 
in  overhead  work.  I  do  not  consider  that  the  slag 
method  is  an  advantage  or  that  it  is  necessary  with  fully 
trained  welders. 

Mr.  H.  Ogden  (communicated)  :  I  tliink  that  the 
solution  of  the  transference  problem  lies  in  the  direction 
of  a  consideration  of  all  the  forces  acting  in  the  region 
of  the  arc,  for  we  must  admit  no  mystery  in  the  trans- 
ference of  metal.  What  are  these  forces  ?  I'irst,  there 
is  gravity  and  tliis  certainly  assists  in  the  transference 
of  metal  in  downward  welding,  wliich  is  thus  made 
easier  than  overhead  welding.  Secondly,  there  is  the 
"  pinch  "  effect  of  an  electric  current  and  I  believe  tliis 
to  be  important.  In  induction  smelting  furnaces  the 
"  pinch  "  effect  causes  a  rupture  in  the  liquid  metal 
when  the  current  density  exceeds  a  certain  value.  In 
the  arc  I  believe  that  this  effect  helps  to  detach  drops 
of  molten  metal  from  the  tip  of  the  electrode  acting 
against  the  force  of  surface  tension  in  the  molten  drops. 
Thus   this   effect  creates   drops  of  metal  which   under 
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other  forces  then  travel  across  the  arc  to  the  larger  pole. 
The  main  factor  which  draws  the  drops  to  the  work  is 
surface  tension  coupled  with  a  greater  vapour  pressure 
at  the  electrode  tip  than  near  the  more  massive  work. 
What  I  have  just  mentioned  deals  with  the  transference 
of  the  larger  drops  wliich  in  welding  can  be  seen  crossing 
from  electrode  to  crater.  \\  ith  regard  to  other"  forces 
exerting  an  action  tendmg  in  the  same  direction,  there 
is  first  the  condensation  of  metal  vapour  on  the  more 
massive  work.  Owing  to  the  greater  thermal  con- 
ductivity of  the  latter,  the  vapour  pressure  in  its 
neighbourhood  must  be  lower  than  that  in  the 
neighbourhood  of  the  electrode  tip,  so  that  the 
conditions  are  correct  for  the  vapour  wind  of  which 
Mrs.  AjTton  spoke  and  a  certain,  if  small,  amount 
of  metal  is  transferred  in  this  way.  Another  force 
always  present  is  the  electrostatic  field,  about  lOOV/cm, 
between  the  poles  of  the  arc.  The  force  of  gravity 
acting  on  a  small  drop  of  diameter  r  is  32  000  r^ 
dynes  (approximately).  The  electrostatic  force  on  the 
same  drop  is  r/45  dynes  and  thus,  when  r  is  less  than 
0-001  mm,  the  electrostatic  force  exceeds  gravity  and 
these  very  small  drops  would  invariably  travel  to  the 
larger  pole  where,  owing  to  the  geometry  of  the  arrange- 
ments, the  conditions  are  not  favourable  for  the  produc- 
tion of  drops.  It  has  been  suggested  by  Prof.  Hudson 
in  America  that  the  liberation  of  occluded  gas  is  instru- 
mental in  assisting  the  transference  of  metal,  but  this 
does  not  agree  with  my  observations.  A  wire  freed 
from  occluded  gas  runs  smoother  and  with  less  splutter 
than  one  w-ith  occluded  gas.  In  the  projected  arc 
exhibited  bj'  Mr.  Sayers  occasional  large  drops  of  metal 
or  slag  were  flung  well  to  one  side.  Occluded  gas,  or 
gas  hberated  from  the  heated  flux,  is  probably  respon- 
sible for  such  action,  because  it  must  be  allowed  that 
such  gas  liberation  acts  equally  in  all  directions  and 
must  tend  to  blow  metal  away  from  the  work.  Another 
view,  wliich  at  one  time  held  some  adherents,  was  that 
the  metal  was  carried  by  the  current.  As  the  author 
pointed  out,  metal  is  transferred  from  the  smaller  to 
the  larger  pole,  irrespective  of  polaritv.  Further,  if 
the  current  were  responsible  for  the  metal  transference 
there  would  be  some  quantitative  relation  between 
deposit  and  current,  as  in  an  electrolytic  cell.  No  such 
relationship  exists,  and  so  the  idea  that  the  metal  is 
carried  by  the  current  must  be  abandoned.  Finally,  in 
my  opinion,  metal  is  transferred  from  the  smaller  to  the 
larger  pole  chiefly  through  the  action  of  surface  tension, 
local  differences  in  vapour  pressure  and  the  "  pinch  " 
effect  of  an  electric  current  all  acting  together.  In  a 
second  degree  it  is  transferred  from  the  smaller  to  the 
larger  pole  by  the  action  of  the  vapour  wind  mentioned 
by  Mrs.  Ayrton,  and  by  the  action  of  the  electrostatic 
field  on  very  small  drops.  Before  concluding,  I  should 
like  to  refer  to  the  carbon  mist  mentioned  by  Mrs. 
Ayrton.  Violle  *  has  measured  the  temperatures  in  the 
carbon  arc,  which  he  gives  as  3  500°  C.  for  the  anode 
crater,  2  700°  C.  for  the  cathode,  and  higher  still  for 
the  arc  itself.  1  believe  these  observations  have  been 
confirmed  by  subsequent  workers,  and  so  it  appears 
unlikely  that  carbon  vapour  from  the  positive  pole 
should  condense  to  a  solid  particle  mist  in  a  region 
•   Comples  Rendus,  1892,  vol.  115,  p.  1273. 


of  higher  temperature  than  that  at  which  the  vapour 
came  into  existence.  The  clear  space  and  mistv  region 
observed  so  beautifully  by  Mrs.  Ayrton  are  probably 
susceptible  to  another  explanation,  as  similar  appear- 
ances are  observed  in  the  discharge  of  electricity  through 
gases  at  low  pressures. 

Mr.  D.  T.  Smout  {communicated)  :  The  paper  un- 
doubtedly reveals  the  great  divergence  of  opinion  wliich 
it  is  possible  for  those  interested  in  the  practice  of  the 
art  to  possess.  The  author  has  shown,  however,  that 
good  work  can  be  done  with  many  different  types  of 
plant  and  equipment.  As  the  skill  and  reliability  of  the 
artist  is  the  predominating  factor  in  determining  the 
quality  of  the  work  executed,  it  follows  that  the  average 
quality  of  the  work  done  falls  short  of  the  best  possible. 
In  deciding  which  type  of  apparatus  and  equipment 
is  the  best,  it  is  therefore  necessarv  first  to  take  the 
human  element  into  account,  and  then  aim  at  develop- 
ing a  plant  and  S3rstem  of  welding  as  theoretically  sound 
as  possible.  To  conform  to  this  principle  it  is  advisable 
to  disabuse  oneself  of  the  idea  that  an  electric  arc  welder 
can  be  at  once  a  combined  electrician,  metallurgical 
chemist,  smith,  etc.,  nor  should  he  be  expected  simul- 
taneously to  make  various  adjustments  to  plant  and  per- 
form the  art  of  welding.  The  essential  quaUfications  of 
a  welding  operator  should  be  the  capabihty  of  main- 
taining a  continuous  arc  of  more  or  less  constant 
minimum  length,  and  the  possession  of  the  faculty  for 
recognizing  the  phenomenon  of  burning  metal.  It  is 
well  known  that  with  the  methods  at  present  in  vogue 
the  metal  deposited  when  the  arc  is  first  struck  is 
faulty,  owing  to  the  fact  that  the  electrode  metal  is 
deposited  before  any  crater  is  produced  in  the  work. 
For  good  work  it  is  necessary,  therefore,  to  deposit  the 
first  J  inch  or  so  of  electrode  metal  outside  the  "  V," 
and  the  remainder  continuously'  without  sticking  and 
restarting.  Given  electrodes  of  uniform  quahty,  and 
electrical  apparatus  supplying  the  correct  characteristics, 
an  operator  with  the  qualifications  mentioned  above 
is  not  difficult  to  find.  In  considering  the  question  of 
electrodes,  irrespective  of  the  type  (bare,  thinly  coated, 
medium  coated  or  heavily  coated),  it  is  necessarj-  that 
for  perfect  work  two  conditions  must  be  present.  First, 
the  quahty  of  the  electrode  metal,  and  the  quahty, 
concentricity  and  thickness  of  the  coating  should  be 
uniform  throughout  the  length  of  the  electrode,  subject 
to  certain  reservations  with  regard  to  concentricity  and 
thickness  of  coating.  Secondly,  the  physical  conditions 
of  the  electrode  in  close  proximit)'  to  the  arc  should 
remain  constant,  also  subject  to  certain  reservations. 
With  regard  to  the  first  condition,  from  personal  observa- 
tion I  have  found  httle  trouble  on  the  score  of  lack  of 
uniformity  in  the  quahty  of  electrode  metal,  but  have 
found  that  many  types  of  coated  electrodes  leave  much 
to  be  desired  as  regards  uniformity  of  the  coating.  One 
well-known  type  of  electrode  in  particular  invariably 
reveals  a  bad  spot  about  ^  inch  from  the  commence- 
ment, owing  to  a  failure  on  the  part  of  the  manufacturer 
to  preserve  perfect  uniformity  in  tliis  respect.  In 
depositing  this  particular  electrode  the  arc  is  invariably 
destroyed  when  this  bad  spot  is  reached.  With  regard 
to  the  process  of  covering  hea\ily  coated  electrodes 
by  means  of  asbestos  yarn,  I  should  hke  to  suggest  that 
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tlus  method  does  not  tend  to  preserve  the  stability  of 
the  arc.  It  is  well  known  that  when  an  arc  is  main- 
tained at  the  end  of  an  electrode  coated  on  half  of  its 
cylindrical  surface  only,  the  axis  of  the  arc  is  not  main- 
tained in  hne  with  the  axis  of  the  electrode,  but  takes 
up  a  position  away  from  the  coating  ;  it  is  easily  con- 
ceivable, therefore,  that  with  an  electrode  produced 
in  the  manner  criticized  the  axis  of  the  arc  will  be  de- 
flected away  from  the  existing  position  of  the  overlapping 
yarn,  and  will  rotate  as  the  coating  is  removed.  This 
phenomenon  is  referred  to  in  Appendix  III.  In  practice 
the  electrode  is  seldom  held  normal  to  the  surface  of  the 
work,  and  there  is  therefore  a  periodic  distortion  and  a 
variation  in  the  virtual  length  of  the  arc,  which  does 
not  tend  to  give  stability.  Tliis  points  to  the  importance 
of  improving  the  present  methods  adopted  for  coating 
heavy  slag-depositing  rods.  With  reference  to  the 
physical  conditions  of  the  electrode  in  close  proximity 
to  the  arc,  it  is  obvious  that,  owing  to  the  I'-R  losses  in 
the  electrode  itself  and  to  heat  conduction  along  the 
length  of  the  electrode,  the  temperature  of  the  \vire 
itself  must  be  increasing.  In  practice  the  value  of  the 
maximum  current  which  can  be  used  with  any  par- 
ticular size  of  wire  is  limited,  at  least  on  electrodes  of 
sizes  below  No.  5  S.W.G.,  by  this  temperature-rise. 
In  general,  for  all  types  of  electrodes  and  in  particular 
for  bare  and  thinly  coated  rods,  more  efficient  work 
would  be  performed,  and  the  rate  of  deposition  increased, 
if  the  wire  were  tapered  so  as  to  reduce  this  temperature- 
rise.  For  instance,  given  a  wire  16  in.  long,  tapered 
from  end  to  end,  say  from  No.  10  to  No.  8  S.W.G.,  it 
will  be  possible  to  deposit  this  with  a  current  of  approx- 
imately the  same  value  as  is  at  present  used  with  an 
ordinary  untapered  No.  8  rod.  The  tapered  wire 
mentioned  would  be  roughly  equivalent  to  a  No.  9  S.W.G. 
untapered  rod,  and  it  is  obvious  that  the  average  current 
density  will  have  been  increased  without  the  detri- 
mental overheating  of  the  electrode.  I  should  like  to 
draw  the  author's  attention  to  this  matter,  as  he  may 
not  be  aware  that  a  certain  firm  is  at  present  carrying 
out  investigations  with  a  view  to  putting  tapered  wires 
of  this  description  on  the  market,  and  his  views  on  such 
a  proposition  would  be  of  considerable  interest.  With 
regard  to  the  ideal  characteristics  necessary  in  the 
welding  circuit,  it  is  important  that  the  whole  matter 
be  reviewed  from  what  is  known  of  the  arc  performance 
under  high,  open-circuit  voltage  conditions.  First, 
from  the  physical  aspect  of  the  subject  of  metal  deposi- 
tion by  the  arc,  it  appears  that  the  conditions  ideal  for 
arc  stabihty  are  those  giving  constant  watts  in  the  arc 
within  the  limits  fi.xed  by  the  open-circuit  voltage 
consistent  with  the  safety  of  the  operator,  and  excessive 
short-circuit  current  causing  the  electrode  to  "  freeze  " 
to  the  work.  I  suggest  that,  given  a  momentary  con- 
dition in  the  arc  when  the  vapour  mass  decreases  in 
conductivity,  it  is  necessary  that  energy  be  supphed 
to  maintain  the  original  rate  of  transference  of  metal 
across  the  arc,  otherwise  the  trouble  can  easily  be 
cumulative,  resulting  in  the  dying  out  of  the  arc.  Another 
matter  which  appears  to  me  to  be  of  great  importance 
in  considering  the  stability  of  the  arc  is  the  ability  of 
the  apparatus  or  machine  to  counteract  instantaneously 
sudden   arc   fluctuations.     If  it   can    be   accepted   that 


there  are  present  in  the  arc  conditions  which  give  rise 
to  high-frequency  current  fluctuations,  I  would  suggest 
that  the  performance  curves  of  various  welding  machines 
given  in  the  paper  are  no  guide  to  the  actual  ability  of 
the  plant  to  maintain  a  stable  arc.  The  conditions  set 
out  above  in  regard  to  plant,  electrode  and  operator 
call  first  for  plant  and  electrodes  which  give  a  stable  arc, 
and  the  broad  characteristics  of  the  machine  are  of 
secondary  importance,  as  without  stabihty  the  results 
of  a  non-stable  arc  wipe  out  all  the  beautiful  points 
which  might  be  claimed  for  first-class  electrodes  or 
welding  plant.  In  conclusion,  I  should  like  to  refer 
Messrs.  Sayers  to  the  reference  made  by  the  author  to 
Mr.  Holslag's  paper  given  before  the  American  Institute 
of  Electrical  Engineers  on  liis  welding  transformer. 
I  would  suggest  that  in  comparing  their  oscillograph 
records  with  those  obtained  by  Mr.  Holslag  with  his 
transformer,  Messrs.  Sa^-ers  will  find  the  reason  why 
the  stabihty  of  their  arc  was  so  poor.  If  they  replace 
their  welding  apparatus  by  one  more  suitable,  and  the 
electrode  feeding  mechanism  by  an  average  operator, 
I  can  assure  them  that  they  will  get  a  more  stable  arc 
with  bare  wire. 

Major  J.  Caldwell  [in  reply)  :  It  has  been  my 
endeavour  in  the  paper  to  show  that  suitable  apparatus, 
equipment  and  welding  materials  are  now  available  for 
use.  The  conditions  for  using  these  to  make  good 
welds  are  known,  and  whilst  these  conditions  include 
skill,  experience  and  careful  use  of  the  apparatus,  they 
are  not  more  difficult  to  fulfil  than  those  of  many  estab- 
lished industrial  operations  :  it  is  at  least  not  more 
difficult  to  train  a  reliable  electric  welding  operator 
than  a  reliable  welding  smith. 

I  believe  that  the  only  possible  means  of  permanently 
establishing  electric  welding  as  a  standard  method  of 
construction  is  for  the  present  manufacturers  and 
designers  of  steel  structures,  with  their  special  know- 
ledge and  experience  as  a  guide,  to  indicate  how  electric 
arc  welding,  with  its  recognized  advantages,  can  be 
applied  to  best  advantage  to  secure  satisfactory  results 
at  competitive  cost. 

The  statement  in  the  paper  with  regard  to  bare  and 
flux-covered  electrodes  is  a  reflection  of  general  opinion, 
but  my  own  belief,  based  on  experience  with  both 
methods,  is  that  bare-wire  welds  are  inferior  in  strength 
to  those  made  with  covered  electrodes,  and  both  Lloyd's 
and  Admiralty  specifications  support  this. 

Mrs.  Ayrton's  views  in  regard  to  arcs  must  command 
respectful  attention,  and  I  am  much  gratified  by  her 
comments  and  suggestions.  Perhaps  the  difference 
between  my  "  contact  resistance  "  and  Mrs.  Ayrton's 
"  very  thin  layer  of  (carbon)  vapour  "  to  account  for 
the  constant  term  in  the  potential  difference  of  an  arc 
between  electrodes  of  a  given  material,  is  not  very 
great.  If  the  electrode  material  is  such  that  it  remains 
in  the  state  of  vapour  right  across  the  arc — which 
seems  to  be  the  case  with  iron — contact  resistance  may 
better  fit  the  facts.  I  would  suggest  that  in  any  ca.se 
this  constant  potential  difference  is  connected  witli  the 
energy  absorbed  in  the  vaporization  of  the  material. 
Mrs.  Ayrton  doubts  the  real  transfer  of  metal  across 
the  arc,  but,  in  welding,  the  work  gains  weight  and  the 
electrode  loses  weight.     Mrs.  Ayrton  agrees  with  the 
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views  expressed  in  the  paper,  viz.  that  there  is  con- 
densation of  the  vapour.  The  suggestion  that  welding 
is  easier  at  high  frequencies  is  borne  out  by  some 
experiments  at  200  periods  per  second,  whicli  showed 
that  the  manipulation  of  the  arc  is  decidedly  easier  at 
that  frequency  than  at  50  periods.  Whether  the  weld 
is  better  remains  to  be  proved. 

Mr.  Hobarfs  suggestion  that  British  and  American 
welders  should  probe  to  the  bottom  their  difference  in 
practice,  i.e.  the  question  of  bare  versus  flux-coated 
electrodes,  is  excellent.  It  can  only  be  done  by  research, 
as  there  are  many  variables  involved  in  practical  welding. 
Mr.  Hobart  has  himself  done  much  to  stimulate  arc 
welding  research  in  the  United  States,  and  Dr.  Sharp 
gives  rise  to  a  hope  that  he  and  Mr.  Hobart  may  do  some- 
thing on  the  other  side  to  initiate  such  combined  research 
on  this  and  other  unsolved  problems  of  arc  welding. 

IMr.  Darling  suggests  that  tensile  tests  of  welds  may 
be  of  value  in  deciding  between  bare  and  covered  elec- 
trodes, but  the  example  which  he  gives  of  the  difference 
between  welds  made  by  the  same  welder,  with  the  same 
electrode  on  the  same  plate,  shows  that  tensile-test 
results  have  to  be  treated  with  caution.  As  the  result 
of  many  tests,  including  tensile  tests,  both  the  Admiralty 
and  Llo}-d's  specify  flux-covered  electrodes  for  strength 
welds.  I  agree  with  Mr.  Darling  that  there  is  room  for 
research  into  the  chemistry  of  arc  welding,  and  also 
that  there  is  abundant  evidence  of  definite  projection 
of  the  iron  across  the  arc.  Visible  drops  of  molten  iron 
do  fall  from  the  electrode  on  to  the  work  i:i  horizontal 
■welding,  but  they  do  not  weld  into  the  work  properly, 
and  are  generally  oxidized.  They  are  more  in  evidence 
with  bare  than  with  flux-covered  electrodes. 

Captain  Wallis-Jones's  statements  as  to  the  costs  of 
the  resistance  welding  of  thin  material  are  very  welcome. 
Spot  and  seam  resistance  welding  are  well  established  as 
valuable  manufacturing  processes,  but  there  are  occasions 
when  arc  welding  on  thin  material  is  of  value  because 
the  work  is  not  accessible  to  a  resistance  welder  or  there 
is  not  enough  of  it  to  justify  making  a  suitable  machine. 
I  have  already  sent  to  the  Institution  Library  the  two 
Reports  mentioned  by  Captain  Wallis-Jones,  and  I  have 
to  thank  liim  for  his  generous  remarks  on  mj-  work  at 
the  Admiralty. 

I  am  glad  that  ilr.  McClelland  has  stated  so  clearly 
the  advantage  of  flux-covered  electrodes  in  providing 
a  sheath  of  inert  gas  or  liquid  slag  surrounding  the 
molten  or  vaporous  iron.  As  regards  the  relative  merit 
of  a.c.  and  d.c.  welding,  a  good  deal  has  been  done 
since  the  date  of  the  tests  mentioned  in  determining  the 
practical  conditions  for  making  a.c.  welds,  and  my 
present  opinion,  as  stated  in  the  paper,  is  that  intrin- 
sically there  is  little  or  nothing  to  choose  between  the 
two  methods.  The  striking  of  the  a.c.  arc  is  a  little 
more  troublesome  until  the  knack  is  acquired.  The 
voltage  mentioned  by  Mr.  jSIcClelland  for  bare  iron 
electrodes  seems  very  much  on  the  high  side,  if  he 
means  the  voltage  across  the  arc.  In  the  automatic 
welder  exhibited  at  Olympia  by  the  B.T.H.  Co.  it  was 
noteworthy  that  the  voltmeter  across  the  arc  gave 
a  very  constant  reading  of  only  15  to  18  volts. 
Undoubtedly  the  electrode  material  has  an  influence 
on  the  voltage-range  consistent  vAth  sound  welds. 


Mr.  Wedmore's  offer  of  the  assistance  of  the  Electrical 
Research  Association  is  noted  with  thanks,  and  it  may 
possibly  be  accepted  in  the  future. 

Mr.  Sayers's  oscillograms  show  very  clearly  how  the 
arc  characteristic  makes  its  own  voltage  curve,  and  the 
spectra  described  appear  to  prove  the  value  in  a.c. 
welding  of  a  flux  coating  which  provides  conducting 
vapour  of  lower  temperature  than  that  of  the  iron,  and 
therefore  acts  as  a  bridge  across  the  current  inter- 
missions. 

The  reference  to  the  vaporization  heat  of  iron  is  to  be 
found  in  a  paper  *  by  Mr.  J.  W.  Richards,  wliich  gives 
the  value  of  1  110  calories  per  gramme  for  the  latent 
heat  of  vaporization  of  iron,  and  the  boiling  point  of 
iron  as  2  698°  (abs.).  The  latent  heat  value  corresponds 
to  781  grammes  evaporated  per  kilowatt-hour. 

In  reply  to  Mr.  Baker,  oscillograms  of  the  d.c.  welding 
arc  current  show  variations  much  too  rapid  for  either 
excitation  or  clutch  regulation  to  follow.  The  inclusion 
of  some  reactance  in  the  steadying  resistance  greatly 
reduces  the  amplitude  of  these  rapid  variations'. 

Mr.  Flood  quite  rightly  considers  the  successful  arc 
welding  of  bronze  and  copper  to  be  a  very  important 
development.  In  this  branch,  again,  practice  is  ahead 
of  theory,  and  I  cannot  at  present  supply  more  data. 
A  number  of  samples  of  work  accomplished  were  on 
view  at  the  meeting,  and  can  be  seen  by  anyone  suffi- 
ciently interested  to  communicate  with  me.  Mr. 
Flood's  views  on  the  advantages  of  a.c.  versus  d.c. 
welding  plant  are  quite  sound,  but,  as  the  discussion 
shows,  there  is  a  considerable  body  of  adverse  opinion 
in  respect  to  the  relative  quality  of  a.c.  and  d.c.  welds. 
Mr.  Kennedy  thinks  that  the  electrode  coating  should 
fuse  at  a  lower  temperature  than  the  iron.  It  should 
not  be  much  lower,  or  the  electrode  will  oxidize  at  the 
exposed  tip.  On  the  other  hand,  it  should  not  be  much 
higher,  or  the  electrode  will  "  cup  "  deeply,  unless  the 
covering  disintegrates  instead  of  fusing.  This  disin- 
tegration actually  occurs  with  some  flux  compositions 
and  is  easily  seen  with  the  projection  apparatus. 

Mr.  Ogden's  discussion  of  the  mechanism  of  the 
transfer  of  metal  across  the  arc  raises  more  points  than 
I  can  deal  with  in  this  replj',  but  on  the  whole  I  think 
it  favours  the  view  that  a  difference  of  temperature 
between  the  electrode  and  the  more  massive  work  is 
a  necessarv  and  even  the  chief  condition  of  the  transfer. 
The  electrostatic  force  is  certainly  one  factor  to  be 
considered.  I  agree  with  him  that  the  explosion  of 
occluded  gas  is  not  the  cause.  The  drops  passing  to 
the  side  of  the  arc  as  seen  in  the  projection  are  certainly 
masses  of  molten  flux. 

Mr.  Smout's  suggestion  in  regard  to  the  tapering  of 
electrodes  is  new  to  me,  and  there  would  have  to  be 
clear  proof  of  considerable  advantage  in  working  to 
justify  the  extra  cost  of  manufacture.  His  criticism 
of  the  instability  of  the  arc  as  shown  by  Messrs.  Sayers 
can  be  met  bv  the  statement  that  the  supply  conditions 
at  the  Institution  were  not  altogether  favourable.  In 
their  own  test-room  it  is  quite  usual  for  an  entire 
electrode  to  be  consumed  without  any  interruption. 
I  feel  that  the  members  of  this  Institution  are  best 

•  Transactions  of  the  American  Electrochemical  Society,  1908, 
vol.  13,  p.  447. 
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qualified  to  assist  in  the  development  and  to  appreciate 
the  considerable  future  of  electric  arc  welding,  not  only 
as  an  addition  to  the  load  factor  of  power  supply  under- 
takings, but  also  as  an  outstanding  example  of  the 
industrial  usefulness  of  electricity. 

The     question     of    unemplo5'ment 
affects    members    of   the    Institution, 
welcome   the   reference   made   by   Mr 
McClelland  to  the  training  of  electrical  welders.     Electric 
welding  has  been  advocated  for  the  following  reasons  : 


very     materially 

and    I    therefore 

Baker   and   Mr. 


(1)  It  effects  repairs  which  would  otherwise  have  been 

impossible. 

(2)  It  provides  water-  and  oil-tight  jointures. 

(3)  It  increases   production  in  the  manufacture  and 

erection  of  steel  structures,  owing  to  the  speed 
of  working  and  the  ease  with  which  unskilled 
labour  can  be  utilized  to  secure  maximum 
strength. 

(4)  It  settles  labour  disputes   by  providing  another 

method  of  construction  and  repair. 

(5)  It  provides  employment  for  disabled  Service  men. 


In  addition  to  the  training  of  welding  operators  at 
the  Royal  Dockyards,  shipyards  and  engineering  works 
by  the  Admiralty,  facilities  were  provided  towards  the 
end  of  the  war  by  the  Ministn,^  of  Munitions  at  Lough- 
borough, Birmingham,  Acton  and  Bradford  for  the  in- 
struction of  discharged  soldiers  to  a  limited  extent.  It 
was  proposed  to  increase  the  capacity  of  these  training 
centres  and  to  incorporate  a  much  larger  scheme  includ- 
ing Glasgow  and  Newcastle.  I  very  much  regret  that 
this  proposal  was  shelved  on  the  cessation  of  hostiUties 
and,  as  I  cannot  think  of  any  craft  at  which  proficiency 
can  be  secured  so  quickly,  I  submit  that  the  matter 
should  receive  more  consideration  now  by  the  Ministry  of 
Labour,  and  for  my  part  I  would  gladly  hand  tliem 
the  information  which  was  prepared  for  the  purpose 
in   1918. 

In  conclusion  I  am  pleased  to  acknowledge  that  the 
important  points  in  the  paper  have  all  drawn  infor- 
mation and  criticism  from  qualified  contributors,  and 
I  hope  that  the  interest  shown  is  indicative  of  speedy 
future  progress  in  both  the  theory  and  practice  of 
electric  arc  welding. 


ADDRESS    TO   THE    LONDON    STUDENTS'    SECTION. 


By  C.   H.  WoRDiNGHAM,  C.B.E.,  Past   President. 

[Address  delivered  before  the  London  Students'  Section,  10th  Ncvember,   1022.) 


It  gives  me  great  pleasure  once  more  to  address 
you.  Probably  none  of  those  present  to-night  have 
heard  the  addresses  which  I  have  given  to  this  Section 
of  the  Institution  on  previous  occasions,  but  I  will, 
none  the  less,  try  to  avoid  repeating  what  I  have 
previously  said. 

Most  of  those  present  are  in  the  habit  of  listening 
to  a  large  number  of  lectures  on  scientific  and  technical 
questions  delivered  by  extremely  able  professors,  and, 
instead  of  endeavouring  to  emulate  them,  I  propose 
to  speak  rather  of  engineers  than  of  engineering. 

It  is  now  some  35  years  since  I  passed  from  the 
Student  to  the  Associate  Member  class.  As  one  gets 
older,  and  sees  the  younger  men  with  their  feet  just 
set  on  the  long  ladder  which  one  has  traversed  oneself, 
one  is  filled  with  sympathy  for  them  and  a  longing 
to  help  them  by  pointing  out  the  rotten  rungs,  the 
places  where  an  alternative  ladder  presents  itself,  and 
the  narrow  plank  in  space  that  must  sometimes  be 
crossed. 

Most    often    youth    is    impatient    and    resents    any 
attempt  at  interference  with  its  own  judgment,  but  I   j 
must  risk  this  possible  hostility  and  do  my  best  according 
to  my  lights. 

One  of  the  greatest  temptations  which  besets  those 
who  study  science  is  a  tendency  to  cocksureness  and 

Vol,  Ci. 


a  contempt  for  those  who,  in  the  earlier  times  in  which 
they  lived,  were  ignorant  of  present-day  knowledge 
and  achievement.  The  purely  scientific  man  is  prone 
to  formulate  theories,  to  test  them  at  a  few  points, 
and  then  to  speak  of  them  as  ascertained  truths.  The 
young  student  is  impressed  with  what  he  takes  for 
the  triumph  of  intellect,  and  is  intolerant  of  these 
who  are  somewhat  sceptical  of  the  new-found  truths 
and  who  cling  rather  to  what  these  old-fashioned 
people  regarded  as  eternal  verities,  matters  on  which 
the  young  student  is  often  ill  informed,  and  which 
he  is  apt  to  dismiss  as  contemptible  trash  which  can 
have  no  place  in  his  intellectual  and  scientific  m.ind. 

In  successive  years  one  sees  examples  of  this  attitude 
of  mind  in  meetings  of  the  British  Association,  that 
curious  conglomeration  of  picnickers,  some  of  whom 
are  in  the  forefront  of  science,  some  ultra-scientific 
in  a  field  of  microscopic  extent,  and  many  of  whcna 
are  of  the  gullible  general  public,  open-mouthed  to 
swallow  any  modern  wonder  at  its  face  value,  having 
barely  a  smattering  of  scientific  knowledge.  Year 
by  year  we  are  treated  to  elaborate  speculations  as 
to  the  origin  of  things,  or  are  told  that  man  with  all 
his  attributes  is  merely  a  cleverly  made  machine. 
Newspaper  articles  solemnly  warn  the  churches  that 
they    must    reconsider    their    position,    as    though    the 
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speculations  reported  were  ascertained  facts.  Next 
year  some  other  learned  pundit  brings  for\vard  some 
other  wonderful  theory  and  the  discredited  one  of 
the  year  before  is  forgotten  ;  once  more  the  newspaper 
takes  up  its  cocksure  attitude  as  to  all  old-fashioned 
ideas  being  exploded.  One  and  all  of  the  speculators, 
however,  forget  to  explain  where  the  actual  origin 
came  from  and  who  designed  the  clever  machine. 

Another  aspect  of  modern  conceit  is  in  respect  of 
modern  invention.  I  am  second  to  none  in  m.y  ad- 
miration of  the  cleverness,  perseverance,  and  hard 
work  devoted  to  the  making  and  perfecting  of  modem 
inventions,  but  I  do  feel  a  very  serious  doubt  as  to 
whether  mankind  is  really  the  better  or  the  happier 
for  many  of  them.  The  vast  majority  of  modem 
inventions  are  devoted  to  speeding-up  things ;  the 
bicycle  enabled  a  man  to  move  faster  than  he  could 
by  running  ;  the  motor  easily  outstripped  the  bicycle, 
and  the  flying-machine  the  motor.  The  result  is  that 
everyone  by  the  use  of  these  machines  can  do  more 
in  a  given  time  than  he  could  before  their  advent. 
Is  he  better  in  health  or  happier  in  mind  for  the  faciUties 
he  possesses  ?  Is  it  not  a  fact  that  the  speeding-up  of 
things  has  increased  the  number  of  nervous  breakdowns, 
a  disease  unknown  I  suppose  to  our  grandfathers, 
and  has  made  the  lives  of  many  one  long  round  of 
incessant,  anxious  work  ?  The  telegraph,  the  telephone, 
the  railway,  the  ocean  liner,  all  marvellous  instances 
of  human  ingenuity,  have  the  same  tendency,  and  in 
addition  they  have  taken  much  of  interest  out  of  the 
world  b)f  bringing  all  the  more  important  towns  to 
one  dead  level  so  that  travel  has  lost  most  of  its  interest. 
The  much  vaunted  printing-press,  while  undoubtedly 
effecting  an  enormous  amount  of  good,  has  of  late 
years  had  much  of  this  good  discounted  by  rendering 
possible  the  daily  and  weekly  newspapers  (I  do  not 
refer  to  the  technical  journals)  which  consist  chiefly 
of  a  mass  of  garbled  statements,  such  statements 
having  little  relation  to  truth  and  being  generally 
paid  for  by  a  poUtical  party  or  by  people  with  axes 
to  grind  or  things  to  sell.  No  sensible  person  will 
ever  place  the  slightest  reliance  on  an\i:hing  which 
he  reads  in  a  newspaper  published  at  the  present  day, 
without  independent  corroboration. 

Probably,  without  exception,  each  one  of  my  audience 
has  by  now  classed  me  as  a  gloomy  or  foolish  pessimist, 
as  a  reactionary  idiot,  or  an  old  fossil  in  his  dotage — 
I  do  not  mind. 

Admittedly  I  have  given  you  only  one  side  of  the 
picture,  and  I  further  admit  freely  that  I  always  travel 
by  the  fastest  express  trains  and  the  fleetest  motors, 
make  every  use  of  the  telephone  and  telegraph,  do 
everything  electrically  that  I  can,  and  as  far  as  possible 
am  in  two  places  at  once  and  get  25  hours  into  the 
day.  All  I  want  to  impress  upon  you  is  that  I  dO  not 
believe  I  am  any  better  in  health  or  happier  for  it 
all,  but  I  must  do  it  because  I  live  in  the  century 
which,  as  Carlyle  would  say,  "  flatters  itself  it  is  the 
twentieth." 

I  want  to  convince  you,  if  I  can,  that  all  these  in- 
ventions and  discoveries  are  merely  froth  on  the  sea 
of  life.  They  are  here  to-day  and  superseded  to- 
morrow, and  I  beUeve  that  many  of  the  achievements 


in  ancient  times,  efiected  under  civihzations  of  which 
there  is  now  no  trace  or  only  traces  of  the  slightest, 
were  in  fact  more  wonderful  than  our  own. 

I  do  not  think  that  I  can  express  better  what  I 
have  in  mind  than  bv  quoting  a  few  lines  of  a  poem 
by  Campbell,  with  which  some  of  you  may  be  familiar, 
entitled  "  The  Last  Man."  The  poet  is  picturing  the 
end  of  the  world  as  seen  through  the  eyes  of  the  last 
survivor  of  the  human  race,  and  in  addressing  the 
sun  he  saj's  : — 

"  ^\'hat  though  beneath  thee  man  put  forth 
His  pomp,  his  pride.  Iris  skill. 
And  arts  that  made  flood,  fire  and  earth 
The  vassals  of  his  will — 
Yet  mourn  I  not  thy  parted  sway 
Thou  dim  discrowned  king  of  day. 
For  all  those  trophied  arts 
And  triumphs  that  beneath  thee  sprang. 
Healed  not  a  passion  or  a  pang 
Entailed  on  human  hearts." 

The  things  which  really  luatter  are  the  abstract 
qualities  of  man — not  his  machinery',  but  what  we 
old-fashioned  people  call  his  soul  and  spirit,  his  love 
of  truth,  of  justice,  of  honour,  his  capacity  for  love, 
sympathy,  self-denial. 

There  is  no  denying  that  the  world  is  in  a  very 
parlous  state,  and  we  are  one  and  all  suffering  from 
it  in  one  way  or  another,  in  greater  or  lesser  degree. 
I  believe  that  the  main  reason  is  that  mankind  has 
lost  sight  of  the  things  that  matter  and  has  magnified 
material  acti\dties  to  such  an  extent  that  thej'  have 
usurped  the  place  of  the  vital  essential^  of  life. 

One  important  direction  in  which  in\-ention  has  been 
most  prohfic  and  successful  is  that  of  labour-saving 
appliances.  Do  not  mistake  me  ;  under  the  conditions 
which  we  have  created  for  ourselves  to  live  in  to-day, 
such  appliances  are  absolutely  essential.  They  have 
been  invented,  we  must  reckon  with  them  and  use 
them,  otherwise  we  must  go  down  in  the  fight.  I 
believe,  however,  that,  so  far  as  the  formation  of  human 
character  and  the  promotion  of  human  happiness 
are  concerned,  they  are  almost  wholly  bad.  They 
have  taken  the  interest  out  of  Ufe  for  most  of  the 
workers.  It  is  true  that  each  man  can  produce  far 
more  in  quantity',  and  to  a  much  greater  degree  of 
accuracy  so  far  as  dimensions  are  concerned,  by  maldng 
one  small  part  of  an  article  than  by  making  the  whole 
tiling.  But  what  is  the  price  to  be  paid  ?  An  utter 
absence  of  any  pride  in  liis  work,  the  ehmination  of 
all  interest  in  it,  with  the  result  that  instead  of  the 
craftsman's  satisfaction  in  the  designing  and  successful 
construction  of  some  article  of  beauty  or  utility,  there 
is  a  dull  or  sometimes  fier\'  resentment  at  having  to 
devote  so  many  hours  a  day  to  repetition  of  certain 
motions  of  the  hmbs  calhng  for  httle  or  no  skill. 

Another,  and  even  greater,  evil  is  the  aggregation 
of  these  human  automata  m  large  numbers  under  an 
organization  which  is  as  dead  and  macliine-like  as 
the  tools  tliey  operate.  Just  as  no  man  can  add  a 
cubit  to  his  stature,  so  no  man,  singly  or  in  the  mass, 
can  change  the  nature  of  the  human  being  which  is 
not  an  automatic  machine  but  an  assemblage  of  passions 
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and  sentiments  of  infinite  variety  of  both  kind  and 
strength.  We  arc  suffering  now  acutely  in  industrial 
unrest  resulting  from  this  callous  disregard  of  those 
laws  of  the  universe  which  we  may  investigate  but 
may  not  alter. 

A  man  is  endowed  with  faculties,  powers  wliich  enable 
him  to  work,  to  contrive  and  to  execute,  and  he  is 
so  constituted  that  he  must  have  contact  with  others 
of  liis  kind  on  which  to  exercise  liis  human  attributes. 
Only  in  proportion  as  he  has  the  opportunity  of  exer- 
cising those  faculties  and  powers  will  he  be  happy  and 
healthy  in  mind  and  body.  Deny  him  that  exercise 
and  he  becomes  a  monster  and  the  world  a  terrible 
place  to  live  in. 

Now,  you  will  ask,  what  has  all  this  to  do  with 
engineering,  and,  more  especially,  with  the  engineering 
student  ?  I  will  tell  you.  Most  of  you  are  starting, 
or  have  just  started,  on  your  careers  :  what  is  neces- 
sary for  your  success  ?  Naturally  you  must  be  equipped 
with  the  very  best  scientific  and  technical  education 
you  can  obtain.  Subject  possibly  to  the  exception 
of  a  few  brilUant  men  with  inborn  genius  who  do  arise 
from  time  to  time,  the  day  has  gone  by  when  the 
man  who  picked  up  his  knowledge  as  he  went  along 
can  hope  to  attain  a  good  position  as  an  engineer. 
Every  young  man  entering  the  profession  must  make 
liimself  acquainted  with  the  present  state  of  knowledge 
in  the  various  branches,  and  must  have  a  special 
knowledge  of  the  one  in  wliich  he  proposes  to  practise. 
This  knowledge,  however,  as  I  have  said  elsewhere, 
is  only  his  bag  of  tools.  The  finest  kit  in  the  world 
will  not  carry  him  far  if  he  does  not  know  how  to  use 
them.  It  is  in  the  use  of  them  that  the  human  element 
comes  in  and  that  the  exercise  is  called  for  of  such 
abstract  qualities  as  s^'mpathy,  kindliness,  consideration, 
firmness,  fairness  and  honour.  These  are  the  deter- 
mining factors.  The  works  manager  who  has  favourites, 
who  tries  to  get  the  better  of  liis  men,  who  bullies 
and  insults  those  under  liim,  or  truckles  to  a  dishonest 
employer  by  allowing  scamped  work,  will  never  be 
a  success.  The  adviser  whose  advice  is  coloured  by 
liis  own  self-interest,  or  who  is  open  to  bribery,  may 
make  money  but  he  will  never  attain  an  honourable 
position.  The  staff  man  whose  heart  is  in  liis  amuse- 
ments and  who  only  does  so  much  work  as  he  is  com- 
pelled, doing  it  as  an  uncongenial  task  to  be  put  out 
of  mind  when  he  puts  on  his  hat,  will  find  his  promotion 
slow  and  his  change  of  employment  frequent. 

It  is  the  man  liimself  who  counts.  He  must  have 
liis  equipment  of  knowledge  and  skill,  but  also  he 
must  be  able  to  use  that  equipment. 

Just  one  word  on  the  subject  of  work.  The  fasliion 
of  the  day  is  to  exalt  amusement  as  the  chief  aim  in 
life,  and  to  represent  work  as  a  task  to  be  reduced 
to  the  shortest  period  possible.  So  far  have  tilings 
gone  that  a  man's  opportunity  to  work  is  in  certain 
directions  forcibly  Hmited  by  Act  of  ParUament.  Work 
is  essential  to  our  existence,  and  it  behoves  each  one 
of  us  to  find  out  for  himself  what  kind  of  work  he  is 
best  suited  to  perform  and  then  to  find  means  to  make 
it    his    vocation.     Ordinarily,    many    drift    into    their 


life's  work,  but  I  imagine  that  few  drift  into  engineering  ; 
most  enter  the  profession  from  dehberate  choice,  pre- 
sumably because  it  attracts  them.  Fortunate  indeed 
are  they  if  they  have  correctly  gauged  their  inclination, 
for  the  true  engineer  needs  no  artificial  amusement, 
his  work  is  liis  hobb}'  and  is  seldom  out  of  his  mind, 
even  when  taking,  as  he  should,  legitimate  relaxation. 

Most  of  us  must  have  asked  ourselves  at  one  time 
or  another  :  What  is  man's  ultimate  destiny  ?  What 
are  we  here  for  ?  Each  must  find  his  own  answer. 
I  suggest  that  one  of  the  most  important  objects  in 
life  is  the  formation  of  character,  and  if  tliis  be  so, 
every  thought,  every  action  has  its  effect,  indelible 
and  permanent.  Every  job  carried  out  assumes  then 
an  importance  far  greater  than  its  intrinsic  worth  would 
give  it.  The  primary  thought  in  every  engineer's  mind 
should  be  :  "  Will  this  tiling  which  I  am  carrying  out 
be  to  my  credit  as  an  engineer  or  to  my  discredit  ? 
Suppose  the  work  wliich  I  am  doing  to-day,  and  which 
will  soon  be  out  of  sight,  is  unearthed  20  years  hence, 
will  its  discoverer  say  of  it  that  the  job  was  well  done 
or  scamped  ?  "  I  know  of  no  pleasanter  sensation 
than  that  of  revisiting  something  carried  out  years 
ago  and  being  able  to  tell  oneself  that  it  has  stood  the 
test  of  time  and  is  still  functioning  well.  I  would 
say  to  each  of  you  :  "  Try  to  do  every  piece  of  work 
primarily'  for  the  work's  own  sake  and  for  the  sake 
of  its  effect  on  your  own  character.  The  pecuniary 
reward  m  any  one  instance  may  be  small  or  great, 
but  in  the  long  run  that  too  will  be  added  to  you." 

This  country,  perhaps  more  than  many  others,  is 
suffering  from  a  disregard  of  the  principles  wliich  I 
have  been  trying,  very  lamely  I  fear,  to  enunciate. 
Work  is  in  very  bad  odour  just  now.  The  doctrine 
that  happiness  is  the  be-all  and  end-all  of  existence 
is  screamed  at  us  from  numerous  quarters.  Happiness 
is  confounded  with  amusement,  leisure  and  the  posses- 
sion of  money,  all  of  them  hideous  counterfeits  of 
the  real  thing.  A  duty  accompUslied,  a  dilficulty 
successfully  overcome,  a  job  well  done,  these  are  the 
things  which  confer  real  happiness,  happiness  worthy 
of  man  with  his  infinite  possibilities  and  responsi- 
bihties. 

Duty  is  a  word  seldom  heard  nowadays  ;  "  Rights  " 
has  taken  its  place.  Read  the  letters  vmtten  a  century 
ago  and  you  will  find  the  word  "  duty  "  constantly 
in  the  mouths  of  our  forefathers.  Who  built  up  our 
great  Empire  ?  The  men  whom  England  e.xpected 
would  do  their  duty,  and  who  did  it.  Who  are  en- 
dangering that  Empire  ?  Those  who  preach  pleasure, 
falsely  so-called,  as  the  greatest  good,  who  honour  a 
man  according  to  the  amount  of  money  he  possesses 
however  he  may  have  gotten  it,  and  who  call  evil 
good  and  good  evil. 

Each  of  }-ou  young  men  has  it  in  his  power  to  work 
for  lus  country,  as  so  many  of  your  number  died  for 
it  only  a  few  short  years  ago,  and  to  help  so  to  direct 
the  course  of  events  that  tliis  great  nation  of  ours 
shall  go  up  and  not  down  in  the  scale  of  humanity 
and  in  its  upward  progress  shall  be  an  agent  for  the 
uplifting  of  mankind  at  large. 
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By   J.    F.    NiELSOX,    Member. 
{Address  delivered  before  the  Scottish  Students'  Section,   I7th  November,   1922.) 


To  all  Students  of  this  Institution  I  would  emphasize 
the  advantages  of  attendance  at,  and  participation 
in  the  meetings  of  the  Students'  Sections.  There 
is  nothing  more  conducive  to  clear  thinking  than  the 
writing  of  a  paper.  It  need  not  be  the  account  of 
original  research  work  accomplished  by  the  writer ; 
indeed  few  of  you  will  have  an  opportunity  to  present 
such  a  contribution.  In  this  connection  it  is  very 
gratifpng  and  indeed  encouraging  to  learn  that  one  of 
the  Students  connected  with  this  Section,  Mr.  J.  C. 
Stewart,  who  contributed  a  paper  last  session  on 
"Electricity  in  Mines,"  has  been  awarded  by  the 
Council  a  Student's  Premium.  It  is  to  be  hoped  that 
at  least  one  paper  to  be  read  before  this  Section  during 
the  present  session  may  be  similarlj-  rewarded.  Again, 
by  joining  in  the  discussions — and  you  need  not  fear 
to  express  j-our  opinions  or  show  an  appetite  for  informa- 
tion on  any  subject  for  fear  there  may  be  a  "  chiel  amang 
ye  takin'  note-,"  or  if  there  is,  "  he'U  no  prent  it  " — 
an  excellent  training  in  self-assurance  as  to  one's  abihty 
to  give  expression  to  one's  ideas  is  obtained.  Such 
a  training  will  be  found  to  be  invaluable  in  years  to 
come.  Then  again,  at  meetings  such  as  these,  opportu- 
nities occur,  sometimes  quite  unexpectedly,  of  making 
the  acquaintance  of  contemporaries,  the  consequences 
of  wliich  may  be  far-reaching  in  influencing  your  future 
and  in  moulding  your  careers.  Do  not,  however, 
let  these  ideas,  however  admirable  and  desirable  they 
may  be,  dominate  your  thoughts  too  exclusivel}-.  One 
of  the  finest  definitions  of  a  gentleman  I  have  ever 
come  across  is  :  "he  who  puts  more  into  hfe  than  he 
takes  out  of  it."  As  members  of  this  Institution  you 
will  have  frequent  opportunities  of  putting  this  virtue 
into  practice — giving  more  than  you  get.  As  engineers 
you  udll,  if  you  properly  apprehend  your  calLng,  be 
assisting  much  more  effectively  than  the  poLtician  in 
the  creation  and  fostering  of  such  an  ideal  atmcsphere 
for  human  society  as — to  quote  the  words  of  Edmund 
Burke — is  grounded  in  "  a  partnership  in  all  science  ; 
a  partnership  in  all  art ;  a  partnership  in  every  virtue, 
and  in  all  perfection."  Such  surely  is  the  ideal  towards 
which  statecraft  should  be  directed  if  the  future  peace 
of  the  world  is  to  be  maintained. 

I  am  well  aware  that  a  proper  apprehension  of  the 
calling  of  the  engineer  by  these  who  practise  it  does 
not  alwaj's  exist,  and  that  there  are  tliose  who  come 
into  close  contact  with  the  forces  of  Nature  \\'ithout 
being  affected  thereby  ;  still,  I  think,  to  most  men  such 
an  experience  must  arouse  feelings  of  the  puniness  of 
mankind  and  the  boundless  possibilities  for  discovery 
in  still  untrodden  fields. 

This  year  (1922)  is  memorable  in  the  liistory  of  electrical 
engineering  and  of  that  particular  branch  of  it  to  which 


our  great  citizen.  Lord  Kelvin,  contributed  so  much  of 
the  fruits  of  his  genius.  I  refer,  of  course,  to  the  Jubilee 
of  the  founding  of  the  Institution  and  of  the  Eastern 
and  Associated  Telegraph  Companies. 

The  Institution  was  really  founded  earher  than  the 
28th  Februan,',  1872,  but  that  was  the  date  when  its 
first  Meeting  was  held.  Electric  telegraphy  was  then, 
as  Dr.  Kennelly  says,  might\-  both  by  land  and  sea. 
Sir  James  Anderson,  one  of  the  pioneers  of  submarine 
telegraphy,  presented  a  report  to  the  Statistical  Society 
in  1872,  in  which  he  stated  that  the  total  capital  in- 
vested in  submarine  telegraph  companies  amounted  to 
£10  230  370,  and  the  total  length  of  cables  laid  was 
37  795  miles.  These  figures  are  very  significant  of 
the  progress  made  by  the  telegraph  industry  since  the 
first  Atlantic  cable  was  laid  in  1858,  oi.ly  14  years 
previously.  It  was  even  more  striking  to  read  a  few 
months  ago,  when  the  Eastern  and  Associated  Telegraph 
Companies  were  celebrating  their  Jubilee,  that  28  000 
miles  of  submarine  cable  had  been  laid  since  the  Armistice. 
When  wireless  telegraphy  and  telephony  are  making 
enormous  strides  to-day  and  there  seems  no  hmit  to 
the  possibiUties  of  its  further  development,  such  figures 
as  these  seem  to  show  that  telegraphy  by  wires  is  more 
than  holding  its  own  against  its  j'ounger  rival. 

While,  then,  telegraphy  was  a  sturdy  clnld  at  the 
date  of  the  inception  of  the  Institution  and  it  was  because 
of  its  growing  and  sturdy  condition  that  the  Institution, 
or  as  it  was  first  and  not  unnaturally  called,  the  Society 
of  Telegraph  Engineers,  came  into  being — electric 
lighting,  electric  traction,  electric  power  transmission, 
electric  telephony  and  a  whole  long  fist  of  other  now 
familiar  electrical  activities  were  non-existent.  Raxiio 
communication,  as  Dr.  Kennelly  remarks,  was  then 
undreamt  of. 

In  this  shipbuilding  "  hub  of  the  universe "  a  few 
facts  regarding  the  genesis  and  progress  of  electric  hghting 
and  power  transmission  on  board  ship  maj'-  be  of  interest 
to  you,  especially  to  those  who,  hke  mj'self,  are  engaged 
in  this  particular  branch  of  our  profession.  Illumination 
by  arc  lamps  was  the  first  method  adopted  on  board 
ship.  This  was  only  natural,  seeing  that  the  invention 
of  the  arc  lamp  preceded  that  of  the  Swan  or  incandescent 
lamp  by  several  years.  Then,  too,  the  series  connection 
of  lamps  was  the  only  method  thought  to  be  possible 
at  first.  Parallel  running,  or  "  subdivision  of  the 
current  "  as  it  was  then  called,  was  hardly  considered 
practicable,  and  it  was  apparently  not  until  about  the 
year  1880  that  attempts  were  made  m  that  direction. 
In  that  year  Edison  in  America  installed  on  the  steam- 
ship "  Columbia  "  115  10-c.p.  incandescent  lamps  and, 
apparently  about  the  seime  time,  arc  lamps  were  used 
for  the  internal  illumination  of  the  steamship   "  City 
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of  Berlin."  The  following  year  (1881)  saw,  so  far  as 
I  can  learn,  the  first  instance  of  incandescent  electric 
lighting  installed  in  a  vessel  built  on  the  Clyde.  Tliis 
ship  was  the  Cunard  steamer  "  Servia,"  constructed 
by  Messrs.  G.  and  J.  Thomson,  Ltd.,  the  founders  of 
the  Clydebank  shipbuilding  yard  of  to-day.  This 
vessel  had  117  Swan  lamps  and  two  arc  lamps.  The 
power  required  was  about  10  kW  and  in  all  probability 
was  furnished  by  a  single-phase  a.c.  machine,  driven 
by  an  endless  cotton  rope  from  a  low-speed  engine. 

In  this  same  year,  incandescent  electric  lighting  was 
introduced  into  the  Brit.'sh  Navy,  the  ship  chosen  being 
H.M.S.  "  Inflexible."  Lord  Fisher  refers  to  the  incident 
in  the  second  volume  of  his  memoirs  and  tells  how 
it  was  owing  to  his  interest  in  the  Swan  lamp  and  to 
Mr.  Henry  Edmund's  lucid  demonstration  of  it  in  a 
shed  in  Portsmouth  Dockyard  in  the  presence  of  the 
Admiral,  surrounded  by  such  a  bevy  of  ladies  as  reminded 
Mr.  Edmunds  of  his  prototype  in  "  H.M.S.  Pinafore," 
with  "  his  sisters  and  his  cousins  and  his  aunts,"  that 
the  momentous  decision  was  made  to  install  this  new 
illuminant  in  the  "  Inflexible,"  of  which  Fisher  was  then 
Captain. 

Mr.  James  Lowson  in  his  address  to  the  Scottish 
Centre  *  mentioned  the  interesting  fact  that  the  first 
insulated  wires  used  for  ship  lighting  were  covered  with 
cotton  cloth  and  white  lead  and  that  where  they  had 
to  pass  through  specially  damp  places  they  were  provided 
with  additional  protection  of  rubber  tubing.  Mr.  J.  H. 
Holmes,  one  of  the  pioneers  of  this  branch  of  the  industry', 
tells  how  they  nearly  set  the  "  City  of  Rome  "  on  fire 
after  starting  up  the  generating  machinery.  Seemingly 
they  did  not  know  much  about  fuses  in  those  days  and, 
to  their  consternation,  sulphurous  smoke  was  seen 
arising  from  the  rubber-insulated  wires  in  the  music 
saloon.  There  being  no  switches  nearer  to  hand  than 
the  engine  room,  a  rush  was  made  for  it,  the  fire  was 
extinguished  and  the  painters  bribed  to  work  all  night 
and  cover  up  all  traces  of  the  mishap.  Mr.  Holmes's 
remarks  about  the  absence  of  switches  recalls  to  my 
mind  a  report  made  by  one  of  my  friends  on  the  trials 
of  the  generating  plant  fitted  on  board  the  s.s. 
"  Friesland,"  a  steamer  built  in  1889,  which  it  is  inter- 
esting to  find  was,  even  at  that  early  date,  fitted  with  a 
Parsons   turbo-generator. 

He  says  :  "  One  turbo-generator  alone  carried  the 
full  load  of  lights  without  the  slightest  hitch.  The 
main  cable  was  drawn  out  of  its  binding  post  repeatedly, 
thus  throwing  off  the  full  load  of  450  lamps,  but  the 
engnie  adjusted  its  speed  instantaneously  without  the 
stop  valve  being  touched  at  all."  He  says  nothing 
about  the  replacing  of  the  cable  into  its  binding  post. 
Presumably  that  also  was  done  with  the  generator 
running,  altogether  rather  a  difficult  business. 

As  you  are  all  probably  aware,  the  earliest  form  of 
incandescent  lamp  manufactured  in  this  country  was 
•the  carbon-filament  type,  invented  by  Sir  Joseph  Swan, 
I  think,  in  the  year  1878.  They  were  far  from  being  a 
satisfactory  article  at  first,  as  they  were  made  from 
parchmentized  cotton  and  were  very  fragile.  Breakages 
were  numerous  and,  as  the  price  was  35s.  per  lamp, 
experimenting  with  them  was  a  decidedly  costly  affair. 
*  Journal  I.E.E.,   1915,  vol.  53,  p.  37. 


Glasgow  has,  we  are  told,  the  distinction  of  being"^the 
first  town  in  tliis  country  in  wliich  this  new  form  of 
illuminant,  the  Swan  carbon-filament  lamp,  was  publicly 
exhibited.  The  outcome  of  this  exhibition  was  that 
Colonel  Crompton  got  orders  to  install  these  lamps  in 
the  Glasgow  Post  Office  and  the  goods  yard  of  Queen - 
street  station.  The  next  step  in  lamp  manufacture 
was  the  Nernst  lamp,  followed  by  the  tantalum  filament. 
From  that  we  have  come  to  the  tungsten  lamp  and, 
last  and  perhaps  the  greatest  jump  in  improvement  of 
all,  the  gasfilled  lamp.  How  tremendously  we  have 
progressed  in  the  making  of  incandescent  lamps  since 
those  pioneering  days  40  years  ago  can  only  be  fully 
■  appreciated  after  walldng  through  a  mcdern  lamp 
factory  and  witnessing  the  hundred-and-one  processes, 
some  performed  by  hand  labour  and  others  by  the 
most  ingenious  of  automatic  machinery,  through  which 
the  vacuum  and  gasfilled  lamps  have  to  pass  before 
they  reach  the  final  stage  in  their  manufacture. 

Reverting  again  for  a  few  moments  to  the  progress 
made  in  the  appUcation  of  electrical  science  to  the  navi- 
gation and  internal  economy  of  the  mcdern  steamship 
since  those  da5's,  40  years  ago,  when  the  electric  lamp 
began  to  displace  the  evil-smelling  and  dangerous  oil 
lamp,  it  is  only  natural  that  we  should  find  electricit)- 
being  first  used  as  a  transmitter  of  power  for  driving 
fans  to  improve  the  ventilation  of  the  lower  decks. 
Since  then  it  has  found  ever-increasing  apphcation  on 
board  ship  until  practically  every  piece  of  rotating 
machinery  outside  of  the  engine  room,  and  much  of 
the  auxiliary  machinery  within  it  as  well,  is  now  driven 
electrically.  For  every  purpose  requiring  the  trans- 
mission of  orders,  messages,  records  of  movements  of 
gearing  of  all  Idnds,  temperature  indications,  the 
rejuvenation  of  the  human  frame  by  artificial  solar 
heat  and  the  still  more  artificial  hobby  horse,  the 
ozonizing  of  vitiated  atmosphere  and  many  other  pur- 
poses too  numerous  to  mention  here,  electricity  is  becom- 
ing more  and  more  indispensable  in  the  modern  passenger 
liner.  Last  winter  one  of  your  members  gave  an 
exhaustive  description  of  the  gyroscopic  compass,  an 
instrument  which  was  made  possible  by  the  appUcation 
of  electric  power,  and  which  is  threatening  to  displace 
the  magnetic  compass  in  our  large  liners,  owing  to  its 
many  advantages  over  its  older  rival. 

Electricity  has  also  made  possible  another  application 
of  the  gyro  wheel.-  I  refer  to  what  is  known  as  the 
Sperrv'  "  stabihzer,"  by  means  of  which  it  is  prssible 
to  reduce  the  rolling  of  a  vessel  even  in  the  worst  of 
weather.  Apart  from  the  obvious  comfort  which  such 
a  device  must  bring  to  the  average  passenger  who  is 
prone  to  suffer  from  mal  de  mer,  it  has  the  less  obvious 
commercial  advantage  of  appreciably  reducing  the 
power  required  to  propel  a  vessel  in  heavy  weather  and 
of  greatly  minimizing  the  shipping  of  seas  by  keeping 
it  on  an  almost  even  keel.  Of  course  I  should  mention 
that  these  applications  of  the  gyroscope  to  the  navigation 
of  ships  are  costly,  more  particularly  the  stabilizer, 
and  can  be  considered  only  where  the  shortening  of 
the  voyage  by  maintaining  a  straighter  course  and  the 
saving  in  propulsive  effort  more  than  counterbalance 
the  capital  outlay. 

The  advantages  of  electric  heating  and  cooking  are 
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beginning  to  be  more  and  more  appreciated  on  board 
ship  and  already  we  find  the  coal-fired  cooking  range 
being  displaced  by  an  electrically  heated  one  on  some 
of  our  cross-channel  steamers.  This  is  not  surprising,  for 
the  benefits  to  be  derived  from  electric  cooking,  which 
are  so  self-evident  in  the  domestic  kitchen,  are  even 
more  apparent  in  the  galleys  ot  such  vessels.  The 
cleanliness,  comfort  and  absence  of  waste  heat  require 
to  be  seen  and  experienced  to  be  fully  appreciated  by 
those  accustomed  onl}-  to  the  older  methods  and  dis- 
comforts of  coal-fired  ranges. 

The  advent  of  the  Diesel  motor  ship  has  given  a 
fresh  filUp  to  the  electrical  industrj'.  A  cargo  steamer 
of  possibly  10  000  tons'  carrying  capacity,  which,  if 
propelled  by  reciprocating  steam  engines  or  geared 
turbines,  might  have  a  small  electric  lighting  plant  of 
about  25  kW,  will  probably  now  have  generators  of  a 
total  capacity  of  400  to  500  kW,  the  absence  of  steam 
boilers  necessitating  the  whole  of  the  deck  macliinerj-, 
including  steering  gear,  capstans  and  windlasses  and, 
in  the  engine  room,  large  air  compressors  and  all  the 
pumping  plant,  ventilating  fans  and  refrigerating 
machinery,  being  electrically  driven. 

From  tliis  point  I  might  proceed  to  describe  the 
position  in  which  we  stand  to-day  as  regards  electric 
propulsion  of  sliips  and  some  of  the  later  uses  to  wliich 
electricity  has  been  apphed  in  their  construction.  I 
feel,  however,  that  I  could  not  do  justice  to  such  a 
theme  in  a  few  passing  remarks  and  I  propose,  therefore, 
to  turn  instead  to  one  or  two  topics  which  it  seems 
to  me  are  pecuharl)'  of  interest  to  Students  of  the 
Institution. 

The -first  thing  I  should  like  to  say  to  you  is  that 
it  is  far  harder  to  rise  in  your  profession  to-day  than 
it  was  in  the  early  dajs  of  the  industr\^  It  was 
then,  in  comparison  with  to-day,  relatively  easy  to  rise 
above  one's  fellows  and  to  become,  shall  I  say,  a  giant 
among  pygmies.  Forty  years  ago  the  biggest  intellects 
in  the  world  were  engaged  in  developing  existing  indus- 
tries. The  average  electrician  of  those  days  was  but 
a  dabbler  in  science  and  an  amateur  in  invention. 
Consequently  it  was  comparatively  easy  to  rise  in  the 
industry  and  to  maintain  one's  reputation  in  the  face 
of  a  gradually  growing  influx  of  younger  trained  men. 
To-day  we  have  a  verj-  large  number  of  highly  trained 
scientific  and  business  men  engaged  in  the  electrical 
profession.  The  problems  wliich  were  then  difficult 
and  seemingly  impossible  of  solution  are  now  quite 
elementary  and  easily  understood.  The  problems 
wliich  remain  to  be  solved  are  of  a  ver^'  much  more 
abstruse  character  and  are  being  tackled  by  manj-  who 
have  benefited  by  the  discoveries  of  those  early  pioneers 
and  whose  equipment  for  such  research  work  is  infinitely 
superior  to  their  predecessors'.  It  is  for  such  reasons 
as  this  that  I  say  that  it  is  exceedingly  difficult  to-day 
for  any  but  the  most  brilhant  genius  to  rise  much  above 
the  level  of  his  competitors.  I  am  not  saying  these 
things  to  discourage  you  but  in  order  that  you  should 
appreciate  how  much  greater  is  the  necessity  for  con- 
tinuous effort  if  you  are  to  attain  to  eminence  m  your 
profession  to-day. 

Now,  while  it  is  not  given  to  every  one  of  you  to  rise 
in  his  profession  much  above  the  average  level  and  thus 


to  make  j'our  influence  felt  in  the  world,  each  may 
leave  his  mark  upon  his  work  in  a  manner  which  may 
be  even  more  enduring  than  if  he  succeeded  for  a  time 
in  soaring  above  liis  fellows  in  pubhc  estimation.  Every 
piece  of  work  undertaken  bears  the  impress  of  the 
worker,  and  the  character  of  that  impress  depends  upon 
the  thoroughness  with  which  it  has  been  done  and  the 
spirit  which  has  animated  the  doer.  In  the  long  run, 
the  money-getting  value  of  any  piece  of  work  is  of  the 
least  importance.  Of  far  greater  value  to  the  engineer 
and  that  wliich  will  advance  liim  in  the  estimation  of 
his  fellow -men  is  the  manner  in  which  he  has  carried 
out  his  contract.  Of  course,  every  engineering  problem 
involves  questions  of  cost,  and  the  successful  engineer 
is  he  who  employs  the  least  capital  in  a  job  wliich  in 
its  working  gives  the  greatest  return  on  that  capital 
outlay.  Tliis  leads  me  on  to  say  how  very  important 
it  is  that  you  young  engineers  should  not  lose  sight  of 
the  commercial  side  of  your  professional  training.  Too 
httle  attention,  I  fear,  has  in  the  past  been  paid  to  this 
subject  and,  in  consequence,  many  a  student  completes 
his  college  course  or  apprenticesliip  without  reahzing 
that  the  most  important  question  that  thereafter  will 
confront  him  is  tlie  cost  of  the  scheme  which  he  is  called 
upon  to  work  out  or  the  macliine  which  he  has  to  create. 

It  is  not  unnatural  for  the  young  engineer  to  lose  sight 
of  this  fact.  If  he  is  at  all  keen  on  his  work,  what  is 
more  natural  than  that  he  should  strive  after  perfection, 
but,  in  this  imperfect  world,  perfection  is  a  costly 
virtue  and  a  luxurv'  wliich  can  rarely  be  afforded. 
Then,  too,  the  experience  through  which  he  has  recently 
come  during  the  years  of  war,  when  it  was  a  case  of 
getting  ever3'thing  done  regardless  of  cost,  has  not 
helped  to  bring  this  fact  home  to  liim. 

Some,  if  not  indeed  many,  of  you  will  have  occasion 
to  draw  up  specifications  of  work  to  be  done.  Here 
you  have  a  subject  of  the  very  greatest  importance 
to  which  I  doubt  if  very  much  attention  is  paid  in  the 
training  of  the  young  engineer.  Unless  you  are  an 
expert  in  the  manufacture  of  the  machinery  the  perfor- 
mance of  which  you  are  specifying,  and  not  even  then, 
should  you  make  the  mistake  of  describing  in  detail 
how  that  machinery  should  be  designed.  That  is  not 
the  object  of  a  specification  and,  as  I  shall  proceed  to 
show  you  by  one  or  two  concrete  examples,  such  a 
mistaken  view  of  the  nature  of  a  specification  often 
leads  to  waste  of  your  own  or  your  client's  capital, 
with  no  counterbalancing  advantage  to  you  or  to  him. 
The  main  object  of  a  specification  is  to  state  the  duty 
which  the  machine  or  instaUation  is  intended  to  perform, 
the  conditions  under  which  it  will  operate,  and  the  tests 
which  will  be  applied  in  order  to  ascertain  whether 
the  performance  is  satisfactory.  It  is  most  essential 
if  the  cheapest,  and  at  the  same  time  the  best,  results 
are  to  be  obtained,  that  the  manufacturer  or  contractor 
should  not  be  hidebound  by  stringent  clauses  in  the 
specification,  detaihng  how  the  desired  results  should 
be  obtained.  In  such  matters  he  should  be  left  with 
the  utmost  freedom  to  adopt  such  methods  of  construc- 
tion as  he  considers  will  reasonably  fulfil  the  prescribed 
conditions.  Of  course  the  purchaser  may  have  had 
prev'ious  experience  with  different  kinds  and  qualities 
of  material   or   methods   of   construction,    and   if   such 
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experience  leads  him  to  object  to  the  employment  of 
certain  materials  or  methods  of  construction,  he  may 
quite  properly  specify  that  if  such  materials  are  utiUzed, 
they  shall  fulfil  certain  conditions  as  regards,   for  in- 
stance, their  tensile  strength  and  that  certain  methods 
of  construction  shall  not  be  employed.     It  is  then  open 
to  the  manufacturer  to  offer  such  other  materials  or 
methods  of  construction  as  he  can  guarantee  from  his 
experience  are  best  suited  to  the  machinery  manufactured 
b\-   him.     It   is,    for   instance,    much    more   important 
that   the   manufacturer   should    be   informed    that   the 
machine  sought  for  shall  be  capable  of  being  operated 
in,  say,  an  engine  room  having  a  temperature  of  120°  F. 
and  in  a  damp  tropical  climate,  than  that  the  coils  shall 
consist  of  copper  wire  having  a  conductivity  not  less 
than  98  per  cent  of  Matthiessen's  standard  ;    also  that 
the  current  density  in  the  conductors  shall  not  be  more 
than    1  500  amperes  per  square  inch  in  the  armature 
coils  and  2  000  amperes  in  the  field  coils,  and  so  on. 
It   is   surely   only   common   sense   to   expect   that  the 
manufacturer  will,  for  his  own  protection,   use  copper 
of    the    highest    conductivity,    properly    annealed,    and 
designers  of  electrical  machinery  will  tell  you  that  the 
current  density  at  which  the  windings  may  safely  be 
run  depends  very  largely  upon  the  cooling  conditions. 
In  some  cases,  such  as  shunt  coils,  it  may  not  be  found 
practicable  to  go  beyond  800  amperes  per  square  inch, 
while  in  the  construction  of  the  armature,  the  ventilating 
and  heat-radiating  surfaces  may  allow  of  a  density  far 
above   1  500  amperes  per  square  inch  being  employed 
with  impunity  and  still  meet  the  temperature,  i.e.  the 
essential,  clause  of  the  specification. 

I  have  quite  recently  come  across  instances,  in  private 
and  Government  practice,  where,  owing  to  just  such 
causes  as  I  have  mentioned,  some  too  obviously  the 
result  of  slavishly  cop3-ing  out-of-date  specifications, 
others  of  seemingly  ignorant  attempts  to  improve  upon 
sound  practice  b}-  piling  safeguards  upon  safeguards 
already  existing,  hundreds  of  pounds  have,  or  will  be, 
needlessly  thrown  away  and  presumably  by  well- 
intentioned  individuals  who  unfortunately  act  for 
clients  who  are  unaware  of  these  facts.  And  so  I  would 
close  this  topic  by  again  impressing  upon  all  young 
engineers  the  fact  that  the  object  of  a  specification  is 
mainly  to  ensure  the  attainment  of  results  and  not  to 
teach  the  manufacturer  his  business.  Inform  him  as 
to  what  your  plant  is  to  accomplish,  tell  him  the  condi- 
tions under  which  it  will  have  to  work,  and,  having 
placed  your  contract  in  the  hands  of  a  firm  of  repute, 
it  will  be  sufficient  for  you  to  see  that  thev  meet  their 
guarantees. 

It  would  be  foolish  to  attempt  to  foretell  the  future, 
even  its  immediate  prospects,  for  it  must  be  very 
humiliating  at  this  time  to  those  who  told  us  less  than 
three  years  ago  that  the  conditions  then  existing  would 
probably  continue  for  manj'  years  to  come  and  that  in 


consequence  the  prospect  of  employment  for  educated 
and  trained  electrical  engineers  was  very  promising. 
The  situation,  I  need  hardly  tell  you,  is  far  from  rosy, 
and  as  regards  unemployment  and  the  immediate 
prospects  of  employment  for  the  younger  men,  especially 
in  the  engineering  professions,  things  could  hardly  be 
worse  than  they  are  just  now,  but  history  has  in  the  past 
repeated  itself  and  will  surely  repeat  itself  again.  The 
lean  and  anxious  times  we  are  passing  through  will 
assuredly  pass  away  sooner  or  later — I  venture  to  think 
that  we  have  seen  the  worst  already — and  while  we 
must  not  expect,  nor  should  we  expect,  the  industrial 
world  of  the  future  to  work  under  conditions  precisely 
similar  to  those  prevailing  before  the  war,  I  feel  certain 
that  there  will  be  ever-increasing  opportunities  for 
those  of  you  who  are  preparing  yourselves  to  take 
advantage  of  them. 

There  are  many  new  fields  for  the  use  of  electricity 
which  we  have  only  begun  to  develop  in  this  country. 
The  Chairman  of  our  Scottish  Centre,  Mr.  A.  S.  Hamptcn, 
in  his  address  told  us  of  what  has  been  done  and  of  what 
remains  to  be  done  in  the  electrification  of  railways. 
Dr.  Magnus  Maclean  has  opened  our  eyes  to  the  poten- 
tialities of  water  power  in  the  Highlands  ;  while  ^Slr. 
Borlase  Matthews  told  us  recently  of  the  beginnings  of, 
and  prospects  for,  electro-farming  or  the  application  of 
electricity  to  agriculture  which,  when  we  think  of  it,  is 
still  the  greatest  and  the  most  essential  industry  in  the 
world.  The  electrical  propulsion  of  ships  has  only 
just  made  a  beginning — I  shall  not  venture  to  prophesy 
or  express  an  opinion  as  to  its  future  development. 
Radio-telephony  may,  if  properly  handled  and  developed, 
bring  about  profound  changes  in  our  domestic  and  econo- 
mic life. 

The  Institution  exists  to  promote  and  encourage 
every  new  endeavour  and  every  new  development 
in  electrical  science,  and  it  is  worthily  fulfilling  these 
functions.  I  would,  however,  have  you  remember 
that  the  future  lies  in  your  hands.  Some  of  you  will 
doubtless  become  Members  of  Council,  and  those  of 
you  who  do  not,  will  at  least  be  able  to  criticize  those 
who  do.  Some  of  you  may  be  inclined  to  criticize 
the  Council  already,  and  such  criticism  is  to  be  welcomed 
if  the  critic  has  the  welfare  of  the  Institution  genuinely 
at  heart.  When  you  criticize  do  not,  however,  forget 
that  the  responsibility  of  office  carries  with  it  the 
cares  of  office,  and  that,  while  all  things  may  be  lawful, 
all  things  may  not  be  expedient.  The  Council  are 
trustees  for  its  10  000  members  and,  as  such,  must 
not  be  expected  to  launch  into  speculative  ventures 
which  may  turn  out  disastrously  for  the  health  of  the 
I  stituti  n.  In  closing,  let  me  say  that  by  doing 
what  within  you  lies  to  promote  the  welfare  of  this 
Students'  Section,  you  will  be  helping  the  Institution 
to  attain  to  an  even  greater  reputation  than  it  holds 
to-day. 
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By  H.  Cotton,  M.B.E.,  M.Sc,  Associate  Member. 

(Paper  first  received  \Olh  April,   and  in  final  form  ilh  November,   1922.) 


The  circle  diagram  of  two  induction  motors  in  cascade 
can  be  drawn  by  elaborating  the  diagram  for  one 
machine  functioning  under  normal  conditions. 

Let  Fi  =  useful  primary  flux,  i.e.  the  primary  flux 
which  links  ^\■ith  the  secondary  winding, 
/i  =  primarj'  leakage  flux. 

Then  (fj  +  /j)  =  total  primary  flux  =  ^j,  say,  and 
<f>i  =  XiFi,  where  A^  is  the  primary  leakage  factor. 

Let  F.J  =  useful  secondary  flux,  i.e.  the  secondary  flux 
which  Unks  with  the  primary  winding. 
fo  =  secondary  leakage  flux. 

Then  (F2  +  fz)  =  total  secondary  flux  =  (p.^,  say,  and 
•(^2  =  XjF.j,  where  Ao  is  the  secondary  leakage  factor. 
Hence  the  resultant  primary'  flu-x  is  the  vector  sum  of 
(f>i  and  Fo,  and  the  resultant  secondary'  flux  is  the 
vector  sum  of  ^.,and  F^.  Remembering  that  the  resultant 
secondary  flux  is  in  quadrature  with  the  total  flux  pro- 
duced by  the  secondary'  winding  alone,  i.e.  with  ^o-  '^'^ 
can  draw  the  diagram  for  a  single  motor  as  follows  : — 

Draw  Oa  (Fig.  1)  to  represent  J'j,  and  on  Oa  as 
diameter  describe  a  semicircle. 

From  a  draw  a  chord  aC  to  represent  <l>o  {=  F^  -r  fo)- 
Join  OC  and  draw  OB  parallel  to  aC,  making 
OB  =  aC  =  <^2-  Then,  since  angle  COB  is  a  right 
angle,  and  since  OC  is  the  resultant  of  Oa  and  OB, 

OC  =  resultant  secondary  flux. 

Produce  Oa  to  A,  making  OA  =  J'l  -!-/i  =  <^i-  Mark 
off  Ob  =  2^2-  Then  OD  the  vector  sum  of  ^j  and  F.^ 
is  the  resultant  primary  flux. 

In  the  case  of  a  motor  functioning  alone,  the  line  OD 
is  the  fixed  line  on  the  diagram,  and  its  length  is  pro- 
porrional  to  the  magnetizing  current.  OA  is  proportional 
to  the  primary  current  on  load,  and  the  locus  of  A  is 
a  semicircle  with  its  centre  on  OD  produced,  j 

In  order  to  derive  the  circle  diagram  of  the  cascade 
motor  the  following  considerations  have  to  be  taken 
into  account  : — 

First,  the  second  motor  being  connected  to  the  first 
motor  receives  its  supply  from  this.  The  first  motor 
is  therefore  functioning  as  a  generator  relative  to  the 
second.  Also,  in  the  case  considered  it  is  the  rotor  of 
the  second  machine  which  is  the  primary'  of  that  machine, 
and  the  stator  which  is  acting  as  its  short-circuited 
secondary.  This  latter  condition  is  not,  however, 
essential,  as  the  stator  of  the  auxiliary-  machine  can  be 
connected  to  the  rotor  of  the  main  machine  if  the  wind- 

•  This  paper,  which  was  submitted  by  the  author  as  a  thesis, 
was  accepted  by  the  E.xaminations  Committee  in  lieu  of  the 
Associate  Membership  Examination. 

t  See  Behrend  :  "'The  Induction  Motor." 


ings  are  designed  with  this  end  in  view.  The  rotor-to- 
rotor  method  is  treated  here  because  it  is  suitable  for 
two  identical  machines  and  therefore  considerably 
simplifies  the  problem. 

Secondly,  because  the  rotor  of  the  auxilian,'  machine  is 
motoring  on  a  current  taken  from  the  main  rotor  it 
will  produce  a  back  E.M.F.  In  order  to  simplify  the 
diagram  the  case  considered  is  that  of  ideal  motors 
in  which  the  copper  losses  are  so  small  that  they  can 
be  neglected.  This  means  that  the  generated  E.M.F. 
in  the  main  rotor  and  the  back  E.M.F.  in  the  auxiliary 
rotor  \vill  be  equal  and  opposite.  But  the  directions 
of  rotation  of  the  two  rotors  are  the  same,  the  shafts 
being    mechanically    coupled,    hence    the    fluxes    which 


KiG.   1. 

produce  these  E.M.F.'s  must  be  in  phase  with  one 
another  when  drawn  on  the  same  diagram.  Also,  assuming 
identical  windings  on  the  two  rotors,  the  two  fluxes 
must  be  equal  in  magnitude.  The  flux  diagram  of  the 
auxiliarj'  machine  is  drawn  first. 

Let  iFi  =  useful  primary  flux  of  machine  I. 
ji^2  =  useful  secondary'  flux  of  machine  1. 
2F1  =  useful  primary  flux  of  machine  2. 
2F2  =  useful  secondary  flux  of  machine  2. 

And  so  on,  the  prefix  referring  to  the  number  of  the 
machine,  and  the  suffix  to  the  winding,  e.g.  whether 
primary  or  secondary-. 

Mark  off  Oa  =  nFi  the  useful  primary  flux  (Fig.  2), 
and  make  OA  =  Aoji^i  =  20].  the  leakage  factor  Xo 
being  used  because  the  rotor  is  functioning  as  the  primary 
and  the  stator  as  secondary-. 

On  Oa  as  diameter  describe  a  semicircle  and  mark  off 
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the  chord  aC  equal  to  the  total  secondary  flux  2^2- 
Then  the  resultant  OC  =  the  resultant  secondary  (stator) 
flux.  Also  making  Ob  =  OB/Aj  we  have  for  the  resultant 
of  OA  and  Ob,  OD  =  the  resultant  primary  (rotor)  flux. 
Consider  now  the  main  motor.  Since  its  rotor  naust 
have  induced  in  it  an  E.M.F.  equal  and  opposite  to 
that  in  the  second  rotor,  the  resultant  flux  linking  with  it 
must  be  equal  to  the  resultant  flux  of  the  second  rotor, 
namely,  to  OD.  One  of  the  components  of  this  resultant 
flu.x  is  the  total  flux  produced   by  the  rotor  winding 


the  whole  set.  Hence  the  locus  of  G  is  the  required 
current  diagram.  The  fixed  hue  on  the  diagram  is  given 
by  the  vector  OK  representing  the  resultant  primary 
flux.  This  hue  is  constant  in  magnitude  and  direction, 
and  is  analogous  to  the  fixed  line  OD  in  the  circle 
diagram  for  a  single  motor.  OK  gives,  when  measured 
on  the  current  scale,  the  magnetizing  current  of  the 
set.    Fig.  3  shows  the  completed  diagram. 

The  locus  of  G  is  determined  analj'tically  as  follows  : — 
Take  the  direction  of  OC  as  the  z'  axis,  and  the  perpen- 


-'H, 


FiG.  2. — Constriiclion  of  llie  circle  dinyram. 


itself,  that  is  OA  =  i<j).t  in  the  diagram,  since  the  total 
rotor  flux  is  the  same  in  each  machine.  But  since 
the  rotor  currents  must  be  equal  and  opposite,  the  total 
rotor  flux  of  macloine  1,  namely,  j^o-  must  be  opposite 
in  phase  to  the  vector  OA  and  therefore  represented 
on  the  diagram  by  OE,  where  OE  =  OA. 

The  other  component  of  the  resultant  rotor  flux  is 
the  useful  stator  flux  ji^j. 

Producing  OF  to  G  and  making  OG  equal  to  AjOF 
we  have  OG  =  ,(/>i  =  Ai  .  iF^,  the  total  primary  (stator) 
flux  of  the  main  machine.  Finally,  since  the  resultant 
stator  flux  is  the  vector  sum  of  the  total  stator  flux  jc^j 
and  the'  useful  rotor  flux  1F2,  we  can  find  this  resultant 
flux  as  follows  : — 

OE  represents  the  total  rotor  flux  ^(j).,.  Hence,  if  we 
mark  off  OH  equal  to  OE/Ao,  we  have   OH  =  -^F.^- 

Completing  the  parallelogram  OH  KG  gives  OK  the 
resultant  primary  flux.   This  completes  the  flux  diagram. 

Since  the  currents  are  proportional  to  the  fluxes 
which  they  set  up,  the  flux  diagram  is  also,  to  a  certain 
scale,  a  current  diagram.  Hence  the  vector  OG,  which 
represents  the  total  flux  .set  up  by  the  current  in  the 
primary   motor,    also   represents   the   current   intake   of 


dicular  through  O  as  the  y'  axis.    Then  the  co-ordinates 
of  the  various  points  on  the  diagram  are  as  follows  : — 

x'  co-ordinate  of  C  =  oi^j  cos  a  ■  y'  co-ordinate  =  0 
x'  co-ordinate  of  o  =  2^^!  cos  a  :  y'  co-ordinate  =  2-^1  sin  a 

=  .i<p.> 
=  Ai '.  ..F. 
x'  co-ordinate  of 

A  =  A-2  oFi  cos  a  :  y'  co-ordinate  =  A2  2^1  sina 

=  AjAo  .  ^.^2 
OD  is  the  resultant  of  0.\  and  Ob.      Hence 

x'  co-ordinate  of  D  =  A->  .  .>/''i  cos  a  :  y'  co-ordinate 

=  A1A2  .  .2F2  -  2^2 

OF  is  the  resultant  of  OA  and  OD.     Therefore 

x'  co-ordinate  of  F  =  2A.>  .  ^F^  cos  a  :  y'  co-ordinate 

=  2A1A2  .  2^2  -  -Fi 


OG  is  Ai  times  OF,  hence  its  .r'  and  y'  co-ordinates 
are   Aj    times   the    corresponding    co-ordinates   of    OF. 
Therefore 
x'  co-ordinate  of  G  =  2A1A0  .  2^1  cos  a  :  y'  co-ordinate  of 

0=  Ai.2^2(2AiA2  -   1) 
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Finally,  GK  is  equal  and  parallel  to  OH  =  jFo  =  2-^1 
reversed.     Therefore 

x'  co-ordinate  of  iv  =  2AjA2  .  o-Pi  cos  a  —  o^i  cos  a 
=  2-PiCos  a(2AiA2  —  1) 

y'  co-ordinate  of  K  =  A^  <^F -J^iK^K-T.  —  1)  —  o^i  sin  a 
=  Ai  2-P'2(2AiA2  -    1)   -Ai  «Fo 
=  2Ai  2-P2('\iA2  -   1) 

Now  since  the  only  fixed  direction  on  the  diagram  is 
the  direction  of  OK,  it  is  desirable  to  use  OIv  as  the 
X  axis,  aVid  the  perpendicular  through  O  as  the  y  axis. 
The  new  axes  are  therefore  displaced  by  an  angle  KOC 
(  =  d,  say)  from  the  old  axes  in  a  counter-clockwise 
direction.    Hence  the  equations  for  transformation  are  : 

X  =  x'  cos  9  +  y'  sin  I 
2/  =  y'  cos  6  —  x'  sin  ( 


The  co-ordinates  of  G  with  respect  to  the  new  axes 
are  : 

X  =  d  +  GK  cos  (a  —  6) 
=  d  +  nFi  cos  (a  —  6) 
y  =  GK  s'in  (a  —  6) 
=  gi^i  sin  (a  —  d) 

Again,  from  Equations  (1)  and  (2)  we  can  determine 
the  relationship  between  2^1,  2^2  ^''^^  '^''  ^or  from  Equa- 
tion (2)  we  have 

_  2-Fi  cos  a  sin  9{2Ai  Ao  —  1) 
-    -  ^  ^  2Ai~co76l(AiA2  -  1) 

Substituting  this  value  in  Equation  (1)  we  have 


2F1  cos  a  sin  6  (2A1A2  —  1) 

2A1  sin  ^(AiAo  —  1)  X  2^1  cos  a  sin  a(2AjA2  —  1) 


+ 


2A1  cos  ^(AiAi  -  1) 


=  d 


'No-load  Standstill 

Fig.  3. — Circle  diagram  for  cascade  motors,  o-  =  01025. 


which  reduces  to 


d  cos  6 


Hence  for  the  co-ordinates  of  K  (a  fixed  point)  with 
respect  to  the  new  axes  we  have  : 

The  X  co-ordinate 
2^1  cos  a  cos  d(2XiX-2  —  1) 

-f  2A1 .  2-^2  sin  &(AiA2  -  1)  =d,  say     .      (1) 

The  ij  co-ordinate 
—  oFi  cos  a  sin  ^(2AiA.>  —  1) 

+  2X^.  2-Po  cos  ^(AiAo  -  1)  =  0     .      (2) 

From    Equation    (2)    we    can    deduce   a   relationship 
between  a  and  6,  for  we  have 

gi^i  cos  a  sin  6  {iX^X.,  -  1)  =  2X^ .  oF.  cos  6  (AjAj  -  1) 

Again,  Ai .  2^-2  =  2^2 

=  2-f  1  sin  a 

Hence  substituting  in  the  above  equation  we  have 

cos  a  sin  0  (iXiX.  -  1)  =  2  sin  a  cos  6  [XiX.  -  1)     •      (3) 


-'^^        (2A1A2  -  1)  cos  a 

Making  use  of  the  relationship  between  ^F^  and  .F.^ 
we  have 

d  sin  6 

-^-  ^  2Ai(AiA2  -  1) 
Hence  the  y  co-ordinate  of  G  becomes 


=  2-P'i(sin  a  cos  d  —  cos  a  sin  9) 


f  . 


^t^ 


Again, 


o-F, 


sin  a  cos  6  X  2(AiA2  —  1) 
Ai  2^2 


2A1A2  -  1  / 

from  Equation  (3) 


sin  a 


d  sin  9 


"  2(AiA2  —  1)  sin  a 
Hence  the  expression  for  y  reduces  to 
d  sin  9  cos  9 


(*) 


^      2(AiA2  -  1)  (2A1A2  -  1) 
In  order  to  simplify  calculation,  transfer  the  origin 
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temporarily  to  K.    Then  the  new  x  co-ordinate  of  point 
G  becomes 

X  —  2^*1  COS  (a  —  6) 

dsind  r  a    ,      ■  ■     a~\ 

=  c\  \-  -  -,v  -• X  /cos  a  cos  ty  +  sm  a  sm  y  I 

2(AiAo  —  1)  sin  a        I-  ■> 


Substituting 


cos  a  sin  I 


cos  ^  sin  a  X  2(AiA2  —  1) 
2A1A2  -  1 


we  have 

X 


d 


2(AiA2  —  1)  sin  a 

fcos^^sina  X  2{AiAo  —  1) 

n — ^2ArAT^r     +^"^ 

d 


2  (AjA.  -  1)  (2A1A2  -  1) 


a  sin2  e\ 


x{2AiA2-  l-cos2  0}    (5) 


In  order  to  find  an  equation  connecting  x  and  y 
we  have  to  ehminate  the  functions  of  8.  Expressing  in 
terms  of  29  we  have 


y  =  Tn 


d 


.29 


\ 


4(AiAo  -  1)  (2A1A2  -  1) 

^  =  4(A,A2-lf(2A,A2-l)-^^^^^---(^+'=°^'^^> 

(4A1A2  -  cos  29  -  3) 


Put 
Then 


4(AiAo  -  1)  (2A1A2  -  1) 
d 


=  P 


p2 


4(AiA2  -  1)  (2A1A2  -  1) 
y  =  Psm29 
a-  =  P  (4A1A2  -  3  -  cos  2^) 

Put  (4A1A2  -  3)  =  (3 

Therefore  x  =  P{Q  —  cos  29) 

Hence  squaring  and  adding  we  have 

X-  +  y-  -  P-iQ-  -  2Q  cos  29)  =  P 

Again,  -  cos  29  =  ^^  -  q) 

Therefore   a."  +  j,"  -  P-  (<?-  +  ^p    -  2Q-\  = 

Therefore  y-  +  (x  —  PQ)-  =  P- 

Re-substituting  for  P  and  Q  we  have 

„        r  4(A,A2  -  3)^        ^  2 

^'  +  I'''      4(AiAo  -"1)  (2A1A0  -  1)/ 

l4(A,A^  -  1)  (2A1A:.  -  1)/ 
This  is  the  equation  to  a  circle  of  radius 
_  d 

'^  ~  4(AiA2  -  ij  (2A1A2  -  1) 

with  its  centre  on  the  a;  axis  situated  at  a  distance 

(4AiA2-3)rf 
°  =  4(AiA2  -  1)  (2A,A2  -  1)  ^'"'"  ^^ 


It  is  usual  to  express  the  quantities  c  and  a  in  terms 
of  the  "  dispersion  coefficient  "  of  the  motor.  This  is 
sometimes  taken  as 

a  =  A^Ao  —  1  and  sometimes  as  a  =  1  —  y-r- 

A|A2 

Taking  the  first  as  the  more  commonly  used  value 
we  have 

A1A2  =  CT  -f  1 

d 
Hence  the  radius       c  =   -  — „ — , — ~r 
4cr(2o-  -|-  1) 

Retaining  K  as  the  origin,  the  points  L  and  II, 
where  the  circle  cuts  the  x  axis,  are  given  bj*  the  con- 
dition 2/=0.     Therefoie 

(4A1A2  -  3)d  ,  d 


4{AiA2  -  1)  (2Ai~A2  -  1)      ""  4(AiA2  -1)  (2A1A2  -  I) 

^  =  4(A,A2  -  1M2A-:A^1)^'^^^^  -  ^  -  '> 

d(4AiA2j^2)__  d(4AiA2-4) 

~  4(AiA2-"l)  (2AiA2^  °^  4(AiA2- 1)  (2A1A2- 1) 


This  gives 


KL  = 


d  X  4or 

4(t(2;t  +  1) 
d 


2£7-f   1 


4j(2j  -f  1) 

Now  the  distances  of  points  on  the  circle  from  the 
original  origin  O  are  proportional  to  the  fiuxes  or  to 
the  currents.  Tlius  the  length  OL  measured  on  the 
current  scale  gives  the  no-load  current,  that  is  the 
magnetizing  current  of  the  set.  The  length  OM  gives 
the  standstill  current. 


We  ha\-e        OJM  =  (Z  -F 


d(4(T  -}-  2) 

4(T(2t7  -hi) 
_  d(8cr2  +  8(T-f-    2[ 
~  ~4(t(2(t+  I) 
_  rf(4(T  -f  2) 
~  4or 

OL  =  '^  +  2/+l 

^  d[2a  +  2) 

2(T-f   1 

If  we  draw  on  the  same  diagram  the  circle  for  a  single 
motor  working  alone,  we  can  obtain  a  comparison 
between  the  two  cases.  The  vector  OG  gives  the  total 
stator  flux  and  OH  the  total  rotor  flux  of  the  first 
machine.  The  resultant  stator  flux  is  OK,  and  there- 
fore when  measured  on  the  stator  current  scale  this 
length  gives  the  no-load  (magnetizing)  current  of  one 
motor  working  alone.  The  phase  will  not  be  the  same 
as  that  of  OK,  but  this  does  not  affect  the  numerical 
relationships  between  torque,  power  factor,  etc.,  in 
the  two  cases. 
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Hence 


No-load  current  of  combination 


No-load  current  of  a  single  motor 
d(2T  -I-  2) 


OL 

OK 


Now 


2;T-f  1 
_  la  +2 
~  2cr-|-  1 

a  =  \\\-2.  —  1 


d 


and  therefore,  since  the  leakage  coefBcients  A^  and  Ao 
have  in   practice  to  be  very  nearly  equal   to    unity  in 


Fig.  4. 

order  to  keep  the  power  factor  as  high  as  possible,  the 

numerical  value  of  a  is  very  small  when  compared  with 

unity.      Hence  the  ratio  of  the  magnetizing  currents  is 

very  approximately  two  to  one.     This  is  to  be  expected 

since  all  the  power  received  by  the  auxiliary  motor  has 

to  come  through  the  main  motor,  and  the  magnetizing 

current  of  the  former  is  therefore  superposed  on  that 

of  the  latter. 

Again,   for  a  single  motor  the  ratio  of  the  no-load 

current  OA  to  the  diameter  of  the  circle  AB  is  equal 

to   the    dispersion   coefficient  a   (Fig.    4).      Hence  the 

d 
diameter   of   circle    for   a   single  motor  =  - .      But  the 

(J 

torque  of  the  motor  is  proportional  to  the  perpendicular 

dropped  from  the  working  point  to  the  x  axis.     Hence 


1 


Maximum  torque  of  single  motor  2(2a'  -\-  1) 

=  \  (very  nearly). 


The  power  factor  (P.F.)  for  any  working  point  P  is 
given  by  the  cosine  of  the  angle  POY,  that  is  by  the 
sine  of  the  angle  ^  in  Fig.  5  {Q  now  having  a  different 
meaning) . 


Therefore 
But 


P.F.  = 


y 


V(^'  +  y") 

y-^{x-  a)2  =  c2 
2/-  -1-  x~  —  2ax  +  a-  =  c^ 

a:2  -f-  2/2  =  c2  -f  2ax  -  a2 

and  y  =  y/[{c^  —  [x  —  a)-] 

Hence      P.F.  =  ^[_^,  +-i^^^]  =  ^■.  -y. 
Differentiating  with  respect  to  x  we  have 


dk 
dx 


Fk;.  5. 

the    ma.ximum    torque    is    proportional    to    the    radius. 
Hence  we  have 

Maximum   torque  of  main  cascade  motor  is  propor- 

d 

tional  to  c,  that  is  to  ,  - ,. 

4cr(2g-  +  1) 

Maximum  torque  for  a  single  motor  working  alone  is 

d 
proportional  to  -    . 

Hence 

Maximum  torque  of  main  cascade  motor 


c2-^2aa;-a2)[-2(a;-a)]-{c2-(a;-a)2}2a 


This  reduces  to 

dk 
dx 


—  X  [c^  +  ax 


'ax  —  a-)^ 


[c2  -(x-  a)2]i/2  X  (c2  -  2ax  -  a-y^l^ 

This  is  equal  to  zero,  and  fc  is  a  maximum  when 

c-  -f-  ax  —  a2  =  0 
i.e.  x  =  {a~  —  c-)/a 

Hence  the  maximum  power  factor 


-     VLc-  +  2(a2  -  c2)  -  a-] 

Hence  for  the  cascade  set  we  have  for  the  maximum 
power  factor 

_d ^  /^   ,  _  (^AiAo  -S)d \ 

4;7  '{27  +  1)    ■     I     "^  4(AiA,  -  1)  (2AiA,  -  1)J 

_  1    

For  a  single   motor   we   have   the   maximum   power 
factor  equal  to 


27   ■    V      '    2jJ        2j  +  1 


Hence 


Max.  power  factor  of  the  set  2(t  -f-  1 

Max.  power  factor  of  single  motor       So-^  -u  gj  -f  i 

The  value  of  this  ratio  depends  entirely  upon  the  value 
of  the  dispersion  coefficient.  Hobart*  gives  a  table 
showing  the  values  of  ct  for  a  large  number  of  motors. 
For  medium-sized  and  large  machines  it  varies  between 
0-022  and  0-176.  The  above  ratios  for  these  values 
of  a  are  0-885  and  0-557.  This  shows  the  great  objec- 
tion to  the  cascade  method  of  speed  control,  and  the 
necessity  of  very  careful  design  of  the  magnetic  circuits 
if  this  system  is  to  be  adopted. 

•  "  Electric  Motors,"  2nd  ed.,  p.  478. 
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Comparisons  of  torque  and  power  factor  for  any 
value  of  the  intake  are  best  shown  by  plotting  these 
two  quantities  against  a  current  base. 

Expressed  in  polar  co-ordinates  we  have,  from  Fig.  5, 

power  factor  =  sin  9 
current  =  r 

c2  =  a2  +  r2  -  2ir  cos  9 

a-+  r~  -  c- 

cos  U  = 

2ar  ■ 

™-v'C'-(°^^'T] 


quantity    d.    namely,    the    magnetizing    current    of    a 
single  motor,  we  have 


4o-(2o-  -!-  1) 

(4A1A2  -  3)d _  d{8a~  +  8g  +  1) 

4(AiA2  -  1)  (2A1A2  -  1)  ~  ^M2ff  +  1) 


Oj  =  d  -j- 

d 
Co  =  ^    ;    o.> 

2a        - 


d(2a  +  1) 
2ct 


Also  the  range  of  r  for  a  single  motor  will  be  from 
d  to  [d  -{-  dja),  that  is  from  d  to  d[\  +cr)/cr. 


0  1 


13- 54 


260 


O  1 


179 


0  1 


7-24 


ia-5    o  1 


5-99 


U-0     O  1 


5-16       9-34    0  1 


1-57      8-lS     0  1        4-13      2-7A 


Fig.  6. — Circle  diagrams  for  single  induction  motors  and  for  two  equal  motors  in  cascade. 


Outer  circle— single  motor. 


Inner  circle — -cascade  motor. 


Calling  the  values  of  c  and  a,  Cj  and  ay  for  the  cascade 
set,  and  Co  and  a^  for  a  single  motor  we  have 

Power  factor  of  cascade  set 

ViaofrS  +  2a2c2  +  2c2r2  -  al-r'^  -  c\) 


2a, r 


Torque  of  cascade  set 


Ti  =  hy  =  r  sin  9  =  r  X  Ky 

y{2a2r2  +  2a2cf  +  2c2r2  -aj-r*-  c\) 

in  arbitrary'  units. 

Similarly  for  the  single  motor  we  have 


Power  factor 


7vo  = 


V'{2a2r2  +  2a2c2  +  2c2r2  -  a*  -  r* 


V'(2a.2r2  +  2o2c2  +  2c2r2  -  a* 
Torque   T^  =     -' 


2a-2r 

-  2c2i 

2a., 


'•^-ci) 


in  arbitrary  units. 

Expressing  c^,  a^,   c_.   and  ao   in   terms   of   the   fixed 


Practically  all  actual  cases  will  be  covered  by  taking 
values  of  a  from  0-04  to  0- 16,  say  the  following  values  : 

004,     0-06,     008,     010,     0- 12,     0- 14    and     0- 16 

The  corresponding  values  of  Cj,  a^,  c-,  and  Oo  are  given 
in  Table  1. 

In  the  same  table  the  standstill  currents  of  a  single 


Fig.  7. 

motor  and  of  the  cascade  set  are  given.  The  ratio  of 
these  currents  is  approximately  2  :  1  in  all  cases.  The 
relative  sizes  of  the  circles  are  clearly  shown  in  Fig.  6, 
which  is  drawn  to  scale. 

In  Table  2  the  torques,  power  factors  and  ratios 
of  the  torques  and  power  factors  are  worked  out  for 
each  value  of  a  and  plotted  against  a  current  base  in 
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Figs.  8  to  11.  Fig.  8  shows  the  torque  Tj  of  a  cascade 
set  in  arbitrary  units,  while  Fig.  9  gives  the  torque  T2 
of  a  single  motor.  The  inferiority  of  the  cascade  set  is 
at  once  evident  from  a  comparison    of    these  curves. 

Table  1. 

The  Unit  in  which  the  Quaiitities  Cj,  Oj  and  Standstill 
Current  are  expressed  is  the  Magnetizing  Current  of 
a  Single  Motor. 


Cascade  motors 

Single  motor 

a 

Cl 

Ol 

Current  at 
Standstill 

C2 

a. 

Current  at 
standstill 

004 

5-8 

7-74 

13-54 

12-5 

13-5 

26-0 

006 

3-72 

5-61 

9-33 

8-45 

9-45 

17-9 

0-08 

2-69 

4-55 

7-24 

6-25 

7-25 

13-5 

010 

2-08 

3-91 

5-99 

50 

60 

110 

012 

1-68 

3-48 

516 

4-17 

5-17 

9-34 

0-14 

1-395 

3-17 

4-57 

3-59 

4-59 

8-18 

0-16 

1185 

2-945 

4-13 

3- 12 

4-12 

7-24 

For  currents  up  to  the  standstill  current  of  the  cascade 
set  the  torque  of  a  single  motor  follows  almost  a  linear 
law,  the  droop  of  the  curves  being  exceedingly  small. 
On  the  other  hand,  the  curves  for  the  cascade  motors 
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Current  -^  No  load  current  of  single  motor 
working  normally 

Fig.  8. — Curves  showing  torque  of  cascade  motors. 


droop  very  quicklj^  especially  those  having  a  high 
dispersion  coefficient. 

Fig.  10  gives  the  power  factors  K^  and  K^  ;  here 
again  the  inferiority  of  the  cascade  motor  is  apparent, 
the  maximum  possible  power  factor  being  only  0-  75  when 
the  leakage  is  so  small  that  a  =  0-04. 

Fig.  11  gives  the  ratios  Ti/To  (=  KJK.,). 

The  study  of  these  curves  indicates,  perhaps  even 
more  emphatically   than   has   already  been  proved   by 


other  investigations,  that  if  induction  motors  are  to 
be  operated  in  cascade  with  any  success  their  magnetic 
circuits  must,  be  very  carefully  designed  and  every 
form  of  leakage  reduced  to  an  absolute  minimum. 

To  complete  the  circle  diagram  it  is  necessary  to 
include  the  circle  giving  the  secondary  current  of  the 
auxiliary  motor.    This  is  worked  out  as  follows  : — 

Primary  current  in  auxiliary  motor 

=  secondary  current  in  main  motor 
=  GK 
Secondary  current  in  auxiliary'  motor  =  aC 

11 


10 


:3 


1- 
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'/ 

2  4  6  e  10  12 

Current  ^  Ko-load  current 

Fig.  9. — Curves  showing  torque  of  single  motor. 

Referred  to  x'y'  axes  we  have  : 

x   co-ordinate  of  point  a  =  ^i^'i  cos  a 
y'  co-ordinate  of  point  a  =  Ai  o.^^ 

Transforming  to  xy  axes  we  have,  from 

X  =  x  cos  0  -f  2/'  sin  Q  and  y  —  y'  cos  Q  —  x'  sin  Q, 
X  =  -2^1  cos  a  cos  6  +  Xi  oFo  sin  d 
y  =  —  .,F]^  cos  a  sin  0  —  A^  .^F.i  cos  9 


Now 
and 


2-^1  = 

«Fo  = 


d  cos  0 


(2A1A0  -  1)  cos  a 

d  sin  9 
"  2Ai(AiA2  -  1) 
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Table  2. 


Current 


3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 


2-5 
3 

4 
5 
6 

7 


2-5 

3 

4 

5 

5-5 


2-5 
3-0 
3-5 
4-0 
4-5 
5-0 


3-0 
3-5 
4-0 
4-5 


=  004 


1-33 
1-93 
2-92 
3-75 

4-464 

5-033 

5-456 

5-742 

5-78 

5-50 

4-80 

3-19 


■26 
■85 
63 
24 
61 
■70 


3-30 
2-00 


1-22 
1-68 
2-35 
2-67 
2-54 
1-34 


1-19 
1-57 
2-03 
1-98 
1-58 


1-13 
1-45 


63 
68 


1-49 
0-83 


1-07 

1-31 

1-4 

1-23 

0-45 


0-532 

2-18 

0-872 

0-65 

2-695 

0-90 

0-73 

3-684 

0-921 

0-75 

4-630 

0-926 

0-744 

5-52 

0-92 

0-719 

6-405 

0-915 

0-682 

7-24 

0-905 

0-638 

8-08 

0-898 

0-578 

8-85 

0-885 

0-50 

9-57 

0-87 

0-40 

10-224 

0-852 

0-245 

10-85 

0-835 

ff  = 

.0-06 

0-504 

2-14 

0-856 

0-62 

2-63 

0-877 

0-658 

3-57 

0-892 

0-648 

4-45 

0-89 

0-602 

5-28 

0-88 

0-529 

0-07 

0-867 

0-413 

6-72 

0-840 

0-222 

7-33 

0-814 

(T  = 

=  0-08 

0-488 

2-10 

0-840 

0-560 

2-56 

0-853 

0-589 

3-45 

0-862 

0-534 

4-24 

0-848 

0-423 

4-92 

0-820 

0-191 

5-51 

0-787 

a  = 

=  0-10 

0-476 

2-07 

0-828 

0-523 

2-49 

0-830 

0-508 

3-31 

0-828 

0-396 

4-0 

0-800 

0-287 

4-31 

0-785 

a  = 

=  0-12 

0-452 

2-0 

0-800 

0-483 

2-42 

0-807 

0-465 

2-80 

0-800 

0-42 

316 

0-790 

0-331 

3-47 

0-772 

0166 

3-72 

0-744 

a  = 

=  0-14 

0-428 

1-95 

0-780 

0-437 

2-35 

0-783 

0-399 

2-7 

0-771 

0-308 

301 

0-753 

0-100 

3-26 

0-725 

0-61 

0-722 

0-792 

0-82 

0-808 

0-785 

0-755 

0-709 

0-653 

0-574 

0-469 

0-293 


0-59 

0-702 

0-739 

0-728 

0-686 

0-61 

0-49 

0-272 


0-58 

0-655 

0-680 

0-63 

0-516 

0-243 


0-573 
0-631 
0-613 
0-495 
0-366 


0-565 
0-600 
0-581 
0-531 
0-429 
0-223 


0-559 
0-558 
0-519 
0-408 
0-138 


<T  = 

=  0-16 

2-5 

0-99 

0-396 

1-88 

0-752 

0-527 

3-0 

1-16 

0-387 

2-26 

0-753 

0-511 

3-5 

112 

0-320 

2-58 

0-737 

0-435 

4-0 

0-61 

0  152 

2-84 

0-710 

0-215 

d  cos2  e  d  sin2  B 

"^'^<=^"  =  {2AiAr--l)  +  2(ArA7^T) 

=  2(AiA7^lH2AiA,  -  1)  "^'^i^^  -  ^  -  ^°^'  ^> 
=  P(4AiA.2  -  3  -  cos  29) 

=  X  co-ordinate  of  point  G  referred  to   K  as 
origin 

d  cos  6  sin  6       d  cos  d  sin  9 
2(A7A2  -   1)  "  Wih  -  1) 
d'cos  d  sin  d 


Also      y 


2(AiA2  -  1)  (2AiA.  -  1) 
=  P  sin  29 
=  y  co-ordinate  of  point  G. 


4  6  8  10  12 

Current  i  No-load  current  of  single  motor 
KiG.  10. — Power  factor  curves. 

Hence  the  vector  Oa  is  always  equal  and  parallel  to 
the  vector  GK,  and  points  O  and  G  are  always  located 
on  the  X  axis. 

Again,  the  locus  of  G  is  the  current  circle  of  the 
main  motor,  hence  the  locus  of  "  a."  i.e.  the  extremity 
of  the  secondary  current  vector  of  the  auxiliary  motor, 
is  a  circle  with  radius  equal  to  that  of  the  main  motor 
circle,  and  w;th  its  centre  located  on  the  x  axis  distant 

KL  +  radius  of  main  motor  circle 

4(A,Ao  -  3)d  ^^^^  ^j^^  ^ 

4(AiA2-  1)  (2AiA., -1) 
This  circle  cuts  the  x  axis  at  N,  where  ON  =  KL. 
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Now  the  torque  of  the  main  motor  is  given  by  the 
length  of  the  perpendicular  dropped  from  the  working 
point  on  the  stator  current  circle.  Hence  the  torque  of 
the  auxiliary-  motor  will  be  given  by  the  length  of  the 
perpendicular  dropped  from  the  working  point  on  the 
circle  representing  its  own  stator  current.  But  these 
two  circles  have  been  proved  to  be  identical  (except 
that  the  centre  of  one  is  displaced  along  the  x  axis 
relatively  to  the  other).  Hence  the  two  perpendiculars 
will  be  equal,  and  therefore  the  torque  developed  by  the 
auxiliary  motor  is  equal  to  that  of  the  main  motor. 

Next  consider  the  locus  of  the  point  C,  the  other 
extremity  of  the  secondary  current  vector  of  the  auxiliary 
motor. 


Now  the  angle  OCN  is  a  right  angle  ;  hence,  since 
ON  lies  along  the  x  axis,  ON  must  be  the  diameter  of  the 
semicircle  which  gives  the  locus  of  C.    Therefore  N  is  a 


fixed  pcint,  distant 
But 
Therefore  ON  = 


II 
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2  4  6  8  10  12  14 

Current* No-load  current  of  single  motor 
Via.    11. — Curves   showing  tlie    ratios   of    torque   and    power 
factor  of  one  of  the  motors  of  a  cascade  set,  to  the  tcrque 
and  power  factor  of  a  single  motor. 

Referred  to  x'y'  axes  we  have  : 

x'  co-ordinate  =  -tFi  cos  a  ;    y'  co-ordinate  =  0 
Hence  referred  to  xy  axes  we  have 

X  =  2-^1  cos  a  cos  6  ;     y  =  —  .tF^  cos  a  siti  6 

d-  cos2  d 


Therefore 


and 


y- 


OC  =  ^/{z 


This  is  in  the  form  of  the  polar  equation  to  a  circle, 

d 

hence  the  locus  of  C  is  a  semicircle  of  radius  - 


2A1A2 


2(2AiA2  -  1) 


1 

from 


with  its  centre  on  the  x  axis  distant 

the  origin.* 

*  It  should  be  noted  that  although  C  lies  on  a  semicircle  on 
Oa(=  2F1)  as  diameter,  this  semicircle  is  only  drawn  to  help  in  the 
construction  of  the  diagram.  It  is  not  a  fi.\ed  semicircle  because 
its  diameter  2F1  is  not  fixed. 


d 


(2A1A2  -  1, 
A1A2  =  1  -f  (T 
d 


from  the  origin. 


2y  +  1 


=  KL 


Hence  the  semicircles  giving  the  locus  of  the  points 
"  a  "  and  "  c  "  are  tangential  at  N. 

The  change  of  phase  of  the  voltage  applied  to  the 
auxiliary  machine  can  be  deduced  from  the  diagram. 
The  supply  voltage  is  represented  in  phase  by  the  OY 
axis,  which  is  fixed  ;  the  P.D.  applied  to  the  auxiliary- 
motor  is  represented  in  phase  by  the  perpendicular  ta 
its  magnetizing  current,  that  is  by  the  perpendicular 
to  OD.  Hence  the  difference  in  phase  =  Z.POD  =  ^,  say,, 
(see  Figs.  2  and  3). 

Let  z.  DOQ  =  y 

Now  GK  is  equal  and  parallel  to  OA 

Therefore  z.CxKL  =  .^AOL  =  {a  -  9) 

Again,  joining  GL.  we  have  GL  parallel  to  aN. 

Therefore       Z.KGL  =  z.OaN  =  ilaOY'  =  90  -a 

Also   Z.GKL=  180-  J  (a-  6)  +  [90  -  a)y  =  00  +  & 


Therefore 


A  GML  = 


Hence,  as  the  current  changes  from  no  load  to  standstill,. 
e  varies  from  0°  to  90°. 

The  co-ordinates  of  D  with  respect  to  the  x'y'  axes, 
are  : 

x'  =  A2  2^1  cos  a:    y'  =  2-F2  (A1A2  -  1) 

y'         i)Fo  (AjA-i  —  1) 

Therefore         tan  y  =     ,  =  "n"    „    " 

'        X  A2  2^1  cos  a 

(A1A2  —  1)  tan  a 

since  Ai  .  2-Fi  =  i-f  1  sin  a. 

Now  cos  a  sin  d  (2A1A2  —  1)  =  2  sin  a  cos  9  (AiA2  —  1> 

(2AiA.>  -  1)  sin  9 

Therefore  tan  a  =    _,n   ■," ,,         q 

2(AiA2  —  1)  costf 

(2A1A2  -    1)   .  n 

=  1^7^ ,>  tan  0 

2(AiA2  -  1) 

™  (AiAi  -  1)  (2A1A2  -  1) ,     a 

Therefore  tan  y  =  ^  ^  ^^^^-^^-t^& 

2y  +  2 
=  K  tan  9  (say) 
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Hence,  as  the  current  varies  from  no  load  to  stand- 
still, y  varies  from  0°  to  90°,  and  therefore  the  phase 
of  the  potential  difference  applied  to  the  auxiliary 
motor  relative  to  the  supply  potential  difference,  which 
is  given  by  the  angle  ^{=  9  ~  y),  varies  from  0°  to  a 
maximum,  and  then  falls  to  0°  again. 

The  expression  for  ^  is  worked  out  as  below,  although 
it  is  of  greater  theoretical  than  practical  value. 

Let  the  quantities  r,  R,  c  and  a  have  the  significance 
shown  in  Fig.  7.     Then 

R  =  a  cos  6 

r-  =  R~  -i-  c-  -  2Rc  cos  8  =  o-  cos-  d  +  c-  -  2oc  cos2  0 


Therefore 


and 


cos2  e  =  „-  - 

2ac  - 
tan2  e  =  ' 


(c  —  a)' 


Again,  tan  (^  -  y)  =    tan  ^  -  tan  y    ^  (1  -  K)  tan  9 
'         1  +  tan  ^  tan  7        \  +  K  tan^  Q 


Therefore 

^  =  (^  -  y) 

=  tan-l 


1  r(l_^:^K)V[(c^-  r2){r2  -  (c  -  a)2}]-[ 
This  is  equal  to  zero  when 


or  when 


f  =  [c  —  a),  the  no-load  current, 
r  =  c,  the  standstill  current. 


PROCEEDINGS    OF   THE    INSTITUTION. 

24th   meeting  of   THE   WIRELESS   SECTION,    8   NOVEMBER, 
(Held   in   the  Institution  Lecture   Theatre.) 


1922. 


Professor  G.  W.  O.  Howe,  D.Sc,  Chairman  of  the 
Wireless  Section,  took  the  chair  at  6  p.m. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  7th  June,  1922,  were  taken  as  read,  and 
were  confirmed  and  signed. 


A  paper  by  Mr.  R.  L.  Smith-Rose,  M.Sc,  Associate 
Member,  and  Mr.  R.  H.  Barfield,  B.Sc,  Student, 
entitled  "  The  Effect  of  Local  Conditions  on  Radio  Direc- 
tion-Finding Installations  "  (see  page  179),  was  read  and 
discussed  and  the  meeting  terminated  at  7.45  p.m. 


687th    ORDINARY   MEETING,    16   NOVEMBER,    1922. 


(Held  in   the  Institu 

Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at  6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  2nd 
November,  1922,  were  taken  as  read,  and  were  confirmed 
and  signed. 

Messrs.  J.  W.  Fyfe  and  A.  H.  Allen  were  appointed 
scrutineers  of  the  ballot  for  the  election  and  transfer 
of  members  and,  at  the  end  of  the  meeting,  the  result 
of  the  ballot  was  declared  as  follows  : — 

Elections. 

Members. 

Clark,  George  Muirhead. 
Farmer,  Frank  Malcolm,  M.E. 


tion  Lecture  Theatre.' 


A ssociate  Members — continued. 


Alger, 


Allen,  Francis  John  C. 
Andean,  Thomas  John. 
Andrews,  Edward 
Bagnold,     Ralph 

Capt.,  K.C.S. 
Banks,  John 
Baxter,  William. 
Boelsterh,  Arthur. 

Vol.  61. 


Associate  Members. 

Brown,  Arthur. 
Bryant,  Harold  Samuel. 
Clark,  Frederick  Henry. 
Clissold,  George  WilUam  U. 
Cooke-Smith,  Henry. 
Currie,  Duncan  Douglas, 
do  Amaral,  Augusto  Basto 
F. 


Earnshaw,  Vincent  Rees. 
Eugster,  Hans. 
Ford,  Albert  Edwin. 
Frampton,  Frank  Edward. 
Griffiths,  William. 
Holbeach,   Constantine 

Hugh. 
Joscelyne,  Alfred  Bamford. 
Lee,  Robert  Henry. 
Minton,  Richard  Caldwell, 

B.Sc. 
Newton,  Charles  Ernest. 


Noyes,  Henry  Sebastian. 
OrUng,  Axel. 

Osborn,  William  Marshall. 
Parsons,     Reginald     Cole, 

B.Sc. 
Pearse.  Harold  Leslie. 
Ross,  William. 
Rowell,  WilUam  Nelson. 
Sell,  Lawrence  Jordan. 
Smith,    Dugald,    B.Sc. 

(Eng.). 
Triggs,  Edward  Harold  H. 


Graduates. 


Atkinson,  WellesleySharpe. 
Bassett-Lowke,     Harold 

Austin. 
Bournes,  Norman. 
Bunting,  Rowland. 
Cook,  Frederick  Charles. 
DLxon,  Charles  Douglas  H. 
Earle,  Robert  Erasmus. 


Faulkner,  Arthur  Spencer. 
Llewellyn- Jones,  Ivor. 
Lowe,  Walter. 
McGrath,    Francis   Albert, 

B.E. 
Rogers,  Henry  Kenneth. 
Rowson,  Leslie. 
Witt,  Sidney  Herbert. 
21 
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Students. 


Abbott,  Albert  James. 
Anderson,  Charles. 
Anderson,  John  Robertson. 
Andrew,  Thomas  Stuart. 
Baggale3%  Cyril  Frank. 
Ball,  Reginald  Donahoe. 
Bell,  William  Henry  H. 
Benjamin,  Albert  Hansen. 
Bennett,  Wilfred. 
Booth,  William  Leslie. 
Bowers,  Wilfred  Edward  H. 
Bowker,  Eric  George. 
Brewer,  Arthur. 
Brewin,  James  Edwin. 
Britnell,  Wilfred  Varney. 
Brj-an,  Ernest  Alfred  J. 
Carter,  Charles  John  E. 
Chakravarti,   Girindra 

Narayan. 
Chalk,  Stewart  Leonard. 
Clarke,  Henry  Rowland. 
Clewett,  William  Henry. 
Clinton,  James  Stanley. 
Cocks,  Maurice  Hubert. 
Collyns,  Charles  Henry  A. 
Cooke,  Conrad  Reginald. 
Couch,  Charles  John. 
Das,  Jatindranath. 
Datta,  Naren,  B.Sc. 
Donaldson,  Thomas. 
Eccleston,  Robert  John. 
Ellis,  Arthur  Eric. 
EUis,  Cecil  Maurice. 
Elhs,  Harold. 
Fewings,  William  Francis. 
Fothergill,  John  Buddie. 
Francis,  Richard  Brynmor. 
Goodman,  Reginald  Alfred. 
Gresswell,  William  Finlay. 
Hardy,  George  Gordon. 
Helher,\Mmam  Herbert  M. 
Heslop,  John  Pattison. 


Hogg,  ^^'illiam. 

Horsfall,  Leslie  A. 

Innes,  James  Albert. 

Johnson,  Eric  ]\Iark. 

Keeley,  Donald. 

Lewis,  Walter. 

Lisle,  Patrick  St.  John. 

Lockett,  Thomas  Herbert. 

McCulloch,    Reginald    An- 
drew. 

McNab,  John. 

Manning,  Charles  Joseph. 

Matthews,  Leslie  Albert. 

Miller,  William  Henry. 

Mitchell,  Henr\-  Lloyd. 

Mitchell,  Wallis. 

]\Iorgan,  Cecil  Montagu. 

Mossman,  Conrade  Eric. 

Parsons,  Albert  George. 

Pearce.  Ivor  Stanley. 

Peel,  Edward  Ullathorne. 

Penn,  Herbert  Austin. 

Reed,  Arthur  Weston. 

Rees,  Handel. 

Reynolds,  Leigh  Travis. 

Ross,  Burton  \\'illiam. 

Ryder,     John     Hampson, 
B.Eng. 

Scott,     William     George, 
B.Sc.  (Eng.). 

Simpson,  Henry  Greeff. 

Smith,  CjTil  Belfield. 

Smithson,  Alfred. 

Stainsb\',  James  William. 

Tucker,  Dan  Keith. 

Wheeler,  Henry. 

Williams,  Alec  Duncan. 

Williamson,  Arthur. 

Wolfe,  Standish  Smythe. 

Wood,  George  William. 

\\'oodford,  Charles  George 
A. 


Transfers. 
Associate  Member  to  Member. 
Davis,  Albert  Lewis,  Capt.,      Lee,  Harrie  Tomlinson. 
R.A.F.  Slater,  John  Mackey  L. 

Wilson,  William. 

Associate  to  Member. 
Bell,  John  Edward.  Swallow,  Maurice  Gustave 

Starling,  Frank  Henry.  S. 

Graduate  to  Associate  Member. 


Berriman,  Robert  Harrold. 
Calogreedy,  Henry  Charles. 
Davison,  Russell  Hawes. 
Firth,     Charles     Roy     H., 
Lieut. 


Larkworthy,  Ralph. 
Leaver,  Henry. 
Messer,  Wilham  Gustave. 
Rogers,  Arthur  Harry  E. 
Sparks,  Cedric  Harold. 


Student  to  Associate  Member. 
Balmford,  Edgar.  Field,  Harold  Victor. 

Milkier,  William,  B.Sc. 


Associate  to  Associate  Member. 

Barnes,    Cuthbert    ^^'heeI-      Naftel,  Percy  Hartley. 
don.  Read,  Richard  Francis. 

Smart,  William  Charles. 


Armstrong,   Stanley   Igna- 
tius. 
Blazey,  Norman  Claude. 
Boldy,  Tigran  David. 


Student  to  Graduate. 

Butler,  Archibald  Stephen. 
Gabbott,  Thomas. 
Molle,  George  William. 
Morcom,  Herbert  Geoffrey. 


The  following  list  of  donations  was  taken  as  read, 
and  the  thanks  of  the  meeting  were  accorded  to  the 
donors  ; — 

Library. — The  Air  Ministry  (Meteorological  Office), 
The  American  Rolling  IMill  Companv,  The  Astronomer 
Royal,  A.  H.  Avery,  Lieut. -Col.  B.  C.  Battye,  Messrs. 
Benn  Brothers,  Ltd.,  E.  Bennett,  Ch.  Beranger,  Messrs. 
Blackie  &  Son,  Ltd.,  The  Borough  Electrical  Engineer 
of  Stepney,  The  British  Engineering  Standards  Associa- 
tion, The  Bureau  of  Mines  (British  Colupibia),  F.  W. 
Carter,  The  Chief  Inspector  of  Factories  and  Workshops, 
Messrs.  Constable  &  Co.,  Ltd.,  The  Electrical  Press, 
Ltd.,  W.  Haddon,  P.  J.  Haler,  The  High  Commissioner 
of  the  Union  of  South  Africa,  The  Imperial  Mineral 
Resources  Bureau,  The  Institution  of  Professional  Civil 
Servants,  The  Institution  of  Railway  Signal  Engineers, 
The  Institution  of  Royal  Engineers,  The  John  Fritz 
Medal  Board  of  Award,  P.  Kemp,  A.  E.  Kennelly, 
The  Lancashire  and  Cheshire  Coal  Research  Association, 
Messrs.  S.  Lattes  &  Co.,  Lloyd's  Register  of  Shipping, 
Messrs.  Longmans,  Green  &  Co.,  F.  ^\■.  Main,  J.  W. 
Meares,  CLE.,  Messrs.  Oerlikon,  Ltd.,  Lieut. -Col. 
W.  A.  J.  O'Meara,  C.M.G.,  R.E.,  L.  Oulton,  Pan- 
American  Petroleum  and  Transport  Co.,  E.  Parry, 
L.  J.  Peters,  Messrs.  Sir  Isaac  Pitman  &  Sons,  Ltd., 
Messrs.  Radio  Instruments,  Ltd.,  Messrs.  S.  Rentell&  Co., 
Ltd.,  The  Signals  Experimental  Establishment  (Wool- 
wich), C.  F.  Smith,  The  Surveyor-General  of  India, 
Messrs.  E.  &  F.  N.  Spon,  Ltd.,  W.  T.  Taylor,  LTnion 
d'filectricite,  H.  E.  Wimperis,  The  Wireless  Press,  Ltd., 
and  A.  P.  Young. 

The  President  :  I  have  to  announce  that  the 
Council  have  unanimouslj'^  elected  Professor  J.  A. 
Fleming  an  Honorary-  ilember  of  the  Institution. 
Dr.  Fleming  is  so  well  known  to  all  of  you  that 
almost  anytliing  I  could  say  would  be  superfluous, 
but  the  fact  that  one  of  the  first  announcements  I  have 
to  make  as  President  is  that  he  has  been  elected  an 
Honorary  Member  is  a  great  pleasure  to  me,  particularly 
because  of  his  researches  in  connection  with  the 
thermionic  valve. 

I  have  also  to  announce  that,  with  the  object  of 
encouraging  more  spontaneous  discussion,  in  future 
not  more  than  two  or  three  members  will  be  invited 
officially  to  take  part  in  discussions  and  that  the 
Council  will  rely  on  other  members  coming  forward 
to  speak. 

A  paper  by  the  late  Dr.  Gisbert  Kapp,  Past-President, 
entitled  "  The  Improvement  of  Power  Factor "  (see 
page  89),  was  read  by  Prof.  Miles  Walker  and  discussed, 
and  the  meeting  terminated  at  7.45  p.m. 


MOULLIN:   A   DIRECT-READING   THERMIONIC   VOLTMETER. 


295 


A  DIRECT-READING  THERMIONIC  VOLTMETER,  AND  ITS  APPLICATIONS. 


By  E.  B.  MouLLiN,  M.A. 


{Paper  received  '2nd  November,  and  read  before  the  Wireless  Section   tith  December,   1922.) 


Summary. 

The  conditions  suitable  for  constructing  a  sensitive 
direct-reading  voltmeter  from  a  triode  rectifier  are  dis- 
cussed and  two  distinct  forms  of  completed  thermionic 
voltmeter  are  described.  'Ihe  power  absorbed  by  a  rectifier 
is  discussed  theoretically,  and  a  description  is  given  of  the 
ex]>eriniental  methods  of  measuring  the  effective  resistance 
of  a  thermionic  voltmeter.  Possible  causes  of  frequency 
errors  in  the  calibration  of  the  voltmeter  are  considered 
and  the  results  of  experiments  are  quoted,  showing  that 
a  calibration  made  at  low  frequencies  is  reliable  up  to  at 
least  one  million  periods  per  second.  Several  typical  illus- 
trations are  given  of  the  uses  of  a  thermionic  voltmeter  in 
measurements  at  both  high  and  low  frequencies. 


Table  of  Contents. 

(1 )  Introduction. 

(2)  Conditions  suitable  for  using  a  triode  rectifier  as  a 

direct-reading  voltmeter. 

(3)  Description    of   two    tj'pes    of   completed    instru- 

ments. 

(4)  The   power   delivered    by   an    alternating   E.M.F, 

to  an  asymmetric  conductor. 
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(1)  Introduction. 

There  are  many  occasions  in  alternating-current  work 
when  it  is  desirable  to  measure  small  electromotive 
forces  of  the  order  of  one  or  two  volts  ;  such  measure- 
ments are  attended  with  great  difficulty  in  cases  where 
it  is  essential  that  they  shall  not  absorb  any  appreciable 
power  from  the  circuit  that  is  being  tested.  Practically 
the  only  instrument  hitherto  available  has  been  that 
most  useful  piece  of  apparatus  an  alternating-current 
potentiometer,  but  the  use  of  this  is  precluded  in 
measurements  at  high  frequency. 

The  well-known  thermionic  vacuum  tube  forms  a  most 
convenient   method   of    measuring    alternating  electro- 


motive forces  of  any  frequency,  because  owing  to  its 
asymmetric  conductivity  an  alternating  E.M.F. ,  of  wliich 
the  mean  value  is  zero,  produces  an  alternating  cur- 
rent whose  mean  value  is  not  zero,  and  the  said  mean 
value  is  readily  measured  by  an  ordinary  milliam- 
meter  or  micro-ammeter.  A  rectifier  and  galvanometer 
have  long  been  used  in  laboratory  measurements  as  a 
rough  indicator  for  high-frequency  work. 

If  a  suitably  arranged  three-electrode  vacuum  tube 
is  used  as  the  asymmetric  conductor,  the  measurements 
need  not  absorb  any  power  from  the  circuit  that  is 
tested,  for  the  power  absorbed  by  the  micro-ammeter 
is  provided  by  a  subsidiary  battery. 

The  two  methods  of  using  the  triode  valve  as  a 
rectifier  are  well  known  :  one  method  employs  the 
curvature  of  the  anode  current/grid  potential  charac- 
teristic, while  the  other  method  employs  the  curvature 
of  the  grid  current/grid  potential  characteristic. 

(2)  Conditions  Suitable  for  using  a  Triode  Recti- 
fier AS  A  Direct-reading  Voltmeter. 

There  exists,  as  well  as  the  change  of  mean  anode 
current  that  arises  from  the  application  of  an  alter- 
nating E.M.F.  between  grid  and  filament,  an  anode 
current  produced  solely  by  the  anode  battery  ;  conse- 
quently, unless  the  change  of  mean  anode  current 
arising  from  the  alternating  E.M.F.  that  is  to  be  . 
measured  is  of  the  same  order  as  the  anode  current 
flowing  under  the  action  of  the  anode  battery,  it  cannot 
be  satisfactorily  measured  by  a  galvanometer  placed 
direct  in  the  anode  circuit.  This  is  particularly  the 
case  when  employing  the  curvature  of  the  anode  current 
characteristic  under  the  conditions  which  make  for  the 
greatest  possible  change  of  mean  anode  current  for  a 
given  alternating  E.M.F.  applied  to  the  grid.  For 
example,  an  anode  battery  of  50  or  60  V  will,  in  an 
R  triode,  produce  an  anode  current  of  about  1  000  u.\, 
and  an  E.M.F.  of  1-5  volts  (R.M.S.)  applied  to  the 
grid  will  then  increase  the  mean  anode  current  by 
about  -30 /xA.  In  order  that  this  comparatively  small 
change  in  mean  anode  current  can  be  accurately  measured, 
some  balance  method  must  be  employed.* 

A  balance  method,  though  very  suitable  for  many 
laboratory  measurements,  does  not  lend  itself  to  the 
construction  of  a  simple  and  portable  direct-reading 
voltmeter.  In  such  an  instrument,  unlike  a  rectifier 
for  wireless  signals,  the  aim  is  to  make  the  change  of 
mean  anode  current  consequent  upon  the  application  to 
the  grid  of  some  specified  E.M.F,  as  large  as  possible  in 
comparison  with  the  anode  current  flowing  under  the 
action  of  the  anode  battery. 

•  See  E.  B.  MouLU.v  and  L.  B.  Turner  :  "  The  Thermionic 
Triode  as  Rectifier,"  Journal  I.E.E.,  1922,  vol.  60,  p.  708. 


296 


MOULLIN:   A    DIRECT-READING   THERMIONIC  VOLTMETER, 


With  a  cumulative  grid  rectifier,  an  alternating 
E.M.F.  of  3  volts  can  be  made  to  produce  a  decrease 
of  mean  anode  current  of  about  500  /xA  when  the  anode 
current  produced  by  the  anode  battery  is  about  1  000  /xA  ; 
consequently,  a  galvanometer  placed  direct  in  the 
anode  circuit  can  be  used  to  measure  the  change  pro- 
duced by  the  application  of  an  alternating  E.INI.F., 
and  there  is  no  need  to  use  a  balance  method. 

An  anode  curvature  rectifier  may  be  employed  without 
balance  method  if  the  usual  anode  battery  is  dispensed 
with,  and  the  anode  connected  through  a  galvanometer 
to  the  positive  side  of  the  filament.  An  E.M.F.  of 
1  -5  volts  (R.M.S.)  applied  to  the  grid  will  then  produce 
an  increase  of  mean  anode  current  of  about  lOyx  A. 
If  a  50-volt  anode  battery  had  been  employed,  this 
increase  instead  of  being  10  /xA  would  have  been  30  /xA, 
which  is  about  4  per  cent  of  the  anode  current  flowing 
under  the  action  of  the  anode  battery  ;  but  the  10  /xA 
change  with  no  anode  battery  is  a  400  per  cent  increase 
on  the  anode  current  flowing  when  the  anode  is  simply 
connected  to  the  positive  side  of  the  filament,  a  con- 
dition particularly  suitable  for  using  a  triode  as  a 
simple  voltmeter.  The  lack  of  anode  battery  is  not 
only  suitable  in  tliis  respect  but  it  obviously  increases 
the  portability  of  the  instrument. 

(3)  Description  of  Completed  Instruments. 

Fig.  1  shows  a  completed  instrument  working  with 
grid  rectification,  and  Fig.  2  a  diagram  of  connections. 
It  is  found  that  the  cahbration  is  inappreciably  affected 
by  small  changes  of  anode  or  filament  voltages,  so  that 
there  is  no  necessity  to  reproduce  accurately  the  con- 
ditions obtaining  at  the  time  of  cahbration*  Since  the 
change  of  mean  anode  current  consequent  upon  the 
application  of  a  given  E.M.F.  to  the  grid  is  sensibly 
independent  of  small  changes  of  anode  potential,  it  is 
possible  to  adjust  for  these  small  changes  by  means 
of  the  zero  adjuster  of  the  galvanometer.  With  the 
valve  switched  on  and  the  anode  battery  connected, 
the  pointer  is  simply  brought  to  the  zero  of  the  scale, 
which  in  this  case  corresponds  to  the  full  deflection  of 
the  instrument.*  One  special  advantage  of  this  type 
of  instrument  is  that  it  is  unaffected  by  the  existence 
of  a  steady  potential  difference  between  its  terminals  ; 
it  can,  in  consequence,  be  used  to  measure  an  alter- 
nating E.M.F.  superposed  upon  a  steady  E.M.F.  of 
large  or  small  value. 

Fig.  3  shows  an  instrument  utihzing  anode  current 
curvature  for  rectification.  No  separate  anode  battery 
is  employed  and  all  that  is  required  to  complete  the 
instrument  for  use  is  a  6-volt  filament  battery.  The 
instrument  is  very  robust  mechanically  and,  unlike 
thermo-couples,  it  cannot  be  injured  by  an  overload. 
It  is  also  as  easy  to  use  and  almost  as  portable  as  an 
ordinary'  direct-current  voltmeter. 

Fig.  4  shows  a  diagram  of  connections,  from  which 
it  will  be  seen  that  the  6-volt  filament  battery  is  not 
used  to  apply  6  volts  to  the  filament,  but  to  provide 
a  means  of  making  the  grid  potential  1  ■  6  V  negative, 
in  order  to  reduce  grid  damping  to  a  negligible  amount. 
This  method   of  fixing   the  grid  potential  allows  it  to 

*  For  a  raore  detailed  description  of  this  instrument,  see  Wire- 
less World  and  Radio  Review,   1922,  vol.   10,  p.   1. 


be  made  about  0-25V  more  negative  than  it  could 
have  been  if  a  single  small  dry  cell  were  used  for  the 
purpose,  and  it  also  obviates  the  risk  of  the  calibration 
being  upset  by  the  deterioration  of  a  small  cell. 

In  order  to  ensure  an  indefinitely  long  life  to  the 
valve,  only  3  •  6  V  is  applied  to  the  filament ;  this  is 
also  the  case  with  the  cumulative  grid  type  instrument 
already  described. 


KiG.   1. 

The  rate  of  change  of  mean  anode  current  with  respect 
to  alternating  grid  potential  tends  to  increase  and 
so  a  high  resistance  is  inserted  in  the  anode  circuit 
with  a  view  to  improving  the  linearity  of  the  scale  and 
thereby  increasing  the  range  of  the  instrument  ;  it 
does  not,  however,  reduce  the  sensitivity  of  the  first 
part  of  the  scale.      It  is  readily  seen  that  by  causing 


K  =  3  mesohms 

R  =  o-oi/ir    C  =  i;jr 


the  increasing  mean  anode  current  to  pass  through 
a  high  resistance  the  mean  potential  of  the  anode  is 
decreased  by  an  amount  that  is  proportional  to  the 
increase  of  mean  anode  current.  The  rate  of  increase 
of  mean  anode  current  is  lessened  by  the  reduction 
of  anode  potential,  and  bj'  a  suitable  choice  of  anode 
resistance  the  volt  scale  can  be  made  as  nearly  linear  as 
may  be  desired. 

A  typical  calibration  curve  is  reproduced  in  Fig.   5 
and  is  seen  to  be  very  nearly  straight  over  the  greater 
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part  of  the  range.  The  voltmeter  is  of  course  used 
without  a  caUbration  curve  and,  as  may  be  seen  in 
Fig.  3,  its  scale  is  engraved  direct  in  volts. 

Since  the  filament  battery  is  the  only  variable  factor 
in  the  whole  instrument  the  constancy  of  the  calibration 
depends  on  it  alone.  The  exact  conditions  obtaining 
at   the  time  of  calibration   are  readily  reproduced   by 


Fig.  3. 

means  of  the  filament  rheostat  and  the  indications  of 
the  galvanometer.  Having  ascertained  that  a  con- 
ducting path  exists  between  the  "  volt  terminals  "  of 
the  instrument  so  as  to  ensure  that  the  potential  of 
the  grid  will  be  fixed,  the  valve  is  switched  on  and  the 
filament  rheostat  adjusted  so  as  to  bring  the  galvano- 


R  =30  000  ohms 
C  =ifi? 


meter  to  the  zero  of  the  volt  scale,  which,  as  can  be 
seen  in  Fig.  3,  does  not  correspond  to  the  zero  of  the 
galvanometer,  marked  "  A."  When  this  adjustment 
has  been  made,  the  anode  current  flowing  is  the  same 
as  at  the  time  of  calibration,  and  as  this  depends  solely 
on  the  grid,  filament  and  anode  potentials,  all  of  which 
in  this  instrument  depend  ou  the  filament  current  only. 


the  conditions  obtaining  at  cahbration  are  accurately 
reproduced.  If  the  filament  current  had  been  greater 
than  at  the  time  of  calibration  the  galvanometer  would 
have  deflected  further  than  the  zero  of  the  volt  scale, 
and  vice  versa. 

It  will  be  noticed  that  a  conducting  path  must  at  all 
times  exist  between  the  "  volt  terminals  "  of  the  instru- 
ment, for  otherwise  the  grid  potential  will  not  be  correct. 
For  example,  this  type  of  voltmeter  cannot  be  used  to 
measure  the  potential  difference  across  one  of  two 
condensers  in  series,  for  it  is  then  converted  into  a 
cumulative  grid  rectifier,  and  the  cahbration  is  upset. 
Also  the  cahbration  is  obviously  upset  if  any  steady 
potential  difference  exists  betw-een  the  "  volt  terminals." 
Neither  of  these  shght  disabilities  is  shared  by  the 
form  of  voltmeter  shown  in  Fig.  1,  so  that  there  are 
certain  points  in  favour  of  the  less  portable  form  of 
instrument. 

A  triode  can  be  used  to  measure  an  alternating 
E.M.F.  by  employing  what  is  usually  called  the  "  shde- 
back  method  of  measurement."     It  has  several  times 
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been  shown  that  the  value  of  the  "  sUde-back  voltage  " 
is  not  a  direct  measure  of  the  E.M.F.  apphed  to  the 
valve  ;  consequently,  unless  cahbrated,  the  shde-back 
method  cannot  be  considered  to  be  anything  but  a 
rough  indicator,  and  if  cahbrated  it  suffers  from  the 
disability  of  having  a  large  personal  factor  in  deciding 
on  the  appropriate  slide-back.  It  is  difficult  to  make 
direct  reading  and  is  not  very  portable,  as  it  entails 
cumbersome  grid  and  anode  batteries  and  a  d.c. 
voltmeter,  as  well  as  a  galvanometer. 

F.  Trautwein  ha&  described  *  a  form  of  voltmeter 
in  which,  like  the  slide-back,  the  effect  of  the  anode 
battery  is  nulhfied  by  making  the  grid  10  or  II  V  nega- 
tive. Instead  of  making  the  grid  still  more  negative 
when  the  E.M.F.  is  apphed,  and  so  again  reducing  the 
anode  current  to  zero,  the  mean  anode  current  is  taken 
as  a  measure  of  the  E.M.F.  The  portabihty  is  again 
impaired  by  cumbersome  batteries,  and  the  early  part 
of  the  calibration  must  be  affected  appreciably  by 
small  changes  in  battery  voltage. 

Messrs.  A.  E.  and  L.  Bloch  have  described  f  a  volt- 
meter using  cumulative  grid  rectification,  in  which  the 

•  Telegraph  und  Fernsprech  Technik,  1921,  vol.  10,  p.  81. 
t  Bulletin  de  la  Socicte  francaise  des  Electriciens,  1920,  vol.  10, 
p.  9.    ' 
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change  of  mean  anode  current,  consequent  upon  the 
appUcation  of  an  alternating  E.M.F.  to  the  grid,  is 
measured  by  a  balance  metliod  equivalent  to  that 
referred  to  in  Section  (2)  above.  The  voltmeter  proper 
is  preceded  by  a  two-stage  resistance  amplifier,  the 
amplification  of  which  must  depend  to  a  great  extent 
upon  the  frequency.  Messrs.  Bloch  recommend  that 
the  instrument  should  always  be  calibrated  at  the 
frequency  to  be  used. 

The  outstanding  feature  of  the  author's  form  of 
grid-type  voltmeter  is  that  the  anode  battery  is  chosen 
so  that  the  decrease  of  mean  anode  current  bears  a 
maximum  ratio  to  the  anode  current  produced  by 
the  anode  battery,  thus  allowing  balance  methods 
to  be  dispensed  with  and  the  instrument  dial  to  be 
calibrated  direct.  This  is  also  the  condition  wliich 
makes  the  calibration  sensibh'  independent  of  small 
changes  in  the  E.M.F. 's  of  the  batteries  or  in  the  grid 
leak  resistance.  A  very  simple  direct-reading  instru- 
ment results,  and  no  special  care  need  be  taken  to 
reproduce  closely  the  calibrating  conditions.  The  out- 
standing points  about  the  author's  form  of  anode  type 
voltmeter  are,  first,  the  complete  absence  of  separate 
anode  or  grid  batteries,  the  only  extraneous  apparatus 
required  being  a  nominally  6- volt  accumulator  :  and 
secondly,  the  exact  reproduction  of  the  caUbrating  con- 
ditions by  the  indication  of  the  galvanometer.  So  far  as 
the  author  is  aware,  the  methods  of  application  and 
construction  of  both  types  are  original,  and  he  beUeves 
that  they  make  simpler  and  more  portable  instruments 
than  anj-thing  yet  described. 


(4)  The  Power  Delivered  by  an  Alternating 
E.M.F.  TO  AN  Asymmetric  Conductor. 

The  two  great  advantages  of  a  thermionic  voltmeter 
are,  first,  that  its  readings  are  independent  of  frequency, 
and,  secondly,  but  of  no  less  importance,  that  it  can 
be  made  to  absorb  negUgible  power  from  a  circuit. 
The  effective  resistance  of  both  types  of  instrument 
can  be  measured,  but  it  is  interesting  to  obtain  a 
theoretical  expression  for  the  power  absorbed  by  an 
asymmetric  conductor. 


Fig.  6. 

Let  the  asymmetric  conductor  (Fig.  6)  have  a  curved 
characteristic  i  =  /  {v)  which  can  be  represented  by 
a  convergent  infinite  series. 

Then 


V  =  vq  +  e 


Let 
then 


e  =  a  sin  pt 


=  /(«'o)  +  a  sin  ptf'(vo) 


a?sm^pt  a^sin^pz   „ 


and 

ie=  asinptf{vQ)  -\-  a-  sm~pt/'{vQ) 

o^sin^pf  ,,  a*  sin*' pt,,, 


+  ^5~/"(ro)  + 


2  ! 

"nip 

iedl 
lo  a 


3! 


/'"(^■o)  +  •  •  ■ 


.-.  mean  power  =  }ja^{f'(vo)  +  ^a^fivo)} 

=  (5-{/'{t'o)+J<5-/"'(t-o)}    .     .     .     .  (1) 
where  (5  =  mean-square  value  of  e. 
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The  effective  resistance  is,  of  course,  not  a  constant 
but  is  a  function  of  (r- 

Now,  as  is  well  known,  the  mean  value  of  the  current 
is  given  by  the  expression 

I  =  Wl"{vo)  ^  ^6V""(i'o)  + (2) 


and 
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so  that  it  is  seen  that  the  mean  current  taken  by  a 
rectifier  is  no  indication  of  the  power  absorbed  by  it 
from  the  source  of  alternating  E.M.F.,  except  in  so 
far  as  there  may  be  a  relation  between  /'(vq)  and  J"{vo), 
/'"(fo)  and/""(ro). 

Direct  liigh-frequency  measurements  have  been  made 
of  the  effective  resistance  of  an  anode-type  voltmeter. 
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The  grid  current/grid  potential  curve  for  the  instru- 
ment tested  is  shown  in  Fig.  7,  while  Fig.  8  shows  the 
mean  grid  current  as  a  function  of  the  E.M.F.  (at 
10^  periods  per  sec.)  applied  to  the  grid.  From  Fig.  7, 
with  or  without  the  help  of  Fig.  8,  it  may  be  found 
that  for  a  mean  grid  potential  of  1-3  V  (negative)  the 
value  of  /'(i'o)  — .  0'35  /xA/V  and  that  the  value  of 
/'"(''o)  ■=. -lAiA/V/V/V ;    and  hence,  from   (1)  above,  the 

effective    resistance   '=  -—  „_    -  _,    megohms.      This    is 
0-  35  +  G" 

approximately  0  •  75  megohm  if  <5  =  1  V,  and  0  ■  4  megohm 

if  6=  1  •  5  V. 

To  make  a  direct  liigh-frequency  test  of  the  effective 
resistance,  a  circuit  was  arranged  as  in  Fig.  9  in  which 
L  =  480  /xH,  and  C  =  6  270  fifxF,  and  R  measured  at 
10^  periods  per  sec.  (p.p.s.)  was  15  ohms.  Tlie  circuit 
was  fed  by  a  sustained  alternating  E.M.F.  at  10^  p.p.s., 
the  current  in  the  circuit  was  measured  by  a  vacuo 
thermo-j unction,  and  the  resonance  potential  developed 
across  the  condenser  was  measured  by  an  anode-type 
thermionic  voltmeter. 

By  observing  the  thermo-j  unction  reading  with  and 
without  the  voltmeter  connected  across  the  condenser 


Fig.  9. 

it  is  possible  to  calculate  the  effective  resistance  of  the 
Voltmeter.  For  let  the  effective  resistance  of  the  volt- 
meter be  denoted  by  r,  then  the  impedance  of  the 
circuit  consisting  of  L  and  R  in  series  with  C  and  r  in 
parallel  is  given  by 

/r    .,       021,2  +  2Rr-\     ,  ^         1 


■=R  + 
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ru)~C~ 


Hence   the  proportional  increase   of   impedance  caused 
by  placing  r  in  parallel  with  C  is  equal  to 


1 


(3) 


rRafia^ 

Thus,  in  the  particular  circuit  tested,  this  propor- 
tionate increase  of  impedance  is  equal  to  4-3  X  lO-^/r. 
It  was  found  that  by  connecting  the  voltmeter  across 
C,  the  current  as  measured  by  the  thermo-j  unction  was 
reduced  by  an  amount  that  was  certainly  less  than 
I  per  cent,  when  the  value  of  tlic  current  was  such 
that  the  potential  difference  across  C  was  1  -75  V(R.M.S.). 
Now,    if   r   had    been    0-5   megohm,    by    (3)  above  the 


decrease  of  current  would  have  been  0-86  per  cent, 
so  that  even  at  full  scale  the  effective  resistance  of 
the  voltmeter  is  at  least  half  a  megohm,  and  much 
more  at  half  scale.  The  power  taken  at  full  scale  is 
consequently  not  more  than  6  microwatts.  A  megohm 
resistance  substituted  for  the  voltmeter  caused  a  decrease 
in  current  tliat  was  approximately  the  same  as  that 
caused  by  the  connection  of  the  instrument.  It  maj' 
be  noted  that,  in  the  particular  instrument  tested,  the 
mean  grid  potential  was  only  1  •  3  V  negative,  whereas 
in  later  instruments  it  is  always  made  1  •  6  V  negative, 
with  a  consequent  increase  in  the  effective  resistance. 

The  effective  resistance  of  the  cumulative  grid  type 
of  voltmeter  is  slightly  greater  than  in  the  anode  type, 
because  the  mean  grid  potential  becomes  more  and 
more  negative  with  an  increasing  alternating  E.M.F. 
applied  to  the  grid  ;  in  fact,  the  calibration  shows  that 
with  an  E.M.F.  of  3  V  (R.M.S.)  applied  to  the  grid, 
the  mean  grid  potential  must  be  at  least  2  ■  5  V  negative. 

The  effective  resistance  of  this  type  is  conveniently 
measured  by  making  two  calibration  curves  at  low 
frequency  :  one  with  a  grid  condenser,  the  impedance 
of  which  is  negligible  in  comparison  with  the  resistance 
of  the  grid  leak,  and  one  with  a  condenser  of  known 
and  appreciable  impedance.  From  the  difference  between 
the  two  calibrations  the  effective  resistance  can  readily 
be  calculated.* 

As  the  resistance  of  either  type  of  voltmeter  is  at 
least  half  a  megohm,  there  are  few  measurements  in 
which  it  is  necessary  to  allow  for  the  decrement  therebj- 
introduced,  as  the  following  example  will  illustrate. 

The  decrement  introduced  into  an  oscillatory  circuit 
LC  by  a  condenser  leak  of  high  resistance  r  is 


-W(e) 


Now  suppose  L  =  2  000  jxH  and  C  =  200  /X;U,F  (corre- 
sponding to  A  =  1  200  m)  and  that  ;•  =  0-75  megohm  ; 
then  8  =  0-015. 

In  cases  where  the  decrement  introduced  by  the  volt- 
meter is  of  importance  it  can,  as  already  seen,  be  deter- 
mined with  sufficient  accuracy  to  enable  the  necessary 
allowance  to  be  made. 

(5)  Method  of  C.\libr.\tion,  and  Accur.\cy  Tests 
AT  High  Frequencies,  f 

\  convenient  method  of  calibrating  a  voltmeter  is  by 
means  of  a  potentiometer  slide-wire  of  known  resistance 
which  carries  a  known  alternating  current  of  any  fre- 
quency. The  method  is  shown  diagrammatically  in  Fig.  1 0. 
E  is  a  source  of  alternating  current  at  high  or  low  fre- 
quency. A  is  an  ammeter  and  R  is  the  potential  slide, 
which  may  conveniently  be  arranged  in  1-ohm  steps. 
Since  in  a  properly  designed  thermionic  voltmeter  the 
calibration  is  necessarily  independent  of  frequency,  it 
is  most  conveniently  effected  at  the  low  frequencies 
of  ordinary  commercial  power  supply,  but,  if   preferred, 

*  See  "  .\  Sensitive  Hiicctreading  Voltmeter  and  .\mineter 
for  High  Frequencies,"  Wireless  World  and  Radio  Review,  19l2, 
vol.   1(1,  p.   1.  .  J       .  • 

t  The  experiments  described  in  this  paper  were  earned  ont  in 
the  Engineering  Laboratory,  Cambridge,  with  facilities  put  at 
the  author's  disposal  by  Professor  C.  E.  Inglis. 
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it  can  of  course  be  made  in  the  same  manner  at  high 
frequencies.  So  long  as  adequate  means  are  provided 
to  ensure  that  the  alternating  fluctuations  of  anode 
potential  are  neghgible  at  the  highest  frequency  likely 
to  be  met  with,  then  a  calibration  made  at  low  frequency 
can  always  be  trusted. 

The  internal  capacities  of  the  triode  may  cause  a 
quadphase  grid  current  to  flow  which  might  appreciably 
lower  the  P.D.  to  be  measured,  and  also  the  internal 


Fig.  10. 

capacity  will  enhance  the  alternating  component  of 
anode  current,  but  so  long  as  a  sufficiently  large  con- 
denser is  connected  between  the  anode  and  the  filament 
there  will  be  no  fluctuation  of  anode  potential,  and 
neither  internal  capacities  nor  anode-circuit  impedances 
can  upset  the  low-frequency  calibration.  Many  high- 
frequency  tests  of  the  calibration  have  been  made  and 
no  appreciable  change  with  frequency  is  observable. 
Figs.    11   and    12  relate  to  high-frequency  tests  which 
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were  made  by  measuring  the  P.D.  developed  across 
known  resistances  by  the  passage  through  them  of  a 
known  high-frequency  current.  The  resistances  were 
constructed  from  short  lengths  of  fine  Eureka  wire 
(36  S.W.G.)  and  the  current  was  measured  by  means 
of  a  fine  wire  vacuum  thermo-junction. 

Fig.  1 1  shows  a  relative  calibration  test  of  the  whole 
scale  at  10^  p.p.s.  The  applied  E.M.F.,  as  measured  by 
the  resistance  included  between  the  potential  terminals 
of  the  potentiometer,  is  plotted  horizontally  and 
the  voltmeter  reading  vertically  ;    it  can  be  seen  that 


the  low-frequency  calibration  is,  over  the  whole  range 
of  the  scale,  truly  proportional  to  the  high-frequency 
E.M.F.  applied  to  the  instrument.  Fig.  12  shows  the 
result  of  a  test  on  an  anode-type  voltmeter  of  the 
calibration  made  at  90  p.p.s.  ;  the  percentage  in- 
accuracy of  the  full-scale  reading  is  shown  for  fre- 
quencies up  to  half  a  million  per  second.  Up  to 
3  X  10^  p.p.s.  the  90  p.p.s.  calibration  is  certainly 
correct  to  less  than  1  per  cent ;  at  8  x  10*  p.p.s. 
(A  =  380  m)  the  low-frequency  calibration  seems  to 
be  between  3  and  4  per  cent  too  low.  This  error  could 
not  be  corrected  by  indefinitely  increasing  the  shunting 
condenser  in  the  anode  circuit,  and  it  is  very  probably 
not  due  to  the  voltmeter  at  all  but  to  the  tendency  of 
the  thermo-junction  to  read  high  -with  increasing  fre- 
quency. Of  many  other  high-frequency  tests  of  the 
voltmeter  two  more  may  be  cited,  one  relating  to  the 
circuit  of  Fig.  9  and  one  to  an  aerial  resistance  test. 
In  Fig.  9  the  value  of  the  P.D.  across  C  calculated  from 
the  capacity,  the  frequency,  and  the  measured  current 
was  1  •  7  V,  whereas  the  P.D.  observed  by  the  voltmeter 
was  1  •  75  V.  The  resistance  at  8  x  10^  p.p.s.  of  a 
small  aerial  was  measured  both  by  substitution  and 
by  injecting  a  known  E.M.F.  and  measuring  by  means  of 
the  voltmeter  the  current  produced.     The  substitution 
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Fig.  12. 

method  gave  the  resistance  as  30  ohms  and  the  volt- 
meter method  as  27-5  ohms. 

The  tests  and  e.xamples  quoted  above  are  probably 
sufficient  to  prove  that  the  cahbration  made  at  low 
frequencies  can  certainly  be  trusted  up  to  very  high 
frequencies,  if  adequate  precautions  are  taken  in  the 
design  and  construction  of  the  instrument.  It  has  been 
suggested  that  low-frequency  tests  of  the  general  theory 
of  rectification  are  not  applicable  to  the  conditions 
obtaining  at  high  frequencies  ;*  but  the  above  tests  would 
suggest  that  this  is  not  the  case. 

It  is  no  doubt  possible  to  obtain  a  mathematical 
expression  for  the  extent  of  the  error  produced  by  the 
presence  in  the  anode  circuit  of  some  stated  amount 
of  impedance  ;  but  as  this  impedance  can  always  be 
indefinitely  reduced  by  a  shunting  condenser,  and  in 
practice  will  always  be  so  reduced,  the  result  of  such 
an  investigation  would  be  of  no  practical  and  of  little 
theoretical  interest. 

That  the  presence  in  the  anode  circuit  of  a  small 
impedance  can  have  but  very  small  effect  on  the  cali- 
bration can  be  seen  in  general  terms,  for  the  small 
fluctuations  of  anode  potential  must  be  sensibly  in 
quadphase  with  the  fluctuations  of  grid  potential, 
and  so  add  and  subtract  most  from  the  anode  current 
just  at  the  time  when  it  is  near  its  mean  value.  In 
the  anode  type  of  instrument  described  above  we  may, 

*  See  discussion  on  "  The  Thermionic  Triode  as  Rectifier," 
Journal  I.E.E.,  1922,  vol.  60,  p.  720. 
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with  great  accuracy,  assume  that  current  flows  only 
during  the  positive  half-cycle  of  E.M.F.  If  the  anode- 
potential  fluctuations  were  exactly  in  quadphase  with 
the  grid  potential,  then  there  would  be  no  net  change 
in  the  area  of  the  half-cycle  of  anode  current.  The 
error  must  be  roughly  proportional  to  the  amount  by 
which  the  anode  current  is  de-phased  by  the  impedance, 
or  to  the  ratio  between  the  impedance  and  the  mean 
value  of  the  anode  slope  resistance.  The  mean  anode 
slope  resistance  is  about  1  megohm,  so  that  to  pro- 
duce a  phase  angle  of  one-tenth  of  a  degree  would  need, 
at   10''  p.p.s.,  an  inductance  of  200yixH. 

(6)  Some  Applications  of  the  Thermionic 
Voltmeter. 

A  low-reading  alternating-current  voltmeter  of  sen- 
sibly infinite  resistance  has  a  wide  range  of  applications 
for  all  sorts  of  measurements  whether  at  wireless  fre- 
quencies or  telephonic  frequencies,  or  at  the  frequencies 
of  ordinary  commercial  power  supply.  A  few  typical 
applications  will  be  dealt  with  as  follows. 

(a)  As  a  high-frequency  milliammeter. — By  measuring 
the  potendal  developed  across  a  known  inductance  or 
capacity,  the  current  can  be  calculated  if  the  frequency 
is  known,  and  in  tliis  way  the  instrument  can  be  used 
to    measure    extremely   small   currents.     For   example. 
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at  a  frequency  of  10'  p.p.s.  the  current  required  to 
develop  a  P.D.  of  1  volt  across  an  inductance  of 
10  000;LiH  is  about  160  ^A.  Now,  with  the  most 
sensitive  thermo-j  unction  and  portable  galvanometer 
set  obtainable,  the  smallest  current  that  can  be  measured 
with  the  same  accuracy  with  which  1  volt  can  be 
measured,  on  either  of  the  voltmeters  described  above, 
is  about  5  000  fxA  ;  so  that  under  reasonably  favourable 
conditions  the  voltmeter  used  as  an  ammeter  gives  a 
sensitivity  some  30  times  as  great  as  the  best  thermo- 
junction  set  and  is  equally  portable.  But,  whereas 
a  thermo-j  unction  is  very  easily  burnt  out  by  a  small 
overload,  the  thermionic  voltmeter  cannot  be  damaged 
by  any  amount  of  overloading.  It  is  obvious  that  the 
sensitivity  may  be  indefinitely  increased  by  interposing 
a  calibrated  amplifier  between  the  voltmeter  and  the 
E.M.F.  to  be  measured,  but  the  above  example  was 
intended  to  show  the  sensitivity  of  the  voltmeter  itself 
without  the  assistance  of  extraneous  apparatus.  [For 
an  example  of  its  use  with  an  amphfier  see  (e)  below.] 
Its  superior  sensitivity  as  compared  with  that  of  a 
thermo-j  unction  is  often  a  matter  of  great  practical 
convenience  ;  for  instance,  the  voltmeter  can  always 
be  used  as  an  indicator  of  resonance  in  a  circuit  energized 


inductively  from  an  ordinary  buzzer-driven  wave-meter. 
The  uniformity  of  the  scale  makes  it  a  most  convenient 
instrument  for  use  in  plotting  resonance  curves  or  for 
measuring  resistances  by  a  substitution  method. 

{b)  Direct  measurement  of  very  small  self  and  muttial 
inductances. — Inductances  of  the  order  of  a  microhenry 
are  as  a  rule  not  readily  measured  either  by  bridge  or 
resonance  methods,  but  by  passing  through  them  a 
high-frequency  current  of  some  \  ampere  in  value  they 
can  be  measured  directly  by  the  use  of  the  voltmeter. 
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As  an  example,  a  coil  was  made  consisting  of  two  turns 
of  32  S.W.G.  wire,  6  cm  in  diameter,  the  calculated 
value  of  the  inductance  being  l-86/i,H.  The  value 
measured  by  the  voltmeter  and  an  ammeter  was  1  •  80  /xH 
at  1-5  X  105  p.p.s.  Interesting  measurements  could 
perhaps  in  tliis  way  be  made  as  to  the  amount  by  which 
the  inductance  decreases  as  the  frequency  is  increased. 

The  same  method  has  been  used  to  measure  the 
value  of  small  mutual  inductances,  either  by  observing 
the  E.M.F.  set  up  in  one  coil  by  a  known  current  in 
the  other,   or  by  measuring  the  self-inductance  of   the 
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E.M.F.  in  nullivDlts  applied  to   inpat  terminals  of  amplilier 
Fig.  1.5. 

two  coils  joined  in  series.  A  mutual  inductance  of 
0-8 /iH  has  been  successfully  measured  in  this  manner. 
The  instrument  is  also  useful  for  measuring  the  impe- 
dance-drop across  dynamometer  ammeters  or  current 
transformers. 

(c)  Direct  measurement  of  high-frequency  resistance. — 
The  resistance  of  a  conductor  can  be  measured  by  the 
same  method  as  that  just  described  for  measuring 
inductance  ;  since  the  "  skin  effect  "  is  only  appreciable 
in  fairly  coarse  wires  it  is  necessary  to  use  a  consider- 
able length  unless  a  liigli-frequency  current  of  several 
amperes  is  available.  This  involves  a  difficulty,  for 
a  foot  or  two  of  wire  must,  at  high  frequencies,  have 
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a  reactance  comparable  with  its  resistance,  and  if 
the  length  of  wire  is  doubled  back  on  itself  to  mini- 
mize  its  reactance  the  axial  svmmetrv-  of  the  current 
distribution  will  be  disturbed. 

As  an  example  of  the  method  the  resistance  of  a 
doubled  length  of  18  S.W.G.  Eureka  wire  has  been 
measured  at  various  high  frequencies.  Fig.  13  exhibits 
the  observed  values  of  the  ratio  R„IRq  plotted  against 
the  frequency,  and  Fig.  14  the  value  of  BJRq  plotted 
against  the  square  of  the  frequencv.  The  relation  be- 
tween resistance  and  frequencv  for  this  doubled  length 

of  18  S.W.G.  \rire  is  given  by  RJRq  =  1  +  ,  _];j^  n^, 
whereas  the  theoretical  formula  for  a  single  length  of 
this  size  of  wire  is  RJRq  =  1  -i 77^5  •  The  dis- 
crepancy between  the  observed  and  theoretical  results 
is  no  doubt  mainly  due  to  the  disturbance  in  the  axial 
symmetry  of  the  current  distribution  brought  about 
by  the  close  proximity  of  the  return  current,  a  condition 
of  affairs  that  must  exist  in  all  stranded  conductors. 
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Fig.  16. 

(d)  Measurement  of  amplification  produced  by  triode 
amplifiers. — The  voltmeter  is  useful  in  constructing 
high-frequency  amplifiers,  for  the  amphfication  ratio 
can  be  directly  measured.  The  grid  t\^e  of  instru- 
ment is  most  suitable  for  use  wdth  resistance  amplifiers, 
for  its  reading  will  not  be  affected  by  the  large,  steady 
P.D.  existing  across  the  anode  resistance.  Fig.  15 
shows  the  cur\-e  connecting  input  and  output  voltages 
(at  lO'  p.p.s.)  from  a  two-stage  liigh-frequency  ampUfier, 
the  valves  used  being  of  the  "  R  "  pattern  with  about 
60  V  on  the  anode. 

[e)  Measurement  of  signal  strengths  in  wireless  tele- 
graphy*— By  interposing  a  simple  two-stage  amplifier 
between  the  voltmeter  and  the  aerial  tuning  coil,  and 
without  resorting  to  retro-action  in  the  aerial,  signal 
E.M.F.'s  of  300  jj.y  at  3  X  103  p.p.s.  have  been  accurately 
measured,  and  signal  E.M.F.'s  of  less  than  50  ^V  have 
been  detected. 

(/)  Determination  of  the  power  factor  of  condensers. — 
The  power  factor  of  a  condenser  can  be  determined  in 
a  very  simple  manner  by  using  a  grid-type  voltmeter 
to  measure  the  P.D.  across  the  diagonal  of  a  condenser 
bridge.     The  scheme  of  connections  is  shown  in  Fig.  16, 

*  See  also  E.  B.  Moullin,  "Observations  on  the  Field  Strength 
of  Horsea  Wireless  Station,"  Journal  I. E.E.,  1922,  vol.  61,  p.  67. 


where  Rj  and  Ro  represent  equal  non-inductive  resist- 
ances, and  K  a  variable  air  condenser  which  is  assumed 
to  have  zero  po\yer  factor.  C  represents  the  condenser 
to  be  tested,  its  imperfection  being  represented  by  the 
resistance  r ;  g  is  a  source  of  alternating  E.^SI.F.  of 
any  required  frequency,  and  V  is  the  thermionic  volt- 
meter. 

If  the  power  factor  of  condenser  C  is  not  zero,  the 
P.D.  across  it  will  differ  slightly  in  phase  from  the  P.D. 
across  Ro,  and,  even  though  K  is  adjusted  so  as  to 
be  equal  in  value  to  C,  the  voltmeter  V  will  not  read 
zero  but  a  minimum.  This  minimum  reading  of  V  is 
equal  to  the  vector  difference  between  the  P.D.  across 
C  and  the  P.D.  across  R^.  So  long  as  this  vector  differ- 
ence is  small  compared  with  fl,  the  ratio  2F/<5  will 
measure  the  angle  by  which  the  phase  of  the  current 
through  the  condensers  departs  from  the  ideal  "  quad- 
phase  "  condition,  or,  in  other  words,  the  power  factor 
of  the  condenser  C.  For  a  given  reading  of  the  volt- 
meter \',  the  smallest  angle  which  can  be  measured 
depends  simply  on  the  value  of  g.  The  smallest  value 
that  can  be  read  with  an  accuracy  of  5  per  cent  is  about 
0-5  V,  so  that  the  smallest  measurable  angle  is  about 
1/(5  radians,  or,  if  g  is  300  V,  about  12  minutes  of  arc. 
The  accuracy  of  the  method  has  been  tested  by  using 
an  air  condenser  for  C  and  inserting  a  known  resistance 
for  r  ;    imder  these  conditions  ra>C/2  should  equal  2V/S- 
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As  an  example  of  many  such  tests  the  following  may 
be  quoted  for  a  case  where  C=  K  =  .5  000/i/iF, 
r  =  10  000  ohms  and  the  periodicity  =  90  p.p.s.  The 
observed  values  of  V  and  <§  were  l-oV  and  212  V 
respectively,  so  that  2VfS  =  0-0142,  whereas  the  cal- 
culated value  of  ra»C/2  =  0-0141.  This  method  has 
been  used  to  measure  the  power  factor  of  an  aerial, 
and  incidentally  it  forms  a  convenient  way  of  measuring 
the  capacity  of  an  aerial.  Fig.  17  exhibits  the  power 
factor  of  the  aerial  at  the  Cambridge  University 
Engineering  Laboratory  at  frequencies  ranging  from 
30  p.p.s.  up  to  150  p.p.s.,  the  voltage  on  the  aerial 
being  100  V  in  each  case.  It  may  be  observed,  in 
passing,  that  the  power  factor  of  the  aerial  is  not 
entirely  independent  of  the  frequency,  as  Fig.  17  seems 
to  show,  but  is  appreciably  different  at  frequencies  of 
many  thousands  per  second. 

(g)  Measurement  of  stray  magnetic  fluxes. — The  ther- 
mionic voltmeter  affords  an  ideal  means  of  mapping  stray 
alternating  magnetic  fields.  The  sensitivity  of  the  instru- 
ment permits  the  search  coil  being  of  few  turns  and 
small  linear  dimensions,  an  important  consideration  where 
space  is  vex-y  restricted  ;  moreover,  as  the  instrument 
takes  no  current,  the  configurations  of  the  fields  to  be 
investigated  are  not  disturbed  by  the  presence  of  the 
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search  coil.  It  is  suggested  that  tlie  method  may  be 
most  useful  for  investigating  the  stray  fluxes  in  trans- 
formers, or  zig-zag  leakages  in  induction  motors,  and 
other  kindred  problems. 

To  illustrate  the  possibilities  of  the  method  some 
preliminary  investigations  have  been  made  of  the 
leakage  fluxes  occurring  in  a  choking  coil  with  a  variable 
air-gap 

The  form  and  dimensions  of  the  choking  coil  used 
are  shown  in  Fig,  18.  Magnetizing  coils  of  100  turns 
each  were  wound  centrally  on  each  limb  and  occupied 
a  length  of  3  inches  ;  the  cross-sectional  area  of  the  iron 
was  10-7  cm2.  Search  coils,  each  having  the  same 
number  of  turns,  were  wound  round  the  core  at  the 
points  marked  AA',  BB',  CC  and  DD'  respectively. 
Coil  A.\'  embraced  sensibly  all  the  flux  threading  the 


Variable 
"air-  gap 


Fig.  18. 

magnetizing  coils,  but  would  have  been  more  advan- 
tageously placed  centrally  underneath  one  of  the  two 
magnetizing  coils.  Coil  CC  embraces  the  flux  that 
issues  from  the  end  of  the  limb,  and  this  is  sensibly 
tlie  same  flux  that  actually  crosses  the  gap  and,  passing 
through  the  head-piece,  tlireads  coil  DD'.  Coil  BB 
placed  J  inch  further  down  the  limb  embraces  more 
flux  than  coil  CC  by  the  amount  which  leaves  the 
flanks  of  the  limbs  between  coils  BB'  and  CC.  Coils 
AA'  and  CC,  or  coils  AA'  and  BB',  were  joined  in 
series  but  opposing,  and  the  resultant  E.M.F.  produced 
in  them  was  measured  by  the  anode-type  thermionic 
voltmeter.  The  voltmeter  reading  is  consequently 
proportional  to  the  difference  between  the  fluxes 
threading  the  two  coils  or,  in  other  words,  the  leakage 
flux  between  the  two  points.  Since  this  leakage  flux 
occurs    through    paths    that    are   mainly   air,    it    must 


be  sensibly    proportional  to  the   current    through    the 
magnetizing  windings. 

Fig.  19  relates  to  a  test  of  the  choking  coil  at  a  con- 
stant voltage,  the  current  through  the  wndings  being 
altered  by  varying  the  length  of  the  air-gap,  the  mean 
flux  density  inside  the  magnet  windings  being  about 
3  000  lines  per  cm-  at  time  of  maximum  value.  The 
percentage  leakage  of  flux  between  AA'  and  BB',  also 
between  AA'  and  CC,  is  plotted  against  the  R.M.S. 
current  through  the  magnetizing  windings.  The  result 
is  seen  in  each  case  to  be  a  straight  line,  but  a  line 
not  passing  through  the  origin.  The  reason  why  the 
line  departs  from  the  origin  is  probably  because  coil  AA' 
was  not  situated  centrally  under  one  of  the  magnetizing 
coils.  Had  this  been  the  case  the  E.M.F.  generated  in 
coil  AA'  would  always  have  been  a  little  greater,  and  so 
the  difference  between  coils  AA'  and  CC  would  have 
been  also  a  little  greater.  It  will  be  noticed  that  the 
leakage  flux  appears  to  become  zero  when  the  current 
is  0-5  A.  This  is  exactly  the  current  taken  by  the 
choker  with  the  gap  closed  up  ;  and  in  this  condition 
the  search  coils  are  situated  almost  symmetrically  with 
respect  to  the  flux  and  would  therefore  have  equal 
E.M.F. 's  in  them,  with  or  without  a  small  amount  of 
stray  flux  between  them. 
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(/j)  Miscellaneous  uses. — If  the  grid-type  instrument 
is  connected  across  a  resistance  placed  in  the  field 
circuit  of  an  alternator,  it  can  be  used  to  measure  the 
extent  of  the  small  alternating  current  superposed  on 
the  steady  field  current,  or  it  may  be  used  to  measure 
the  voltage  ripples  of  a  d.c.  dynamo.  Both  these 
applications  depend  on  the  fact  that  it  is  not  cognizant 
of  a  steady  potential.  In  this  and  similar  applications 
it  may  prove  a  useful  instrument  for  those  who  have  con- 
stantly to  diagnose  faults  in  dynamo-electric  machinery, 
and  it  would  often  serve  to  discover  a  fault  that  could 
otherwise  have  been  found  only  by  the  help  of  an 
oscillograph  or  other  delicate  and  unportable  apparatus. 

With  the  help  of  an  amplifier  it  may  be  employed 
with  a  thermo-couple  to  measure  the  extent  of  cyclic 
variations  of  temperature,  such  as  those  occurring  in 
an  engine  cylinder. 


304 


MOULLIN:   A   DIRECT-READING   THERMIONIC   VOLTMETER, 


Discussion  before  the  Wireless  Section,  6  December,  1922. 


Professor  C.  L.  Fortescue  :  It  may  well  be  argued 
that  all  the  principles  involved  in  this  instrument  are 
well  known,  but  it  has  remained  to  the  author  to  realize 
the  need  for  this  voltmeter  and  to  produce  it  in  a  practical 
and  simple  form  ;  and  for  this  he  deserves  full  credit. 
Of  the  many  applications  mentioned  in  the  paper 
the  measurement  of  high-frequency  resistance  seems  one 
of  the  most  important,  and  it  is  possible  that  for  this 
purpose  the  instrurnent  may  prove  as  useful  to  the 
wireless  engineer  as  the  testing  set  is  to  the  "  heavy  " 
engineer.  As  a  resonance  indicator  the  voltmeter  will, 
no  doubt,  operate  fairly  effectively,  but  this  would 
not  appear  to  be  its  strong  point,  and  the  ordinary 
"slide-back"  method,  using  a  good  galvanometer 
and  a  strongly  negative  grid,  is  far  more  sensitive. 
There  seems  to  be  some  reason  to  doubt  whether  the 
calibration  will  be  permanent.  Changes  of  the  grid, 
filament  and  vacuum  occur  in  the  valves  even  when 
run  with  low  filament  currents,  and  only  experience  of 
many  thousand  hours  of  running  will  show  whether 
the  method  of  setting  the  zero  will  compensate  for  all 
these  changes.  Some  degree  of  screening  may  also 
prove  necessary  when  working  on  very  high-frequency 
circuits. 

Major  H.  P.  T.  Lefroy  :  I  feel  that  the  instrument 
described  in  the  paper  is  probably,  at  the  stage  we  have 
now  reached  in  high-frequency  engineering,  about  the 
most  useful  one  that  has  been  produced  for  a  consider- 
able time,  and  that  its  use  may  lead  to  improvements 
in  radio  apparatus  in  almost  every  direction.  More 
particularly,  it  will  enable  us  to  gain  a  valuable  insight 
into  the  design  of  high-frequency  conductors  and  coils, 
and  on  various  other  points  which  have  been  difficult 
to  investigate  on  account  of  the  difficulty  of  measuring 
ver}'  small  high-frequency  currents.  The  instrument 
is  one,  moreover,  which  amateurs  can  easily  obtain, 
so  that,  if  they  wish,  they  can  join  in  some  useful  and 
effective  research  work.  For  instance,  they  are  now  in 
a  position,  with  the  help  of  this  instrument,  to  measure 
signal  strength  accurately,  and  to  join  in  the  international 
investigation  of  signal  strength  in  a  way  they  could  not 
before.  In  the  early  part  of  the  paper  it  seems  to  me 
that  the  author  rather  suggests  that  all  balance  methods 
are  too  cumbersome  ;  but  in  similar  work  which  I  have 
done,  using  simply  a  2-volt  accumulator  and  a  1 0  000-ohm 
resistance-box,  I  was  able  easily  to  balance  to  an  accuracy 
of  0-1  fiA,  and  then  to  get  readings,  from  signals,  up 
to  1  000  fxA,  which  is  a  very  wide  range.  I  think  that 
high-frequency  voltages  dovra  to  0-01  volt  can  thus  be 
measured,  simply  by  putting  the  accumulator  current 
differentially  through  the  micro-ammeter  relative  to 
the  anode  current.  In  my  experiments  I  noticed 
an  interesting  point,  viz.  that  signals  which  reduced 
the  anode  current  by  20  /LtA  were  about  R9  in  the 
telephone,  while  those  causing  a  reduction  of  500  fiA 
were  only  RIO  or  Rll,  and  those  about  R6  did  not 
cause  a  reduction  of  1  fj.A. 

Dr.  E.  H.  Rayner  :  There  are  one  or  two  points  which 
I  should  like  to  raise.  Has  the  voltmeter  to  be  calibrated 
for  each  particular  valve,  or  is  it  sufficient  to  take  a 


given  type  of  valve  and  substitute  one  for  another  ? 
I  ask  that  because  for  a  certain  purpose  some  work 
has  been  done  recentlv  on  valve  characteristics,  and  it 
was  impossible  to  find  two  valves  with  exactly  the  same 
characteristics,  although  they  might  be  of  the  same 
manufacture.  Another  point  is  this  :  I  notice  that 
the  terminals  for  the  connection  to  the  voltmeter  are 
put  almost  as  far  apart  as  possible,  but  it  seems  to  me 
that  in  order  to  reduce  the  inductivity  of  the  circuit, 
with  the  stray  fields  which  may  be  present,  it  would 
be  desirable  to  bring  them  closer  together,  as  is  usually 
done  in  apparatus  for  very  high-frequency  work. 

Mr.  J.  Hollingworth  :  To  take  a  measurement  in 
wireless  work  often  requires  far  more  apparatus  than 
is  in  use  for  the  whole  of  the  rest  of  the  experiment, 
and  the  advantages  of  a  portable  instrument  are  there- 
fore very  great  indeed.  I  think  we  might  even  go  so 
far  as  to  say  that  even  if  the  instrument  were  not  found 
to  be  an  instrument  of  precision — I  do  not  suggest  for 
one  moment  that  it  is  not — its  value  to  the  alternating- 
current  worker  would  still  be  very  great.  Some  time 
ago  when  I  was  trying  to  use  a  constant  oscillating 
circuit  I  adopted  the  method  of  always  resetting  the 
filament  current  so  as  to  obtain  the  same  anode  current 
with  the  same  anode  voltage,  the  idea  being  that  it  was 
much  more  sensitive  to  anode  current,  and  anode  current 
can  be  adjusted  much  more  accurately  than  filament 
current  can  be.  On  calibrating  it  after  three  months 
I  found  that  it  had  changed  30  per  cent.  Whether 
I  had  a  particularly  bad  valve  or  not  I  do  not  know, 
but  as  a  result  of  that  I  connected  up  the  circuit  with  a 
measuring  instrument  in  series,  left  it  on  and  watched 
it  hour  by  hour.  There  were  even  slight  changes  during 
that  period,  so  I  think  that  it  will  be  necessary  to  make 
sure  that  the'  right  point  on  the  anode  characteristic 
is  being  worked  to,  unless  it  can  be  shown  that  small 
variations  of  the  anode  characteristic  do  not  produce 
any  appreciable  effect.  I  should  like  to  ask  if,  by  the 
addition  of  various  resistances  in  the  position  occupied 
by  R  in  Fig.  4,  the  instrument  could  be  converted  into 
a  multi-range  apparatus,  so  extending  its  uses.  I 
think  that  the  power  absorption  of  the  voltmeter  varies 
slightly  with  the  power  applied  to  it  ;  in  fact,  the 
apparent  resistance  of  the  voltmeter  appears  to  vary 
slightly  with  the  reading.  That,  of  course,  introduces 
the  difficulty  that  if  one  is  using  it  on  an  oscillating 
circuit,  where  decrement  is  of  importance,  and  where 
the  decrement  of  the  voltmeter  is  comparable  with 
that  of  the  circuit,  one  does  not  know  the  decrement 
of  the  circuit  until  one  knows  the  reading  of  the  volt- 
meter. If  the  voltmeter  is  equivalent  to  a  constant 
resistance,  that  will  not  matter,  but  if  the  equivalent 
resistance  of  the  voltmeter  varies  with  the  reading  it 
means  recalculating  for  each  reading  in  order  to 
determine  the  actual  decrement  of  the  circuit. 

Mr.  F.  C.  Lunnon  :  The  author's  voltmeter  is 
essentially  a  calibrated  apparatus  and  I  think  that  he 
rather  underestimates  the  difficulty  of  obtaining  a 
calibration,  for  surely  it  will  depend  upon  the  wave-form 
of  the  voltages  to  be  measured.     I  notice  that  he  rather 
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lightly  passes  over  what  has  come  to  be  known  as  the 
"slide-back"  method  of  measurement.  In  working 
under  Capt.  Round  I  have  used  this  method  for  various 
purposes  for  a  number  of  years  and  if  it  is  employed  with 
a  knowledge  of  its  error  it  is  sufficiently  accurate  for 
most    radio    measurements.     It    is    essentially    not    a 
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Fig  a. — Curves  of  error  of  a  V24  valve  (No.  21  288).     4  volts 
across  filament;   12  volts  on  plate. 

method  for  measuring  such  low  voltages  as  those  for 
which  the  author's  instruments  are  calibrated,  for  the 
reason — which  we  have  alwavs  appreciated — that  there 
is  a  small,  constant  error  inherent  to  the  method,  depend- 
ing on  the  type  of  valve  used,  which  would  result  in  too 
big  a  percentage  error  at  these  small  values.     About  a 
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KiG.   B. — Curves   of   error  of   an    S.M.    valve    (dull   emitter) 
No.  235.      2-18  volts  acrofs  filament  ;   7  volts   on   plate. 


year  ago  I  made  extensive  checks  on  this  method  at 
low  frequencies,  trying  a  large  number  of  valves  of 
different  types.  The  result  showed  that  for  any 
particular  type  of  valve  the  error  is  practically  constant 
from  valve  to  valve  and  over  a  large  range  of  voltage 
and  so,  of  course,  the  percentage  error  decreases  as  the 
voltage  to  be  measured  increases.  For  instance,  using 
a  M.-O.  dull  emitter  valve  the  error  is  0-2  volt  low, 
which  represents  a  4  per  cent  error  at  5  volts.  A  M.-O. 
V24  valve  gives  a  bigger  error,  viz.  0-4  volt  low.     If 


care  is  taken  to  use  valves  with  a  good,  sharp  cut-off — 
such  as  a  dull  emitter — the  error  will  not  be  greater 
than  4  per  cent  for  voltages  of  over  5  volts,  and  over 
10  volts  it  will  be  very  small  indeed.  And  if,  when  using 
a  dull  emitter,  0-2  volt  is  added  to  the  readings  then. 
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Fig.  C. — Test  for  proportionality  between  current  in  an  oscil- 
latory circuit  and  resulting  voltage  across  condenser  as 
measured  by  the  "  slide-back  "  method.     V24  valve. 

over  about  6  volts,  the  error  can  be  relied  upon  to  be 
less  than  1  per  cent.  Figs.  A  and  B  illustrate  these 
results,  and  Fig.  C  and  Table  A  give  the  results  of  high- 
frequency  checks  which  were  made  three  years  ago. 
A  point  in  favour  of  the  "  slide-back  "  method  is  that 

Table  A. 
F24  Valve. 

Peak  voltage  measured  by  the  "slide-back"  method 
across  an  inductance  L  =  1  460  ^H  at  A  =  6  050  m 
and  compared  with  the  calculated  voltage  deter- 
mined from  the  current  I  as  measured  by  a  thermo- 
ammeter. 


"Slide-back"  voltage 

Calculated  \oUagc 

Percentage  error 

15-2 

15-3 

o-e.'js 

26-1 

26-2 

0-3S 

23-7 

24-1 

i-()(> 

the  very  principle  by  which  it  operates  ensures  that  no 
damping  can  be  introduced  into  the  circuit  to  which 
it  may  be  connected  ;  and  a  still  greater  point  in  its 
favour  is  that  it  is  definitely  a  measure  of  peak  voltage 
as  against  R.M.S.  voltage — necessarily  doubtful  because 
it  depends  on  wave-form — such  as  is  obtained  with  the 
author's  voltmeter.  He  suggested  that  his  voltmeter 
could  be  used  to  measure  signal  strength  by  measuring 
the  voltage  across  an  aerial  tuning  inductance  and 
then  c:ilculating  the  induced  E.M.F.  in  the  aerial  from 
a  knowledge  of  the  inductance,  frequency  and  resist- 
ance of  the  aerial,  and  he  remarked  that  this  would 
be  a  simple  method  and  one  that  might  supersede  the 
present   complicated    aural    method — ^presumably   that 
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used  by  the  Marconi  Company  and  described  by  me  in 
the  discussion  on  "  Long-distance  Wireless  Trans- 
mission"  before  this  Section  in  1921.*  This  might  be 
so  under  ideal  conditions — with  the  stations  to  be 
measured  sending  a  long  dash  and  in  a  complete  absence 
of  interference  from  atmospherics  or  other  stations — 
but  it  is  most  certainly  not  so  for  practical  signal-strength 
measurement,  for  example,  measuring  New  Brunswick 
in  England,  where  the  current  in  the  aerial  resulting 
from  the  E.M.F.  induced  by  the  New  Brunswick  signal 
is  far  weaker  than  the  forced  current  from  nearby 
high-power  stations  on  slightly  different  wave-lengths, 
viz.  Carnarvon  and  St.  Assise,  and  far  weaker  also  than 
the  current  resulting  from  atmospherics.  And  when, 
in  addition,  it  is  remembered  that  in  practice  stations 
send  INIorse  signals  and  not  long  dashes  it  must  be  obvious 
that  only  an  aural  method,  such  as  that  referred  to  above, 
can  give  any  results  at  all. 

Major  B.  Binyon  :  It  is  well  known  that  valve 
filaments  are  very  liable  to  fracture  in  transit  and, 
in  view  of  the  fact  that  the  calibration  of  this  instrument 
depends  upon  the  particular  valve  employed,  it  would 
presumably  be  necessary  to  return  the  instrument  to 
the  makers  for  re-calibration  in  the  event  of  damage 
to  the  valve.  I  should  like  to  ask  the  author  whether  he 
has  considered  the  employment  of  any  special  type  of 
valve  to  overcome  these  difficulties  and  whether  it  would 
not  be  possible  to  employ  a  valve  ha\-ing  a  very  thick 
tungsten  filament  with  a  current  of,  say,  3  or  4  amperes 
or  more,  which  would  give  an  exceedingly  long  life 
and  not  be  liable  to  damage  in  transit.  Since  the 
instrument  is  not  required  for  continuous  use  a  high 
filament  current  would  be  immaterial. 

Mr.  R.  C.  Clinker:  I  think  that  anyone  who  has 
made  alternating-current  measurements,  particularly 
measurements  of  small  voltages,  will  often  have  felt 
the  need  of  an  instrument  such  as  the  author  has 
described.  It  would  be  very  useful,  for  instance,  in 
measuring  the  permeability  of  iron  under  a.c.  conditions 
at  very  low  density  where  a  low  voltage  is  induced  in 
a  search  coil.  On  page  301  the  author  mentions  the 
measurement  of  current  by  noting  the  fr.equency  and 
passing  the  current  through  a  known  inductance.  For 
that,  I  suggest,  it  is  necessary  not  only  to  know  the 
frequency  accurately,  but  also  to  be  sure  that  the  wave 
is  sinusoidal,  i.e.  that  no  harmonics  are  present,  which 
I  think  is  more  difficult.  I  should  like  to  know  if  the 
arrangement  shown  in  Fig.  16  would  give  as  good  or 
better  results  if  a  variable  resistance  were  put  in  series 
with  the  condenser  K  and  varied  until  V  gave  a  zero 
reading.  The  power  factor  of  the  arm  containing 
condenser  K  would  then  be  known  and  would  be  exactly 
equal  to  that  containing  condenser  C  and  resistance  r. 

Dr.  E.  V.  Appleton  {communicated) :  1  think  that  the 
voltmeter  designed  by  the  author  (see  Fig.  3)  \\-ill  play 
a  great  part  in  the  signal  measurements  of  the  future. 
We  have  had  an  opportunity  of  using  this  type  of  volt- 
meter in  the  Cavendish  Laboratory,  and  have  found  it 
quite  accurate  and  very  convenient.  At  first  I  thought 
that  all  the  author  had  done  for  us  was  to  put  a  triode 
in  a  box,  bringing  out  connections  to  convenient 
terminals,  but  a  closer  acquaintance  with  the  difficulties 
•  Joimial  I.E.E.,   1921,  vol.   59,  ]>.   677. 


of  the  problem  make  us  admire  the  way  in  which  he 
has  made  the  calibration  independent  of  fluctuations 
of  filament-battery  voltage.  I  have  been  personally 
interested  in  two  applications  of  the  voltmeter,  both 
relating  to  the  measurement  of  the  strength  of  continuous- 
wave  signals.  For  very  strong  signals,  such  as  are  used 
in  measuring  the  effective  heights  of  aerials,  a  loop 
aerial  may  be  used,  and  the  resonance  voltage  across  the 
condenser  may  be  measured  by  means  of  the  voltmeter. 
The  insertion  of  a  small,  known  non-inductive  resistance 
in  the  coil  circuit  alters  the  resonance  voltage  reading 
so  that  from  the  two  values  the  oscillatory-circuit 
resistance  may  be  found.  The  calculation  of  the  signal 
electromotive  force  is  then  a  simple  matter.  In  the 
second  method  the  signal  strength  is  measured  by  means 
of  the  "  silent  space  "  which  it  produces  in  a  simple 
auto-heterodjTie  receiver.  Thus,  if  the  edge  of  the 
"  silent  space  "  corresponds  to  a  dis-tuning  §A,  where  A 
is  the  wave-length,  the  signal  electromotive  force  £q 
is  given  by  Eq= K{8XlX)ao,  where  if  is  a  known  constant 
and  Oq  is  the  oscillatory  amplitude  of  the  receiver  in 
the  absence  of  signals.  Since  oq  may  be  made  of  the 
order  of  0  •  5  volt  it  is  conveniently  measured  by  the 
author's  voltmeter.  I  know  of  no  other  instrument 
which  would  be  as  suitable  for  such  a  purpose. 

Mr.  E.  B.  Moullin  {in  reply)  :  Prof.  Fortescue  and 
JMr.  Holhngworth  have  suggested  that  the  calibration 
may  not  remain  permanent  over  a  long  duration  of  time, 
but  whether  this  willprove  to  be  the  case  or  not  experience 
alone  can  show.  If  the  filament  voltage  is  kept  down  to 
3  •  6  V  I  hope  and  expect  that  no  appreciable  ageing 
will  take  place.  I  have  had  one  of  these  instruments 
in  constant  use  for  about  8  months  and  no  change  has 
so  far  taken  place  in  the  calibration  ;  it  is  extremely 
easy  to  make  a  low-frequency  check  of  the  calibration, 
and  until  long  experience  has  been  gained  it  may  be 
as  well  to  check  the  instrument  every  6  months  or  so. 
It  is  possible  that  ageing  effects  would  be  equivalent 
to  a  very  small  change  in  filament  potential,  and 
experiment  shows  that  such  small  changes  affect  only 
the  zero  and  not  the  law  of  the  scale.  Hence  if  ageing 
does  take  place  it  is  quite  possible  that  the  instrument 
can  be  corrected  by  shghtly  setting  up  the  pointer 
zero  without  making  any  alterations  in  the  scale. 

Prof.  Fortescue  and  Major  Lefroy  have  referred  to 
the  use  of  the  instrument  for  measuring  high-frequency 
resistances.  I  have  used  it  a  great  deal  for  measuring 
aerial  resistances  and  coil  resistances  by  emploj-ing  it 
as  a  current  indicator,  while  the  E.M.F.  introduced  into 
the  circuit  was  measured  by  a  potentiometer  slide- 
wire. 

In  reply  to  Dr.  Rayner  each  instrument  has  to  be 
calibrated  with  its  own  particular  valve,  but  in  the  case 
of  the  grid  instrument  different  valves  by  the  same 
manufacturer  seem  to  repeat  themselves  within  5  per 
cent. 

As  Major  Binyon  suggests,  it  ma^-  well  be  advantageous 
to  use  a  thick  filament  and  so  avoid  all  risk  of  damage 
in  transit  :  tliis  might  also  permit  of  a  slightly  less 
sensitive  galvanometer  being  employed. 

I  am  afraid  that  the  amount  of  scale  control  obtainable 
by  altering  the  anode-circuit  resistance  is  not  sufficient 
to   provide    a   multi-ranging   device,    but    no    doubt   a 
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considerable  extension  of  scale  could  be  provided  in 
this  manner. 

The  method  of  calculating  the  effective  resistance  of 
the  voltmeter  at  any  reading  is  set  out  in  the  paper,  and 
I  think  that  the  example  given  at  the  end  of  Section  4 
is  a  fair  one  for  the  purpose  of  showing  that  there  are 
few  cases  where  the  decrement  will  be  of  importance. 
If  cases  arise  where  the  decrement  is  important  it  is 
only  necessary  to  tap  the  voltmeter  across  a  portion 
instead  of  the  whole  of  the  inductance,  and  thereby 
reduce  the  decrement  introduced  ;  this,  of  course, 
means  an  increase  in  the  power  supplied  to  the  circuit, 
but  the  sensitivity  of  the  instrument  when  used  as  a 
current  indicator  is  so  great  that  this  is  of  no  practical 
inconvenience. 

Mr.  Clinker's  suggestion  of  placing  an  e.xtra  resistance 
in  the  condenser  arm  of  the  bridge  and  so  producing  a 
balance  would  usually  be  an  improvement  :  with  very 
small  condensers  and  low  frequencies  this  added 
resistance  would  have  an  inconveniently  high  value. 

I  agree  with  Mr.  Lunnon  that  the  calibration  must 
be  to  some  extent  dependent  on  wave-form,  but  to  what 
extent  has  not  so  far  been  investigated.  In  high- 
frequency  work  where  one  is  usually  working  with  highly 
inductive  circuits  of  low  decrement  tuned  to  resonance 
it  does  not  seem  possible  that  one  can  get  harmonics 
in  the  current  that  are  comparable  with  the  fundamental, 
hence  I  think  that  no  anxiety  as  to  wave-form  need  be 
felt  in  high-frequency  work.  I  do  not  see  how  the  slide- 
back  method  is  any  better  in  this  respect,  for  the  peak 


voltage  which  it  measures  is  also  dependent  on  wave- 
form. Also,  a  reference  to  my  analysis  of  the  accuracy 
of  the  slide-back  method  which  recently  appeared  in 
the  Wireless  World  (1922,  vol.  10,  p.  1)  will,  I  think, 
show  that  Mr.  Lunnon's  constant  correction  of  about 
0  •  4  V  will  depend  very  much  on  the  wave-form.  I  think 
he  will  agree  that  if  the  wave  had  a  dimple  in  the  top, 
and,  therefore,  two  peaks,  the  constant  correction  would 
be  much  less  than  0-  4  V,  and  that  if  it  had  a  very  sharp 
peak  instead  of  a  dimple,  the  constant  correction  would 
be  much  more  than  0  •  4  V.  Another  disadvantage  that 
the  slide-back  method  appears  to  possess  is  that  not  only 
is  it  necessary  to  add  a  rather  uncertain  correction  but 
there  must  also  be  some  uncertainty  in  deciding  on  the 
appropriate  slide-back.  That  this  uncertainty  does 
exist  is  clearly  shown  in  Mr.  Lunnon's  curves,  in  which 
the  observation  points  are  scattered  above  and  below 
the  line.  Above,  say,  15  V  the  method  may  no  doubt 
be  taken  as  correct,  but  this  makes  the  slide-back 
10  times  as  insensitive  as  the  instrument  described  in 
the  paper. 

The  aural-comparison  method  to  which  I  referred 
was  the  method  described  by  Prof.  Vallauri  and  is 
probably  similar  to  that  used  by  Mr.  Lunnon.  I  have 
used  the  voltmeter  a  good  deal  for  measuring  signal 
strengths,  and  according  to  the  Austin-Cohen  formula 
it  is  quite  possible  to  measure  transatlantic  signals 
by  the  method  indicated  in  the  paper  and  recently 
described  more  fully  in  the  Journal* 

*  Journal  I.E.E.,    1922,   vol.   61,  p.   67. 
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height  should  be  taken  as  0-  55  of  the  mechanical  height  ; 
and  in  the  Radio  Review  of  .\pril  1921  Prof.  Vallauri 
gives  tliis  ratio  for  the  Rome  aerial  under  certain 
conditions  as  0-64.  Hence  in  Mr.  MouUin's  formula 
where  if  =  60  is  used,  it  appears  as  if  his  value  of  the 
effective  height  should  at  times  exceed  the  actual 
height,  which  appears  to  contradict  his  remarks  in 
the  second  column  of  page  72.  As  a  matter  of  fact, 
in  the  N.P.L.  measurements  K  was  taken  as  120  and 
hg  as  100  (this  value  being  assumed,  as  the  correct 
value  was  unknown).  The  results  on  the  2  500-m 
signals  mostly  came  out  about  10  to  20  per  cent  in 
excess  of  the  theoretical  value,  neglecting  absorption. 
It  appears,  therefore,  that  if  the  correct  value  for  h, 
had  been  used,  the  results  would  have  shown  the  absorp- 
tion between  Horsea  and  the  N.P.L.  to  be  negligible. 

Mr.  E.  B.  MouUin  {in  reply)  :  I  agree  with  Mr. 
HolUngworth  that  it  is  very  advisable  to  make  an  actual 
measurement  of  the  mutual  inductances,  but,  as 
mentioned  in  the  paper,  adequate  means  for  doing  so 
were  not  at  my  disposal.  Personally,  I  much  prefer 
to  measure  the  local  E.M.F.  by  means  of  a  resistance 
potentiometer,  because  by  so  doing  it  is  much  more  easy 
to  make  calibration  curves  of  the  type  shown  in  Figs.  7 
and  8.  If  the  resistances  are  made  of  short  lengths  of 
fine  wire  doubled  back  on  themselves  I  think  that  there 
is  no  need  to  fear  that  the  potentiometer  has  a  reactance 
comparable  with  its  resistance,  at  any  rate  for  frequencies 
less  than  10^  periods  per  second.  In  any  case,  as  the 
reactive  drop  is  at  right  angles  to  the  resistance  drop 
it  can  have  an  appreciable  value  and  still  make  only 
a  second-order  change  in  the  total  drop. 

I  am  glad  that  Mr.  Hollingworth  has  called  attention 
to  the  discrepancy  that  exists  in  defining  the  effective 
height  from  the  formula  E  =  KTrh^IjXd,  for  it  seems 
to  me  that  this  discrepancy  is  bound  to  lead  to  confusion 
in  the  future  ;  it  seems  common  to  find  K  taken  as 
60,  and  equally  common  to  find  it  taken  as  120.  Now 
it  seems  to  me  to  matter  very  httle  which  value  of  the 
constant  is  taken  so  long  as  everyone  takes  the  same. 
Would  it  not  be  a  good  thing  to  have  some  definite 
ruling  on  this  point,  together  with  some  rules  as  to  the 
manner  in  which  the  effective  height  is  to  be  measured  ? 
If  this  were  done  then  we  should  know  that  all  values 
quoted  for  the  effective  height  of  an  aerial  were  defined 
and  measured  in  a  standard  way. 

With  regard  to  the  effective  receiving  height  measured 
as  described  on  page  72,  surely  this  method  of  measure- 
ment is  independent  of  the  value  of  the  constant  discussed 
above.  The  value  of  the  field  strength  produced  by  a 
distant  station  is  first  measured  by  means  of  a  loop, 
and  it  is  then  found  that  the  same  field  produces  a  certain 
E.M.F.  in  an  aerial.  In  the  case  of  an  aerial  where 
capacitv  is  sensibly  all  concentrated  in  the  roof,  the 
value  of  the  E.M.F.  divided  by  the  field  strength 
must  surely  give  the  effective  receiving  height.  In 
the  particular  case  considered,  the  curve  showing  the 
current  distribution  in  the  up  lead  proves  that  the 
capacity  was  concentrated  in  the  roof. 


Mr.  J.  Hollingworth  [communicated)  :  The  ex- 
periments and  results  given  in  the  paper  are  very 
interesting  to  those  who  are  engaged  on  this  problem 
of  measurement.  It  is  to  be  noted  that  the  author 
confirms  the  present  general  tendency  to  avoid  the  use 
of  an  audible  system  wherever  possible,  though  there 
may  occasionally  be  cases  in  which  it  is  preferable. 
A  certain  number  of  measurements  were  made  at 
the  National  Physical  Laboratory  on  this  transmission, 
but  their  object  was  largely  to  investigate  a  new  system 
of  measurement.  Time  did  not  allow  of  tliis  being 
calibrated  before  the  tests  commenced,  so  that  readings 
were  discontinued  after  a  time  in  order  that  it  might 
be  done,  with  a  result  that  on  no  occasion  did  the  date 
of  Mr.  MouUin's  tests  coincide  with  those  at  the  N.P.L., 
so  that  direct  comparison  is  not  possible.  I  should 
like  to  express  my  absolute  agreement  with  the  author 
where  he  emphasizes  the  necessity  of  check  measure- 
ments. In  such  an  indirect  process  as  a  measurement 
of  tliis  type  the  possibiUties  of  something  going  wrong 
are  so  great  that  it  is  very  difficult  to  place  entire  reli- 
ance on  a  single  reading  unsupported  by  any  internal 
evidence.  With  regard  to  details  of  the  system,  the 
discrepancies  in  the  results  obtained  with  the  different 
mutual  inductances  are  very  likely  due  to  a  small 
capacity  coupling.  Personally,  when  using  a  similar 
system  I  never  rely  on  a  calculated  value,  but  proceed 
as  follows  :  The  larger  mutual  inductances  can  be 
measured  directly  by  passing  a  rather  larger  current 
at  the  given  frequency  through  the  primary  and  con- 
necting a  Duddell  thermo-galvanometer  across  the 
secondary.  Provided  one  is  not  working  near  the 
natural  wave-length  of  either  coil,  the  mutual  induct- 
ance can  be  calculated  from  these  figures  and  the  low- 
frequency  inductance  of  the  secondary.  This  process 
breaks  down  for  the  smaller  values  of  mutual  induct- 
ance, but  by  measuring  the  same  signal  with  different 
pairs  of  mutual  inductances  a  ratio  M^  :  M,  :  M3  .  .  . 
can  be  obtained.  I  have  found  that  over  the  range  in 
which  both  methods  of  measurement  are  possible 
the  ratios  obtained  by  the  two  methods  are  almost 
invariably  witliin  1  per  cent  of  one  another,  and 
so  I  have  no  hesitation  in  accepting  the  ratio  obtained 
by  the  second  method  for  mutual  inductances 
which  are  too  small  to  be  measured  by  the  first. 
Hence,  if  the  absolute  value  of  the  largest  mutual 
inductance  can  be  measured  by  some  direct  method, 
the  values  of  all  the  others  can  be  found.  There  appears 
to  be  considerable  difference  of  opinion  over  the 
meaning  of  the  effective  height  of  an  aerial  as  used  in 
the  formula 


Ad 

.\t  the  Paris  Conference,  1921,  it  was  suggested  that 
it  should  be  defined  as  the  height  of  the  equivalent 
half  dipole,  and  the  constant  K  is  then  120.  It  was 
also  suggested  that,  as  a  first  approximation,  the  effective 
*  Paper  by  Mr.  E.  B.  MouUin  (see  page  67). 


■GREEDY:   VARIABLE-SPEED    ALTERNATING-CURRENT   MOTORS. 


3C9 


INTRODUCTORY    NOTES     TO    A    LECTURE     ON 

"  VARIABLE-SPEED    ALTERNATING-CURRENT    MOTORS    WITHOUT 

COMMUTATORS."  • 

By   F.  Creedy,   Associate  Member. 

{MS.  first  received  23rd  November,  1922,  and  in  final  form  1th  March,  1923  ;  lecture  delivered  before  The  Institutton- 
ith  January,  before  the  North  XIidland  Centre  9tt  January,  before  the  SouiH  JIidland  Centre  lOtt  January,  and 
before  the  Inorth-Eastern  Centre  22nd  January,   1923.) 


Summary. 
After  a  short  general  discussion,  a  new  method  of  pole- 
changing,  involving  the  use  of  a  number  of  phases  greater 
than   that   in  the  line,   is  explained,   together  with  means 
for  simplifying  the  connections  : — 

(A)  By  the  use  of  mutually  reversed  coils. 

(B)  By  a  star-mesh  connection. 

The  phase  transformer  needed  to  produce  the  increased 
number  of  phases  is  next  described,  and  it  is  shown  that 
the  current  in  the  windings  intermediate  between  the  three- 
phase  tapping  points  is  reduced  to  a  very  low  value  as 
in  the  rotary  converter,  making  the  apparatus  small  and 
inexpensive. 

The  switchgear  emploj'ed  is  next  discussed,  and  it  is  pointed 
out  that  the  methods  described  render  the  squirrel-cage 
motor  adaptable  to  almost  all  purposes,  since  they  enable 
it  to  give'  good  starting  torque  with  low  current. 

Machines  with  slip-ring  characteristics  are  also  described 
and  test-results  discussed. 

A  description  is  given  of  the  cascade  motor,  and  its 
unique  characteristic  of  giving  gradual  adjustment  between 
speeds  is  explained.  Two-,  three-  and  four-speed  motors 
having  this  characteristic  are  referred  to. 

Some  tests  of  large  rolling-mill  and  other  motors  are 
given  and  finally  a  description  of  the  application  of  the 
cascade  motor  as  a  short-circuit  motor  machine  with  slip- 
ring  characteristics,  and  as  a  unity-power-factor  synchro- 
nous machine  of  greater  simplicity  and  less  cost  than  any- 
other  type. 

Introduction. 

It  has  become  sufficiently  clear  during  the  past  few 
years  that  the  polyphase  alternating-current  system 
will  ultimately  be  universally  adopted  for  power  supply 
on  a  large  scale.  One  of  the  chief  difficulties  at  present 
existing  with  this  system  relates  to  the  provision  of  a 
satisfactory  variable-speed  motor,  capable,  if  possible, 
of  operating  on  high-tension  polyphase  currents  vnthout 
the  necessity  for  the  transformation  of  the  whole  of 
the  power.  The  solution  of  this  problem  is  very  far 
from  being  an  easy  one  and,  in  fact,  it  is  only  in  com- 
paratively recent  years  that  satisfactory  progress  has 
been  made. 

In  the  first  place,  the  different  apphcatir.ns  for  a 
variable-speed  motor  vary  very  widely  among  themselves, 
and  it  is  by  no  means  likely  that  a  single  type  of  motor 
is  best  adapted  to  meet  the  whole  of  these  different 
forms  of  application. 

It  will  be  desirable  fir.st  of  all,  therefore,  to  consider 
rather  more  in   detail   what  is   the  real  nature  of   the 


problem  of  producing  a  satisfactory  variable-speed 
alternating-current  motor  to  meet  every  kind  of  practical 
condition. 

The  Problem  of  Variable-speed  Alternating- 
current  Motors. 

There  are,  in  fact,  a  considerable  number  of  different 
classes  of  variable-speed  service. 

These  may  be  more  or  less  accurately  summarized 
as  follows  : — 

(1)  Speed-range. — All  practical  apphcations,  -ivith 
very  few  exceptions,  can  be  covered  by  a  motor  having 
a  speed-range  of  3 — 1.  Other  speed-ranges  in  wide 
demand  are  2 — 1  and  1-5 — 1.  It  would,  of  course,  be 
desirable,  if  compatible  with  the  other  conchtions  of 
the  problem,  to  have  a  macliine  capable  of  gradual 
speed-variation  from  one  end  to  the  other  of  any  of 
these  ranges  without  continuous  loss  of  power  at  any 
speed.  If  this  should  not  prove  possible,  and  it  becomes 
necessary  to  use  a  number  of  speed  steps,  these  should 
be  fairly  numerous,  say  not  less  than  4  to  6,  in  a  speed- 
range  of   3 — 1. 

(2)  Starting. — In  certain  cases,  e.g.  the  compressor 
drive,  the  printing  press  or  the  reciprocating  pump, 
variable-speed  motors  must- be  capable  of  startmg  with 
a  very  high  torque,  wh.le  others,  e.g.  machine  tools  and 
fans,  require  only  a  moderate  starting  torque,  hence 
provision  must  be  made  for  both  these  cases. 

(3)  Speed  changing. — In  certain  cases,  e.g.  macliine 
tools,  printing  press  drives,  compressors,  hfts  and  cranes, 
etc.,  the  speed  has  to  be  changed  while  running  ;  while 
again  in  others,  e.g.  mine  fans,  pumps,  calenders  and  mer- 
chant mills,  the  speed  is  only  changed  occasionally  in 
changing  operations,  though  here,  of  course,  the  speed- 
variation  required  in  order  to  render  the  use  of  a  flywheel 
possible  is  not  referred  to,  but  merely  that  required  to 
enable  the  mill  to  deal  with  different  classes  of  work. 

In  these  cases  there  is  no  serious  objection  to  shutting 
the  machine  down  and '  re-starting,  and  where  tliis  is 
possible  the  problem  is  simphfied  to  a  considerable 
extent. 

Where  the  change  of  speeds  is  in  steps,  care  must 
be  taken  that  the  change  from  one  step  to  the  next  is 
effected  without  a  serious  shock  to  the  system,  either 
mechanical  or  -electrical. 

(4)  The  first  cost  of  the  equipment,  as  well  as  tlie 
cost  of  attendance  and  upkeep,  must  be  moderate. 
Repairs  must  be  capable  of  being  carried  out  without 
difficulty. 

(5)  Tlie   efficiency   of   the    equipment   should    be    as 
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high  as  possible,  since  high  efficiency  over  a  large  range 
of  speeds  is  the  chief  object  of  instalhng  a  variable- 
speed  alternating-current  motor.  A  low  consumption 
of  wattless  current  is  also  desirable. 

(6)  For  the  vast  majority  of  applications  the  motor 
should  be  capable  of  giving  a  constant  torque  at  all 
speeds  or  a  horse-power  proportional  to  the  speed. 
For  a  certain  class  of  machine  tools,  however,  a  constant 
horse-power  characteristic  is  desirable.  ' 

The  object  of  speed-variation  in  the  driving  of  machine 
tools  is  to  enable  a  cut  to  be  taken  on  different 
diameters  at  the  same  peripheral  speed,  objects  of 
large  diameters  being  dri^■en  at  a  low  speed  (r.p.m.), 
and  objects  of  a  small  diameter  at  a  higher  speed. 
Where,  as  in  lathes,  modern  driHing  machines,  milhng 
machines,  etc.,  tiie  amount  of  energy  dissipated  in 
friction  is  small  and  most  of  the  power  of  the  drive  is 
actually  devoted  to  cutting,  this  means  that  approxi- 
mately the  same  horse-power  is  taken  by  the  tool  at 
no  matter  what  speed  it  operates. 

There  is,  however,  another  class  of  tool  in  wliich 
the  size  and  weight  of  the  tool  is  determined  chieily 
bv  the  necessity  of  rigidity,  e.g.  large  boring  mills, 
planers,  etc.  In  this  case  the  greater  part  of  the  energj^ 
supplied  to  the  tool  is  devoted  to  the  moving  of  hea^•y 
masses  and  is  ultimately  dissipated  in  friction.  In 
this  case  the  tool  requires  a  constant  torque  and  an 
amount  of  power  in  proportion  to  the  speed. 

Difficulties  in  Designing  a  Satisfactory  Vari.\bie- 
SPEEn  Altern.^ting-current  JIotor. 

The  most  obvious  way  to  produce  such  a  motor  is 
to  make  the  closest  possible  imitation  of  the  direct- 
current  machine,  and  it  has  long  ago  been  shown  that 
numerous  types  of  single-phase  and  polyphase  com- 
mutator macliines  having,  in  theory,  characteristics 
resembhng  very  closely  those  of  the  direct-current 
machine  are  possible.  These  commutator  machines 
have  never  been  more  clearly  described  than  in  a 
lecture  *  given  by  Dr.  S.  P.  Smith,  but  it  is  indisputable 
that  the  present  wide  utihzation  of  electric  power  supplv 
is  due  verv'  largely  to  the  simpUcity  and  robustness 
of  the  polyphase  induction  motor  and  I  ha\e  always 
thought  it  a  disastrous  mistake  to  abandon  the  in- 
duction motor  without  examining  whether  some  system 
of  control  cannot  be  worked  out  so  as  to  enable  it  to 
carry  out  satisfactorily  without  any  fundamental  alter- 
ation variable-speed  requirements. 

Every  variable-speed  apphcation  should,  in  my 
opinion,  be  considered  on  its  merits.  In  some  cases  a 
commutator  machine  is  undoubtedly  the  right  apparatus 
to  use.     Its  advantages  are  the  greatest  : 

(1)  On  constant-speed  work"  w-here  it  is  possible  to 
keep  the  size  of  the  commutator  and  the  amount  of 
brushgear  witliin  reasonable  limits  by  appropriate 
design. 

(2)  On  very  low-frequency  circuits  where  similar 
possibilities   exist. 

(3)  Where  there  is  an  imperative  demand  for  a 
continuously  adjustable  speed  justifying  all  the  sacrifices 
in  other  directions  which  must  be  endured  in  order  to 
attain  it.     These   cases  are,   however,   in   my   opinion, 
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relatively  few.  Assume,  for  instance,  that  we  wish 
to  drive  a  boring  m.ll  by  means  of  a  variable-speed 
alternating-current  motor,  the  best  speed  of  the  table 
for  a  particular  class  of  work  being  20  r.p.m.  With 
a  speed  control  by  steps  it  may  be  impossible  to  get 
exactly  tliis  speed,  speeds  of  19  r.p.m.  or  21  r.p.m. 
being  the  nearest  available,  and  I  feel  that  this  differ- 
ence is  not  worth  considering  in  most  cases. 

Confining  ourselves  therefore  to  methods  of  controlling 
the  induction  motor  so  as  to  obtain  variable-speed 
shunt  characteristics,  we  find  that  its  natural  fines  of 
development  are  two  in  number  : — 

(1)  Speed  change  by  changing  the  number  of  poles. 

(2)  Speed  change  by  cascade  operation. 

Both  these  methods  lead  to  extremely  useful  types 
of  apparatus   and   I   propose  to  discuss   each  in  turn. 


Part  1. 

Speed  Change  by  changing  the  Number  of  Poles. 

Without  ignoring  the  work  of  early  inventors,  such 
as  Dahlander,  Lindstrcim  and  Alexanderson,  who 
have  provided  means  of  adapting  a  single  winding  to 
give,  for  instance,  two  numbers  of  poles  having  a  fixed 
ratio,  it  is  not  unfair  to  say  that  the  idea  of  using  the 
method  of  pole  changing  to  produce  a  machine  having 
an\'thing  resembhng  a  gradual  variation   of  speed   by 


Fui.  1. 

small  steps  between  wide  hmits,  would  have  been 
regarded  a  few  years  ago  as  chimerical.  Yet  it  is  also 
obvious  that  if  by  any  means  we  could  render  practically 
available  all  the  numbers  of  poles  which  exist  wthin 
a  given  range,  we  have  a  machine  with  a  very  high 
degree  of  practical  usefulness.  For  instance,  on  50 
periods  between  the  speeds  of  375  r.p.m.  and  1  000  r.p.m. 
there  are  six  numbers  of  poles  available. 

As  the  methods  by  which  all  these  numbers  of  poles 
are  rendered  practically  available  have  not  yet  been 
pubUcly  described,  I  propose  to  dwell  on  them  at  some- 
what greater  length  than  is  devoted  to  the  methods 
of  speed-variation  previouslv  described. 

One  method  by  which  all  these  numbers  of  poles  might 
theoretically  be  rendered  available  w-ith  a  single  winding 
has  long  been  known,  i.e.  the  use  of  a  ring  winding  tapped 
at  the  various  points  necessary  to  give  different  numbers 
of  poles,  as  shown  in  Fig.  1.  It  is  well  known  that  a 
ring  winding  can  be  used  on  any  number  of  poles,  if 
a  number  of  equidistant  tappings  equal  to  three  times 
the  number  of  pairs  of  poles  are  brought  out  on  each 
speed,  equalizer  connections  being  made  between  tap- 
pings 1  to  4  throughout  the  circumference.     To  obtain 
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six  numbers  of  poles  from  the  same  winding  in  this 
way,  however,  would  require  a  formidable  number  of 
tappings,  and  to  connect  them  together  in  the  various 
manners  required  would  involve  an  equally  formidable 
type  of  switchgear. 

In  addition  to  this,  the  ring-wound  macliine  is  hghly 
incoiivenient  from  a  manufacturing  standpoint,  though 
practically  equivalent  results  could,  in  fact,  be  obtained 
from  a  lap-wound  drum  winding. 

A  further  difficulty  arises  from  the  fact '  that  the 
voltage  induced  in  any  section  of  the  machine  cons  sting 
of,  say,  two,  three  or  more  coils  connected  in  series 
having  a  given  number  of  turns  is  proportional  to  the 
rate  at  which  the  magnetic  lines  cut  the  conductors, 
and  this  rate  is,  of  course,  proportional  to  the  speed  of 
the  flux  wave,  wliich  is  practically  the  same  as  that  of 
the  revolving  element.  Consequently,  at  the  liighest 
speed  of  the  motor,  the  flux  wave  is  cutting  the  con- 
ductors    at     a    very     high    rate    and,    if   the    E.M.F. 
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Fig.  2. 

applied  to  any  section  is  fixed,  only  a  small  flux  will 
be  required  to  produce  it,  owing  to  the  high  rate  of 
cutting. 

On  the  low  speed  of  the  motor,  on  the  contrarv,  the 
flux  wave  is  cutting  the  conductors  at  a  low  rate  and, 
consequently,  if  the  E.M.F.  across  the  sections  remains 
the  same  as  before,  a  large  flu.s;  will  be  necessary  to 
produce  it. 

Hence,  the  flux  of  the  motor  will  tend  automatically 
to  fall  oif  in  proportion  to  the  rise  of  the  speed  in  much 
the  same  way  as  it  does  in  the  direct-current  motor, 
and  hence  such  a  motor  having  a  constant  voltage 
per  section  will  tend  to  have  a  constant  horse-power 
characteristic,  which  is  not  at  all  what  is  demanded 
in  practice. 

Means  must  therefore  be  provided  to  increase  the 
voltage  across  each  section  more  or   less  in  proportion 


to   the   speed.     These   difficulties   may   be   summarized 
as  follows  : — 

(1)  The  difficulty  of  producing  a  winding  having  a 
moderate  number  of  terminals  and  capable  of  simple 
switcliing. 

(2)  The  difficulty  of  varying  the  voltage  across  a 
section  containing  a  fixed  number  of  turns,  so  as  to  keep 
the  flux  approximately  constant  with  increasing  speed 
without  the  use  of  costly  apparatus. 

Method  of  overcoming  these  difficulties. — The  solution 
to  all  these  d  fficulties  was  only  found  gradually.  In 
order  to  overcome  the  necessity  for  a  very  large  number 
of  term:nals,  a  method  of  pole  changing  entirely  different 
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from  that  described  above  was  adopted.  Tliis  method 
is  shown  in  Figs.  2  and  3.  Still  considering  a  ring- 
wound  macliine,  assume  it  to  be  divided  into  12  sections, 
shown  developed  in  Fig.  2. 

At  this  pomt  it  may  be  convenient  to  describe  a 
diagrammatic  method  of  denoting  the  windings  of 
alternating-current  macliines  wliich  I  have  developed 
in  order  to  simpUfy  winding  diagrams.  It  will  be  seen 
that  the  ring  winding  shown  at  the  top  of  Fig.  2  is  divided 
into  12  sections,  each  section  being  shown  as  consisting 
of  tw'o  turns.  The  beginning  of  each  section  is  denoted 
by  a  white  circle  and  the  end  by  a  smaller  blackened 
circle,  the  extremities  of  the  various  sections  being 
connected  in  series  in  the  usual  manner.  An  obvious 
simplification  for  diagrammatic  purposes  is  to  omit 
the  drawing  of  the  winding  and  merely  retain  the  t\vo 
terminals  of  each  section,  joining  them   by  a  straight 
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line  in  order  to  show  that  they  belong  to  the  same 
section.  This  diagrammatic  method  of  denoting  the 
■winding  is  shown  immediately  below  the  drawing  of 
the  ring  in  Fig.  2,  the  sections  being  numbered  in 
order  round  the  circumference,  and  the  method  is 
made  considerable  use  of  in  these  notes. 

Imagine  the  12  sections  of  tlie  ring  ^^'inding  shown 
in  Fig.  2  to  be  carr^^ng  currents  differing  in  phase  from 
one  another  by  60',  the  current  vectors  being  shown  on 
the  right  of  Fig.  2  [b),  the  current  in  section  1  having 
a  phase  0°,  that  in  section  2  having  a  phase  60',  that 
in  section  3,  120°,  and  so  on.  These  vectors  when 
projected  on  a  vertical  axis  in  the  usual  way  give,  of 
course,  the  instantaneous  currents  in  the  different 
sections,  which  may  be  plotted  as  shown  on  the  left 
of  Fig.  2  (6).  We  thus  obtain  a  series  of  ordinates  the 
extremities  of  which  he  on  a  sine  curs^e,  having  two 
positive  and  two  negative  maxima,  i.e.  four  poles  on 
the  circumference.  If,  however,  we  so  reconnect  these 
sections  that  the  phase  difference  between  adjacent 
sections  is  30=  and  plot  out  the  ordinates  as  in  Fig.  2  (a), 
we  obtain  another  sine  curve  having  one  positive  and 
one  negative  maximum,  i.e.  two  poles,  wliile  if  we  make 
the  phase  difference  between  •  the  sections  90°,  as  in 
Fig.  2  (c),  we  obtain  a  curve  having  three  positive  and 
three  negative  maxima,  i.e.  six  poles. 


of  phases  are  required.  The  method  of  solving  these 
problems  will  be  described  at  a  later  stage. 

Although  the  simple  method  of  pole  changing  just 
described  was  sufficiently  encouraging  to  justify  the 
construction  of  one  or  t\vo  machines  for  special  purposes, 
it  was  not  found  sufficiently  simple  to  be  the  final  solu- 
tion of  the  problem.  Experience  showed  that  even  the 
number  of  terminals  possessed  by  such  a  motor  was  too 
great  in  practice  if  a  large  number  of  speeds,  e.g.  five 
or  six,  was  aimed  at.  In  this  case  the  number  of 
terminals  is  not  less  than  30,  which  was  found  to  be 
not  a  practical  number,  and  still  further  means  of 
simpUfication  were  therefore  sought. 

It  was  found  possible  to  reduce  the  required  number 
of  terminals  in  se^'eral  waj-s.  It  is  clear,  first,  that 
wherever  we  have  currents  differing  180°  in  phase,  that 
is  to  say,  mutually  reversed,  it  is  not  necessary  to  supply 
two  distinct  phase-transformer  terminals  to  obtain 
these  two  phases.  If  the  two  sections  are  connected 
in  series  or  parallel,  mutually  reversed,  they  can  be 
suppHed  from  a  single  terminal. 

For  instance,  returning  to  Fig.  2,  if  we  wish  to  connect 
the  motor  only  for  two  poles  and  six  poles  we  find 
that  in  both  these  cases  sections  1  and  7,  2  and  8,  etc.. 


Fig.  4. 


In  Fig.  3  are  shown  the  connections  whereby  tlus 
change  of  phases  may  be  accomphshed  for  the  case  of 
13  phases,  which  is  practically  more  convenient  in  some 
respects.  As  will  be  seen,  it  involves  the  use  of  13 
terminals  on  the  motor  (still  shown  as  a  ring  \«nding) 
and  some  means  of  producing  a  number  of  phases 
(viz.  13)  equal  to  the  number  of  sections  in  the  motor 
Avinding.  Since  thirteen-phase  distribution  is  never 
used,  this  involves  some  means  of  converting  from 
the  usual  three-phase  supply  to  the  number  of  phases 
required  bj'  the  motor  and  a  new  piece  of  apparatus, 
the  phase  transformer  or  converter,  is  required  with 
this  method  of  control. 

\\'hen  we  reahze  that  this  method  of  control  involves 
a  phase  converter,  it  may  appear  as  if  we  had  merely 
simphfied  the  switching  b)'  introducing  another  piece  of 
apparatus  which  ^\t11  cost  as  much  as  the  s\\itchgear 
with  which  we  have  dispensed. 

It  wll  be  shown  later,  however,  that  this  is  far  from 
being  the  case.  The  construction  of  this  phase  trans- 
former ^^ith  a  suitable  degree  of  simphcity  involves 
problems  of  its  own,  particularly  where  a  large  number 


are  diametrically  opposite  in  phase.  We  may  therefore 
connect  them  in  series  reversed  as  shown  in  Fig.  4  (6), 
in  which  the  sections  are  denoted  by  the  diagrammatic 
method  already  described  and  the  direction  of  the 
straight  hne  joining  the  tivo  extremities  is  made  to 
represent  the  phase  of  the  current  in  the  section. 

Connecting  all  the  sections  in  star,  we  require  12 
terminals  to  give  two  poles.  Connecting  opposite 
sections  in  series  reversed  we  require  only  six,  although 
if  we  compare  Figs.  4  (a)  and  4  (fc),  we  see  that  each 
section  in  the  latter  is  paraUel  to  the  same  section  in 
the  former,  i.e.  it  carries  current  of  the  same  phase. 

The  sarr.e  connection  (\'iz.  diametrically  opposite 
sections  connected  in  series  reversed)  is  also  available  on 
six  poles,  and  the  diagram  for  this  is  shown  in  Fig.  4  (c). 
Hence,  we  see  how  by  malang  use  of  tliis  simple  device 
we  may  materially  reduce  both  the  amount  of  switching 
and  the  number  of  terminals  required  on  the  phase 
transformer. 

A  second  method  of  reducing  the  number  of  terminals 
consists  in  putting  alternate  sections  of  the  winding 
in   mesh   and   the   remainder  in   stjir,   the  mesh   being 
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connected  in  the  centre  of  the  star  as  shown  in  Fig.  5, 
for  the  case  of  8  sections  and  4  phases. 

It  will  be  seen  from  this  figure  that  the  mesh  sections 
are  intermediate  in  phase  between  the  star  sections, 
e.g.  section  2  is  intermediate  in  phase  between  sections 
1  and  3,  and  so  on,  thus,  although  the  winding  con- 
nected as  in  Fig.  5  requires  only  four  terminals,  the 
E.M.F.'s  across  the  various  sections  are  nevertheless 
in  eight  distinct  phases. 

Again,  it  was  found  in  most  cases  tliat  while  this 
method  of  connection  might  sufiice  to  double  the 
number  of  phases  on  a  particular  number  of  poles, 
yet  in  order  to  produce  the  same  result  on  another 
number,  the  whole  or  many  of  the  sections  must  be 
disconnected  from  one  another  and  reconnected  in  a 
different  order.  Thus  it  would  seem  that  we  have  only 
simplified  the  transformation  in  order  to  comphcate  the 
switching. 

The  method  of  reversal  and  the  star-mesh  method  may 
be   combined,    and   thus   we   may   obtain   windings   in 


Fig.  6. 

which  the  E.M.F.  across  the  sections  has  four  times  as 
many  phases  as  that  supplied  to  the  terminals. 

After  a  very  large  amount  of  research,  extending 
over  a  considerable  period  of  time,  a  winding  was  found 
in  wliich  this  result  could  be  accomplished,  not  on  one 
number  of  poles  only,  but  over  a  large  series  of  numbers 
covering  a  speed  range  of  3 — 1  or  more,  without  recon- 
necting the  w.nding  in  any  way  when  changing  the 
numbers  of  poles.  This  winding  is  shown  in  Fig.  6 
for  the  case  of  36  sections,  18  of  which  are  connected 
in  mesh  and  an  equal  number  connected  in  star  to  the 
angles  of  the  mesh,  alternate  sections  in  the  mesh 
being  mutually  reversed  and'  alternate  sections  in  the 
star  being  also  mutually  reversed,  the  mesh  sections 
alternating  with  the  star  sections  around  the  circum- 
ference of  the  macliine. 

The  winding  shown  in  Fig.  6  (containing  only  18 
terminals)  can  be,  and  is  being,  frequently  used  on 
all  numbers  of  poles  from  6  to  16  and  is,  with  a  slight 


further   modification,    also    capable    of   being    used   on 
further  numbers  of  poles  from  20  to  26. 

Tliis  connection,  therefore,  gives  us  not  only  a  winding 
of  a  very  simple  character  with  a, moderate  number  of 
terminals  (IS)  capable  of  reconnection  in  a  simple  manner 
for  a  large  number  of  different  numbers  of  poles,  but  it 
also  gives  us  the  characteristic  which  was  shovim  above 
to  be  desirable,  viz.  that  of  having  an  approximately 
constant  flux  on  all  numbers-  of  poles.  It  is  difficult 
to  explain  the  cause  of  this  in  a  simple  manner,  but 
one  may  say  briefly  that  it  is  due  to  the  fact  that  the 
number  of  sections  in  series  between  terminals  having 
a  given  phase  difference  of,  say,  120°,  becomes  gradually 
greater  and  greater  as  we  increase  the  number  cf  poles, 
or  decrease  the  speed,  so  that  as  the  rate  of  rotation  of 
the  flux  wave  gets  less  and  less,  due  to  the  decreasing 
speed  of  the  motor,  the  voltage  across  any  section  having 
a  given  number  of  turns  also  becomes  less  and  less 
approximately  in  the  same  proportion,  and  thus  about 
the  same  flux  is  needed  to  balance  this  voltage  at  all 
speeds. 


Fig.  7. 

A  further  simphfication  is  possible  where,  for  instance, 
only  odd  numbers  of  pairs  of  poles  are  required  and, 
consequently,  diametrically  opposite  sections  are  always 
opposite  in  phase  on  every  number  of  poles  wliich  a 
macliine  is  required  to  give,  and,  therefore,  may  be 
permanently    connected    in    series,    mutually    reversed. 

The  winding  of  such  a  machine  is  shown  in  Fig.  7 
and,  as  will  be  seen,  has  only  9  terminals,  capable  of 
operating  on  2,  6,  10  and  14  poles,  and,  with  a  slight 
further  modification,  on  22  and  26  poles.  Tliis  winding 
is,  I  beUeve,  the  simplest  known  multi-speed  winding. 
It  requires  no  more  than  9  phases,  while  the  original 
winding  may  require  IS  phases. 

The  Phase  Converter. 

Having  described  how  the  difficulties  connected  with 

designing  a  multi-speed  winding  have   been   overcome 

by  means  involving  the  use  of  a  phase  transformer  or 

converter,  it  will  next  be  desirable  to  describe  how  tliis 
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apparatus  is  constructed  in  practice.  In  certain  cases, 
e.g.  where  a  single  motor  is  operated  from  a  generator 
which  serves  no  other  purpose,  as  in  ship  propulsion, 
no  such  transformer  is  needed,  as  there  is  no  difficulty 
in  winding  the  generator  for  the  number  of  phases 
required,  but  in  the  majority  of  cases  the  machine, 
if  it  is  to  be  of  any  practical  use  whatever,  must  operate 
from  a  power  supply  having,  say,  not  more  than  three 
phases,  and  hence  it  is  of  vital  importance  to  the  practical 
success  of  the  apparatus  that  this  phase  transformer 
should  be  not  merely  technically  satisfactory,  but  should 
also  be  capable  of  being  built  at  a  very  moderate  price. 
By  restricting  the  number  of  phases  to  multiples  of 
three,  the  transformers  to  be  excited  from  a  three-phase 
circuit  may  be  simphfied  very  materially,  and  it  will 
be  convenient  to  describe  the  transformer  as  used  in 
connection  with  the  winding  previously  referred  to. 
This  transformer  does  not  differ  externally  in  any  way 
from  the  standard  three-phase  core-type  transformer, 
built  in  the  usual  way  with  three  exactly  similar  hmbs. 
The  connections,  however,  are  as  shown  in  Fig.  8, 
in  wh  ch  all  the  windings  shown  by  hnes  parallel  to 
one  another  are  considered  to  be  wound  on  the  same 
hmb   of   the   transformer.     Since   the   windings   shown 
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in  this  figure  are  drawn  parallel  to  three  straight  hnes 
at  120^,  it  follows  that  only  three  such  hmbs  are  needed. 

If  we  take  a  tliree-phase  transformer  having  two 
secondary  sections  on  each  hmb,  and  connect  these 
sections  in  the  manner  shown,  wliich  may  be  called 
a  hexagon  connection,  we  obtain  an  apparatus  from 
which  six-phase  currents  may  be  derived  by  bringing 
out  terminals  from  the  corners  of  the  hexagon.  If, 
however,  we  tap  the  sides  of  the  hexagon  in  the  manner 
shown,  winding  on  the  three  hmbs,  in  addition,  six 
small,  auxihary  sections  to  be  connected  to  the  corners 
of  the  hexagon,  it  is  possible  without  further  elaboration 
to  obtain  no  less  than  18  phases,  as  has  been  amplv 
proved  in  practice,  the  tappings  shown  in  the  diagram 
lying  in  a  circle. 

So  far,  we  have  regarded  the  hexagon  winding  with 
tappings  as  being  the  secondarj',  and  have  assumed 
that  there  is  a  primary  winding  which  carries  the  three- 
phase  currents.  But  if  no  voltage  transformation  is 
needed,  as  in  tliis  case,  a  separate  primary  is  not  needed, 
tor  the  primary  terminals  may  be  connected  direct  to 


alternate  corners  of  the  hexagon,  or  even,  in  order  to 
save  extra  terminals,  to  the  extremities  Lj,  L2,  L3 
of  three  of  the  small,  auxihary  sections  wound  on  the 
transformer  and  corresponding  to  the  secondary  ter- 
minals Tj,  T7,  T]3.  This  latter  plan  is  adopted  to  avoid 
the  necessity  of  bringing  out  three  extra  primary 
terminals. 

By  using  the  apparatus  as  an  auto-transformer  in 
this  way  we  at  once  abohsh  the  whole  of  the  primary' 
windings  and,  therefore,  reduce  the  amount  of  copper 
on  the  transformer  to  half,  or,  in  other  words,  double 
the  rating  of  a  transformer  of  a  given  size. 

We  do  more  than  this,  in  fact,  because  the  primary 
and  secondary  currents  flowing  in  opposite  directions 
in  the  same  windings  give  a  resultant  which  is  very 
materially  le.ss  than  the  secondary  current  alone.  This 
is  exemplified  in  Fig.  9,  which  shows  the  currents  in  the 
sections  of  the  30-phase  transformer,  which  formed  part 
of  the  original  experimental  machine  which  was  con- 
structed to  test  the  present  method  of  speed -variation  in 
its  earliest  form,  Lj,  Lo  being  the  three-phase  terminals. 

It  Will  be  seen  that  the  current  in  the  neighbourhood 


Fig.  9. 

of  the  tliree-phase  terminals  is  much  greater  than  at 
points  intermed.ate  between  them,  and,  in  fact,  falls 
off  to  less  than  one-half  at  a  point  midway  between  the 
terminals. 

Fig.  10  shows  a  similar  curve  for  up-to-date  9-phase 
and  18-phase  transformers  as  now  being  constructed 
commercially  by  the  Metropohtan-Vickers  Electric 
Company  for  use  with  these  machines.  The  same 
reduction  in  current  per  section  at  a  point  intermediate 
between  the  three-phase  terminals  Tj,  T7  .is  noticed 
here,  and  the  analogy  between  the  reduction  of  current 
in  these  transformers  and  the  similar  reduction  which 
takes  place  in  the  armature  of  a  rotary  converter  in 
sections  intermediate  between  the  tapping  points  may 
be  referred  to.* 

As  a  result  of  this  further  reduction  a  phase  transformer 
to  transform  a  given  amount  of  power,  say  from  3  to  9 
or  18  phases,  will  require  a  size  of  transformer  of  only 
between   30  to  40  per  cent  of  the  rating  of  the  trans- 

•  I  hope  to  publish  the  full  theory  of  these  phase  converters  oa 
another  occasion. 


WITHOUT   COMMUTATORS. 


315 


former    wliich   will   be   required   to   convert   the   same 
amount  of  power,  say  from  one  voltage  to  another. 

Still  another  economy  which  has  the  effect   of  still 
further  reducing  their  capacity  can  be  effected  in  the 


use  of  these  phase  converters.  In  a  constant-torque 
motor  giving  a  horse-power  proportional  to  the  speed, 
the  amount  of  power  taken  will  also  be  appn  ximately 
proportional    to    the    speed.     Fcr   instance,  the  power 


not  being  used  on  that  speed  but  coming  into  operation 
for  the  first  time  only  at  750  r.p.m.,  we  shall  be  able 
to  reduce  its  capacity  to  0-75  times  the  value  wliich 
would  be  needed  to  supply  the  p.^wer  require^  at 
1  000  r.p.m.,  making  it  only  22  to  30  per  cent  of 
the  capacity  required  to  transform  the  whole  power. 
By  way  of  analogy  to  this  plan,  we  may  refer  to  an 
automobile  gear  box  in  which  it  is  usual  to  give  direct 
drive  on  the  top  speed,  thereby  reducing  the  amount 
of  power  to  be  transmitted  by  the  gears.  The  above 
is  the  electrical  form   of  the  direct  drive. 

With  speeds  of  1  000  and  600  r.p.m.  the  rating  of  such 
a  transformer  may  be  only  from  18  to  22  per  cent  of  the 
transformer  rating  needed  to  handle  the  maximum 
power  taken  by  the  motor  at  top  speed.  It  forms, 
therefore,  by  no  means  an  expensive  item  in  the 
equipment,  much  less  so,  in  fact,  than  the  transformer 
required  with  many  types  of  variable-speed  commutator 
motor,  the  capacity  of  which  is  proportional  to  the 
difference  between  the  speed  of  the  niachines  and 
synchronous  speed. 

The  controller. — The  only  part  of  the  equipment 
still  to  be  described  is  the  controller  needed  to  effect 
the  changes  of  connection  between  the  phase  transformer 
and  the  motor. 

Different  types  of  controller  are,  of  course,  required 
for  different  speed  combinations.  It  is  very  easy 
to  obtain  combinations  giving  rise  to  very  comphcated 
circuits,  but  if  care  is  taken  to  use  the  speed  combina- 
tions best  adapted  to  known  types  of  winding  and  to 
choose  the  tj-pes  of  winding  best  adapted  for  the  speeds 
required,  the  following  rule  for  three-phase  circuits 
may   be   enunciated  : — 


\i  34ii78)«iii!ii»66na  xri 
I  I  1 1  1 1 1 1 1  1 1 1  I  1 1 11 1    III 


riiriirti 


■-Q 


1  ? 

1  ?  n 

1 

l-D-- 

Wh    [ 

J  i     W 

Drum  D 


6  POLES 

8  » 

10  " 

12  " 

14  " 

6  POLES  - 
8     " 
10     " 
12    " 
14     » 


13    A    7 
o    o    o 


17   G    :i     5    15    D    9    3 
oooooooo 


TO 

4a-B- 


6    G    C    3    G    I 
o    o    o    o    o    o 


9    G    F    G    4    A    G 
o    o    o    o    o    o    o 


-B^-B- 


-BrH- 


DilD  G- 
-&nQ — 


-Bt— Br 


-O- 


tQ- 


tJ rQ^ 


-B- 


e- 


tG- 


-Bl 


rB- 


A    0     G 
o    o    o 


Tfl-B 


a- 


|o    o    o 
4     K     16 


^S-S- 


o    o    o    o    o 

J       2      rt||6      L 


O     O 

18     12 


O  1  O      O 
5  1  H      0 


^Q 


-ff 


^e- 


o    o 
D     A 


U B- — \i 


Drum  B 


Drum  A 


Fig.  11. 


-le-oQ^ 


Drum  C 


taken  at  750  r.p.m.  will  be  only  0-75  times  the  power 
taken  at  1  000  r.p.m.,  and  if  we  can  arrange  the  winding 
of  our  motor  so  that  it  is  directly  connected  to  the  line 
when  operating  at   1  000   r.p.m.,  the ,  phase  converter 


A  three-phase  multi-speed  motor  for  any  number  of 
speeds  tip  to  six,  will  require  three  times  as  niatty  terminals 
as  there  are  speeds. 

That  is,  a  multi-speed  motor  with  a  single  wnding 
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on  each  member  may  be  built  for  any  number  of  speeds 
up  to  six,  requiring  no  more  termmals  than  if  each 
speed  were  produced  by  a  difierent  winding.  Th;s  does 
not  mean  that  any  arbitrary  selection  of  numbers 
of    poles  can   be   built   with    no   more    terminals  than 


abnormal  combinations  which  fall  outside  the  rule. 
Further  research  is  rapidly  lessening  the  number  of  these 
combinations. 

A  series  of  combinations  adjusted  with  great  care  so 
as,  on  the  one  hand,  to  lend  themselves  to  simple  control. 


In 
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these,  but  that  by  suitably  choosing  the  numbers  of 
poles  within  the  range  of  3 — 1,  these  results  may  be 
obtained. 

For  instance,  the  winding  described  above  (see  Fig.  7) 
is  usually  arranged  for  6,  10  and  14  poles,  and  requires 
9  terminals,  thereby  obeying  the  rule,  but  a  winding 
arranged  for,  say,  8,  10  and  14  poles;  would  not  obey 
the  rule,  although  windings  for  6.,  8  and  12,  or  6,  10  and 
12,  could  be  designed  to  obey  it. 

Three  is  thus  an  amply  sufficient  selection  of  combina- 
tions for  practical  purposes,  although  there  are  a  few 


and  on  the  other  to  cover  most  industrial  requirements, 
is  shown  in  Fig.  11,  covering  speed-ranges  on  50  periods 
as  follows  : — 

1  500/1  000/750  :  Drum  F 
1  000/750/500  :  Drum  F 

750/500/375  :  Drum  F 

750/600/500  ;  Drums  F-j-  G 
]  000/600/428  :  Drum  A 
1  000/750/600/428  :  Drums  A  -j-  C 
I  000/750/600/500/428  :  Drums  A  -}.  B  -f  C 
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It  will  no  doubt  be  agreed  that  these  combinations 
cover  practically  everytliing  that  is  needed  for  industrial 
purposes,  and  the  control  of  all  of  them  is  suihciently 
simple  to  be  dealt  with  by  a  drum  controller.  Figs.  11 
and  12,  in  fact,  show  diagrams  of  the  drum  controllers 
which  are  used  to  give  these  combinations  and  it  will 
be  seen  that  all,  except  that  for  the  five-speed  macliine, 
are  simple  pieces  of  apparatus  requiring  only  a  single 
drum.  The  five-speed  macliine  is  usually  built  with 
two  drums  geared  together,  and  forms,  the  only  case 
in  which  this  is  necessary,  while  in  Fig.  13  has  been 
assembled  a  series  of  speed/tcrque  curves  giving  one 
example  of  each  speed  combination. 

An  important  point  in  connection  with  these  macliines 
is,  of  course,  the  cost  as  compared  with  other  means 
of  producing  the  same  results.  In  Fig.  14  is 
given  a  curve,  for  different  horse-powers,  for  machines 
of  this  type  as  compared  with  a  sUp-ring  induction 
motor  with  its  control  gear.  This  curve  ignores 
entirel}^  the  enormous  economy  of  current  secured  by 
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Fig.  14. — Percentage  cost  of  multi-speed  motors. 

an  apparatus   of  approximately  constant  efficiency  on 
all  speeds. 

These  controllers  are  suitable  for  small  to  medium 
sized  motors,  up  to  200  h.p.  The  larger  sizes,  say  from 
200  h.p.  lo  800  h.p.,  are  rather  bej'ond  the  scope  of 
a  drum  controller,  and  consequently  an  apparatus  of  a 
different  type  is  employed.  In  Fig.  15  is  shown  such  a 
large  controller  built  by  the  Electric  Construction  Co., 
Ltd.,  the  makers  of  these  equipments,  from  wliich  it 
will  be  seen  that  the  controller  consists  of  a  slate  panel 
bearing  what  are  essentially  four,  nine-bladed  two- 
way  switches  with  vertical  axes.  The  switches  are  of 
the  finger  type  as  in  drum  controllers  and  bear  on  studs 
mounted  in  the  panel.  They  can  be  clearly  seen  in 
the  lower  half  of  the  figure,  wliile  on  the  right  and  left 
of  these  switches  are  the  terminals  for  the  phase  trans- 
former and  motor,  respectively.  The  switches  are 
opened  and  closed  in  the  proper  sequence  by  means 
of  cams  wliich  appear  immediately  above  the  switches. 
For  each  speed,  two  of  the  switches  make  contact, 
thereby  connecting  the   18  terminals  of  the  motor  to 
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the  Une  or  the  phase  transformer,  in  the  different  ways 
appropriate  to  different  speeds. 

It  is  found,  by  taking  advantage  of  the  following 
fact,  that  the  switching  may  be  simphfied.  One  half 
of  the  connections  for  one  number  of  poles,  say  8, 
with  the  macliine  running  clockwise,  are  identical 
with  half  the  connections  for  another  number  of  poles, 
say  10,  with  the  motor  running  counter-clockwise. 
It  conduces  to  simpUcity  of  switching,  therefore,  if  we 
make  no  change  in  these  connections  in  changing  from 
8  poles  to  10  poles,  but  merely  interchange  t\vo  of  the 
three-phase  Hues,  by  means  of  the  two  contactors  shown 
in  the  upper  half  of  the  panel  wliich  perform  a  quadruple 
function,  as  detailed  below. 

(1)  They  serve  to  reverse  the  tliree-phase  connections 
when  this  is  required,  in  order  to  economize  switching. 

(2)  They  are  fitted  with  overload  relays  (sho\vn 
immediately  below  them)  so  that  they  perform  the  func- 
tion of  a  circuit  breaker. 

(3)  In  changing  from  one  speed  to  the  next  in  any 
multi-speed  motor,  it  is  necessary  to  open  the  circuit 
which  in  most  forms  of  switchgear  gives  rise  to  a  certain 
amount  of  arcing. 

(I  have  for  many  years  made  it  my  practice  in  all 
such  cases  to  open  the  circuit  first,  by  a  special  switch 
designed  with  adequate  blow-out  apparatus,  etc.,  to 
avoid  arcing  ;  then,  wliile  the  motor  circuits  are  com- 
pletely dead,  to  change  the  connections,  which  may, 
of  course,  be  done  without  any  arcing,  because  they 
are  not  carrying  any  current ;  and,  lastly,  to  close  the 
main  circuit  again  tlirough  the  switch  specially  provided 
for  that  purpose.  The  contactors  shown  in  the  figure 
perform  this  function  also.) 

(4)  The  small  switch  on  the  right  serves  to  open 
the  contactor  magnets,  and  causes  them  to  act  as  a 
hne  switch,  isolating  the  whole  of  the  apparatus  from 
the  hne  as  soon  as  it  is  opened. 

The  connections  on  the  back  of  the  board  are  not 
unduly  compUcated  and  are  carried  out  by  means  of 
bare  copper  rods  about  -^  in.  diameter,  in  the  standard 
manner.  A  mechanical  interlock  formed  by  the  vertical 
rods  below  the  contactors  is  fitted  between  the  con- 
tactors and  the  cam  shaft  by  means  of  an  auxihary 
shaft  geared  to  the  cam  shaft,  in  the  ratio  of  1  to  4. 

The  operation  of  tliis  interlock  is  as  follows  : — 
On  making  a  shght  movement  of  the  controller  handle, 
the  contactor  magnets  are  opened.  No  further  move- 
ment is  possible  until  both  the  contactors  are  fully 
opened.  When  tliis  has  taken  place  the  shaft  is  freed, 
and  on  moving  it  further  the  cams  begin  to  move  and 
alter  the  adjustment  of  the  main  switches.  \Vlien 
the  handle  of  the  controller  has  moved,  say,  180^, 
then  the  adjustment  has  been  completed  and  the 
magnet  circuit  of  the  contactors  is  re-energized,  closing 
them  when  the  machine  continues  to  operate  on  the 
new  number  of  poles.  Although  these  operations'  take 
rather  a  long  time  to  describe,  they  do  not,  in  practice, 
take  more  than  two  seconds. 

Characteristics   of  the   Equipment. 
We  now  come  to  the  description  of  the  characteristics 
of  macliines  of  this  type  wliich  are  rendered  a\ailable 
by  the  sjstem  of  control  just  described.     As  has  already 
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been  pointed  out,  squirrel-cage  motors  of  the  multi-speed 
tj'pe  can  find  a  very  much  greater  field  of  utihty  than 
when  used  on  a  single  speed  only,  since  the  chief  draw- 
back is  almost  completely  overcome  in  the  multi-speed 
form.  'Plus  advantage,  of  course,  relates  to  the  starting. 
Consider,  for  instance,   a  2-pole  and  a  4-pole  motor. 


alternatively,  for  the  same  torque  the  4-pole  motor  will 
require  only  half  as  much  current ;  hence,  if  we  can 
arrange  a  motor  so  that  it  starts  on  four  poles  and  runs 
on  two  poles,  to  obtain  a  g^-en  starting  torque  it  will 
take  only  half  the  starting  current  that  it  would  require 
if  it  started  on  two  poles.     This  is  the  origin  of  the  very 


Fig.  15. — Arrangement  of  variable-speed  motor  control  panel. 


both  having  the  same  air-gap  densit}\  In  the  former 
there  will  be  only  two  conductors  in  series,  each  lying 
in  the  middle  of  the  pole-face,  and  the  4-pole  motor 
will  have  four  such  conductors.  If,  therefore,  we  send 
the  same  current  through  the  four  conductors  as  through 
the  two  conductors,  we  shall  obtain  twice  as  much  torque 
in  the   4-pole   macliine   as  in   the   2-pole  machine,   or. 


greatly  improved  performance  of  the  squirrel-cage 
motor  when  used  as  a  multi-speed  machine.  In  squirrel- 
cage  motors  having  a  speed-range  of  two  to  one,  or  more, 
it  is  always  possible  to  obtain  full-load  starting  torque 
with  not  more  than  twice  full-load  current.  All  machines, 
of  whatever  size,  having  the  same  speed-range  are  capable 
of  this  ratio  of  starting  torque  to  starting  current,  but 
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if  switched  straight  on  to  the  Hne  larger  macloines  fre- 
quently take  much  greater  current  and  give  correspond- 
ingly greater  torques.  In  most  cases,  therefore,  the  use 
of  an  auto-transformer  is  necessary  with  large  machines. 
This  may  be  seen  from  Fig.  16,  in  wliich  is  shown 
starting  torque  plotted  against  starting  current  for  a 
4-,  6-  and  8-pole  motor  built  by  Messrs.  F.  &  A.  Parkinson, 
Ltd.  It  will  be  seen  that  with  the  8-pole  connection 
the  macliine  gives  1  •  7  times  full-load  torque  with  twice 


200 


160 


120 


I 


80 


40 


/ 

s 

^ 

1 

1 

1 

1 

'3 

/ 

Jb?o\e. 

y 

iPol 

i'uU- 

load 

curr 

1 

entj 

60  120 

Lb  at ift 
Fig.  16. 


200 


full-load   current,     With   a   6-pole   connection   it   gives 
■2-4  times  full-load  torque  with  3  •  6  times  full-load  current. 
With    a   4-pole   connection   it   g.ves    3  times   full-load 
torque  with  8  •  6  t.mes  full-load  current. 

Another  point  frequently  arising  with  multi-speed 
squirrel-cage  motors  relates  to  the  current-rush  on 
changing  speed  and  the  rate  of  acceleration  from  one 
speed  to  the  next.     Both  these  factors  are  under  e.xact 
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control  by  the  use,  in  series  with  the  motor,  of  primary 
resistance,  which,  of  course,  has  the  effect  of  reducing 
the  voltage  during  the  change  of  speed. 

Returning  to  Fig.  15,  in  order  to  make  use  of  this 
method  of  regulating  the  rate  of  acceleration  between 
speeds,  there  is  fitted  on  the  panel  by  the  side  of  those 
shown  a  tliird  contactor  wliich  opens  when  they  open, 
and  which  closes,  due  to  the  action  of  a  dashpot,  a  few 


seconds  after  they  close.  Tliis  tliird  contactor,  when 
closed,  bridges  three  resistances  each  placed  in  series 
with  one  of  the  hnes  ;  hence,  directly  the  contactor 
opens,  these  resistances  are  placed  in  circuit,  being 
adjusted  to  produce  any  desired  rate  of  acceleration. 
The)'  remain  in  series  with  the  line  during  the  operation 
of  changing  speeds,  and  are  cut  out  when  this  opera- 
tion has  been  completed. 

In  Fig.  17  are  shown  the  current-surges  produced  in 
changing  speed  in  a  squirrel-cage  motor  arranged  for 
all  numbers  of  poles  between  8  and  16,  both  with  and 
without  (dotted  curves)  a  similar  device,  substituting 
an  auto-transformer  for  the  resistance.  It  will  be  seen 
that  by  its  use  the  maximum  current-surge  is  reduced 
to  about  one-half. 
.;    In  a  motor  having  a  wide  speed-range,   the  lowest 


Fin.  18. 

speed-steps  are  very  small  and  there  is  seldom  any 
need  for  such  a  device.  It  is  on  high  speeds,  however, 
that  it  is  needed.  The  figure  illustrates  the  marked 
reduction  in  the  current-surge  on  these  higher  speeds 
(shown  towards  the  right  of  the  figure),  the  device 
of  course  being  adjusted  to  suit  this  case. 


Fig.  19. 

This  method  of  starting  and  changing  speed  can  be 
employed  in  motors  up  to  several  hundred  horse-power, 
and  renders  tl;e  squirrcl-cagc  motor  adaptable  to  a  vast 
variety  of  purposes'  for  wliich  it  has  never  been  found 
possible  to  use  it  before.  A  further  extension  of  its 
field  may  be  obtained  by  the  use  of  centrifugal  clutches, 
now  coming  into  such  general  use,  which  may  be  arranged 
to  operate  at  the  lowest  speed  of  the  motor,  the  speed- 
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change  from  tliis  point  being  arranged  in  the  manner 
just  described. 

To  sum  up,  the  sequence  of  operations  to  change  speed 
in  the  case  of  a  squirrel-cage  motor,  for  instance,  would 
be  as  follovvs  : — 

(1)  Tlie  first  movement  of  the  controller  handle  causes 
the'contactor  to  open,  thereby  cutting  off  the  supply 
from  the  installation  and  rendering  it  "  dead." 

(2)  A  further  movement  of  the  controller  handle 
opens  the  "  switch-units  "  and  recloses  them  in  the 
correct  combination  to  suit  the  next  speed  and,  as  the 


twice  as  great  in  a  12-pole  machine  as  in  a  6-pole  one. 
It  will  be  shown  below  that  this  assumption  is  very 
nearly  fulfilled  in  this  type  of  machine. 

This  figure  shows  clearly  the  cause  of  the  very  great 
economy  in  starting  current  which  is  found  in  practice 
and  was  illustrated  in  Fig.  16.  It  will  be  seen  that 
with  16  poles  the  motor  takes  about  one-third  of  the 
starting  current  required  with  a  6-pole  connection. 
Since  the  motor  gives  the  same  torque  at  all  speeds, 
the  ordinates  to  each  circle  represent  the  torque  to  a 
scale  such   that  the  torque  represented   by   1   mm   on 
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supply  is  cut   ofi  meanwhile,   the  change   takes  place 
without  any  sparking. 

(3)  When  the  controller  handle  has  been  moved  to 
the  notch  corresponding  to  the  speed  desired,  the 
contactor  closes  again  and  the  circuit  is  re-established, 
the  whole  operation  of  changing  speed  taldng  appro.xi- 
mately  two  or  three  seconds  and  being  accomplished 
by  one  movement  of  the  controller  handle.  In  Fig.  18 
is  shown  a  series  of  circle  diagrams  for  such  a  multi- 
speed  motor  operating  on  all  numbers  of  poles  frcm  6 
to  16  and  absorbing  the  same  magnetizing  current  in  all 
cases.  These  diagrams  assume  that  the  leakage  coeffi- 
cient is  proportional  to  the  number  of  poles,  thus  being 


the  diagram  is  proportional  to  the  number  of  poles. 
Hence,  in  spite  of  the  small  current  consumption,  the 
motor  can  yield  a  powerful  starting  torque  at  the 
lowest  speed. 

Slip-ring  motors. — It  is  possible  to  design  a  rotor 
winding  for  a  machine  having  any  number  of  speeds 
which  shall  give  genuine  slip-ring  control  up  to  one 
of  these  speeds,  for  instance,  the  top  speed,  and  operate 
as  a  short-circuited  secondary  winding  on  all  other 
speeds.  One  convenient  way  of  effecting  this  result 
is  by  using  such  a  winding  as  is  shown  in  Fig.  6  but 
permanently  connected  so  as  to  be  capable  of  direct 
connection  to  the  Lne.     This  connection  is  shown  in 
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Fig.  19  and  it  will  be  seen  that,  as  so  connected,  the 
winding  requires  no  more  than  three  terminals  and  can 
therefore  be  connected  to  the  usual  number  of  slip-rings. 
On  all  other  numbers  of  poles  than  s;x,  however, 
the  winding  would  require  more  than  three  terminals 
to  enable  it  to  be  connected  to  anj'  outside  circuit,  and 
if  these  terminals  are  short-circuited  the  winding  is 
also  internally  short-circuited.  Hence,  the  secondary 
currents  which  on  6-pole  operation  flow  through  the 
shp-rings,  on  any  other  number  of  poles  flow  through 


The  operation  of  starting  the  shp-ring  motor  on  any 
other  than  the  top  speed  is  therefore  as  follows  :— 

(1)  Set  the  controller  to  the  starting  position  which 
will  produce  in  the  motor  a  number  of  poles  correspond- 
ing to  the  top  speed. 

(2)  Gradually  close  the  starting  rheostat,  when  the 
motor  will  speed  up. 

(3)  When  the  motor  has  reached  the  speed  desired, 
which  will  of  course  be  less  than  top  speed,  move  the 
controller   from    the   starting   position   to   the   running 
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the  internal  circuits  of  the  winding  and   do  not  pass 
through  the  slip-rings  at  all. 

By  means  of  this  construction  a  motor  is  produced 
which  can  be  arranged  to  be  accelerated,  by  means  of 
an  ordinary  resistance  connected  across  its  three  shp- 
rings,  from  standstill  to  any  one  of  its  six  speeds,  starting, 
if  desired,  with  from  2  to  2\  times  full-load  torque.  On 
reaching  the  speed  at  which  it  is  desired  to  run,  a 
movement  of  the  controller  handle  changes  the  number 
of  poles  of  the  motor  to  the  desired  value,  when  the 
currents  in  the  rotor  winding  are  automatically  diverted 
from  the  shp-rings  and  continue  to  flow  in  closed  circuits 
in  the  winding. 


position  corresponding  to  the  speed  at  which  it  is 
running.  This  will  have  the  effect  of  changing  the 
number  of  poles  to  that  corresponding  to  the  controller 
notch  employed,  when  the  starter  is  automatically 
cut  out  as  already  described  and  the  motor  continues 
to  run  with  its  rotor  short-circuited. 

(4)  The  starter  may  now  be  open-circuited  at  leisure. 

A  tachometer  may  be  provided  in  order  to  enable 
the  operator  to  know  the  proper  moment  to  change 
from  starting  to  running  position. 

In  Figs.  20  and  21  are  shown  some  cur\'es  of  efficiency 
and  power  factor  of  a  70  h.p.  motor  arranged  to  give 
all  numbers  of  poles  from  8  to  16. 
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Fig.  20  shows  efficienc}',  power  factor  and  slip  curves 
for  the  70  h.p.  motor  referred  to  above,  arranged  to 
give  all  numbers  of  poles  from  8  to  10.  These  curves 
correspond  to  the  results  obtained  when  fitted  with  a 
liigh-resistance  rotor  adapted  to  give  the  powerful  torque 
required  in  connection  with  this  motor. 

Fig.  21  shovk-s  corresponding  curves  for  the  same 
machine  when  fitted  with  a  normal  low-resistance  rotor 
commonly  used  with  squirrel-cage  machines.  Com- 
paring these  two  sets  of  curves,  a  result  will  be  noticed 
which  at  first  appears  rather  strange,  namely,  that 
the  efficiencies  of  the  machine  %\'ith  a  high-resistance 
rotor  and  with  a  low-resistance  rotor  are  not  very 
different  for  the  same  speed,  while  the  power  factor 
of  the  machine  with  high-resistance  rotor  is  a  good  deal 
less  than  that  of  the  machine  when  fitted  with  low- 
resistance  rotor. 

This  is  due  to  a  method  wliich  can  be  emplo}-ed  in 
the  induction  motor  to  enable  a  high-resistance  rotor 
to  be  employed  without  loss  of  overall  efficiency.  The 
torque  of  the  motor  is,  of  course,  proportional  to  the 
product  of  ampere-conductors  by  flux  density.  If; 
therefore,  we  compare  two  motors  having,  say,  flux 
densities  in  the  ratio  of  1-5  to  1,  then  in  order  to  give 
the  same  torque  they  will  require  a  nimiber  of  rotor 
ampere-conductors  in  the  ratio  of  1  to  1  •  5,  the  machine 
having  the  stronger  flux  densit\'  requiring  only  two- 
thirds  of  the  current  in  the  rotor  bars  required  bv  that 
having  the  smaller  flux  density.  Two-thirds  of  the 
rotor  current  means  of  course  four-ninths,  or  less 
'than  half,  of  the  rotor  1-R  loss  and,  consequently,  if 
we  desire  the  resistance  loss  to  be  .the  same  in  both  cases, 
the  maclnne  vAth  the  stronger  flux  density  may  have 
2j  times  the  rotor  resistance  of  that  with  the  weaker 
flux  density. 

This  method  was  adopted  in  the  motor  illustrated 
in  the  above  figures,  which  by  means  of  tappings  on 
the  transformer  was  adapted  to  operate  with  eitlier  a 
strong  or  a  weak  flux.  The  strong  flux  used  with  the 
high-resistance  rotor  involves,  of  course,  low  power 
factor,  and  this  is  the  explanation  of  the  nature  of  the 
curves  shown.  By  using  stalloy  steel  punchings  the 
iron  loss  was  reduced  to  such  a  small  proportion  of 
the  whole  that  the  increased  iron  loss  due  to  the 
stronger  flux  produced  only  a  negligible  effect  on  the 
efficiency. 

Thus,  by  this  process  the  squirrel-cage  motor  can  be 
adapted  to  give  any  desired  starting  torque,  without 
loss  of  efficiency,  wherever  we  are  prepared  to  sacrifice 
power  factor  to  obtain  this  result,  or  to  use  additional 
power-factor-compensation  devices  such  as  condensers. 

Power  factor  and.  efficiency. — Referring  to  the  curves 
given  above,  it  may  be  seen  that  the  characteristics 
of  the  machine  as  regards  power  factor  and  efficiency 
are,   broadly  speaking,   as  follows  : — 

The  efficienc)'  remains  very  nearly  the  same  at  all 
speeds,  though  there  is  a  slight  reduction  at  reduced 
speeds,  due,  broadly,  to  the  fact  that  the  losses  remain 
approximately  constant  at  all  speeds,  while  the  output, 
of  course,  falls  off  in  proportion  to  the  speed.  In  the 
larger  sizes,  this  reduction  in  efficiency  will  seldom 
exceed  5  per  cent.  The  efficiency  at  top  speed  is,  of 
course,   practically  the  same  as  in  a  standard  motor. 


The  power  factor  also  varies,  as  we  change  speed,  to  a 
somewhat  greater  degree  than  the  efficiency,  this  varia- 
tion being  due,  broadly  speaking  again,  to  the  fact  that 
the  magnetizing  current  rema.ns  the  same  at  all  speeds, 
while  the  true  power  input  falls  off  pr.  portionatelv 
to  the  reduction  of  speed.  Again,  in  the  larger  sizes 
this  variation  w.ll  seldom  exceed  10  per  cent. 

The  only  thing  which  needs  to  be  borne  in  mind 
from  the  power  supply  point  of  view  is  that  these 
machines  absorb  a  constant- amount  of  wattless  current 
at  all  speeds,  and  that  tiiis  amount  is  rot  greater  than 
that  absorbed  by  a  standard  macliine  having  the  same 


0-25 

5  O-EO 

o 

t  0-15 

UJ 

o 

0  ^ 

1  0-05 

UJ 

_I 

0 

^  0-ZO 

UJ 

o  0-15 

u_ 

So-io 

o 

«0-05 

tij 

0 

0-14 

hO-12 

UJ 

Ho-io 

u- 

go-08 

So-06 

< 

2  0-04 

-J 

0-02 


/ 

} 

^Jm 

T 

y''^ 

r 

^ 

^ 

2        4 

3        8        10        12       14       16      la 
P0LE5 

J 

\^ 

^ 

r^. 

J\ 

r 

y^i 

T 

8        10       12       14       16      18 
POLES 


( 

/^ 

i 

^ 

/ 

/ 

A 

V 

i 

/ 

r 

A 

/ 

/' 

I 

^ 

h  < 

^   ( 

S       1 

pole; 

0        1 

> 

I     1 

^     1 

b      18 

Fig.  22. 


rating.  Perhaps  it  may  serve  to  make  the  matter  clearer 
if  we  compare  the  equipment  with  a  standard  motor 
driving  through  a  gear  box,  a  load  which  requires 
constant  torque  at  all  speeds.  At  top  speed  the  motor 
is  fully  loaded  and  operates  with  its  best  power  factor 
and  efficienc}'.  As  the  speed  and  the  load  are  reduced 
by  changing  gear,  the  output  of  the  motor  falls  off  and 
with  it  the  power  factor  and  efficiency  to  some  extent. 
To  almost  exactly  the  same  extent  do  the  power  factor 
and  efficiency  of  the  equipment  described  fall  off  when 
the  load  is  reduced  ;  in  fact,  the  controller  described 
above  may  be  regarded  as  an  electrical  method  of 
changing  gear. 

Reference  has  been  made  above  to  the  fact  that  the 
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leakage  coefficient  of  these  machines  is  practically 
proportional  to  the  number  of  poles,  and  in  Fig.  22 
are  shown  some  curves  of  leakage  coefficients  plotted 
against  the  number  of  poles.  These  curves  illustrate 
tliis  feature.  Such  curves,  it  is  believed,  w.ll  be  of 
cons  derable  interest  to  designers,  and  clearly  could 
not  be  obtained  from  any  other  type  of  motor  except 
one  retaining  an  absolutely  identical  winding  on  all 
numbers  of  poles.  Comparisons  have  frequently  been 
made  between  motors  having  different  numbers  of  poles, 
but  th-s,  of  course,  is  not  at  all  the  same  thmg  as  in  the 
case  of  a  single  multi-speed  motor. 


One  of  the  marked  advantages  of  a  cascade  set  is 
that  it  is  possible  to  obtain  not  only  two  efficient  speeds 
but  also  res. stance  control  from  standstill  to  the  lower 
speed  and,  in  addition,  resistance  control  from  the 
lower  speed  to  the  top  speed.  If  the  rotor  of  the  second 
macliine  is  fitted  with  shp-rings,  then,  if  the  first  macliine 
is  connected  to  the  line  and  the  shp-rings  of  the  second 
machine  are  gradually  short-circuited  through  a  resist- 
ance, the  macliine  w.ll  start  and  rise  gradually  in  speed, 
being  under  complete  control  by  means  of  the  rheostat, 
to  the  lower  of  its  two'  effic  ent  speeds,  which  it  reaches 
when  the  slip-rings  are  completely  short-circuited.     If 


Fig.  23. 


Part  2. 

The  C.\sc.\nE  Motor. 

As  previous!}'  pointed  out,  a  second  line  of  progress 
in  the  development  of  the  induction  motor  leads  in  the 
direction  of  the  internal  cascade  machine,  as  originall}'- 
invented  and  developed  by  Mr.  L.  J.  Hunt,  but  which 
has  recently  undergone  very  great  further  developments 
which  have  adapted  it  to  a  very  much  larger  field.* 
The  cascade  macliine  has  been  described  before  the 
Institution  several  times  in  recent  years  and  therefore 
I  need  only  describe  its  principles  very  briefly,  laying 
more  stress  on  the  different  practical  forms  which  it 
assumes  and  on  the  functions  wliicli  it  is  capable  of 
performing  in  the  general  system  of  electric  power  supply. 

We  may  first  of  all  briefl)'-  recall  the  general  principles 
of  a  cascade  operation.  In  Fig.  2."?  are  shown  two 
machines  mechanically  coupled  together,  in  which  the 
slip-rings  of  the  first  are  connected  to  the  stator  winding 
of  the  second.  The  second  machine  is  assumed  to  be 
wound  for  two  poles  and  the  first  for  six,  and  the  com- 
bination will  run  at  750  r.p.m.  on  a  i>0-period  circuit, 
viz.  at  a  speed  corresponding  to  (6  +  2)  poles. 

•  F.  Creed y:  "  Some  Developments  in  Multi-speed  Cascade 
Induction   Motors,"  Journal  I.E.E.,   1921,  vol.  50,  p.  611. 


we  now  connect  a  similar  resistance  across  the  slip- 
rings  of  the  first  macliine,  then,  on  gradually  short- 
circuiting  them,  the  machine  will  rise  from  its  lower 
efficient  speed,  say  750  r.p.m.,  to  the  higher,  1  000  r.p.m., 


Short-circuit 
device 


wliich  it  reacjics  when  the  shp-rings  of  the  first  machine 
are  short-circuited,  and  the  second  machine  is  thereby 
entirely  cut  out  of  action. 

The  advantages  of  these  characteristics  are,  of  course, 
very  great,  and  the  peculiar  merit  of  Mr.  Hunt's  in- 
vention consists  in  having  enabled  us  to  realize  them 
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practically  in  one  machine  instead  of  two,  whereby  all 

the  disadvantages  of  poor  power  factor  and  efficiency 
and  higher  first  cost,  which  are  inherent  in  the  use  of 
two  distinct  machines,  are  avoided. 

How  this  has  been  accomphshed  has  very  recently 
been  described  before  the  Institution,*  so  I  will  not 
discuss  it  again.  It  will  be  sufficient  to  saj'  that  the 
final  result  is  a  motor  as  shown  in  Fig.  24  having  only 
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Brake  horse-po-wer 
Fig.  25. — Efficiencj'    curves     of    a     Sandycroft     tn-o-speed 
cascade  3  000  volt,  50  period  roUing-mill  motor ;  860  b.h.p. 
at  120-5  r.p.m.,  and  576  b.h.p.  at  81-6  r.pm. 

a  single  ^^•inding  on  each  member,  the  stator  being 
connected,  on  the  one  hand,  to  tlie  hne  as  a  primary 
•winding,  and  on  the  other  to  a  starter  as  shown,  the 
resistance  of  which  is  gradually  cut  out  in  order  to 
bring  the  macliine  from  standstill  up  to  its  cascade 
speed.     This  ha\dng  been  done,  on  further  short-circuit- 
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Fig.    26. — Power  factor  curves   for  the   motor  referred   to 
in  Fig.  25. 

ing  the  resistances  R  placed  across  the  slip-rings  the 
motor  will  rise  from  its  cascade  speed  to  its  maximum 
speed. 

An  alternative  metliod  of  operation  consists  in  having 
both  sets  of  shp-rings  on  the  one  rotor  and  thus  obtaining 
for  a  particular  combination  of  numbers  of  poles  a 
machine  with  six  shp-rings,  the  same  number  as  are 
required  in  the  cascade  set.  By  short-circuiting  tliree  of 
these  tlirough  a  resistance,  the  machine  is  brought  up 
to  its  lower  speed,  while  by  short-circuiting  the  re- 
maining three  it  is  brought  up  to  its  top  speed.  This 
method  of  starting  is  particularly  advantageous  for 
high-tension  machines,  since  it  avoids  all  liigh-tension 

*  F.  Creedy:  "  Some  Developments  in  Multi-speed  Cascade 
Induction  Motors,"  Journal  I.E.E.,  1921,  vol.  59,  p.  511. 
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switchgear  and  forms  the  only  multi-speed  induction 
motor  in  Mjhich  it  is  possible  to  change  speed  without 
opening  the  circuit. 

Internal  cascade  machines  of  this  type,  however,  as 
built  up  to  recent  years  were  restricted  to  machines 
having  their  lowest  efficient  speeds  corresponding  to 
numbers  of  poles  of  12,  18  and  24,  etc.,  and  to  two 
definite  ratios  of  speeds,  namely,  3 — 2  and  3 — 1.  While 
much  work  has  been  accomphshed  by  this  means,  and 
great  credit  is  due  to  IMessrs.  Sandycroft  for  the  results 
obtained,  it  is  beheved  that  now  that  these  hmitations 
have  been  removed  they  will  be  able  to  cover  a  much 
wider  field.  Macliines  can  now  be  built  the  lowest 
speeds  of  which  correspond  to  any  number  of  poles 
exceeding  six  and  having,  in  theory,  any  desired  ratio 
of  speeds.  Certain  practical  hmitations  to  the  speed 
ratios  of  two-speed  motors  are  introduced  by  the  rule 
as  regards  the  number  of  shp-rings  required  by  such 
a  machine.     This  rule  is  as  follows  : — 

A  motor  to  give  a  top  speed  corresponding  to  M  poles 
and  a  bottom  speed  corresponding  to  (M  +  N)  poles,  will 
have  a  number  of  slip-rings  equal  to  {M  -1-  N)/(G.C.M. 
of  M  and  N). 
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Fig.  27. — Performance  curves  of  a  single-speed,  450  b.h  p., 
122  r.p.m.,  500  volt,  50  period  roUing-mill  motor. 

For  cases  where  either  M  or  AT  is  large  and  where 
there  is  no  common  factor  between  them,  clearly  the 
number  of  shp-rings  may  be  higher  than  is  desirable, 
but  setting  aside  these  cases  a  very  large  number  of 
new  ratios  become  available.  For  instance,  confining 
ourselves  to  apparatus  requiring  less  than  six  shp-rings 
the  following  combinations,  among  others,  can  be  built ; 


Ratio 
4:— 3 

5—4 
5—3 
5—6 


Speeds  offered  on  50  periods 

I  000/7.50  or  500/375,  etc. 
750/600  or  375/300,  etc. 
500/300  or  250/150,  etc. 
600/500  or  300/250,  etc. 


Some  of  these  ratios  are  particularly  important  in 
certain  classes  of  apphcation,  e.g.  in  mine  fan  motors 
where  the  power  developed  decreases  as  the  cube  of 
the  speed.  In  these  cases  the  reduction  from  full  speed 
to  two-thirds  is  sometimes  found  to  be  too  great  and 
a  smaller  reduction,  say  from  full  speed  to  5/6  or 
4/5  full  speed,   may  meet  the  conditions  more  fully. 

Besides  this,  only  a  very  small  reduction  is  necessary 
for  flywheel  sets  and  in  this  case  the  new  ratios  prove 
also  of  verj-  great  advantage. 
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The  slip-regulator  operating  the  rotor  circuit  of  a 
two-speed  cascade  motor  wastes  very  much  less  power, 
and  consequently  may  be  of  very  much  smaller  and 
hghter  construction  than  when  used  with  an  ordinary 
single-speed  induction  motor. 

Curves  relating  to  a  two-speed  rolling-mill  motor  of 
considerable  size  in  which  these  properties  of  the  cascade 
motor  are  made  advantageous  use  of  are  shown  in 
Figs.  25  and  26,  which,  I  think,  will  be  found  to  be 
self-explanatory.  In  Fig.  27  are  shown  performance 
cur\'es  of  a  single-speed  cascade  rolUng-mill  motor  which 
was  adopted  on  account  of  the  absence  of  slip-rings, 
and  the  singularly  substantial  construction  of  the  rotor 
winding,  both  of  wMch  are  of  great  importance  in  steel- 
mill  work. 

So  far  we  have  dealt  with  the  cascade  set  pure 
and  simple,  in  .which  the  speed-change  can  be  effected 
without  opening  the  stator  circuit.  By  combining  the 
cascade  method  ^vith  the  pole-changing  method  pre- 
viously described,  macliines  may  be  built  for  three  or 
more  speeds.  To  do  this  the  primary'  winding  is  adapted 
for  several  numbers  of  poles,  wliich  may  be  done  in 
a  variety  of  ways,  although,  due  to  its  double  function 
as  primary  of  the  first  machine  and  secondary  of  the 
second  machine,  this  is  more  difficult  than  where  the 
winding  only  has  to  serve  a  single  function  as  de- 
scribed in  Part  1.  The  same  cascade  speed  may  be 
obtained  by  means  of  several  different  combinations 
of  numbers  of  poles ;  for  instance,  a  cascade  speed  of 
(8  -|-  4)  — -  12  poles,  may  also  be  obtained  from  (10  -f  2) 
=  12  poles,  and  it  has  been  proved  that  a  secondary 
winding  wliich  is  adapted  to  work  with  (8  -|-  4)  poles 
will  work  equally  well  with  (10  -f  2).  Hence,  if  we 
have  the  primary  winding  of  the  machine  arranged  for 
8  poles,  and  the  secondary  winding  adapted  to  (8  -f-  4), 
the  machine,  if  running  on  its  cascade  speed,  will  go 
at  the  speed  corresponding  to  12  poles  and,  if  we  short- 
circuit  the  shp-rings,  will  rise  from  the  12-pole  speed 
(500  r.p.m.)  to  the  8-pole  speed   (750  r.p.m.). 

If,  while  the  machine  is  running  at  its  cascade  speed 
(500  r.p.m.),  we  change  the  number  of  poles  in  the  stator 
winding  from  8  to  10  wliich,  of  course,  involves  a 
switching  operation,  there  will  be  no  change  in  the 
speed  of  the  motor.  If,  however,  we  now  short-circuit 
the  sUp-rings,  the  machine  will  gradually  rise  from 
the  12-pole  speed  (500  r.p.m.)  to  the  10-pole  speed 
(600  r.p.m.).  Thus  we  have  an  apparatus  preserving 
the  unique  characteristic  of  the  cascade  machine,  viz. 
that  of  permitting  a  gradual  regulation  between  speeds 
and  yet  having  more  than  two  speeds. 

Large,  low-speed  motors  having  speeds  in  the  ratios 
just  mentioned,  e.g.  motors  running  at  187/150/1 25 r.p.m., 
prove  very  advantageous  in  certain  cases,  for  instance 
in  rolling  mills.  The  principle  just  described  may  be 
extended  to  macliines  having  four  or  more  speeds,  in 
all  of  which  cases  the  cascade  machine  \vi\\  rise  from 
its  cascade  speed  to  any  of  the  speeds  for  wliich  the 
stator  winding  is  adapted. 

For  instance,  a  four-speed  macliine  adapted  to  speeds 
of  750/500/375/300  r.p.m.  may  be  built.  The  Hmita- 
tions  to  the  number  of  speeds  whicli  can  be  obtained  by 
this  process  are  due  to  the  difficulty  of  designing  the 
stator  winding  for  a  large  number  of  different  numbers 
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of  poles,  and  at  the  same  time  adapting  it  to  act  as  a 
secondary. 

Other  applications  of  the  cascade  machine. — In  addi- 
tion to  its  usefulness  as  a  multi-speed  machine,  the 
cascade  induction  motor  has  a  wide  field  of  utility  in 
other  directions  to  which  we  may  briefly  refer.  It  has 
been  pointed  out  that  it  may  be  started  with  a  powerful 
torque  and  brought  up  to  its  cascade  speed  by  merely 
cutting  out  a  resistance  connected  across  the  tappings 
on  the  stator  winding.  Such  a  maclune  will  have  a 
completely  short-circuited  rotor  without  external  con- 
nections, and  it  realizes  the  old  desideratum  of  a  squirrel- 
cage  motor  with  slip-ring  characteristics. 

I  need  not  do  more  than  very  briefly  point  out  the  great 
advantages  of  such  a  construction  in  dusty  or  inflam- 
mable atmospheres,  and  its  much  greater  reUabiUty. 

It  has  often  been  pointed  out  that  the  power  factor 
of  the  cascade  motor  is  materially  higher  than  that  of  the 
standard  type  of  shp-ring  induction  motor  rvmning  at  the 
same  speed.     This  is  due  to  the  following  two  causes  : — 

(1)  A  cascade  motor  running  at  500  r.p.m.  is  wound 
for  8  poles,  and  therefore  the  pole-pitch  is  50  per  cent 
greater  than  in  a  standard  12-pole  motor.  The  differ- 
ence in  leakage  between  an  8-pole  and  a  12-pole  motor 
is  very  considerable,  as  may  be  seen  in  Fig.   22. 

(2)  The  simple  cascade  rotor  winding,  approximating 
as  it  does  more  nearly  to  a  squirrel-cage  winding  than 
to  an  ordinary  slip-ring  wnding,  gives  rise  to  a  much 
lower  leakage,  and  these  two  causes,  acting  in  conjunc- 
tion, account  for  the  liigher  power  factor  of  the  cascade 
machine. 

Another  application,  which  may  possibly  prove  to 
be  the  most  important  of  all,  is  as  a  synchronous 
machine  for  the  purpose  of  improving  the  power  factor. 
Such  a  macliine  has  marked  advantages  over  any  other 
form  of  synchronous  apparatus. 

The  cliief  drawback  to  synchronous  sets  for  improved 
power  factor  has  up  to  now  been  their  liigli  cost,  which 
is  largely  due  to  the  amount  of  auxiUary  apparatus 
they  require,  in  addition  to  the  large  number  of  e.xciting 
ampere-turns  necessary  to  give  an  adequate  overload 
capacity.  Both  these  features  are  very  much  reduced 
in  the  synchronous  cascade  set. 

In  order  to  understand  tliis,  consider  a  cascade  set, 
consisting  of  two  macliines,  the  stator  of  the  second  of 
which  is  electrically  coupled  to  the  sUp-rings  of  the 
first,  while  they  are  mounted  on  a  common  shaft. 
Let  the  second  machine  be  arranged  for  two  poles  and 
the  first  machine  for  six  poles,  then,  as  is  well  known, 
the  combination  ■w\\\  run  at  750  r.p.m.  on  a  50-period 
circuit,  viz.  at  a  speed  corresponding  to  (6  -f-  2)  poles. 

The  second  machine  will  receive  from  the  slip-rings 
a  frequency  one-quarter  the  hne  frequency,  viz.  12-5 
periods  per  second.  As  is  well  known,  the  rotor  of  the 
second  macliine  of  the  cascade  set  may  be  of  any  desired 
type,  e.g.  either  of  the  squirrel-cage  type,  the  shp-ring 
type,  or  even  the  revolving  field  of  a  synchronous  motor. 

On  the  rotor  of  such  a  secondaiy  sjTichronous  motor 
a  number  of  ampere-turns  must  be  provided,  equal  to 
that  on  the  stator,  plus  the  amount  necessary  to  produce 
the  magnetic  flux  in  this  secondary  machine. 

Now,  in  the  internal  cascade  motor,  the  ratio  of  the 
total  flux   (flux  per  pole  X  number  of  poles)   in  the 
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parts  corresponding  to  the  primary  and  secondary 
motors  in  the  cascade  set  wliich  we  are  now  discussing, 
is  fixed  by  the  construction  of  the  rotor  winding  and 
is  nearly  equal  in  both  cases.  Consequently,  a  cascade 
set  corresponding  to  the  internal  cascade  machine  would 
have  the  same  total  flux  in  both  its  constituent  macliines. 
If  the  magnetic  densities  are  the  same,  as  they  must 
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Fig.  2.S. — Efficiency  and  power-factor  curves  of  a  two-speed, 

3  300  volt,  50  period,  three-phase  synchronous  fan  motor  ; 

850  b.h.p.  at  187-5  r.p.m.,  and  260  b.h.p.  at   125  r.p.m 

Curves  for  187-5  r.p.m. 

be,  since  both  fluxes  are  carried  bv  the  same  iron,  it 
follows  from  fundamental  electromagnetic  laws  that  the 
turns  per  pole  necessary  to  produce  these  fluxes  in  the 
primary  and  secondary  machines  are  also  nearly  equal, 
and,  since  there  are  only  two  poles  in  the  secondary 
motor  to  be  excited  instead  of  eight  poles  in  a  syn- 
chronous motor  of  normal  construction  running  at  the 
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Fig.  29. — Efficiency  and  power  factor  curves  of  the  motor 
referred  to  in  Fig.  28,  at  125  r.p.m. 

same    speed     (750    r.p.m.),    only    one-quarter    of    the 
exciting  watts  are  needed. 

This  shows  itself  in  practice  in  the  ver}-  much  reduced 
size  of  exciter  required  by  a  cascade  synchronous  motor 
as  compared  with  the  older  type.  This  characteristic 
renders  the  sjTichronous  cascade  motor  feasible  from 
the  point  of  view  of  cost  in  much  smaller  sizes  than 
any  other  tj'pe  of  synclironous  machine.  Figs.  28  and  29 
show  characteristics  of  a  two-speed  cascade  synclironous 
machine  of  this  type. 


SuMM.^RY  OF  Characteristics  of  Variablf.-spekd, 
Alternating  -  current  Motors  without  Com- 
mutators. 

(1)  A  large  variety  of  speed  combinations  is  available, 
giving  any  number  of  speeds  up  to  five  (or  six  with  a 
panel-type  controller),  e.g.  those  shown  in  Fig.  13,  all 
of  wliicli  are  capable  of  control  by  simple  types  of  drum 
controller  and  some  are  capable  of  being  built  econo- 
mically down  to  2  or  3  h.p. 

These  have,  for  the  most  part,  the  characteristics 
of  machines  with  short-circuited  secondaries,  but  are 
capable  of  starting  at  full-load  torque  with  not  more  than 
twice  full-load  current,  and  the  rate  of  acceleration  in 
changing  speed  under  full  load  is  under  e.xact  control 
by  simple  means. 

(2)  A  sl.p-ring  type  of  motor  capable  of  any  number 
of  speeds  up  to  six  and  capable  of  accelerating  under, 
say,  2-2i  times  full-load  torque  from  standstill  to  any 
of  such  speeds. 

(3)  The  two-speed  cascade  motor  capable  of  accelerat- 
ing from  standstill  to  its  lowest  speed  under  %-2\  times 
full-load  torque  by  resistance  control,  and  then  rising 
from  its  lower  to  its  liigher  speed  by  short-circuiting 
a  resistance  connected  across  the  shp-rings.  These  two 
speeds  may  have  practically  any  desired  ratio.  Speed- 
change  is  here  effected  without  opening  the  stator 
circuit. 

(4)  A  multi-speed  cascade  macliine  capable  of  starting 
and  accelerating  to  its  lowest  speed  in  the  manner  just 
described  and  then  of  rising  from  that  speed  to  any 
one  of  its  other  speeds  on  short-circuiting  the  shp-rings. 

I  beheve  it  will  be  admitted,  as  a  result  of  what  has 
been  said  above,  that  it  is  possible  to  meet  practically 
every  condition  of  variable-speed  working  required  in 
industrial  practice  \>y  an  appropriate  method  of  control 
appUed  to  the  ordinary  induction  motor,  tliis  control 
involving  no  continuous  waste  of  power  or  other  un- 
desirable features,  and  consisting  merely  of  simple  and 
well-known  types  of  switchgear  and,  in  some  cases, 
small  transformers. 

For  the  few  remaining  cases  in  which  an  absolutely 
gradual  speed-variation  is  required  without  loss  of 
power,  we  have  the  polyphase  commutator  motor,  with 
movable  brushes  as  was  described,  for  instance,  in  the 
paper  by  Mr.  Teago.* 

Hence  I  feel  that  I  should  have  no  difficulty  whatever 
in  recommending  a  suitable  variable-speed  alternating- 
current  motor  to  meet  the  conditions  of  any  industrial 
problem  whatever,  and  that  no  cases  remain  in  which 
it  is  either  necessary  or  desirable  to  convert  to  direct 
current  for  the  sake  of  obtaining  variable-speed  operation. 

•  Journal  I.E.E.,   1922,  vol.  60,  p.   328. 


Discussion  before  The  Institution,  4  January,  1923. 


Mr.  L.  J.  Hunt  :  I  propose  to  confine  my  remarks 
mainly  to  the  vdndings.  It  is,  I  think,  a  remarkable 
fact,  and  one  which  will  appeal  to  the  manufacturer, 
that  the  winding  which  has  made  practicable  the  build- 
ing of  commercial  cascade  motors  is  apparently  also 
the  best  winding  for  variable-pole  motors.     I  refer  to 


the  old  cascade  rotor  winding  winch,  as  the  author 
has  shown,  gives  quite  remarkable  results  when  used 
as  a  stator  winding  for  change-pole  motors.  Before 
the  author  studied  this  wnding  it  had  been  used 
only  for  three-phase  and  six-phase  currents,  and  as  a 
variable-pole   winding  produced   either  x  or   2x  poles. 
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The  unit  ^\^nding  was  a  six-sided  figure  which  served 
for  a  six-pole  cascade  motor.  The  other  windings  were 
built  up  as  multiples  of  this  unit  and  so  we  had  a  12- 
sided  figure  for  12  poles,  an  18-sided  figure  for  18  poles, 
and  so  on,  the  windings  being  parallel  connected.  The 
author's  first  discovery  was  that  these  windings  would 
always  give  a  cascade  speed  corresponding  to  a  number 
of  poles  equal  to  the  number  of  sides,  irrespective  of 
the  number  of  poles  for  which  the  stator  was  wound  ; 
thus  an  18-sided  winding  would  give  a  cascade  speed 
corresponding  to  18  poles  with  a  stator  connected  for 
either  16,  14,  12,  10,  S,  6,  etc.,  poles,  the  number  of 
auxiliary  poles  produced  by  the  rotor  being  the  differ- 
ence between  18  poles  and  the  number  of  poles  for  which 
the  stator  is  connected.  Further,  he  found  that  when 
the  slip-rings  were  short-circuited  the  winding  would 
serve  as  a  satisfactory'  secondary  winding  for  any  of 
the  basal  numbers  of  poles  ;  that  is  to  say,  if  the  stator 
were  connected  for  six  poles  the  winding  would  serve 
as  a  six-pole  secondary  winding  or,  equally  well,  as 
a  secondary  winding  for  the  other  numbers  of  poles. 
This  discovery  immediately  pointed  the  way  to  the 
remarkable  developments  which  the  author  has  shown 
us.  When  used  as  a  rotor  winding  the  difference  in 
phase  between  the  several  slip-rings  varies  with  the 
number  of  poles  provided  by  the  stator.  It  follow's 
therefore  that  if  we  use  this  winding  as  a  primary  and 
supply  it  with  currents,  the  phase  of  wiiich  can  be 
correspondingly  changed,  we  shall  produce  the  same 
variations  in  the  number  of  poles,  and  this  the 
author  has  done  by  means  of  the  beautifully  worked- 
out  phase  transformer  which  he  has  described.  Fig.  6 
is  familiar  as  the  18-pole  cascade  rotor  winding,  which 
before  the  author's  discovery  had  been  used  only  for 
basal  numbers  of  poles  of  12  or  6,  corresponding  to 
three-phase  or  si.x-phase  currents  ;  that  is  to  say,  this 
winding  prior  to  these  new  developments  had  been  used 
for  only  6  or  12  poles  or,  in  cascade,  for  18  poles.  The 
author  has  shown  how  verv  efficient  it  is  when  used  as 
a  stator  winding  for  producing  a  large  number  of  speeds. 
He  made  a  further  discovery  apphcable  to  both  change- 
pole  and  cascade  motors.  He  found  that  in  the  past 
we  had  needlessly  confined  these  windings  to  three- 
phase  and  six-phase  types,  and  he  showed  that  an 
8-sided  winding  would  operate  as  an  8-pole  cascade 
rotor,  a  20-sided  winding  as  a  20-pole  machine,  and  so 
on.  In  his  recent  paper  *  he  defined  these  windings 
as  suitable  for  use  with  two  fields  having  numbers  of 
pairs  of  poles  prime  to  one  another  and  both  odd. 
These  windings  greatly'  increased  the  possible  speeds 
for  wiiich  cascade  motors  could  be  wound,  as  they 
gave  us  8,  16,  20,  etc.,  poles.  This  greatly  increased 
the  scope  of  the  motor,  but  further  discoveries  were 
made.  Dr.  F.  T.  Chapman,  in  his  recent  paper  on 
"  The  Production  of  Noise  and  Vibration  in  Certain 
Squirrel-cage  Induction  Motors,"  f  has  proved  that 
no  unbalanced  magnetic  pull  exists  when  a  motor  is 
subjected  to  two  magnetic  fields  if  the  difference  between 
the  numbers  of  poles  is  greater  than  two.  This  further 
increases  the  possible  numbers  of  poles  for  which 
cascade  machines  can  be  wound,  as  it  shows  that  all 

•  Journal  I.E.E.,  1921,  vol.  59,  p.  511. 
t  Jbid.,  1923,  vol.  61,  p.  39. 


speeds  can  be  obtained  excepting  those  corresponding  to 
2,  4  or  6  poles,  because  a  10-pole  motor  can  be  obtained 
by  taking  basal  numbers  of  poles  of  8  and  2,  thus  gi\ing 
a  10-sided  winding,  and  with  the  stator  wound  for  8 
poles  the  rotor  would  produce  a  second  field  corre- 
sponding to  2  poles.  These  discoveries  enormously 
increase  the  field  for  these  machines.  The  author  has 
referred  to  the  reduced  excitation  required  by  sj'n- 
chronous  cascade  machines,  and  I  have  some  figures 
derived  from  tests  which  show  that  a  machine  of  this 
type  with  sufficient  ampere-turns  to  give  a  maximum 
torque  equal  to  twice  full-load  torque  requires  a  net 
number  of  field  ampere-turns  equal  to  only  61-4  per 
cent  of  the  total  stator  ampere-turns.  If  allowance  is 
made  for  the  cancelled  bars  due  to  the  shortened  pole- 
pitch  of  the  windings,  the  figure  is  4  per  cent  greater 
than  the  alternating-current  ampere-turns.  The  follow- 
ing figures  relating  to  ship-propulsion  motors  may  be 
of  interest.  They  relate  to  a  unit  driving  one  propeller 
shaft.  This  is  arranged  for  full  speed,  two-thirds  and 
one-half  speed,  and  develops  20  000  b.h.p.,  5  000  b.h.p. 
and  2  600  b.h.p.,  respectively,  at  the  tliree  speeds.  At 
full  speed  the  set  runs  as  an  induction  motor,  and  at 
the  other  speeds  as  a  cascade  synchronous  combination. 
At  full  speed  (24  poles)  the  power  factor  is  0-91  and  the 
efficiency'  96  ■  5  per  cent,  while  at  second  speed  (36  poles) 
the  efficiency  is  94  per  cent  and  the  power  factor  unity. 
At  half  speed  (48  poles)  the  efficiency  is  93-2  per  cent 
mth  unity  power  factor.  There  are  many  points  to  be 
considered  in  the  design  of  multi-speed  motors,  and  two 
slides  which  I  propose  to  exhibit  show  the  great  improve- 
ment which  can  be  effected  in  the  performance  of  these 
machines  by  using  three  groups  of  coils  per  pole,  instead 
of  three  groups  per  pole  pair.  These  figures  relate  to 
a  400-b.h.p.,  three-speed  motor  which  was  built  many 
j-ears  ago.  In  the  first  place  the  stator  W'as  wound  with 
three  groups  of  coils  per  pair  of  poles,  and  the  efficiencies 
and  power  factors  obtamed  can  be  seen  on  the  slide. 
At  a  later  date  the  motor  was  reconnected  with  the  coils 
arranged  in  tliree  groups  per  pole,  and  the  vast  impro\'e- 
ment  in  both  efficiency  and  power  factor  is  shown. 
At  20-pole  speed  the  efficiency  improved  from  87  to 
90-5  per  cent  and  the  power  factor  from  0-795  to  0-9. 
At  30-pole  speed  (cascade)  the  efficiency  was  raised 
from  80  to  87  per  cent  and  the  power  factor  from 
0-665  to  0-79.  These  figures  are  rather  remarkable,  as 
they  indicate  the  harmful  effects  due  to  the  presence 
of  extraneous  fields. 

Dr.  S.  P.  Smith  :  The  author's  achievement  in  the 
field  of  the  variable-speed  induction  motor  is  no  mean 
one,  and  he  has  given  us  what  we  very  mucli  needed. 
The  fact  that  the  induction  motor  could  not  be  made 
to  vary  its  speed  economically  by  any  simple  means 
has  been  one  of  the  greatest  draw-backs  in  its  develop- 
ment. We  have  long  had  various  arrangements  of  two 
machines  and  also  of  two  windings  on  a  single  machine,  but 
the  author  now  shows  how  to  make  the  ordinary  squirrel- 
cage  induction  motor  run  at  2,  3,  4,  5,  or  even  6  econo- 
mical speeds.  In  tliat  way  he  has  rendered  us  a  very 
great  service  and  has  made  it  po.ssible  to  avoid,  in 
many  cases,  converting  alternating  into  direct  current. 
The  author's  multi-speed  motor  has  advantages  in 
addition  to  its  speed-changing   properties.      With   an 
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ordinary  squirrel-cage  single-speed  motor,  if  full-load 
torque  is  required  at  starting,  something  like  4  to  5 
times  full-load  current  is  needed.  Except  in  the  case 
of  small  motors  the  supply  undertaking  would  not  allow 
this,  and  therefore  a  shp-ring  motor  must  be  used. 
The  multi-speed  motor,  however,  can  give  full-load 
torque  with  twice  full-load  current,  which  should  not 
be  objected  to  on  large  systems.  Another  advantage 
which  should  be  emphasized  is  that  the  multi-speed 
motor  will  give  constant  torque  at  all  speeds.  The 
shunt  motor  has  not  this  advantage.  Assummg  constant 
armature  current  in  a  shunt  motor,  the  torque  falls  off 
as   the   speed   rises,    so   that   the   horse-power  remains 


radians.  The  numbers  in  the  figures  refer  to  the 
numbers  of  the  transformer  phases.  The  top  left-hand 
figure  shows  that  the  motor  tappings  1,  2,  3,  4,  etc., 
are  connected  to  phases  1,  2,  3,  4,  etc.,  of  the  trans- 
former. Thus  for  one  pole-pair,  or  2tt  radians,  we 
must  go  round  the  whole  periphery.  In  the  middle 
diagram  on  the  top  hne  the  author  would  connect  phase  1 
of  his  transformer  to  tapping  1  of  his  motor,  but  phase  3 
of  his  transformer  goes  to  tapping  2  of  his  motor,  and 
so  on,  so  that  the  phase  angle  would  now  he  47r/13. 
One  pole-pair  (27r  radians)  is  now  accomplished  with 
a  half-tour  of  the  stator  winding,  so  that  the  motor  has 
four    poles    (p  =  2) .     Similarly    the    other    possibihties 
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constant.  What  the  user  generally  wants  for  many 
classes  of  drives,  however,  is  constant  torque,  or  output 
proportional  to  speed.  This  property  can  be  obtained 
with  the  a.c.  motor  with  or  without  a  commutator. 
The  reason  is  simple.  In  order  to  make  the  horse- 
power increase  as  the  speed  rises,  the  voltage  must  be 
increased.  It  is  comphcated  to  do  this  with  direct 
current,  but  with  alternating  current  it  is  usually  a 
simple  matter  to  utihze  the  motor  fully  under  all  con- 
ditions. Fig.  A  will  enable  the  interior  of  the  author's 
multi-speed  motor  to  be  seen  from  a  different  point  of 
view.  The  arrangement  is  shown  for  a  thirteen-phase 
transformer  or  phase  converter.  With  13  phases  on  the 
transformer   the   angle   between    the    phases    is  27r/13 


give  p  =  3,  4,  5  and  6  pole-pairs.  Thus  the  thirteen- 
phase  transformer  will  give  a  six-speed  motor.  On  the 
author's  motor  an  18-phase  arrangement  is  used  to 
simphfy  the  connections,  tappings,  etc.  By  using  the 
multi-speed  or  extended  cascade  motor,  it  may  be 
possible  to  dispense  with  speed-regulating  sets  such  as 
the  Scherbius.  It  will  be  interesting  to  see  whether 
these  arrangements  can  be  used  for  large,  reversible 
sets  such  as  rolHng  mills,  winding  engines,  etc.  There 
still  remains,  .  however,  the  need  for  power  factor 
improvement  and  gradual  speed-change,  which  may 
entail  at  times  the  use  of  a.c.  commutator  machines. 
Mr.  H.  Jack  :  In  tliis  country,  due  to  the  large 
number  of  relatively  small  power  companies,  the  pro- 
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portion  of  d.c.  to  a.c.  motors  has  always  been  higher 
than  in  the  majority  of  other  countries.  The  tendency 
is,  however,  for  the  proportion  of  a.c.  motors  to  increase 
considerably,  and  the  need  for  a  good  variable-speed 
a.c.  motor  has  become  extremely  important.  It  is 
generally  admitted  by  designers  that  a  motor  with  the 
simplicity  and  the  possible  speeds  of  the  d.c.  shunt 
motor  would  meet  the  market  requirements.  The  fact 
that  the  d.c.  motor  has  a  commutator  is  not  now  con- 
sidered a  serious  defect.  In  addition  to  comparing  the 
motor  described  in  the  paper  with  the  variable-speed 
d.c.  motor,  it  is  also  possible  to  examine  how  far  it 
meets  the  actual  practical  requirements  of  a  variable- 
speed  a.c.  motor  and  to  compare  it  with  other  multi- 
speed  and  variable-speed  motors  on  the  market,  such 
as  the  ordinary  change-pole  motor  and  the  a.c.  com- 
mutator motor.  For  the  past  15  or  20  years  we  have 
had  2-,  3-  and  4-speed  change-pole  multi-speed  a.c. 
motors.  These  motors  have  been  robust  and  com- 
paratively cheap,  yet  they  have  not  met  the  require- 
ments of  a  variable-speed  motor.  By  adding  a  phase 
converter  and  an  elaborate  controller,  the  authoi"  has 
again  given  us  a  multi-speed  rather  than  a  variable- 
speed  motor.  The  sum  of  the  whole  matter  is,  there- 
fore, that  in  some  cases  two  additional  speeds  can  be 
obtained  by  the  author's  motor,  as  compared  with  the 
change-pole  motors  previously  available.  Considering 
that  the  2-,  3-  and  4-speed  change-pole  motors  have 
failed  to  meet  the  requirements,  I  think  that  the  number 
of  cases  in  which  the  motor  described  in  the  lecture  w'ill 
come  any  nearer  the  requirements  is  extremely  limited, 
as  it  still  has  practically  all  the  defects  of  other  multi- 
speed  change-pole  motors.  The  speeds  a'\^ailable  are 
too  limited.  For  example,  on  25  periods  there  is  no 
speed  between  1  500  r.p.m.  and  750  r.p.m.,  and  the 
next  speed  is  500  r.p.m.  Hence,  on  a  motor  with  a  2  ;  1 
speed-range  there  are  only  three  available  speeds.  If 
the  maximum  speed  is  chosen  as  750  r.p.m.  there  are 
still  only  three  available  speeds  on  a  speed-range  of 
750  to  375  r.p.m.  On  40  periods  there  is  no  speed 
between  1  200  r.p.m.  and  800  r.p.m.,  and  the  next 
possible  speed  is  600  r.p.m.,  and  similarly  on  50 
periods  there  are  no  possible  speeds  between  1  500, 
1  000  and  750  r.p.m.  Further,  the  current-rush  on 
changing  from  one  speed  to  another  is  excessive 
unless  the  additional  complication  of  inserting  resist- 
ance in  the  primary  circuit  before  changing  to  the  next 
speed  and  then  cutting  it  out  again,  is  introduced. 
Also,  the  power  factor  on  the  lower  speeds  is  verjr  poor 
and  the  air-gap  may  be  reduced  unduly  in  order  to 
improve  tliis  power  factor.  Consider  now  the  a.c. 
commutator  motor  which  has  been  developed  during 
the  past  few  years.  We  have  the  series  type  and  the 
shunt  type.  The  former  is  suitable  only  where  the  load 
is  constant  at  each  speed,  and  thus  meets  only  a  limited 
number  of  requirements.  The  shunt  type  should  be 
more  correctly  called  the  t-ype  having  a  characteristic 
similar  to  the  d.c.  shunt  motor.  The  motor  is  made 
in  tliis  country,  and  the  increasing  demand  shows  that 
it  is  meeting  tlie  requirements  for  a  true  variable-speed 
a.c.  motor  comparable  with  the  d.c.  shunt  motor. 
Its  construction  is  simple,  and  the  commutator 
requires  to  deal  with  onl}'  a  small  proportion  of  the 


power  of  the  motor.  It  is  usually  constructed  for 
speed-ranges  of  3:1,  but  for  sizes  below  100  h.p.  con- 
siderably greater  speed-ranges  can  be  given,  and  in  this 
respect  the  motor  is  actually  superior  to  the  d.c.  shunt 
motor.  The  important  point,  however,  is  that  between 
the  lowest  speed  and  the  liighest  speed  an)'  desired 
speed  can  be  obtained,  and  this  cannot  be  obtained 
with  the  change-pole  motor.  The  a.c.  commutator 
motor  is  even  superior  to  the  d.c.  shunt  motor  in  this 
respect,  as  the  speeds  of  the  d.c.  motor  are  dependent 
on  the  grading  of  the  field  rheostat,  whereas  the  a.c. 
motor  gives  the  equivalent  of  a  d.c.  motor  with  an 
infinite  number  of  rheostat  contacts  between  the  limits 
of  the  speed-range.  Further,  no  rheostat  or  controller 
is  necessary  with  the  a.c.  commutator  motor,  and  it  is 
only  necessary  to  pro\dde  a  starting  switch.  The  start- 
ing current  is  about  equal  to  full-load  current  and  the 
starting  torque  is  from  one  to  two  times  full-load  torque. 
Further,  by  the  insertion  of  resistance  it  is  possible  to 
get  extremely  low  crawling  speeds,  and  at  these  speeds 
the  motor  is  far  more  stable  than  the  ordinan,'  induction 
motor.  The  power  factor  at  the  higher  speeds  is  unity, 
or  even  leading,  and  can  be  maintained  at  a  liigh  value 
at  fractional  loads.  At  low  speeds  the  power  factor 
can  also  be  maintained  at  a  fairly  liigh  value.  These 
features  of  the  a.c.  commutator  motor  are  sufficient  to 
show  that  in  it  we  have  a  motor  equal  to  the  d.c.  shunt 
motor  and  capable  of  meeting  all  the  requirements  for 
sizes  up  to  from  150  to  300  h.p.,  according  to  the  speed- 
range  and  the  frequency.  The  a.c.  commutator  motor 
has  not  yet  been  developed  to  the  sizes  required  for 
large  rolling-mill  work,  but  the  multi-speed  change-pole 
motor  is  quite  unsuitable  for  large  reversing  rolling 
mills  or  modern  continuous  mills.  For  the  latest  type 
of  continuous  mill,  several  of  which  have  been  recently 
installed  in  this  country,  the  demand  is  again  for  a 
large  number  of  speeds  of  the  order  of  17  to  31,  and 
the  powers  are  as  large  as  4  000  h.p.  Such  require- 
ments \vith  an  a.c.  supply  are  best  met  by  the  induction 
motor  working  in  series  with  an  a.c.  commutator  motor 
of  the  Scherbius  type.  For  small  speed-ranges  the  speed 
is  varied  from  sj'nchronism  downwards,  and  for  larger 
speed-ranges  the  speed  is  varied  both  above  and  below 
synchronous  speed.  Apart  from  rolling  mills  and 
similar  heavy  duty,  variable-speed  motors  are  required 
mainly  for  paper  making,  paper  printing,  reciprocating 
pumps,  compressors,  fans,  calenders  for  paper  and 
textiles,  rubber  manufacture,  stokers,  machine  tools 
and  certain  special  textile  work  such  as  calico  printing 
and  cotton  spinning.  The  different  speeds  are  demanded 
by  the  variation  in  the  class  of  ^\-ork  with  the  same 
machine,  and,  in  addition,  the  variation  of  the  quality 
of  the  materials  wdth  the  same  class  of  work.  The 
variation  in  the  class  of  work  demands  a  large  speed- 
range  and  as  large  a  number  of  speeds  as  possible  in 
that  range.  A  variation  in  the  quaUty  of  the  material 
demands  a  temporarj'  or  occasional  slight  change  in 
speed  from  the  customary  speed  for  that  work.  It  is 
evident,  therefore,  that,  with  the  exception  of  large 
rolling-mill  work  and  other  heavy  duty,  the  variable- 
speed  a.c.  commutator  motor  with  the  sliunt-t^-pe 
characteristic  and  its  gradual  change  from  one  speed  to 
another,  fulfils  the  requirements  of  industry  for  medium- 


330 


GREEDY:   VARIABLE-SPEED   ALTERNATING-CURRENT   MOTORS 


to  small-size  variable-speed  a.c.  motors  far  better  than  [Mr.  Creedy's  reply  to   this  discussion  will  be  found 

any  change-pole  motor.  on  page  333] 


North  Midland  Centre,  at  Leeds,  9  January,  1923. 


Mr.  J.  C.  B.  Ingleby  :  In  connection  with  Fig.  17 
I  do  not  quite  understand  wliich  peaks  are  supposed 
to  represent  the  five  speeds  for  the  8,  10,  12,  14,  and 
16-pole  machines,  or  why  the  lower  no-load  currents 
fall  so  considerably.  Can  the  author  say  why,  for  any 
given  speed  shown  in  Fig.  22,  the  leakages  differ  ? 
For  instance,  taking  the  10-pole  macliine,  the  leakage  is 
1  ■  1  on  the  top  curve  and  1  •  82  on  the  bottom.  Referring 
to  the  curve  of  costs  shown  on  the  slide,  it  appears  that 
the  difference  in  price  compared  with  the  shp-ring  motor 
varies  from  50  per  cent  to  100  per  cent.  Does  that 
increase  of  cost  include  a  starter  and  transformer,  or 
is  it  for  the  motor  only  ?  The  author's  motors  will 
effect  a  great  saving  in  copper,  and  it  should  be 
commercially  practicable  to  put  them  on  the  market. 

Mr.  W.  B.  Woodhouse  :  It  would,  I  tliink,  be  useful 
to  have  a  comparison  of  tliis  particular  type  of  motor 
with  the  other  alternating-current  motors  that  may 
be  used.  First,  in  respect  of  the  efficiency  at  different 
speeds,  if  the  author  could  give,  for  example,  the 
relative  efficiencies,  at  various  speeds,  of  a  Creedy 
motor  as  compared  with  a  slip-ring  motor,  where  the 


speed  regulation  is  obtained  by  resistance  in  the  rotor, 
and  as  compared  with  any  recognized  type  of  com- 
mutator motor,  I  think  that  the  advantage  of  the  Creedy 
motor  would  be  more  evident.  It  is  a  great  advantage 
to  have  a  stable  speed  wliich  is  some  percentage  of 
the  highest  speed.  Where  the  speed  of  a  slip-ring 
motor  is  regulated  by  rotor  resistance,  one  remembers 
that  the  speed  is  not  stable  if  the  load  varies.  I  think 
it  would  be  useful  also  if  we  could  have  a  similar  com- 
parison for  the  torques  of  these  different  types  of  machine 
at  different  speeds.  A  ipacliine  in  which  the  torque 
varies  with  the  speed  may  suit  one  purpose.  In  other 
cases  constant  torque  at  all  speeds  is  wanted,  or  the 
liighest  torque  is  required  at  the  lowest  speed.  The 
second  half  of  the  lecture  deahng  with  the  cascade  syn- 
chronous motor  is  particularly  interesting  to  a  supply 
engineer  ;  it  seems  that  we  have  at  last  got  a  motor 
which  not  only  does  not  draw  any  magnetizing  current 
from  the  line  but  actually  returns  some. 

[Mr.  Creedy's  reply  to  this  discussion   will  be  found 
on  page  333.] 


South  Midland  Centre,  at  Birmingham,  10  January,  1923. 


Mr.  R.  A.  Chattock  :  The  introduction  of  a  rehable 
and  simple  alternating-current  motor  having  variable- 
speed  characteristics  would  go  far  to  ehminate  the 
necessity  for  using  direct  current  for  many  purposes. 
The  author's  description  of  the  multi-speed  cascade 
motor  appears  to  cover  all  the  requirements  under 
ordinary  working  conditions,  and  the  only  questions 
to  decide  are  whether  this  type  of  machine  has  been 
run  in  commercial  service  sufficiently  long  to  show  that 
it  is  rehable,  and  whether  the  large  number  of  terminals 
and  connections  involved  proves  to  be  a  source  of 
wealaiess.  I  should  be  glad  if  the  author  would  give 
some  information  on  this  point.  The  description  of  the 
variable-speed  induction  motor  makes  it  clear  that  in 
order  to  change  the  speed  it  is  necessary  to  break  the 
main  circuit.  I  consider  that  this  would  prove  a  dis- 
advantage under  many  conditions  of  service.  I  should 
also  hke  to  know  how  this  interruption  of  the  circuit 
affects  the  variable-speed  synchronous  induction  motor, 
because  it  seems  to  me  that  when  the  circuit  of  a  syn- 
chronous motor  is  interrupted,  it  will  at  once  fall  out 
of  step  and  will  have  to  be  re-synchronized.  Such  an 
operation  would  in  most  cases  prove  to  be  quite  un- 
workable in  practice.  From  Fig.  21  it  appears  that 
the  power  factor  of  the  variable-speed  induction  motor 
is  poor  compared  with  that  of  the  ordinary  induction 
motor,  and  tliis  is  especialh-  so  at  low  speeds.  Tliis, 
of  course,  adversely  affects  the  system  of  the  under- 
taking supplying  the  power.  I  should  hke  to  know 
whether  the  phase  converter  to  which  the  author 
referred    as    being    necessary    in    connection    with    the 


variable-speed  induction  motor,  still  further  reduces 
the  power  factor  below  the  values  given  in  Fig.  21. 
Has  the  author  tried  using  condensers  or  power-factor 
correctors  in  connection  with  these  motors,  and  if  so, 
with  what  result  ? 

Dr.  M.  L.  Kahn  :  The  lecture  shows  what  able  and 
ingenious  engineers  can  do  if  they  set  out  to  satisfy  a 
long-standing  demand  for  special  features  of  machinery', 
which  has  hitherto  not  been  met.  The  author  himself 
appears  to  recognize  the  limitation  of  liis  invention  and 
states  the  various  cases  where  a  commutator  motor  is 
preferable  to  his  propositions.  The  inherent  hmitation 
of  his  motors  is  the  fact  that  only  a  limited  number  of 
speeds  with  rather  big  steps  can  be  supplied.  The 
limits  of  19  r.p.m.  and  21  r.p.m.  compared  with  20  r.p.m. 
mentioned  in  the  lecture  in  connection  with  this  point 
are  rather  optimistic.  As  Fig.  21  shows,  the  step  may 
be  20  to  30  per  cent  for  the  most  favourable  and,  inciden- 
tall)-,  very  costly  arrangement,  to  from  30  to  50  per 
cent  in  ordinary  cases.  Even  this  is,  however,  a  great 
advance  on  the  old  pole-changing  methods  where,  with 
one  winding  only,  a  speed-ratio  of  1  to  2,  or  100  per 
cent  stepping,  could  be  obtained.  In  explaining  his 
winding  the  author  starts  from  the  ring  winding  with 
a  number  of  tappings  for  various  numbers  of  poles,  and 
mentions  that  similar  results  could  be  obtained  with 
a  lap-wound  drum  winding.  He  does  not  mention  how 
his  winding  is  arranged.  Are  we  to  take  it  that  he  also 
uses  lap-wound  drum  windings  in  liis  macliines  ?  If  so, 
how  is  the  difficulty  of  the  pole-span  of  the  coils  over- 
come ?     Normally,  coils  are  wound  with  a  coil-span  of 
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about  one  pole-pitch.  They  may  be  lengthened  or 
shortened  up  to  33  per  cent  without  the  output  of  the 
machine  being  materially  affected.  This  means  that 
a  winding  with  a  span  corresponding  to  a  pole-pitch  of 
8  poles  can  be  used  for  6  poles  or  10  poles.  For  6  poles 
the  pitch  is  0-75  times  full  pitch  and  for  10  poles  1-25 
times.  If,  however,  the  same  winding  is  to  be  used 
for  a  speed-range  of  428/1  000,  i.e.  for  6  poles  and  14 
poles,  as  mentioned  on  page  316,  it  would,  if  wound  for 
a  mean  pitch,  have  a  span  differing  by  40  per  cent 
from  the  normal  value  of  the  two  limits  of  the  speed- 
range.  This  will  tend  to  reduce  the  output  obtainable 
from  a  given  size  of  machine  for  the  extreme  hmits 
of  the  speed-range.  The  proposed  method  of  pole- 
changing  involves  a  motor  with  a  large  number  of 
connections,  leads  and  terminals,  a  phase  transformer 
with  similar  leads  and  terminals,  complicated  switch- 
gear  and  a  starting  resistance  or  auto-transformer. 
These  complications  can  be  justified  only  in  cases  where 
speed  variation  is  absolutely  necessary.  The  claim  of 
increased  starting  torque  for  squirrel-cage  motors  of 
this  pattern  can  only  relate  to  such  cases.  The  motor 
cannot  supersede  the  standard  slip-ring  motor  on  the 
plea  that  it  dispenses  with  slip-rings,  while  giving  at 
the  same  time  a  large  starting  torque.  The  complica- 
tions introduced  by  the  gear  and  the  increased  possibihty 
of  breakdowns,  apart  from  the  question  of  first  cost, 
far  outweigh  the  advantage  of  doing  away  with  slip- 
rings. 

Mr.  G.  M.  Harvey  :  I  have  recently  seen  some  test 
sheets  concerning  10-li.p.  single-speed  Hunt  cascade 
motors  running  at  500  r.p.m.,  and  I  note  that  the 
power  factor  obtained  upon  full  load  is  only  0-74. 
We  have  at  the  University  a  two-speed  cascade  motor 
giving  10  h.p.  at  750  r.p.m.  (8  poles)  and  6-6  h.p.  at 
500  r.p.m.  (12  poles)  ;  the  power  factors  obtained  upon 
test  with  tliis  motor  at  full  load  are  0-86  at  the  top 
speed  and  0'68  at  the  lower  speed.  These  figures  do 
not  at  all  agree  with  those  claimed  by  the  makers  in 
some  of  the  earlier  papers  describing  this  motor,  and  I 
recollect  a  description  of  a  300-b.h.p.  motor  running 
at  360  r.p.m.  with  a  power  factor  of  0'92,  and  giving 
200  b.h.p.  at  250  r.p.m.  with  a  power  factor  of  0-9. 
I  should  be  glad  if  the  author  would  explain  the  dis- 
crepancy between  these  figures.  I  have  also  noticed 
in  the  motor  at  the  University  a  tendency  to  stick  in  the 
top  speed  when  an  attempt  is  made  to  reduce  to  the 
lower  speed  by  opening  the  rotor  circuit  and  closing 
the  tapping  controller.  Can  the  author  explain  this  ? 
I  am  greatly  in  favour  of  the  cascade  motor  for  mining, 
and  I  should  be  glad  if  the  author  would  indicate  where 
a  simple  explanation  of  the  windings  of  the  Hunt 
cascade  motor  is  to  be  found.  The  advantages  of  the 
cascade  motor  for  mining  work  are  as  follows  :  The 
even  torque  obtained  at  "  crawling  "  speeds  is  of  great 
advantage  for  haulage  work,  as  it  prevents  "  snatching  " 
at  the  rope.  The  starting  characteristics  of  a  slip-ring 
motor  are  obtained  without  the  danger  and  incon- 
venience of  the  use  of  slip-rings,  and  a  low-speed  motor 
IS  obtained  which  compares  very  favourably  m  bulk 
with  a  plain  induction  motor  running  at  the  same 
speed.  In  this  connection  it  seems  to  me  that  the 
advantage  claimed  by  the  author  for  recent  improve- 


ments which  enable  the  cascade  motor  to  be  run  at 
1  000  r.p.m.  are  illusory,  since  the  chief  advantage  is 
the  exceedingly  low  speed  wliich  can  be  obtained  \\ith 
a  reasonable  efficiency. 

Mr.  F.  W.  Close  :  I  appreciate  the  ingenious  way  in 
which  the  author  has  made  possible  the  simplification 
of  the  control  gear  by  reducing  the  number  of  con- 
nections wliich  have  to  be  interchanged  for  the  respective 
speeds.  It  may  be  thought  that  the  time  required  to 
make  the  necessary  changes  in  interconnections  between 
the  supply,  motor  and  transformer  of  a  six-speed  set 
would  be  somewhat  lengthy,  and  so  allow  the  motor 
appreciably  to  fall  in  speed  during  the  change  period  ; 
but,  taking  the  controller  illustrated  in  Fig.  15,  the 
total  time  for  a  change-over  on  that  controller  from 
one  speed  combination  to  the  next  is  practically  deter- 
mined by  the  natural  speed  at  wliich  the  contactors 
will  open  and  reclose,  and  it  is  found  that  the  change 
can  be  made  in  something  like  |  second,  which  is  about 
one-quarter  the  time  mentioned  by  the  author.  This 
period  of  time  is  an  important  consideration  as,  during 
a  part  of  the  time  taken  to  change  over,  the  supplv  is 
cut  off  from  the  motor,  and  the  latter  will  therefore 
commence  to  fall  in  speed.  With  regard  to  the  control 
of  a  machine  tool  driven  by  a  three-speed  motor,  and 
the  quite  reasonable  fear  expressed  that  the  operator 
may  move  the  handle  in  anything  but  an  ideal  manner, 
I  have  seen  in  operation  the  three-speed  motor  and  the 
controller  which  the  author  exhibited.  The  motor  was 
connected  by  belt  to  another  macliine,  and  the  con- 
troller handle  was  rotated  rapidly  from  the  "  off  "  to 
the  "  full  speed  "  position,  and  then  back  again  many 
times  in  rapid  succession,  without  pausing  in  the  inter 
mediate  steps.  No  trouble  arose,  the  onlv  thing  to  be 
noted  being  the  squealing  of  the  belt  due  to  the  rapid 
acceleration  produced  by  the  torque  exerted. 

Mr.  W.  J.  Line  :  In  the  lecture  the  author's  multi- 
speed  system  is  shown  apphed  to  polyphase  motors. 
Judging  by  his  silence  on  the  point,  he  has  not  enter- 
tained the  possibility  of  applying  it  to  single-phase 
induction  motors,  or,  at  any  rate,  motors  running  oft" 
single-phase  supplies,  and  proposes  to  abandon  this  case 
to  the  single-phase  commutator  type.  As  the  elimination 
of  the  commutator  is  admittedly  an  advantage,  giving 


Fig.  B. 


Fig.  C. 


a  simpler  and  more  robust  macliine,  I  have  a  sugges- 
tion to  make  which  might  enable  the  advantages  of 
the  author's  system  to  be  obtained  on  single-phase 
supplies  also,  and  the  same  principle  developed  on 
pol)phase  supplies  might  enable  the  transformer,  which 
the  author  finds  necessary,  to  be  replaced  by  otiicr 
apparatus  which  might  be  cheaper.  Consider  first  the 
single-phase  induction  motor  running  on  single-phase 
mains.     The    mains    and    the   stator   winding   may    be 
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represented  as  in  Fig.  B.  For  starting,  another  winding 
is  provided  which,  either  due  to  its  own  additional 
reactance  or  to  a  separate  choking  coil,  carries 
current  out  of  phase  with  that  in  the  other  winding, 
producing  a  rotating  field  instead  of  an  oscillating  one 
(see  Fig.  C).  The  same  result  might  be  obtained  by 
a  condenser  in  one  of  the  windings,  and  we  might 
advantageously  combine  the  two,  thus  causing  the 
current  to  lead   in  one  winding  and  lag  in  the  other 


Fig.  D. 


Fig.  E. 


(see  Fig.  D).  If  this  were  made  a  permanent  running 
arrangement,  a  two-phase  motor  could  be  run  off  a 
single-phase  supply.  On  similar  principles  a  three-phase 
motor  could  be  run  ojff  a  single-phase  supply  as  shown 
in  Fig.  E,  and  this  arrangement  has  been  used,  under 
certain  circumstances,  on  the  Continent.  We  can 
add  a  second  three-phase  star  winding  on  the  same 
motor,  and  thus  obtain  a  six-phase  machine  running 
off  a  single-phase  supply  (see  Fig.  F).     The  same  may 


P^IG.    F. 

be  represented  in  mesh  connection,  as  shown  in  Fig.  G. 
By  connecting  those  phases  which  are  at  180°  with 
one  another,  in  series  and  mutually  reversed,  the 
number  of  terminals  may  be  halved,  while  the  machine 
remains  six-phase,  and  a  second  speed,  double  or  half 
the  other,  might  be  obtained  b}-  the  author's  metho.ds. 
Let  us  now  consider  motors  on  three-phase  siipplies. 
A  six-phase  star-connected  motor  may  be  run  off  a 
three-phase   supply  (see  Fig.  H)  or  in  mesh  -form  (see 


Fig.  J),  and  a  nine-phase  mesh-connected  motor  may 
be  run  off  a  three-phase  supply  in  a  similar  manner, 
as  shown  in  Fig.  K.  An  arrangement  has  now  been 
arrived  at  in  which  the  arrangement  of  stator  winding 
with  9  terminals,  shown  in  Fig.  7  of  the  paper,  might 
be  utihzed.  In  place  of  the  special  transformers 
required  to  supply  such  a  wnding,  three  condensers 
and  three  choking  coUs  would  be  required,  but  the 
author's    switching    arrangements    would    remain    un- 
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Fig.  G. 
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altered.  The  question  then  arises  as  to  whether  the 
condensers  and  choking  coils  would  be  cheaper  than 
the  transformer  and  equally  good.  Has  the  author 
made  any  experiments  in  this  direction  ?     It  is  true,  as 


Fig.  J. 


FiG.  K. 


stated  in  his  verbal  reply  to  the  discussion,  that  the 
leading  and  lagging  effect  would  not  be  constant  at 
all  loads.  Means  might,  however,  be  found  to  over- 
come this  difficulty  if  the  arrangement  proved  worth 
while  on  the  score  of  cost.  This  point  seems  \\orthy 
of  investigation. 

[Mr.  Creed\-'s  reply  to  tliis  discussion  will  be  found 
on  page  333.] 


Xorth-Eastern  Centre,  .\t  Newcastle,  22  January,  1923. 


Mr.  F.  H.  Downie  :  The  author  has  given  a  most 
interesting  account  of  a  new  development  in  induction 
motors,  which  will  have  many  applications  in  practice. 
Can  he  give  some  information  about  the  variation  in 
the  breadth  factor  wth  the  different  numbers  of  poles  ? 
In  the  existing  two-speed  windings  of  Lindstrom,  for 
example,  the  breadth  factor  is  0-9.'5  for  the  larger  number 
of  poles  and  0-7  for  the  smaller  number,  showing  that 
the  winding  is  not  equally  efficient  in  both  cases.  I 
should  like  to  know  if  a  similar  result  is  found  in  the 
case  of  the  windings  described  in  the  lecture.  Usually 
these  windings  for  different  numbers  of  poles  show- 
harmonics  in  the   field   distribution   curve,  the   seventh 


especially  reaching  high  values  wliich  produce  a  tendency 
for  the  motor  to  crawl  at  one-seventh  synclironous 
speed  when  a  squirrel-cage  motor  is  started.  Has  the 
author  found  similar  effects  in  motors  with  the  winding 
described  ?  Are  there  anv  hmitarions  to  the  possible 
numbers  of  poles  for  which  a  motor  can  be  wound  ? 
In  other  words,  would  it  be  possible  to  wnd  a  motor 
for  20,  22,  24,  26,  28  and  30  poles,  thus  gi\'ing  6  speeds 
covering  a  range  from  300  r.p.m.  to  200  r.p.m.  wth  a 
50-period  supply  ?  Fig.  18  leads  me  to  expect  that 
the  ratio  of  maximum  torque  to  normal  torque  varies 
with  the  number  of  poles.  Is  it  possible  to  design 
a  motor  to  have  a  good  power  factor  and  efficiency  at 
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all  speeds  and  at  the  same  time  a  ratio  of  maximum 
torque  to  normal  torque  of  at  least  2  at  all  speeds  ? 
The  author  mentions  that  in  Fig.  18  the  torque  re- 
presented by  1  mm  is  proportional  to  the  number  of 
poles,  and  from  this  I  gather  that  the  maximum  flux 
density  in  the  gap  is  constant  at  all  speeds.  I  should 
like  the  author  to  confirm  this.  I  think  that  the 
polyphase  commutator  motor  has  a  greater  field  of 
usefulness  than  the  author  would  leave  to  it,  and  that 
for  small  outputs  it  would  in  many  cases  be  cheaper 
and  better  to  use  a  commutator  motor  than  a  variable- 
speed  induction  motor. 

Mr.  J.  W.  Jackson  :  From  my  early  experience  with 
tliis  particular  type  of  motor  plant  I  found  that  I 
was  developing  bias  against  it  because  of  its  apparent 
unreliability.  This,  however,  I  afterwards  found  to 
be  not  so  much  a  charge  to  be  levelled  against  the 
technical  arrangements  of  the  equipment,  or  even  the 
manner  in  which  it  had  been  manufactured,  but  rather 
the  commercial  arrangements  of  the  manufacturer 
were  at  fault  in  deahng  with  the  breakdowns  when 
they  did  occur.  Breakdowns  are  bad  enough,  but 
when  added  to  these  there  is  a  serious  difficulty  in 
effecting  repairs,  no  one  can  wonder  at  a  plant  gaining 
a  bad  reputation.  I  should  like  the  author  to  explain 
why  the  motor  takes  a  greater  amount  of  current  when 
running  at  its  lowest  speed  and  no  load,  than  it  does 
when  it  is  running  at  its  highest  speed  and  no  load. 
Is  this  low-speed  arrangement  secured  at  the  expense 
of  power  factor  ?  During  the  past  two  years  I  have 
had  personal  experience  with  motors  having  four-speed 
and  six-speed  arrangements,  one  of  these  being  of 
the  earliest  pattern  and  fitted  with  the  popularly 
described  "  piano  "  type  of  controller.  All  these  have 
been  remarkably  free  from  trouble.  It  would  appear 
from  the  lecture  that  the  cascade  type  of  motor  would 
very  quickly  repay  the  increased  capital  cost  over 
a  fixed-speed  motor  when  applied  to  air  compressors, 
from  which  very  frequentlj'  a  small  amount  of  work 
is  required.  When  the  fixed-speed  motor  is  fitted,  a 
large  percentage  of  the  full  power  is  used  on  the  com- 
pressor even  when  it  is  delivering  a  small  amount 
of  power,  thus  giving  an  extremely  low  efficiency,  or, 
in  other  words,  increasing  very  considerably  the  power 
costs  for  air-compressing.  There  is  apparently  a  strong 
feeling  that  the  cascade  motor  is  not  as  rehablein  opera- 
tion as  a  fixed-speed  motor,  and  when  added  to  that 
idea  of  unreliability  is  that  of  the  considerably  increased 
capital  cost,  it  is  not  surprising  that  the  fi.xed-speed 
motor  is  installed. 


Mr.  A.  T.  Robertson  :  There  is  a  great  deal  that 
requires  explanation  before  the  subject  can  be  clearly 
understood,  particularly  in  regard  to  the  details  of 
the  windings  employed  ;  for  instance,  no  indication  is 
given  by  the  author  as  to  how  he  obtains  the  equivalent 
of  the  ring  winding  with  a  winding  of  the  usual  drum 
type.  Is  it  correct  to  assume  that  the  drum  winding 
used  has  such  a  pitch  as  to  give  the  smallest  number 
of  poles  required  in  any  particular  case  ?  Where  only 
two-phase  supply  is  available  does  the  author  propose 
to  convert  this  by  means  of  the  phase  transformers 
to  the  same  number  of  phases  as  would  be  used  if 
three-phase  supply  were  available,  and  so  use  similar 
macliines  for  both  two-phase  and  three-phase  supply  ? 
There  will  not  be  the  same  possibihty  of  convenient 
speed-ranges  on  40  and  25  periods  as  given  in  the  lecture 
for  50  periods,  and  it  would  appear  that  commutator 
motors  might  be  necessary,  particularly  on  25  periods, 
whereas  a  pole-changing  motor  could  be  used  on  50 
periods.  On  page  315  it  is  stated  that  the  size  of  the 
phase  transformer  may  be  reduced  from  30-40  per 
cent  of  the  size  of  a  voltage  transformer  for  the  same 
power,  to  18-20  per  cent  when  using  the  factor  0-75; 
these  figures  appear,  however,  to  require  some  modi- 
fication. The  analogy  of  the  automobile  gear  is  most 
unfortunate,  as  the  whole  point  is  that  a  constant- 
torque,  not  constant-power,  electric  motor  is  being 
considered,  whereas  the  automobile  engine  is  a  constant- 
power  unit,  the  gear  being  used  to  obtain  higher  torques 
at  low  speeds.  Direct  drive  on  top  gear  is  used,  so 
that  the  most  efficient  drive  is  obtained  for  normal 
running. 

Mr.  C.  Tumbull  :  We  are  the  more  indebted  to 
the  author  in  that  the  information  given  in  the  lecture 
might  prevent  him  from  taking  out  a  valuable  patent 
later.  The  day  may  come  when  Parliament  will  reahze 
that  the  penalizing  of  inventors  by  annulling  a  patent 
on  the  plea  that  the  idea  was  more  or  less  vaguely 
foreshadowed  in  a  scientific  paper,  is  not  beneficial  to 
the  nation.  The  difiicnlty  with  variable-speed  motors 
is  that  the  variations  required  do  not  always  fit  in 
with  those  obtainable  by  the  author's  methods.  Are 
the  motors  in  question  suitable  for  printing-machines, 
lifts  and  organ   blowers  ? 

Professor  W.  M.  Thornton  :  Is  there  any  upper 
or  lower  limit  to  the  sizes  of  the  motors  ?  For  example, 
could  one  use  them  efficiently  up  to  10  000  h.p.  for 
rolling  mills,  and  as  low  as  1  h.p.  for  organ-blowing  ? 
Is  there  a  size  in  which  the  efficiency  of  construction  and 
operation  is  a  maximum,  due  regard  being  paid  to  cost  ? 


The  Author's  Reply  to  the  Discussion  at  London,  Leeds,  Birmingh.a.m  and  Newcastle. 


Mr.  F.  Greedy  {in  reply)  :  I  have  to  thank  Mr. 
Hunt  for  his  very  clear  exposition  of  the  principles 
of  the  multi-speed  winding  described  in  Part  I  of  the 
lecture,  and  its  relation  to  both  the  old  and  the  new 
cascade  windings.  I  am  quite  in  accordance  with  his 
views.  The  data  which  he  gives  of  the  relative  d.c. 
and  a.c.  ampere-turns  on  the  synchronous  cascade  ] 
motor,  and  also  those  relating  to  large  ship-propulsion 
motors,  are  very  interesting.     I  myself  have  found  it 


necessary  to  use  three  groups  of  coils  per  pole  instead 
of  three  groups  per  pole  pair  in  designing  such  a  multi- 
speed  motor  as  he  refers  to,  and  have  found  a  similar 
improvement  in  its  properties. 

I  have  also  to  thank  Dr.  Smith  for  his  alternative 
statement  of  the  principles  involved.  All  such  alterna- 
tives are  of  value,  as  one  view  point  may  appeal  more 
than  another  to  any  given  individual. 

Mr.  Jack,  in  his  remarks,  has  scarcely  been  fair  to 
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alternative  types  of  apparatus.  It  is  quite  true  that 
for  the  past  15  or  20  years  it  has  been  possible  on  known 
principles  to  build  2-,  3-  or  4-speed  change-pole  motors, 
but  Mr.  Jack  does  not  point  out  that  a  2-speed  motor, 
if  with  a  single  winding,  could  only  have  speeds  in  the 
ratio  of  2-1,  that  is,  100  per  cent  stepping.  To  obtain 
anything  better  than  this,  two  distinct  windings  must 
be  employed.  The  disadvantages  of  such  windings 
are  veni'  great  in  many  cases,  as  the\'  involve  a  much 
larger  frame  size,  very  much  impaired  ventilation, 
and  much  greater  magnetic  leakage.  If  I  were  to 
permit  myself  the  use  of  two  windings  in  this  manner, 
I  could  obtain  a  1 2-speed  motor  with  a  speed  stepping 
of  10-15  per  cent.  Without  using  the  tivo  windings 
and  emploj-ing  a  tj-pe  of  design  which  permits  us  to 
obtain,  from  a  given  frame  size,  about  85  per  cent  of 
the  output  given  by  a  single-speed  motor,  a  step  of 
20  per  cent  in  the  most  favourable  case  and  30  per  cent 
in  ordinary  cases  can  be  obtained,  as  pointed  out  by 
Dr.  Kahn  in  the  discussion  at  Birmingham. 

It  does  not  appear  to  be  sufficiently  realized  that  in 
these  multi-speed  motors  any  combmation  of  numbers 
of  poles  can  be  obtained  whenever  it  is  worth  while  to 
do  so,  and,  while  dealing  with  this  point,  I  may  reply 
to  Mr.  Downie's  remarks  on  the  same  subject  in  the 
Newcastle  discussion.  It  would  be  quite  possible  to 
obtain  such  a  combination  as  20-22-24-26-28-30  poles 
in  large  machines.  It  would  involve  a  3-24  phcise 
transformer  and  controller  similar  to  that  shown  in 
Fig.  15,  but  having  12  instead  of  9  switches  on  each 
vertical  shaft. 

Another  difficulty  of  the  old  multi-speed  motor  was 
the  practical  impossibility  of  building  it  with  slip- 
ring  control.  This  difficulty-  also  has  been  remedied 
by  the  new  winding,  thus  adding  verj-  much  to  the 
field  of  application  of  the  machine. 

Mr.  Jack  docs  not,  I  think,  improve  his  case  by 
complaining  that  there  are  no  speeds  available  from 
1  500  r.p.m.  to  750  r.p.m.  on  25  periods.  Small  25- 
period  motors  certainly  offer  a  better  case  for  the  com- 
mutator machine  than  on  any  other  frequency,  although, 
even  here,  machines  of  the  multi-speed  tv-pe  running  at 
speeds  of  750/500/375  have  been  used  witii  success 
down  to  fairlv  small  sizes.  Probably  more  motors 
have  been  built  for  40  periods  than  for  any  other 
frequency,  and  there  can  be  no  question  that  the 
machine  forms  a  very  useful  piece  of  apparatus  at  this 
frequency. 

The  power  factor  of  the  machine  is  discussed  in 
connection  with  remarks  made  by  other  speakers. 

I  do  not,  of  course,  claim  that  the  multi-speed  machine 
is  the  only  type  of  variable-speed  apparatus  that  should 
ever  be  used,  and  this  is,  I  believe,  made  sufficienth- 
clear  in  the  lecture.  On  the  contrary,  it  is  this  very 
attitude  that  I  protest  against,  namely,  that  of  making 
a  liobby  of  a  particular  tT,-pe  of  apparatus  and  tr\-ing 
to  apply  it  whether  or  not  it  is  the  most  suitable  for 
the  purpose.  If  in  any  given  case  the  commutator 
machine  is  really  the  best,  I  hope  I  shall  be  the  first 
to  recommend  it.  On  the  one  hand,  for  instance,  we 
have  the  continuously  variable  speed,  which  is  certainly  a 
verj'  strong  point,  while  on  the  other  we  ha\e  to  content 
ourselves  with  speed-steps  of  the  order  mentioned  above. 


By  means  of  these  speed-steps  we  can  in  any  given 
case  get  within  10  per  cent  or,  at  the  most  15  per  cent, 
of  the  speeds  desired.  For  instance,  supposing  we 
wish  to  obtain  a  speed  of  875  r.p.m.,  the  nearest  we 
can  obtain  is  either  1  000  or  750  r.p.m.,  each  of  which 
differs  from  the  speed  required  by  12J  per  cent.  We 
have  first  to  settle,  therefore,  whether  a  speed  variation 
of  12  J-  per  cent  from  the  ideal  value  causes  any  serious 
detriment.  Next,  we  have  the  lower  efficiency  of  the 
commutator  machine,  amounting  to  approximately 
10  per  cent,  as  may  be  seen  by  reference  to  Mr.  Teago's 
paper,*  which  shows  that  the  efficiency  of  a  10  h.p. 
motor  does  not  exceed  80  per  cent,  as  against  well  over 
90  per  cent  in  the  case  of  an  induction  motor.  The 
effect  of  this  on  running  costs  cannot  be  ignored.  For 
instance,  in  a  25  h.p.  motor  running  8  hours  a  day  and 
5i  days  a  week,  a  machine  witli  90  per  cent  efficiency 
takes  1  000  units  less  a  quarter  than  the  machine  with 
only  80  per  cent  efficiency.  On  the  other  hand,  it  is 
only  fair  to  say  that  the  commutator  motor  on  some 
of  its  speeds,  though  not  all,  gives  a  better  power  factor 
than  the  induction  motor.  This  may  somewhat  offset 
the  lower  efficiency  in  cases  where  a  system  of  charging 
is  adopted  which  takes  account  of  the  power  factor. 

Having  settled  these  two  points,  we  have  next  to 
consider  whether  the  motor  can  be  built  to  give  the 
speed -range  desired.  Owing  to  the  requirements  of 
commutation,  the  flux  per  pole  of  a  variable-speed 
commutator  motor  is  strictly  limited,  and  consequently 
motors  of  considerable  size  must  have  a  large  num- 
ber of  poles,  i.e.  they  must  be  built  for  a  low  speed. 
The  multi-speed  type  of  motor  is  not  subject  to  any 
such  limitation  and  can,  on  the  contrary,  be  built 
for  nearly  any  speed-range  desired  on  normal  fre- 
quencies, although,  as  stated  above,  the  case  for  the 
commutator  machine  is  certainly  improved  on  25 
periods. 

I  quite  agree  with  Mr.  Jack  that  the  modepi  a.c. 
commutator  motor  can  be  buUt  so  as  to  be  free  from 
commutator  and  brush  troubles.  Another  point  which 
really  cannot  be  lost  sight  of  is  that  of  first  cost,  to 
which  he  makes  no  allusion  at  all.  In  large  horse- 
powers, owing  to  the  necessarily  very  low  speed  of  the 
motor  and  its  extremely  large  commutator,  this  cost 
must  be  vers'  high,  and  it  is  just  here  that  the  multi- 
speed  motor  shows  to  such  advantage,  since  it  can  be 
built  for  almost  any  speed.  The  greater  the  size,  the 
smaller  in  comparison  is  the  cost  of  the  switchgear. 
In  small  sizes  the  commutator  motor  is  more  favourable, 
while  the  switchgear  of  the  multi-speed  type  tends 
to  become  expensive  relative  to  the  machine  itself. 
Hence,  we  are  practically  restricted  to  the  simpler 
three-  or  four-speed  types  below,  sa)-,  10  h.p. 

Fig.  14  shows  the  relative  costs  of  the  multi-speed 
motor  and  it  would  be  interesting  if,  on  some  other 
occasion,  a  similar  cur\-e  relating  to  the  commutator 
motor  could  be  published.  In  some  cases  I  am  aware 
that  the  advantages  of  the  continuous  speed-range 
are  so  great  that  all  the  above  questions  must  be 
answered  in  favour  of  the  commutator  machine. 

With   regard   to   the   use  of   multi-speed   motors   for 
rolling  mills,   I  have  devoted  a  good  deal  of  attention 
*  Journal  I.E.E.,   1922,  vol.  60,  p.  328. 
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to  this  subject  also,  and  a  type  of  motor  is  now  being 
considered  in  which  an  absolutely  gradual  speed  varia- 
tion can  be  obtained  entirely  without  the  use  of  commu- 
tating  machinery.  I  hope  to  be  able  to  publish  further 
particulars  of  this  on  a  future  occasion. 

Confining  ourselves  to  familiar  apparatus,  however, 
it  is  well  kno\vn  that  the  size  of  a  cascade  commutator 
set  of  the  Scherbius  or  Kramer  type  such  as  those 
advocated  by  Mr.  Jack  is  proportional  to  the  difference 
between  the  speed  of  the  main  induction  motor  and 
its  synchronous  speed.  If,  therefore,  we  can  use  a  multi- 
speed  motor  such  as  that  shown  in  Fig.  7,  which  is 
capable  of  giving,  say,  three  speeds  with  slip-ring 
control  on  each,  we  can  reduce  the  size  of  the  auxiliary' 
set  to  a  mere  fraction  of  that  required  if  the  main  motor 
is  of  the  single-speed  type.  Hence,  even  where  con- 
tinuous speed  variation  is  required,  the  multi-speed 
motor  enables  us  to  effect  great  economies.  In  point 
of  fact,  in  merchant  mills,  where  speed-change  is  required 
principally  when  changing  the  section  to  be  rolled, 
continuous  speed  variation  is  in  no  way  necessarv',  and 
the  multi-speed  motor  as  described  in  the  lecture  is  by 
far  the  most  economical  apparatus  that  can  be  installed, 
both  as  regards  first  cost  and  cost  of  operation. 

In  view  of  the  examples  of  rolling-mill  motors  now 
actually  in  operation  and  referred  to  in  the  lecture,  I 
cannot  understand  how  Mr.  Jack  can  assert  that  these 
machines  are  not  suitable  for  rolling-mill  work. 

In  rephnng  to  Mr.  Chattock's  remarks  in  regard  to 
power  factor,  I  propose  to  deal  with  those  of  other 
speakers  on  the  same  subject.  The  full-load  power 
factor  of  the  machine  varies,  being  on  top  speed  quite 
as  high  as,  or  in  some  cases  higher  than,  in  the  best 
induction  motors,  owing  to  the  multi-speed  motor 
having  a  far  greater  number  of  phases  per  pole  than 
the  ordinary  three-phase  motor,  which  leads  to  a  wave- 
form approaching  a  sine  type  much  more  closely  than 
in  the  latter.  This  is  dealt  with  more  fully  below. 
The  power  factor  falls  Off  as  the  speed  decreases,  due 
to  the  reduced  horse-power  output  of  the  motor.  The 
amount  of  wattless  current  absorbed  by  the  machine 
is,  however,  practically  constant  and  it  is  this,  and  not 
the  power  factor  directly,  which  is  of  interest. 

A  multi-speed  motor  giving  100  h.p.  on  its  top  speed 
and  therefore  rated  as  a  100  h.p.  motor  will  take  prac- 
tically the  same  amount  of  wattless  current  as  a  100  h.p. 
motor  arranged  for  one  speed  only.  Wlien  it  is  only 
giving  50  h.p.,  due  to  the  reduction  of  speed  to  one-half, 
it  still  continues  to  absorb  the  same  wattless  current, 
and  consequently  gives  the  same  power  factor  as  a 
100  h.p.  single-speed  motor  when  running  on  half  load. 

Dealing  with  the  question  of  phase  compensation, 
it  has  not  yet  been  found  possible  to  apply  phase  com- 
pensation on  this  type  of  motor  on  more  than  one  of 
its  speeds.  As  mentioned  in  the  lecture,  it  can  be  made 
to  operate  as  a  synchronous  motor  on  two  speeds,  but 
arrangements  having  a  suitable  degree  of  simplicity' 
have  not  been  developed  on  these  lines  for  more  than  two, 
or  possibly  three,  speeds. 

It  may  here  be  stated  that  these  multi-speed  syn- 
clironous  motors  are  self-synchronizing  on  each  speed. 
Some  machines  have  been  built  which  will  s^tichronize 
themselves  when  switched  in  at  a  speed  of  10  per  cent 


below  synchronism,  although  this  is,  of  course,  not 
recommended,  but  no  difficulty  whatever  is  experienced 
if  the  machine  is  allowed  to  run  up  as  an  induction 
machine  and  the  exciter  circuit  then  closed. 

Due  to  the  fact  that  the  amount  of  wattless  current 
taken  on  all  speeds  is  practically  the  same,  however, 
the  static  condenser  presents  an  ideal  method  of  raising 
the  power  factor  of  such  a  set  to  unity,  and,  wherever 
this  requirement  is  met,  it  is  usual  to  connect  the  static 
condenser  in  parallel  with  the  set,  when  it  will  raise  the 
power  factor  to  unity  on  every  speed,  and  not  on  one 
only,  and  keep  it  above  0-95  on  practically  every 
load. 

In  reply  to  Dr.  Kahn,  Mr.  Downie  and  Mr.  Robertson, 
I  have  apparently  not  succeeded  in  explaining  sufficiently 
clearly  how  it  is  that  a  lap-wound  drum  winding  can 
be  used  instead  of  a  ring  winding.  Fig.  L  shows  three 
sketches  of  a  drum-wound  coil  lying  (a)  in  a  field  of 
six  poles,   (6)  in  a  field  of  10  poles  and  (c)  in  a  field  of 


(b)  10  poles 


(C)  16  poles 


Fi(,.  L. 

16  poles,  the  pitch  of  the  coil  being  approximately 
one-tenth  of  the  circumference.  The  sine  curve  shown 
in  the  figure  may  be  taken  to  represent  the  values  of 
the  air-gap  density'  at  a  particular  instant  and,  if  so, 
the  ordinate  AB  to  the  cur\-e  will  represent  on  a  suitable 
scale  the  voltage  induced  in  the  left-hand  conductor. 
Similarly,  the  ordinate  CD  represents  that  induced 
in  the  right-hand  conductor.  The  curves  have  in 
every  case  been  so  drawn  that  the  left-hand  conductor 
lies  at  the  point  of  maximum  density.  The  total 
E.M.F.  induced  in  the  coil  will  in  each  case  be  (AB  +  CD). 
It  will  be  seen  that  in  curve  (&)  (Fig.  L),  representing 
the  10-pole  condition,  the  E.M.F.  induced  in  the  coil 
is  a  maximum,  since  CD  as  well  as  AB  is  a  maximum. 
In  the  curve  corresponding  to  six  poles,  the  pitch  of 
the  coil  is  considerably  less  than  the  pole-pitch  and, 
therefore,  CD  is  a  good  deal  less  than  AB,  but  nevertheless 
the  sum  of  the  two  is  only  reduced  to  about  70  per  cent 
of  its  previous  value.  Similarly,  in  curve  (c),  represent- 
ing 16  poles,  the  pitch  of  the  coil  is  a  good  deal  more 
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than  the  pole-pitch  and  therefore  CD  is  again  reduced, 
but  again  the  sum  of  AB  and  CD  is  onlv  about  70  per 
cent  of  its  full  value.  It  is,  in  fact,  in  order  to  prevent 
too  great  a  difference  between  the  pitch  of  the  coil 
and  the  pole-pitch,  that  it  is  usual  to  limit  the  speed- 
range  of  these  motors  to  a  value  not  exceeding  3-1. 

I  should  like  here  to  clear  up  a  shght  misunderstand- 
ing into  which  several  speakers  appear  to  have  fallen. 
It  is  only  the  cascade  machine  that  I  consider  to  be 
suitable  for  use  as  a  single-speed  machine,  and  I  agree 
perfectly  with  Dr.  Kahn  that  the  control  gear  required 
with  the  multi-speed  machine  is  too  elaborate  to  allow 
it  to  be  used  as  a  one-speed  macliine. 

In  reply  to  Mr.  Harvey,  I  am  not  sufficiently  con- 
versant with  the  history  of  the  cascade  motor  to  enable 
me  to  answer  his  remarks  as  regards  the  machines 
of  which  he  has  had  experience,  as  it  is  only  comparatively 
recently  that  I  have  become  connected  with  this  tj'pe  of 
machine. 

It  is  a  normal  characteristic  of  the  cascade  motor 
as  hitherto  budt,  that  if  brought  up  to  its  top  speed 
by  any  means,  as,  for  instance,  by  the  short-circuiting 
of  the  slip-rings,  it  will  continue  to  run  at  that  speed, 
notwithstanding  the  fact  that  the  shp-rings  are  again 
open-circuited.  This  is  also  true  of  the  cascade  set,  for 
instance  the  set  shown  in  Fig.  23.  If  the  first  machine 
is  brought  up  to  its  synchronous  speed,  I  000  r.p.m., 
the  rotor  frequency  is  reduced  to  zero  or,  at  most, 
J  period  per  second.  At  such  a  frequency  as  this 
practically  no  voltage  will  be  induced  in  the  secondarv' 
of  the  second  machine,  which  accordingly  carries  little 
or  no  current.  The  primarv'  at  a  frequency  of  J  period 
has  extremely  little  inductance  and  acts  almost  purely 
as  a  resistance  in  series  with  the  slip-rings  of  the  main 
motor.  This  is,  I  think,  the  explanation  of  the  charac- 
teristic noticed  by  Mr.  Harvej',  which  is  common  to 
all  cascade  apparatus  whether  internally  or  externally 
cascaded. 

I  regret  to  say  there  is  really  no  elementarj-  exposi- 
tion of  the  principles  of  the  internal  cascade  motor,  and 
I  can  only  refer  once  again  to  my  previous  paper.* 
Mr.  Harv-ey  states  that  for  mining  work  the  low-speed 
cascade  motor  meets  all  requirements,  but  the  properties 
of  the  cascade  motor  are  available  far  beyond  the  mining 
field  and  it  is  in  this  extended  field  that  high-speed 
motors  show  to  their  greatest  advantage. 

It  is  largely  due  to  Mr.  Close's  design  of  controller, 
namely,  that  shown  in  Fig.  15,  that  this  tv'pe  of  machine, 
at  any  rate  in  the  larger  sizes,  has  assumed  a  practical 
form.  Other  types  of  controller  have  been  used, 
notably  one  which  became  popularly  known  as  the 
"piano"  type  and  which  is  referred  to  by  another 
speaker,  but  it  was  not  until  the  controller  shown  in 
Fig.  15  was  designed  that  I  felt  that  all  the  problems  had 
been  really  solved.  Mr.  Close's  confirmation  of  my 
statements  in  regard  to  the  time  required  to  change 
speed  with  the  type  of  controller  shown  in  Fig.  15 
is  very  welcome.  This  should  be  sufficient  to  answer 
Mr.  Chattock's  inquiry  as  regards  any  possible  difficulty 
due  to  this  case.  In  none  of  the  considerable  number 
of  these  machines  which  have  been  placed  in  service, 
many  of  them  starting  and  changing  speed  under 
*     Journal  I.E.E.,  1921,  vol.  59,  p.  511. 


fuU  load,  has  any  difficulty  of  this  nature  been 
experienced. 

In  reply  to  Mr.  Line,  I  have  not  considered  it  desirable 
to  use  these  multi-speed  motors  on  single-phase  cir- 
cuits. I  hold  rather  strong  views  on  this  subject, 
although  the  present  is  not  the  place  to  enlarge  on  them, 
and  I  beheve  that  the  single-phase  induction  motor  is 
at  the  present  moment  entirely  obsolete  and  that  within 
a  ver\-  few  years  it  will  cease  to  be  marketed,  its  place 
being  completely  taken  by  the  commutator  motor. 
Without  discussing  Mr.  Line's  various  arrangements 
in  detail,  it  seems  to  me  that  they  would  be  vastly 
more  expensive  than  the  simple  type  of  transformer 
which  I  employ. 

Mr.  Ingleby  draws  attention  to  a  number  of  points 
in  which  the  lecture  is  not  perfectly  clear.  Dealing 
with  these  points  in  order,  the  point  1/2  in  Fig.  17  marks 
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a  point  at  which  the  number  of  poles  is  changed  from 
16  to  14.     The  sequence  of  operations  is  as  follows  : — 

Simultaneously  with  the  change  in  the  number  of 
poles,  the  voltage  is  reduced  by  means  of  an  auto-trans- 
former tap  on  the  controller,  in  order  to  reduce  the 
current  kick.  This  explains  the  reduction  in  the  no- 
load  current  after  the  change  in  the  number  of  poles. 
The  second  step  in  the  controller,  namely,  that  marked 
2/3,  restores  the  voltage  to  its  normal  value,  and  it  will 
be  seen  that  the  no-load  current  shows  a  considerable 
rise.  Similarly,  the  point  marked  3/4  corresponds 
to  the  chsmge  from  14  to  12,  5/6  from  12  to  10  and  7/8 
from  10  to  8.  The  leakage  coefficients  differ  in  the 
curve  shown  in  Fig.  22,  because  these  three  curves 
relate  to  different  machines. 

The  cost  curve  gives  the  ratio  of  costs  between  the 
slip-ring  motor  complete  with  its  starting  panel,  circuit 
breaker,  etc.,  and  the  multi-speed  motor  complete 
mth  its  switchgear,  circuit  breaker  and  transformer 
(where  necessary-). 

As  requested  by  I\Ir.  Woodhouse,  I  have  included 
in  Fig.  M  a  curve  showing  the  relative  efficiencies  of 
the  multi-speed  motor  and  the  motor  regulated  by 
resistance  control.  Another  cur\'e  shows  the  relative 
efficiencies  of  this  motor  compared   vdth  the  Schrage 
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commutator  type  of  motor,  the  efficiencies  of  the 
latter  being  talcen  from  Mr.  Teago's  paper  already 
referred  to. 

In  reply  to  Mr.  Downie  in  regard  to  harmonics,  the 
number  of  sections  per  pole  is  greater  than  on  a  two- 
phase  motor,  even  at  the  lowest  speed.  On  the  higher 
speeds,  however,  the  number  of  sections  per  pole  is 
far  greater  than  in  even  the  best  types  of  three-phase 
motor,  the  consequence  being  that  the  wave-form 
on  the  higher  speeds  approaches  the  pure  sine  curve 
more  closely  than  in  any  standard  three-phase  motor, 
the  deviations  from  it  amounting  to  less  than  2  per 
cent,  as  shown  by  the  diagram  drawn  after  the  manner 
explained  by  Hellmund.*  This  has  a  marked  effect 
in  improving  the  power  factor  and  it  is  found  that 
exceptionally  high  power  factors  are  obtained  on  the 
higher  speeds  of  these  machines. 

I  have  never  noticed  any  tendency  for  the  machine 
to  crawl  at  one-seventh  full-load  speed.  This  is 
an  extremely  annoying  tendency  in  the  single-speed 
squirrel-cage  motor,  and  while  it  might  conceivably 
occur  in  a  multi-speed  motor  connected  for,  say,  its 
lowest  speed,  we  have  a  ready  means  of  eliminating 
it  by  merely  switching  the  motor  on  to  another  speed, 
so  that  such  a  cause  of  trouble,  should  it  occur,  is  by 
no  means  so  serious  with  the  multi-speed  type. 

It  is  quite  true  that  the  ratio  of  maximum  torque 
to  normal  torque  varies  with  the  number  of  poles. 
I  endeavour  to  allow  a  ratio  of  maximum  to  full-load 
torque  of  not  less  than  1-8  on  the  minimum  speed, 
rising  to  about  3-5  on  the  top  speed.  Again,  as  men- 
tioned above,  where  a  motor  is  subjected  to  an  excep- 
tionally heavy  load  on  one  of  its  low  speeds  so  that 
the  slip  is  great  and  the  danger  of  pulling-out  consider- 
able, it  is  quite  easy  to  switch  it  on  to  the  next  higher 
speed  ;  hence  again  we  have  resources  which  do  not 
exist  in  the  single-speed   motor. 

It  is  quite  true  also  that  the  maximum  flux  density 
in  the  gap  is  approximately  constant  at  all  speeds. 
Mr.  Jackson's  remarks  are  very  interesting,  as  coming 
from  one  who  has  large  actual  experience  with  this 
type  of  motor.  As  a  matter  of  fact,  the  first  machine 
of  this  type  ever  built,  referred  to  on  page  312, 
which  had  none  of  the  later  improvements,  and  there- 
fore required  a  transformer  having  no  less  than  30 
phases  has,  I  believe,  been  under  Mr.  Jackson's  care. 
This  machine  is  fitted  with  the  very  elaborate  "  piano  " 
type  controller  that  he  refers  to,  and  when  first  installed 
it   required    a   good   deal   of   adjustment.     Even   these 

*  Transactions  of  the  American  Institute  of  Electrical  Engineers, 
1908,  vol.  27,  pt,  2,  p.  1373. 


earlier  elaborate  motors  have,  however,  now  run  for 
several  years  without,  I  believe,  requiring  any  attention, 
and  from  the  later  ones  containing  the  simplifications 
described  in  the  paper  which  permit  of  the  use  of  a 
drum-type  controller,  practically  all  the  possible  causes 
of  weakness  in  the  earliest  type  have  been  removed. 
These  motors  are  used  to  operate  mechanical  stoker 
gear  and  are  of  the  squirrel-cage  t\^e,  being  the  smallest 
machines  built  to  give  the  full  six  speeds.  In  order  to 
obtain  these  results  with  a  minimum  of  switchgear 
the  motor  is  of  the  constant  horse-power  type,  in  which 
the  flux  is  reduced  as  the  speed  is  raised,  more  or  less 
as  in  the  d.c.  machine.  This  involves  a  corresponding 
reduction  of  the  magnetizing  current,  and  this  is  the 
explanation  of  the  high  magnetizing  current  noticed 
by  Mr.   Jackson. 

In  the  modern  type  the  magnetizing  current  is  prac- 
tically constant  at  all  speeds.  I  quite  agree  with  Mr. 
Jackson  that  there  is  a  great  field  for  this  type  of 
machine  in  connection  with  air  compressors,  and  auto- 
matic control  gear  is  now  being  developed  to  enable 
them  to  be  applied  in  this  direction.  Mr.  Jackson's 
views  as  to  the  unreliability  of  the  cascade  motor  seem 
to  me  to  be  quite  unique,  as  my  experience  is  that  one 
of  its  strongest  points  is  its  extreme  rehability  owing 
to  the  very  great  simplicity  of  its  construction. 

In  reply  to  Mr.  Robertson,  two-phase  motors  have 
not  been  worked  out  in  quite  the  same  fullness  of  detaO 
as  three-phase  motors,  but  on  two-phase  supplies  it 
is  proposed  to  use  as  far  as  possible  a  special  two- 
phase  transfonner  and  a  winding  with  a  different  num- 
ber of  sections. 

As  regards  the  automobile  gear,  the  point  is  not  of 
great  importance,  as  the  analogy  is  only  a  very  general 
one.  I  wished  to  point  out  that  arrangements  are 
made  in  the  automobile  to  avoid  using  gears  under  the 
most  severe  conditions  of  working,  and  tliat  I  do  the 
same.  It  is  immaterial  that  the  severest  working 
conditions  may  appear  under  different  circumstances 
in  the  two  cases. 

In  reply  to  Mr.  Turnbull,  these  motors  can  be  readily 
applied  both  to  printing-machines  and  lifts.  As  regards 
organ-blowers  requiring  only  a  1  h.p.  motor  or  so,  I 
prefer  the  small  commutator  type  of  motor.  An  organ- 
blowing  equipment  can  be  regarded  as  an  air-compressor 
plant  in  miniature,  and  we  find  this  type  of  machine 
admirably  adapted  for  slightly  larger  plant  requiring 
from  3  h.p.  to  5  h.p. 

These  machines  have  been  designed  up  to  20  000  h.p. 
for  ship  propulsion,  while  the  low  limit  of  rating  is 
about  2  h.p.  to  3  h.p. 
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Summary. 

During  the  past  two  years  a  great  deal  has  been  written 
about  production  problems.  Some  of  these  contributions 
to  the  subject  have  been  penned  by  ideaUsts.  who  claim,  for 
instance,  that  such  and  such  a  shop  lay-out  is  the  first  essen- 
tial to  successful  production.  Others  emphasize  that  lack  of 
production  is  caused  by  "  ca'  canny"  amongst  the  workers. 
The  bearing  of  these  factors  on  production,  or  the  lack  of  it, 
can  be  dealt  with  by  efficient  organization  and  management, 
and  it  is  with  the  establishment  of  such  a  works  organization 
that  this  paper  will  deal. 

With  a  view  to  interesting  all  sections  of  the  industry,  the 
author  has  dealt  with  the  subject  on  general  lines,  with  par- 
ticular reference  in  places  to  the  manufacture  of  electrical 
machinery,  the  object  being  rather  to  outline  a  general  policy 
that  has  been  followed  in  works  with  wliich  he  has  been 
associated,  than  to  go  into  detail  which  may  not  be  applicable 
to  any  other  works,  as,  naturally,  detail  must  be  based  on 
the  equipment  in  a  particular  works  and  the  design  of  the 
apparatus  manufactured. 


Introduction. 


Those  who  are  continually  in  close  touch  with  the 
workers  cannot  but  feel  the  great  responsibility  which 
falls  on  them  in  being  obliged  to  discharge  men  due  to 
shortage  of  work  ;  and  cases  occur  which  bring  home 
to  one  the  necessity  of  doing  everything  possible  that 
may  influence  an  improvement  in  trade.  One  appre- 
ciates that  it  is  not  possible  to  remedy  all  the  defects 
at  once,  but  if  each  individual  assists  in  liis  own  particular 
sphere  results  will  soon  be  obtained. 

The  present  depression  is  due  mainly  to  the  following 
four  causes  : — 

(1)  Taxes,  etc.,  direct  and  indirect  (necessary  to  pay 

for  the  cost  of  the  wastage  of  war),  which  caused 
higher  prices  of  commodities. 

(2)  The  effect  of  (1)  on  the  morale  of  the  workers, 

resulting  in  the  forcing  up  of  wages  to  meet 
increased  prices. 

(3)  This   in   turn   has   caused   a   further   rise   in   the 

prices  of  commodities  with  a  view  to  meeting 
these  taxes  plus  increased  costs  of  production. 

(4)  The  accumulative  effect  of  (1),   (2)  and   (3)   pro- 

ducing rash  speculation,  in  its  very  widest 
sense,  and  upsetting  the  whole  basis  of  labour's 
wages,  trading  and  economic  standards. 

The  remedies  are  now  being  applied  and  everybody 
must  suffer,  more  or  less,  in  consequence.  These  come 
in  tlie  reverse  order  to  the  causes,  thus  : — 

(1)  Traders'   rash   speculation   has   been   stopped   by 
the  limitation  of  credits. 


(2)  The    cessation    of   speculators'    orders    for   goods 

(for  which  there  was  no  real  money  available 
to  pay)  causes  a  lack  of  work. 

(3)  This,  in  turn,   necessitates  economic  adjustment 

of  wages  and  also  makes  the  worker  realize 
that  he  must  give  a  day's  work  for  a  day's 
pay  in  order  to  retain  his  employment. 

(4)  Lastly,  we  come  back  to  the  necessity  for  economy 

in  every  direction  in  order  to  provide  funds  tu 
pay  off  the  debt  which  caused  the  high  taxa- 
tion ;  and  the  liquidation  of  debt  will  in  time 
cause  taxes  to  fall. 

The  nations  of  the  world  are  poorer,  and  the  present 
conditions  can  onlv  be  improved  by  economizing 
generally  and  by  producing  the  world's  needs  more 
economically  and  so,  even  with  reduced  available 
income,  enabling  goods  wliich  are  necessities  to  be 
purchased. 

The  author  fully  appreciates  that  there  are  other 
matters  (besides  reduction  of  costs  of  production)  that 
need  attention,  such  as  adjustment  of  exchanges,  and 
the  investigation  into  and  reduction  of  heavy  costs  of 
distribution  in  many  industries.  These,  however,  will 
no  doubt  be  dealt  with  in  time.  If  every  section,  i.e 
finance,  manufacture,  distribution  and  labour  of  all 
grades,  does  its  best  towards  this  rebuilding  of  the 
industrial  world,  we  shall  have  nothing  to  fear  in  the 
future. 

The  particular  problem  with  which  the  author 
proposes  to  deal  is  the  basis  of  production  of  the  best 
article  in  the  shortest  time,  at  the  lowest  price.  It 
should  be  realized,  however,  that  lowest  cost  does  not 
necessarily  mean  lowest  wages,  but  it  certainly  does 
entail  the  most  economical  method  of  production,  by 
the  joint  efforts  of  both  employer  and  employed. 

Much  has  been  said  and  -wTitten  about  so-called 
"  ca'  canny  "  amongst  the  workmen,  but  the  author  is 
of  the  opinion  from  experience  that  this  can  be  elimi- 
nated by  a  management  \\liich  looks  for  and  removes 
the  causes  and  does  not  simply  complain  about  the 
results  of  "  ca'  canny." 

The  fundamental  for  the  organization  of  economical 
production  is  co-operation.  A  shop  with  a  good  lay- 
out, manufacturing  good  designs,  does  not  necessarily 
produce  cheap  and  good  articles.  There  must  be  the 
closest  co-operation  between  all  sections  of  the  staff 
and  workmen  before  any  real  success  can  be  achieved. 
The  basis  of  co-operation  is  naturally  the  human  element 
in  all  branches  of  the  organization,  and  the  amount  by 
wliich  the  ideal  is  approached  is  controlled  by  the  results 
obtained  by  the  weakest  human  link.     This  is  funda- 
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mental,  and  the  author  personally  considers  it  to  be  of 
first  importance.  For  tliis  reason  it  is  referred  to  before 
dealing  with  questions  of  general  organization.  The 
heads  of  factories  must  first  be  students  of  human 
nature,  so  that  in  selecting  men  for  executive  positions 
they  can  satisfy  themselves  that  these  men,  in  addition 
to  thoroughly  understanding  the  technical  and  practical 
side  of  their  respective  appointments,  can  also  select 
and  lead  their  subordinates  to  co-operate  with  other 
sections  or  branches  of  the  works. 

The  special  problem  of  the  manufacture  of  electrical 
apparatus  is  so  complex  that  it  really  cannot  be  left 
to  haphazard  methods,  for  there  is  no  apparatus  made 
in  which  there  is  a  greater  variety  of  materials. 

Table   1. 

Chart   of  Niimber   of  Paris   and   Materials    used   on   a 
Standard  Design  of  Rotary  Converter. 


Description  of  materials 

Rolled  hard  shaft  steel  .  . 

Cast  steel  . . 

Forged  steel 

Special  low-carbon  steel 

Mild  steel 

Key  steel   . . 

Electrical  sheet  steel  (ordinary 

Black  sheet  steel  .  . 

High-tensile  steel  wire     . . 

Spring  steel 

Copper-plated  spring  steel 

Cast  iron    . . 

Wrought  iron 

Phosphor  bronze  .  . 

Cast  brass  . . 

Brass  rod   .  .     ... 

Sheet  brass 

Lead 

Bell-metal 

Hard-drawn  high-conductivity 

Rolled  copper  bar  and  strip 

Tinned  copper  strip 

Shv,et  copper 

Copper  wire 

Copper  tube 

Flexible  cable 

Carbon 

Bakelized  micarta 

Bakelite 

Fibre 

INIica 

Micanite 

Fullerboard 

Canvas  hose 

Hardwood 

9  plywood 


copper 


Sub-Total 
Steel  nuts,  bolts, 
Copper  rivets 

Total 


washers  and 


quality 


ivets 


bar 


4  582 

1  248 

576 

6  406 


Number  of 
separate 
parts  used 

1 

17 
3 

1 

93 

27 

518 

1529 

98 

4 

48 

38 

12 

2 

100 

47 

48 

5 

6 

270 

5)7 

270 

132 

6 

10 


1 

186 

1 

316 

18 

2 

78 

6 


Table   1 — continued. 
Insulation  material. 

5  different  qualities  or  thicknesses  of  fullerboard. 

2  different  thicknesses  of  leather  paper. 
Fibre. 

Torpedo  cord. 
Bare  paper  mica. 
Micanite  strip. 
Enamelled  rope. 

3  different  thicknesses  of  tape. 

2  different  thicknesses  of  empire  tape. 
Varnishes. 

Mica-sticking  varnish. 

Clear  insulating  varnish. 

Standard  baking-coil  varnish. 

No.  2  black  finishing  varnish. 

Grey  enamel. 

Shellac   (of  3  different  specific  gravities). 
Finish  on  castings. 

Anti-corrosive  paint. 

Knife  filler. 

Leather  filler. 

Brush  filler. 

Coat  of  priming  paint. 

Coat  of  finishing  paint. 

Total   number  of  separate  parts  used  (not 

including  nuts,  bolts,  washers  or  rivets)  =  4  582 

Total  number  of  different   materials    used  =       55 

In  addition  to  the  various  ferrous  and  non-ferrous 
metals,  there  are  insulating  materials,  mica,  paper,  linen, 
cotton  and  silk  in  various  forms,  string,  fibre,  asbestos, 
etc.,  and  numerous  varnishes  and  solvents.  These,  it  will 
be  appreciated,  involve  the  employment  of  aU  t)-pes  of 
labour,  skdled  and  semi-skilled,  in  many  different  trades. 
Table  1  gives  a  list  of  the  materials  and  the  number  of 
parts  used  in  a  rotary  converter. 

To  acliieve  success  in  the  manufacture  of  machinery 
such  as  the  above  on  anytliing  like  a  large  scale,  the 
works  organization  should  be  subdivided  into  distinct 
sections,  each  section  having  clearly  defined  functions. 
From  experience,  a  works  sectionaUzed  as  follows 
has  given  eminently  satisfactory  results  : — 

(1)  Design. 

(2)  Works  Superintendence. 

(3)  Technical  Process  Department. 

(4)  Rate-Fixing  and  Mechanical  Process  Department. 

(5)  Production  Department. 

(6)  Inspection  Department. 

(7)  Costing  Department. 

Fig.  1  shows  the  relationship  between  these  sections. 

These  divisions  were  arrived  at  in  an  endeavour  to 
arrange  for  the  efficient  automatic  application  through- 
out a  works  of  the  knowledge  and  experience  of  specialists 
in  each  particular  branch,  all  co-op>erating  to  get  final 
economic  manufacture.  It  is  quite  impossible  to  find  a 
man  versed  in  carrying  out  the  detail  of  all  these  various 
branches,  and  the  aim  of  all  manufacturers  should  be 
to  obtain  the  full  benefit  of  accumulated  specialized 
experience  and  to  pass  this  down  to  the  actual  worker. 
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so  that  he  can  apply  his  manual  effort  and  skill  in  the 
best  way.  The  time  is  past  when  a  technical  business 
can  be  run  bj'  one  man  doing  everj^thing,  including  the 
buying,  the  works  managing,  the  planning,  the  costing, 
etc..  and  general  supervision.  This  was  satisfactory  in 
the  past  when  competition  was  not  keen  and  the  margins 
of  profit  were  much  higher,  and  when  technical  know- 
ledge was  not  developed  as  it  is  to-day. 

The  success  in  actual  practice  of  introducing  the 
system  about  to  be  described  is  shown  by  the  following 
results  : — 

(1)  The  relation  between  the  total  value  of  the  work 
in  progress  and  the  value  of  the  monthly  output  of 
completed  machines  was  reduced  from  7  months  to  4|, 
thus  giving  a  very  considerable  saving  in  capital  required 
and  the  interest  on  that  surplus  capital. . 

(2)  The  average  time  of  manufacture  of  a  certain 
size  of  machine  was  reduced  from  22  weeks  to  18  weeks, 
and  that  of  other  sizes  relativelv.     This  has  since  been 


facture  of  a  particular  product  is  dra%vn  upon  and 
embodied  in  the  design,  the  best  results  cannot  be 
obtained.  No  man  can  be  an  expert  in  every  process 
and  operation  in  the  manufacture  of  a  piece  of  electrical 
apparatus.  Each  particular  branch  of  industry  is  a 
large  proportion  of  a  life's  study,  and  in  large  and  small 
works  specialists  in  various  directions  exist,  and  it  is 
in  the  interests  of  manufacturers  to  consult  them  and 
get  their  ideas  embodied  in  the  design,  so  that  mistakes 
and  delays  are  not  experienced  in  the  shops.  The 
author  once  heard  a  remark  that  one  could  not  expect 
the  people  in  the  works  to  know  the  technical  details 
that  the  designer  has  in  mind,  and  he  is  in  entire  agree- 
ment with  this.  It  is  important,  however,  that  as  much 
as  possible  of  this  information  be  imparted  to  the 
workers.  Every  effort  should  be  made  by  designers 
and  shop  staff  to  apply  this  principle  of  co-operation 
in  its  broadest  meaning,  and  make  full  use  of  the  know- 
ledge of  experts  in  various  shop  problems. 


General  plan  of  works  organization 


Fig.   1. 


still  further  reduced,  but  this  is  accounted  for  by  the 
fact  that  the  shop  is  not  now  fully  employed. 

(3)  The  number  of  machines  overdue  was  reduced 
two-thirds. 

(4)  The  number  of  defects  arising  during  manufac- 
ture on  various  operations  has  been  reduced  two- 
thirds. 

(5)  The  accumulative  effect  has  reduced  the  cost  of 
manufacture  by  quite  a  considerable  percentage. 

The  general  lines  of  the  system  adopted  in  each  of 
these  sections  which  accomphshed  the  above  results 
will  now  be  dealt  with. 

Design. 

Under  this  particular  heading  the  author  must  again 

take   the  opportunity  of  referring  to  the   question   of 

co-operation,  for,  in  his  opinion,  (mless  the  experience 

and  knowledge  of  eveiybody  concerned  in  the  manu- 


In  this  connection  the  author  has  one  very  good 
example  in  mind  of  an  end  bracket  made  from  a  4-part 
pattern,  with  intermittent  machining  surfaces.  The 
same  bracket  was  re-designed  for  a  2-part  pattern, 
with  a  consequent  saving  of  17|  per  cent  of  the  total 
factory  cost,  due  to  the  simplification  of  machining 
and  reduction  of  the  number  of  scrap  castings.  If  the 
co-operation  of  a  foundry  expert  and  machine  expert 
had  been  solicited  in  the  early  stages,  this  design  would 
never  have  been  issued  to  the  shop. 

The  author  considers  that  a  design  of  each  part  of  a 
piece  of  apparatus  should  be  considered  at  a  meeting 
of  the  designer,  the  manufacturer  and,  if  necessary, 
the  salesman  (who  should  know  the  requirements  of 
purchasers)  before  it  is  finally  put  into  manufacture, 
in  order  that  the  requitements  of  each  party  may  be 
properly  embodied. 

Particular   care   should   be   taken   to   see   that  shop 
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drawings  are  clearly  dimensioned  and  limits  of  accuracy 
given.  Unmachined,  rough  machined  and  finished 
machined  surfaces  should  be  clearly  marked. 

Works  Superintendence. 

■  The  most  important  consideration  under  this  heading 
is  that  of  labour.  In  order  to  handle  this  problem 
efficiently  all  those  who  have  the  handling  of  labour 
must  be  satisfied  in  their  own  minds  that  the  biggest 
percentage  of  workmen  are  reasonable  men,  and,  if  this 
good  percentage  have  rather  distorted  ideas  on  any 
particular  subject,  they  should  not  be  blamed  but 
helped  to  change  their  distorted  views.  Problems 
looked  at  from  their  limited  outlook  can  easily  pro- 
duce the  conclusions  at  which  they  arrive.  When 
these  conclusions  are  wrong  it  is  the  duty  of  all 
employers  of  labour  to  endeavour  to  put  before  their 
employees  both  sides  of  the  problem.  The  problem 
then  often  resolves  itself  largely  into  the  elimination 
of  selfishness  from  all  parties,  employers,  employees 
and  employees'  unions.  The  author,  personally,  has 
the  greatest  respect  and  affection  for  the  working 
classes  as  a  whole,  but  he  reahzes  that  the  vast 
majority  are  not  in  a  position,  through  lack  of  know- 
ledge, to  consider  the  problems  with  which  they  are 
faced,  and  therefore  simply  accept  the  teachings  of 
loquacious  agitators. 

(a)  Works  education. — The  importance  to  all  in 
industry,  and  to  the  nation  as  a  whole,  of  improving 
the  position  is  apparent  to  those  in  close  touch  with 
the  workers,  and  the  future  can  be  best  taken  care  of 
by  the  proper  provision  for  the  training  of  apprentices. 
In  this  training,  apart  from  their  ordinary  trade,  there 
should  be  included  lectures  on  economics.  How  few 
workmen  realize  what  the  secretary  of  a  leading  trade 
union  recently  pointed  out,  namely,  that  90  per  cent 
of  the  costs  of  production  is  borne,  indirectly  perhaps 
but  nevertheless  borne,   by  the  workers  themselves  1 

The  days  when  an  apprentice  could  be  left  to  his 
own  resources  to  pick  up  his  trade  in  the  shop  have 
gone.  Competition  is  too  keen  and  it  is  necessary,  in 
the  interests  of  the  men  as  well  as  of  the  manufacturer, 
that  they  should  be  taught  on  a  systematic  basis.  In 
the  works  with  which  the  author  is  associated  in 
Sheffield  there  are  apprentice  classes  where  the  appren- 
tices are  given,  in  the  employer's  time,  lectures  by 
skilled  men  in  the  vai'ious  trades  such  as  fitting,  turning 
and  winding,  and  in  addition  are  given  details  of  the 
rudiments  of  rate-fixing  and  costing,  so  that  they 
acquire  this  knowledge  in  their  very  early  life  and  are  able 
to  consider  problems  from  the  broadest  point  of  view. 
It  is  hoped  that  when  the  apprentices  become  men 
they  will  not  have  to  follow  the  advice  of  destructive 
leaders  in  trade  unions,  but  will  themselves  be  able 
to  give  considered  and  constructive  opinions.  The 
author  ccnsiders  that  these  lectures,  particularly  on 
economic  questions,  should  be  extended  to  the  fully- 
paid  workmen,  and  where  they  have  been  given  at 
the  Sheffield  works  he  has  found  that  the  men  take 
the  keenest  intelligent  interest  in  the  subject. 

The  author  would  here  like  to  say  a  particular  word 
with  regard  to  technically-trained  men,  i.e.  men  who 
take  their  degrees  in  engineering.     It  is  essential  that 
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our  universities  and  technical  schools  should  include 
in  their  curriculum  a  course  of  economics.  Lectures 
should  also  be  given  on  the  relation  between  so-called 
capital  and  labour  and,  further,  methods  of  costing, 
time-keeping  and  absorption  of  overhead  expenses 
should  be  dealt  with.  The  development  of  initiative 
should  also  have  special  attention,  for  when  men  enter 
into  ordinary  industrial  or  business  life,  very  few  have 
to  apply  solely  technical  knowledge.  The  technical 
knowledge  acquired  is  very  often  only  a  means  to  an 
end  in  so  far  that  it  enables  one  to  think  on  the  right 
lines.  Men  should  be  encouraged  to  take  part  in  open 
discussion  on  technical  and  other  subjects,  to  give  them 
confidence  in  themselves  and  to  develop  their  per- 
sonahty.  Success  depends  largely  on  one's  executive 
acumen,  initiative  and  ability  to  co-operate. 

(b)  Works  committees. — The  author  has  found  the 
setting  up  of  a  works  committee  to  be  the  most  effective 
way  of  establishing  confidence  between  the  management 
and  the  men.  It  is  a  most  satisfactory  channel  for 
bringing  before  the  workers  the  management's  views  on 
all  sorts  of  questions,  particularly  managerial  and  labour 
problems.  Further,  it  enables  the  management  to 
obtain  the  workers'  views.  This  gives  the  workers  the 
feeling  that  they  are  being  consulted  in  matters  in 
which  they  are  directly  interested,  and  this  in  itself 
removes  suspicion.  It  must  be  appreciated  that 
economic  production  can  never  be  obtained  unless  the 
men  give  loyal  support  to  the  management.  In  this 
connection  the  author  would  say  that  the  value  of  the 
works  committee's  support  and  assistance  in  the  intro- 
duction of  the  system  outlined  in  the  paper,  contributed 
largely  to  the  success  of  the  system.  This  should  be 
ample  evidence  of  the  value  of  a  works  committee,  for 
if  there  is  one  thing  that  tends  to  create  suspicion  and 
upset  the  workmen  more  than  any  other,  it  is  a  change 
of  management  and  system. 

(c)  Foremen's  meetings. — In  order  to  stimulate  the 
foremen's  maximum  interest  in  the  management  of 
their  shops  and  keep  them  informed  on  economic  and 
managerial  problems,  the  author  has  found  that  monthly 
foremen's  meetings,  at  which  all  problems  of  general 
interest  met  with  during  the  previous  month  are  dis- 
cussed are  of  great  assistance.  The  foremen  have 
continually  referred  to  the  value  of  these  meetings 
and  to  the  fact  that  by  this  method  they  have  received 
information  on  matters  which,  in  the  past,  have  not 
reached  them  at  all. 

(d)  Unemployment. — Generally  speaking,  it  may  be 
gathered  from  conversation  with  good  workers  that  the 
greatest  brake  on  efforts  of  production  is  the  fear  of 
unemployment,  and  one  cannot  help  but  appreciate 
this  fear  ;  for  very  often  a  workman  with  a  wife  and 
family  to  keep  can  be  thrown  out  of  employment  at 
quite  short  notice  with  no  immediate  appreciable 
visible  means  of  support.  A  man  working  under  these 
conditions  is  naturally  tempted  to  take  all  possible 
steps  to  delay  loss  of  employment  and,  if  he  feels  that 
by  exerting  extra  effort  he  is  only  completing  more 
quickly  the  small  amount  of  work  that  is  available, 
then  one  cannot  get  from  him  his  maximum  effort.  It 
is  not  easy  to  educate  and  convince  a  workman  that 
these  actions  on  his  part  are  quite  wrong  because  they 
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cause  articles  to  cost  more  and  therefore  make  it  more 
difficult  to  obtain  further  orders.  He  can  think  only 
of  the  position  as  it  affects  him  at  the  moment,  not 
as  it  may  affect  him  several  months  later. 

It  has  occurred  to  the  author  that,  if  we  wish  to 
get  the  maximum  effort  at  all  times  from  the  workers, 
this  problem  must  be  dealt  with  in  a  more  materiahstic 
way  than  by  teaching  economics.  It  is  suggested  that 
the  creation  of  a  special  fund  dependent  on  maximum 
production  during  times  of  good  trade — ^this  fund  to  be 
appUed  to  carrv  the  workmen  over  periods  of  depression 
— would  remove  this  detrimental  effect  of  fear  of  un- 
employment. After  all,  the  creation  of  such  a  fund 
for  the  workers  is  nothing  more  than  is  generally  done 
in  the  sound  financing  of  an  ordinary'  business,  i.e.  the 
setting  up  of  a  reserve  fund.  \\Tiv  should  not  the  same 
principle  be  applied  to  the  worker  ?  Profit-sharing 
schemes  have  been  suggested  and  are  very  sound,  but 
the  worker's  argument  is  :  "  \\'hy  should  a  high-class 
workman  employed  by  a  firm  which  is  on  a  sound 
business  footing  and  earns  a  good  profit,  receive  more 
than  another  man,  equally  skilled  and  keen  on  his  work, 
who  is  working  for  a  firm  which  does  not  earn  any 
profit  ?  "     And  one  can  appreciate  this  argument. 

In  studj-ing  this  subject  the  author  has  come  to  the 
conclusion  that  this  sinking  fund  could  verj'  easily  be 
provided  in  a  "  payment  by  results  "  works  in  such  a 
way  as  to  be  entirely  dependent  on  the  workers'  efforts, 
but  should  be  contributed  to  by  both  the  employee 
and  the  employer. 

In  the  engineering  industr\'  agreements  already  exist 
b-v-  which  a  pieceworker  of  average  ability  must  be 
able  to  earn  SSj  per  cent  bonus.  Most  workers  by 
extra  effort  earn  considerably  more  than  this.  It 
would  therefore  be  quite  feasible  to  base  tins  "  un- 
employment sinking  fund  "  on  tliis  extra  effort,  b)'  the 
employer  suggesting  that  for  every  1  per  cent  earned 
by  the  worker  over  the  SS^  up  to  50  per  cent  he  will 
■give  a  fixed  sum  per  Is.  to  the  fund,  provided  that 
the  employee  will  also  give  a  fixed  sum  per  Is.  ;  and 
further,  for  every  Is.  over  50  per  cent  bonus  the  employer 
would  give  a  further  extra  contribution  in  order  to 
promote  extra  effort.  It  wll  be  seen  that  the  employer 
would  thus  be  giving  extra  payment  for  extra  effort, 
such  money  to  be  appUed  to  insure  the  worker  in  times 
of  plenty  against  times  of  depression. 

The  scheme  could  be  applied  to  the  recognized  day 
workers,  such  as  crane  men,  shop  labourers,  etc.  The 
same  effort  could  thus  be  obtained  from  all  employees 
of  the  firm  to  assist  the  pieceworker  in  the  production 
of  liis  maximum  bonus.  The  piecework  prices  would 
be  set  to  a  recognized  scale  which  could  be  easily  seen. 
If  deemed  advisable  these  unemployment  funds  could 
also  be  used  for  old  age  and  sickness  benefits. 

It  was  pointed  out  to  the  author  by  a  workman 
that  many  men  would  be  suspicious  of  the  scheme 
because  they  would  tliink  that  employers  would  know 
how  much  money  the  worker  had  saved  in  this  way,  and 
would  use  this  knowledge  to  their  own  advantage  in 
times  of  depression,  or  other  times.  In  order  to  over- 
come this,  the  fund  might  be  administered  solely  by 
the  various  works  committees  or  district  committees, 
and  thus  the  emploj-er  would  have  no  knowledge  of 


the  sums  accumulated  for  any  individual.  This  fund 
would  be  available  solely  for  periods  of  unemployment 
due  to  causes  other  than  industrial  disputes,  it  being 
clearly  recognized  that  an  employer  could  not  reasonably 
be  expected  to  contribute  to  funds  which  might  at 
some  future  period  be  used  for  strike  purposes.  The 
details  of  a  scheme  of  this  description  must  necessarily 
be  bound  up  in  a  certain  amount  of  trust  between 
employer  and  employee,  and  this  can  be  dealt  with 
through  the  works  committee. 

The  general  handhng  and  education  of  labour  having 
been  discussed,  the  author  proposes  to  deal  now  with 
the  way  in  which  technical  manufacturing  information 
is  conveyed  to  the  workers. 

Technical  Process  Department. 

This  department  is  obviously  necessary  in  view  of 
the  fact  that  many  of  the  problems  connected  with  the 
manufacture  of  electrical  macliinen,'  cannot  be  left  to 
the  shops  to  solve.  The  proper  solution  very  often 
depends  on  considerable  research  work  and  there  are 
often  several  ways  of  getting  the  same  ultimate  result, 
but  there  is  only  one  wajr  which  is  the  most  efficient 
and  cheapest.  It  is  the  duty  of  the  Process  Department 
to  study  these  various  problems  and  to  issue  such 
instructions  as  are  necessary  to  everybod3'-  concerned 
to  assist  them  in  every  way.  In  addition,  records  must 
be  kept  of  these  various  process  specifications  so  that, 
should  there  be  a  change  of  supervising  labour  or 
operating  labour,  the  new  man  can  look  up  these 
specifications  and  so  follow  on  the  lines  previously 
worked  to.  An  example  of  this  occurred  some  years 
ago,  when  a  man  who  had  been  shrinking  sUp-rings  on 
to  mica-covered  bushes  suddenly  left  and  another  man 
was  put  on  to  do  the  job.  The  foreman  gave  what 
he  thought  were  the  correct  instructions  to  carry  out 
the  work.  About  two  months  afterwards,  however, 
when  these  shp-rings  began  to  reach  the  assembly 
department,  it  was  found  that  thev  were  loose.  On 
investigation  it  was  discovered  that  there  was  no  speci- 
fication and  therefore  no  record  of  what  allowances  the 
man,  who  had  been  doing  the  job  for  many  j'ears, 
used.  In  consequence  of  tins  a  number  of  experiments 
had  to  be  carried  out  and  a  specification  prepared.  It 
must  also  be  remembered  that  the  workman  or  shop 
foreman  is  not  always  famihar  with  the  details  that 
the  designer  has  in  mind.  It  is  therefore  of  the  utmost 
importance  that  process  specifications  should  be  pre- 
pared, particularly  drawing  attention  to  the  points  that 
the  designer  wants.  In  a  case  which  recently  came  to 
the  author's  notice  ventilated  field  coils  were  provided 
in  a  certain  machine  but  no  reference  was  made  on  the 
drawing  to  the  fact  that  the  top  and  bottom  washers 
on  the  coils  should  be  provided  with  an  opening  to 
allow  the  air  to  pass  through.  In  consequence  it  was 
not  until  the  machine  was  assembled  and  tested  that 
the  fact  of  these  ventilating  ducts  being  closed  up  was 
discovered. 

Tins  department  also  issues  the  necessary  specifi- 
cations to  enable  tlie  buj'er  to  purchase  the  right  sort 
of  materials,  many  of  which  have  to  fulfil  highly 
important    functions   of   which   the    manufacturer   has 
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little  knowledge.  Tliis  section  works  very  closely  in 
conjunction  with  the  research  departments. 

Appendix  1  gives  an  example  of  a  manufacturing 
process,  and  Appendix  2  shows  a  purchasing  specifica- 
tion for  asbestos  millboard,  showing  how  the  require- 
ments to  meet  special  technical  conditions  are  taken 
care  of. 

Having  dealt  with  the  handling  of  labour  and  the 
transmission  of  teclinical  information  to  the  shops,  let 
us  now  consider  the  instructions  with  regard  to  a 
mechanical  operation. 


methods  and  appliances,  and  should  thereby  supply 
data  to  the  other  branch  consisting  of  the  process 
engineers.  In  this  way  we  can  ensure  that  all  piece- 
work times  are  arrived  at  on  a  definite  basis  with 
respect  to  feeds,  speeds,  etc.,  and  we  can  consequently 
eliminate  the  startling  discrepancies  which  are  often 
found  to  obtain  under  those  rate-fixing  systems  where 
the  individual  is  allowed  to  express  his  own  opinion. 
The  Process  Department  compiles  a  process  sheet 
for  every  item  for  which  a  drawing  is  made,  and  on 
each  process  sheet  will  be  found  the  following  informa- 


M.P.  &  R.F.  Dept. 
Apparatus  : 
Drawing  No.  : 


Table  2. 

Dept.  "D."  Piecework  Time  based  en  one  off.  Section  1. 

Process  Sheet  No.  723.  Order  Xo.  :   E.IOO. 

Item  No.  1.  Style:  .         Date:   3/4/1922. 


Seq. 
No. 


9 

10 


Operation 


PK^ne  joints  and  feet  . . 

Mark  joints  for  drilling 

Drill  and  S.F.  joints 

Joint  up 

Mark  setting  line  (or  boring 

Bore  and  face 

i\Iark  tor  driUinf?  complete.  . 

Drill  and  S.F.    for    poles  and   feet. 

Drill  and  tap  for  eye-bolts 
Drill  and  tap  for  rocker  . . 
Fettle 


D 
D 
D 

D 
D 


M/C 
No. 


M  3 
H 

M  31 
H 
H 

M   6 
H 
M  22 

M31 
H 


m;c 

Rate 


Group 

No. 


68 
11 
24 
11 
11 
62 
11 
63 

24 
11 


Labour 
Rate 


s.  d. 

45  0 

49  0 

39  0 

24  0 

49  0 

49  0 

49  (I 

39  0 

39  0 

35  0 


Class  of 
Labour- 


Man 
Man 

Man 

Youth 

Man 

Man 

Man 

Man 

Man 
Semi- 
skilled 


Process 
Time 


h.    m. 
13     0 


10  0 
3  15 
8  45 

2  15 
15     0 


Process 
Price 


0  8 

1  6 

14  0 
4  7 
9  10 

2  7 

15  0 


Awards 


s.  d. 

3  0 

0  3 

0  11 

0  2 

0  3 

2  3 

0  9 

2  0 

0  6 

3  5 


13     6 


F.E. 


s.  d. 

43  4 

1  9 

10  0 

1  9 

1  9 

33  4 

5  8 

29  2 

5  n 

26  3 


158     7t 


Total 


62  7 
3     6 

16  1 
7 
6 
7 
0 
0 


3 
49 

11 
41 


8     8} 
44     8 


243     2  J 


No.       Tool 

off    !      No. 


:  ground  finish.     B  =  lap  finish      C  =  water  finish.     D  =  dry  finish.     E  =  serai-finish.     F  =  rough  finish. 


Rate-Fixing  and  Mechanical  Process  Department.       tion  in  addition  to  the  operations  :- 


In  estabhsliing  a  department  of  this  description,  the 
selection  of  the  personnel  is  a  matter  that  requires 
careful  attention.  In  many  engineering  works  it  will 
be  found  that  the  piecework  times  are  fixed  by  the 
foremen  or  by  rate-fixers  who  have  graduated  from  the 
ranks  of  the  workmen  without  any  special  training 
apart  from  that  obtained  in  the  workshops.  If  the 
product  is  of  comparatively  simple  design  and  con- 
struction such  an  arrangement  is  generally  adequate, 
but  for  the  complex  nature  and  variety  of  the  parts 
that  go  to  make  up  an  electrical  machine,  and  owing 
to  the  keenly  cut  prices  wliich  have  to  be  quoted  to 
enable  home  manufacturers  to  compete  with  the 
foreigner,  it  is  essential  that  not  only  the  piecework 
time,  but  the  machine  and  type  of  tool  to  be  used  and 
the  class  of  finish  to  be  achieved  for  every  operation, 
be  decided  by  engineers  who  have  the  necessary  work- 
shop experience  and,  in  addition,  who  thoroughly 
understand  the  functions  of  the  multifarious  com- 
ponent parts  to  be  handled. 

In  order  to  take  advantage  of  the  full  capacities  of 
the  macliine  tools  and  of  the  improved  methods  wliich 
are  frequently  introduced  by  the  mechanical  process 
engineers  in  collaboration  with  the  tool  drawing  office, 
it  is  desirable  that  the  Process  Department  should 
consist  of  two  distinct  branches.  One  branch  should 
deal  almost  entirely  witli  time  studies  of  the  feeds  and 
speeds    which    can    be    obtained    with    the    improved 


(1)  Process  sheet  number. 

(2)  Drawing  number. 

(3)  Item  number. 

(4)  Description   of  item   and   style   of  machine   for 

which  it  is  required. 

(5)  Jlinimum  number  of  items  to  be  manufactured 

at  a   time  to   permit   of   processed   time   per 
item  being  adhered  to. 

(6)  Macliine  tool  to  be  used  if  a  macliining  operation. 

(7)  Hourly  rate  of  the  machine  tool. 

(8)  Class  of  labour  to  be  used  on  each  operation. 

(9)  Rate  of  labour  to  be  used   on  each  operation. 

(10)  War  allowances. 

(11)  Factory  expense. 

(12)  Total  cost  of  labour  and  factory  expense. 

(13)  Sequence   in    which    the    operations    are    to    be 

performed. 

(14)  Shops  in  winch  the  operations  are  to  be  per- 

formed, and  to  which  consequently  the  process 
sheets  are  to  be  issued. 

( 1 5)  Class  of  finish. 

Table  2  shows  a  typical  process  slicct  for  the  yoke 
of  a  rotary  converter. 

To*  ensure  that  the  process  sheets  are  supplied  to 
the  departments  concerned,  the  process  sheet  number 
and  the  departments  to  which  the  process  sheets  are  to 
be  issued  are  given  against  the  various  items  on  the 
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manufacturing  specifications  which  are  prepared  by 
the  drawing  office  and  distributed  by  the  Production 
Department. 

In  fixing  a  piecework  time  the  process  engineer  bases 
his  calculations  on  the  following  assumptions  : — • 

(a)  That  the  material  will  be  of  average  quahty  of 

its  kind. 

(b)  That  the  machining  allowances  ■n'ill  be  normal. 

(c)  That  the  man  who  is  to  handle  the  job  will  be  of 

average  skill,  so  that  he  should  have  no  difficulty 
in  making  time  and  a  third  on  the  job. 

(d)  That  the  best  macliine  (if  a  machining  operation) 

will    be    available    at    the   time   the   job    goes 
through. 

If  the  time  allotted  to  the  job  is  disputed  by  the 
operator,  he  refers  the  matter  to  his  foreman,  and  if 
the  latter  also  disagrees  with  the  piecework  time,  the 
time-study  man  for  that  department  is  called  in  to 
demonstrate  what  is  actually  possible.  The  operator 
also  has  the  right  to  scrutinize  the  detailed  figures  as 
calculated  by  the  process  engineer  wliich  go  to  make 
up  the  total  time  allowed  for  the  operation  (this  infor- 
mation, by  the  way,  is  filed  away  in  the  Process  Depart- 
ment with  every  process  sheet)  so  that  he  can,  if  he 
wishes,  point  out  in  what  respect  he  considers  the 
piecework  time  to  be  at  fault.  If  it  is  found  that  the 
time  allowed  is  incorrect  through  some  extraneous 
circumstance,  such  as  unusually  hard  material  involving 
lower  feeds  and  speeds,  defective  material,  or  excessive 
material  allowances  on  machined  surfaces,  or  owing 
to  the  best  machine  for  the  operation  not  being  avail- 
able, then  an  additional  piecework  time  fixed  by  the 
time-stud}^  man  is  allowed  for  the  job,  covering  the 
excess  time  involved  only.  Under  such  circumstances 
the  processed  time  would  not  be  altered. 

Whatever  the  cause,  the  matter  is  brought  to  the 
notice  of  the  Process  Department  and,  in  the  case  of 
faulty  material,  is  taken  up  by  them  with  the  supphers 
of  the  material  with  a  view  to  obtaining  a  rebate  for 
the  extra  cost  involved  in  macliining  this  material  or, 
at  any  rate,  ensuring  that  further  supplies  \v-ill  tend 
to  be  free  from  such  faults.  If,  however,  the  time 
student's  investigation  proves  the  processed  time  to  be 
incorrect  -w-ithout  any  such  extenuating  circumstances, 
the  process  sheet  is  immediately  altered  by  the  process 
engineer  and  the  data  from  which  the  processed  time 
has  been  derived  is  corrected  accordingly.  In  deahng 
with  disputes,  absolute  frankness  is  necessary,  and  if 
there  is  any  doubt  about  the  accuracy  of  the  processed 
figure,  particularly  of  that  factor  wliich  cannot  easily 
be  calculated  and  is  more  a  matter  of  experience, 
namely,  the  setting  up  and  handhng  times,  then  the 
matter  should  be  carefully  investigated  and  the  operators 
given  the  benefit  of  any  doubt,  unless  it  is  ultimately 
settled  incontestably  by  demonstration  that  the  pro- 
cessed figure  is  correct. 

Immediately  a  new  drawing  is  completed  by  the 
dra\ving  office,  a  copy  is  sent  to  the  Process  Depart- 
ment and  the  process  sheets  are  issued  as  quickly  as 
possible  so  that  the  piecework  time  is  fixed  well  in 
advance  of  the  operation  being  performed.  This  is 
very  important,  as  notliing  annoys  the  operators  more 


than  not  knowing  the  price  they  are  to  be  allowed 
for  a  job  until  after  it  has  been  commenced  or  com- 
pleted, and  under  such  circumstances  an  atmospfiere 
of  suspicion  is  engendered  between  workmen  and 
management  that  is  very  difficult  to  combat. 

In  addition  to  estabUshing  all  piecework  times  on  a 
systematic  basis,  the  further  advantages  accruing  from 
the  system  are  as  follows  : — 

(1)  The  Process  Department  is  in  a  position  to  keep 
the  Purchasing  Department  posted  as  to  the  relative 
merits  of  materials  supphed  by  different  manufacturers. 
For  instance,  in  connection  ^\•ith  steel  castings  it  was 
found  that  one  firm  quoted  a  substantially  lower  price 
per  ton  for  castings  than  a  competitive  firm.  Orders 
were  placed  wth  both  firms  and  it  was  ultimately 
proved  that  the  castings  from  the  latter  firm  were 
much  cheaper  in  the  long  run,  as  the  material  was  better 
to  machine,  the  castings  were  sounder  and  more  accu- 
rately moulded  and  the  percentage  of  rejected  castings 
was  much  lower. 

(2)  The  Process  Department  can  readily  supply  the 
Estimating  Department  with  accurate  data  for  the 
preparation  of  estimates,  and  also  advise  when  reduc- 
tions can  be  made  owing  to  the  introduction  of  improved 
methods  or  macliinery. 

(3)  Owing  to  the  piecework  time  being  based  on  the 
best  machine  tool  being  available,  certain  machines 
are  called  upon  to  such  an  extent  that  some  of  the 
work  necessarily  has  to  be  performed  on  less  efficient 
machines.  Records  are  kept  of  the  extra  cost  of  the 
work  on  these  macliines,  and  the  losses  thus  incurred 
will  show  whether  the  inefficient  machines  are  worth 
retaining  in   service. 

(4)  A  copy  of  all  process  sheets  is  sent  to  the  works 
costing  section  so  that  actual  costs  can  be  compared 
with  processed  costs  as  the  parts  are  manufactured. 

(5)  Disputes  regarding  piecework  times  as  processed 
have  frequently  brought  to  hght  the  fact  that  the 
methods  of  production  as  carried  out  before  the  intro- 
duction of  the  system  were  entirely  wrong  and  entailed 
considerable  unnecessary  expense,  also  in  numerous 
cases  super-accuracy  of  finish  was  being  put  into  paits 
that  were  unimportant. 

(6)  The  process  sheets  enable  the  Production  Depart- 
ment to  deduce  exactly  the  time  required  to  manu- 
facture any  piece  of  apparatus.  Table  3  shows  informa- 
tion taken  from  the  process  sheet  and  assembled  to 
show  how  the  total  machine-hours  and  man-hours  on 
each  particular  class  of  machine  would  be  ascertained. 

(7)  The  process  engineers  frequently  find  when  pro- 
cessing a  part  that  reductions  can  be  made  in  the  cost 
of  production  bj"-  an  alteration  in  the  design  which 
will  not  interfere  in  any  way  with  the  functions  of  that 
particular  part. 

The  production  machine  basis  sheet  is  prepared  from 
the  process  sheets.  This  will  be  dealt  with  under  the 
heading  of  "  Production  Department." 

The  author  believes  that  the  system  has  been  dealt 
with  in  sufficient  detail  to  illustrate  the  broad  principle 
on  which  the  Rate-Fixing  Department  should  be 
organized. 

The  handling  of  labour,  and  the  transmission  of 
technical  and  mechanical  operation  information  to  the 
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men  have  been  dealt  with.     The  obtaining  of  material 
and  its  passage  through  the  shops  will  now  be  discussed. 

Production   Department. 

In  describing  the  organization  of  this  section  the 
author  would  add  a  few  words  of  warning  in  choosing 
the  man  to  run  this  department.  Beware  of  the  liigh 
qualification  claimed  by  applicants  for  the  position — 
such  as  efficiency  engineer  and  production  expert — who 
are  frequently  experts  in  theory  and  not  in  practice. 

The  works  manager,  who  it  is  assumed  is  a  man 
of  education  and  very  wide  practical  experience,  should 


shop  the  normal  month's  capacity  of  which  was  con- 
sidered to  be  300  tons.  Each  month  is  laid  out  similarly 
and  the  Commercial  Department  is  advised  by  the 
Production  Department  of  forward  requirements  in 
good  time  to  keep  the  shop  fully  employed.  If  the 
orders  received  monthly  exceed  the  shop  capacity,  the 
fact  is  revealed  in  good  time  to  enable  steps  to  be  taken 
to  deal  with  it  by  extending  the  works,  obtaining 
outside  help  or  increasing  the  working  hours  or  delivery 
periods.  A  hit,  revised  monthly,  is  sent  to  the  Com- 
mercial Department  showing  the  delivery  times  to  be 
quoted  in  tenders  for  all  types  of  macliines. 


Table  5. 
Machine  Pyoduction  Chart. — Summary  for  Type  X  Machine. 
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direct  and  control  the  operation  of  the  Production  De- 
partment through  the  chief  of  that  department,  in  order  to 
ensure  that  it  is  not  systematized  beyond  practical  and 
commercial  limits.  This  is  very  important,  as  a  number 
of  companies  have  undoubtedly  experienced  serious 
financial  difficulties  through  the  operation  of  production 
theorists. 

The  capacity  of  the  shop  is  fixed  by  the  works  manage- 
ment in  conjunction  with  the  requirements  laid  down  by 
the  sales  organization  and  the  capacity  fixed  by  the 
Production  Department.  The  main  shop  programme  is 
then  prepared.  Table  4 gives  an  example  of  a  portion  of 
a  monthly  sheet,  part  of  a  main  production  chart,  for  a 


When  an  order  is  received  it  is  placed  in  its  proper 
position  in  the  main  programme,  which  is  based  on 
the  chart  shown  in  Table  5.  The  dates  are  then  fixed 
when  the  manufacturing  information  and  materials  must 
be  available  to  enable  the  promise  to  customers  to  be 
kept.  These  detail  requirements  are  recorded  sys- 
tematically so  that  they  are  automatically  urged. 
This  urging  is  divided  into  three  sections  : — 

(1)  Manufacturing    information,    including    specifica- 

tions and  drawings. 

(2)  Material. 

(3)  Work  in  different  departments  of  the  shop. 
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The  urging  is  run  on  a  dailv  basis  so  that  everything 
is  urged  at  the  right  time.  This  can  be  easily  arranged 
by  having  a  card  for  each  manufacturing  day  under 
each  sub-section  and  entering  on  it  all  requirements 
due  on  that  day  to  fulfil  the  manufacturing  programme. 
A  fixed  period  before  the  requirements  are  due  (if  they 
have  not  been  received)  they  are  specially  urged. 

For  the  sake  of  convenience  the  Production  Depart- 
ment is  organized  in  two  sections,  one  section  handling 
specification   sheets,   the  main   production   programme. 


this  table  but,  in  practice,  instructions  for  four  weeks 
are  given.  The  shop  clerk,  who  will  be  at  the  fore- 
man's desk,  will  handle  these  and  will  be  under  the 
general  control  of  the  cliief  production  engineer  as  far 
as  the  production  matters  are  concerned.  It  is  the 
duty  of  these  shop  clerks  to  keep  the  foremen  advised 
where  the  material  is  after  receipt  from  suppLers  and 
to  get  out  the  necessary  drawings  and  tools  to  enable 
the  work  to  be  proceeded  with  at  the  right  time. 
Production  meetings  are  held  weekly  at  wliich  the 


Week  commencing  March 
Name  :  Mr.  X. 


1921. 


T.\BLE    6. 

Large  Machine  Department. 
The  following  macliining  to  be  finished  by  the  dates  specified. 


obtaining  materials  from  outside  suppliers  through  the 
Purchasing  Department,  and  all  work  inside  the  office, 
and  the  other  dealing  with  materials  after  receipt  in 
the  shops,  and  the  production  generally  in  the  shop. 
The  closest  co-operation  is  essential  between  these  two 
sections. 
1,2,3, 4j: 
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All  manufacturing  information  from  the  drawing 
(flice  is  passed  through  the  Production  Department  and 
all  drawings  are  subsequently  passed  through  the  tool 
drawing  office  so  that  all  jig  and  tool  designs  are 
prepared  to  the  date  fixed  for  completion  to  ensure  tools 
being  available  by  the  time  material  is  received. 

From  the  main  production  chart,  records  (again  on  a 
date  principle)  aie  prepared  for  the  foremen  of  each 
department  in  the  shop. 

Table  6  gives  an  example  of  a  foreman's  weekly 
production  hst,  as  supphed  to  him  by  the  Production 
Department.     Only   one  week's  work  is  reproduced  in 


shop  superintendent,  buyer,  production  chief  and  fore- 
man are  present,  when  details  of  progress,  etc.,  are 
discussed. 

The  curves  in  Fig.  2  show  the  effect  of  a  production 
department's  work  from  its  inception  until  reaching 
the  legislated  tonnage  output. 

The  Production  Department  is  responsible  for  fixing 
the  maximum  and  mmimum  stock  quantities  for  all 
materials  stocked  in  stores. 

A  return  is  made  to  the  works  manager  each  week 
from  each  department  of  the  items  which  .have  not 
been  completed  according  to  schedule,  and  the  reasons 
for  such  non-completion. 

For  a  certain  works  of  700  hands  the  production  staff 
consisted  of  : — 

1  chief  ; 

2  assistants  ; 

3  clerks  ;   and 
1  typist, 

exclusive  of  foremen's  clerks,  of  whom  there  were  4. 
Having  dealt  with  labour  and  the  necessary  instruc- 
tions to  labour  for  technical  and  mechanical  operations 
to  be  used  in  conjunction  with  the  material  provided, 
let  us  now  consider  the  question  of  inspection  of  tliis 
material  in  its  initial  stages  and  during  its  progress 
through  the  shops. 

Inspection  Dep.\rtment. 

In  order  to  ensure  that  a  piece  of  electrical  apparatus 
when  it  reaches  the  test  bed  has  the  very  best  chance 
of  turning  out  satisfactorily,  both  to  the  customer  and 
to  the  reputation  of  the  manufacturer,  it  has  been 
found  of  the  greatest  advantage  to  arrange  for  the 
inspection  and  testing  of  details  as  the  manufacture 
proceeds  through  the  works.  This  is  of  great  impor- 
tance, because  if  a  machine  can  be  sliipped  immediately 
after   test,    and   if   expensive   repairs   can    be   avoided. 
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a  manufacturer  is  better  able  to  fulfil  the  obligation 
of  deliver}'. 

In  the  first  place,  arrangements  must  be  made  to 
inspect  and  test  the  raw  materials,  for,  as  mentioned 
above,  with  electrical  machinery  the  range  of  materials 
is  so  wide  that  it  provides  many  channels  of  possible 
failure.  The  standard  for  these  materials  is  taken 
from  the  purchasing  specification  prepared  by  the 
Process  Department. 
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The  author  has  found  it  necessary  that  the  Inspection 
Department  should  take  entire  responsibihty  for  the 
testing  and  inspection  of  raw  materials,  but  in  the  shops 
he  prefers  that  representatives  of  the  Inspection  Depart- 
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ment  should  be  looked  upon  in  a  similar  light  to  cus- 
tomers' inspecting  engineers.  In  other  words,  they  are 
a  safeguard  to  the  management  and  the  foremen,  but 
it  is  very  important  to  leave  to  the  foremen  the  real 
responsibility  for   the    quahty    of    the    product.     It  is 


necessary  that  the  foremen  should  feel  that  the  Inspec- 
tion Department  is  established  to  assist  them  in  avoiding 
mistakes.  On  no  account  should  the  impression  be 
gained  that  they  are  spies  on  the  manufacturing  section. 
It  is  therefore  essential  that  the  inspectors  should 
co-operate  with  the  manufacturing  section  to  improve 
the  product  and  avoid  mistakes,  rather  than  criticize. 
This  latter  course  should  be  taken  only  where  gross 
negligence  or  wilful  opposition  occurs.  The  number  of 
inspectors  depends  on  the  class  of  work  that  has  to  be 
dealt  with,  and  as  a  rough  guide  the  author  has  found 
the  following  proportions  to  be  satisfactory  : — 

Large  machine  section  requires  1  inspector  to  60  hands. 
Small  machine  section  requires  I  inspector  to  70  hands. 
Large  assembly  section  requires  1  inspector  to  45  hands. 
Small  assembly  section  requires  1  inspector  to  35  hands. 
Large  winding  section  requires  I  inspector  to  40  hands. 
Coil  and  insulation  section  requires  1  inspector  to 
40  hands. 
(Note. — Cost  of  the  above  is  approximatelj'  0'7  per 
cent  of  factory  cost  of  output.) 

Figs.  3  and  4  give  some  indication .  of  the  results 
obtained  by  the  introduction  of  an  inspection  system. 
The  former  shows  the  small  number  of  defects  that 
appear  in  the  final  completed  article,  and  the  latter 
the  fall  in  the  number  of  defects  in  the  final  testing 
department  after  the  introduction  of  a  detailed  inspec- 
tion system.  A  curve  of  comparative  costs  is  also 
shown . 

Costing  Dep..^rtmen"t. 
To  manufactuie  a  varied  product  satisfactorilv  it  is 
necessarj^  to  have  proper  records  to  guide  all  parties  as 
to  the  cost  of  the  product  in  direct  labour  and  materials 
and  also  overhead  expenses.  During  the  introduction 
of  a  costing  system,  the  first  essential  to  impress  on 
the  members  both  of  the  manufacturing  and  of  the 
costing  staff  is  that  the  closest  co-operation  must 
exist  between  them.  The  Costing  Department  is  not 
a  spy  on  the  Manufacturing  Department,  but  a 
useful  and  constructive  portion  of  the  manufacturing 
organization.  Its  duty  is  to  assist  the  manufacturing 
section  by  giving  such  figures  and  help  as  to  enable 
them  to  ensure  that  excess  costs  do  not  occur.  It  must 
be  realized  that  the  foreman  in  the  shop  cannot  possibly 
carry  the  cost  of  all  different  operations  and  factory 
expenses  in  his  head,  and  he  must  be  encouraged  to 
co-operate  wth  the  Cost  Department  and  to  have 
confidence  that  they  will  assist  him. 

Costing     can     be     convenientlj'     di\'ided     into     two 
sections  : — ■ 

(1)  Consisting  of  direct  labour  and  materials. 

(2)  Consisting  of  factory  overhead  expenses. 

(I)  Costing  direct  labour  and  materials. — ^The  author 
has  experienced  great  difliculty  in  cases  where  costs 
are  not  available  until  a  macliine  is  finally  com- 
pleted. By  this  arrangement,  if  a  machine  takes 
several  months  to  manufacture  it  is  impossible  to 
investigate  operation  costs  because  they  are  received  a 
considerable  time  after  the  operation  has  been  carried 
out.  This  emphasizes  the  necessity'  of  a  costing  system 
1   being  elastic  as  well  as  prompt. 
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An  elastic  sj'stem  has  many  advantages,  and  one 
with  which  tlie  author  is  now  acquainted  has  been 
found  to  contain  the  very  elements  necessary  to  avoid 
losses  which  might  recur  in  possibly  the  course  of  two 
months  in  a  works  where  repetition  work  is  engaged 
in  to  some  extent.  It  also  provides  the  means  of 
producing  efficiently  and  cheaply,  by  reason  of  the 
fact  that  particulars  can  be  obtained  of  the  time  taken, 
the  number  of  operations  emploj'ed,  the  size  and  rate 
of  machines  used,  and  the  cost  of  labour. 
'--For  many  reasons  it  is  of  the  utmost  importance 
that  a  sound  costing  system  be  installed.  In  this 
connection,  in  the  particular  works  with  which  the 
author  is  associated,  the  features  that  have  had  most 
consideration  and  which  are  of  paramount  importance 


Cost  Department,  each  operation  to  be  given  a  number 
for  the  purpose  of  comparison. 

In  many  works  what  is  known  as  the  "  Hollerith  " 
card  index  system  has  been  introduced  for  the  recording 
of  costs.  This  is  certainly  very  sound,  but  in  its 
introduction  very  careful  consideration  must  be  given 
to  the  question  of  flexibility,  for  unless  the  system  is 
properly  laid  out  the  Hollerith  system  can  be  far  from 
flexible.  The  most  important  point  about  a  costing 
system  is  that  it  must  not  give  either  too  little  or  too 
much.  If  the  former,  it  becomes  useless  because  the 
information  is  incomplete,  and  if  the  latter,  more 
money  is  being  spent  than  the  value  obtained  from  it. 
It  is  obvious,  however,  that  it  is  better  to  have  too 
much  than  too  little. 
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are  :  To  provide  operation  costs  as  quickly  as  possible 
after  an  operation  has  been  carried  out.  so  that  the 
actual  cost  can  be  compared  with  the  planned  process. 
After  all  operations  on  a  piece  of  apparatus  have  been 
thoroughly  standardized  and  the  comparison  between 
cost  and  estimate  shown,  and  the  planned  piecework 
prices  fixed,  then,  provided  a  proper  check  is  kept  on 
daywork,  there  is  not  the  same  need  for  keeping  a  com- 
parison of  operation  costs,  and  the  final  cost  of  the 
completed  machine  is  the  only  check  that  is  essential. 
In  the  starting  up  cf  manufacture  of  a  piece  of  apparatus 
of  new  design,  however,  operation  costs,  prepared 
immediately  after  the  work  is  carried  out,  are  essential. 
In  order  to  make  this  scheme  operative,  a  complete 
detailed  list  of  the  planned  operations  should  be  for- 
warded by  the  Mechanical  Process  Department  to  the 


(2)  Costing  factory  overhead  expenses. — The  overhead 
charges  must  be  properly  provided  for  and,  in  the 
author's  opinion,  a  machine  rate  basis  is  the  only  sound 
way  to  effect  tliis.  A  percentage  on  labour  is  quite 
wrong  and  to  emphasize  this  one  has  only  to  take  the 
case  of  a  man  and  a  boy  working  on  the  same  machine. 
The  man's  rate  may  be  Is.  6d.  per  hour,  and  by  the 
percentage  basis  the  overhead  charge  on  liis  labour, 
if  the  ratio  is  100  per  cent,  would  be  Is.  6d.  For  a 
boy  on  the  same  tool  at  6d.  an  hour  the  charge  would 
be  6d.,  and,  if  one  considers  in  detail  all  the  expenses 
that  go  into  overhead  charges,  it  will  be  found  that 
the  charges  per  hour  for  a  lower  rate  of  labour  are 
quite  as  much  as  for  the  higher,  and  very  often  more, 
as  boys  dan.age  more  tools  and  require  more  super- 
vision per  unit  of  output.     With  tlie  majority  of  the 
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machine  tools  at  the  author's  works  the  machine  rate 
basis  is  taken  as  40  hours  per  week,  the  difference 
between  40  and  47  being  the  average  loss  of  time  in 
the  running  of  the  machine  due  to  various  causes,  such 
as  breakdowns,  men  absent,  getting  together  tools,  etc. 
The  machine  rate  basis  is  arrived  at  by  allocating  a 
portion  of  the  fixed  charges  (such  as  rates,  rents,  taxes, 
depreciation,  etc.)  for  the  floor  space  occupied  by  the 
machine  and  the  surrounding  space  necessary  for 
storing  the  raw  and  finished  product. 

Power  charges  are  obtained  by  taking  the  actual 
power  measurement  of  the  machine.  Tool  charges  are 
arrived  at  by  estimating  the  value  of  tools  used  in  a 
definite  period  and  emplojang  this  as  the  basis  for  an 
average  hourly  cost  for  tools.  Hourly  charges  per 
machine  are  arrived  at  for  depreciation,  general  shop 
labour  and  materials,   operation  of  cranes,  etc. 

The  author  has  heard  the  opinion  expressed  that  it 
would  be  difficult  to  apply  this  system  to  an  old  works. 
However,  at  the  works  with  which  he  is  associated  in 
Sheffield,  employing  up  to  1  000  hands,  this  system 
was  instituted  and  was  running  satisfactorily  in 
3  months. 

Having  arrived  at  this  basis  of  machine  charge,  it  is 
important  to  see  that  the  factory  expenses  are  collected 
and  recorded  in  such  a  way  that  they  can  be  easily 
watched  to  make  sure  that  there  is  no  mistake  in  the 
estimating  of  overhead  charges,  and  that  proper  figures 
have  been  fixed  for  absorption.  The  assembly  of  these 
expenses  should  be  such  that  they  can  be  easily  under- 
stood and  watched  by  the  heads  of  the  various  depart- 
ments. In  the  works  referred  to  above,  these  expenses 
are  recorded  in  the  following  three  groups,  each  item 
being  given  a  number,  to  wliich  all  expenses  on  that 
item  are  charged  : — 

(A)  Items  controlled  by  the  foremen.  Full  particulars 
of  these  are  sent  to  each  foreman  monthly,  so  that  he 
can  take  an  intelligent  interest  in  the  money  he 
is  actually  spending  and  keep  down  unnecessary 
expenditure. 

(B)  Items  controlled  direct  by  the  Superintendent  of 
the  works. 

(C)  Expenditure  controlled  by  the  Board  and  General 
Management. 

Lantern  sUdes  will  be  exhibited  sho%ving  details  of 
these  groups. 

This  type  of  division  may  not  be  necessary  in  a 
smaller  works,  but  the  basis  should  be  the  same,  for 
this  paper  was  written  to  draw  attention  to  a  basis 
of  an  organization,  as  before  mentioned,  rather  than 
to  give  details  of  a  particular  scheme  which  may  not 
be  applicable  to  more  than  one  works. 

By  this  method  of  recording  factory  expenses  a  more 
direct  interest  in  the  efficiency  of  the  department  is 
created,  because  the  foreman  realizes  that  he  has  some- 
thing which  he  is  able  to  control. 

Fig.  5  shows  the  variation  of  labour  and  factory 
expenses  and  their  relation  to  the  absorption  of  factory 
expenses.  In  many  works  it  is  the  practice  not  to 
give  foremen  details  of  this  description.  The  author 
considers  that  a  foreman  should  be  looked  upon  as  the 
manager  of  his  own  department  and  should  be  given 
such  information  as  will  enable  him  to  manage.     The 


owner  of  a  factory  would  not  attempt  to  manage  it 
unless  he  had  the  necessary  figures  put  before  him. 

Finally,  a  monthly  summary  of  expenses  is  prepared, 
as  shown  on  the  lantern  slide. 

Relation  between  Output  and  Costs  of  Production. 
The  question  of  factory  expenses  has  already  been 
referred  to.  The  author  will  now  endeavour  to  show 
the  distribution  of  these  expenses.  For  the  sake  of 
simphcity  let  us  consider  a  factory  that  is  making  one 
class  of  machine  of  one  size.  The  factory  cost  of  this 
machine  consists  of  the  cost  of  material,  the  cost  of 
labour  and  its  share  of  the  factory  expenses,  and  this 
share  of  the  factory  expenses  is  proportional  to  the 
output.  In  other  words,  the  total  factory  expenses 
divided  by  the  number  of  machines  shipped  per  year 
equals  the  factory'  expenses  chargeable  to  each  machine. 
For  example,  let  us  assume  that  the  normal  output  of 
a  certain  workshop  under  a  moderate  management  is 
1  000  machines  a  year.  The  basis  on  which  the  seUing 
price  is  arrived  at  is  obtained  as  follows  : — 

£ 

Cost  of  material  20  000 

Cost  of  labour 6  000 

Factory  expenses  .  .  .  .  .  .         6  000 

Estimated  selUng  expenses     .  .  .  .         8  000 

Total  cost  of  1  000  macliines  .  .  40  000 

Total  selling  price  (including   10  per 

cent  profit) 44  000 

Selling  price   per  machine   (including 

10  per  cent  profit)  .  .  .  .  .  .        £44 

Now  let  us  consider  this  same  shop  working  under  bad 
management  and  producing  only  500  machines  per  year, 
and  the  same  shop  under  a  very  efficient  management, 
working  day  and  night,  producing  2  000  machines  per 
year.  The  table  below  illustrates  very  clearly  the 
effect  of  this  on  the  possible  selhng  price.  It  will  be 
noted  that  we  get  the  enormous  difference  in  price  of 
50  per  cent  for  the  same  article. 

Output  per  Year. 


Under  bad 
manasenient. 
500  mactuQes 


Under  excellent 
management. 

2  000  machines, 

working  day 

and  night 


Cost  of  material       . .  •  • 

Cost  of  labour 

Extra  for  night  work 

Factory  expenses 

Extra  for  night  work 

SelUng  expenses 

Total  cost  of  machines 

Total  seUing  price  (including 
10  per  cent  profit) 

Selhng  price  per  machine  (in- 
cluding 10  per  cent  profit) 


£ 

£ 

10  000   j 

40  000 

3  000 

12  000 

— 

3  000 

6  000 

6  000 

— . 

1  500 

8  000 

9  000 

27  000 

71  500 

29  700 

78  650 

£59-4 

£39-325 

These  two  figures  compare  with  £44  for  the  factory 
manufacturing  1  000  machines  a  year.    They  are  com- 
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parative  for  a  high-class  electrical  engineering  shop, 
where  the  overhead  charges  are  relatively  liigh  due  to 
the  necessity  of  employing  a  large  staff  in  the  engineering 
and  draughting  offices  and  in  the  selling  section. 

This  subject  can  also  be  studied  from  another  point 
of  view,  namely,  that  of  profit.  If  we  assume  that 
the  motors  have  been  sold  under  all  conditions  at  the 
fixed  price  of  £44,  the  effect  of  decreased  output  is 
shown  clearly  in  the  following  table  : — - 

Output  per   Year. 


1000 
machiues 

500 
machines 

2  000 
machines 
(working 
day  and 

night) 

Cost  of  material  .  . 

£ 

20  000 

£ 

10  000 

£ 
40  000 

Cost  of  labour 

6  000 

3  000 

12  000 

Extra  for  night  work  .  . 

— 

— 

3  000 

Factory  expenses 

Extra  for  night  work  .  . 

6  000 

6  000 

6  000 
1500 

Selling  expenses    .  . 
Total  cost  of  machines  .  . 

8  000 
40  000 

8  000 
27  000 

9  000 
71  500 

Total  sum  received  (at  £44 

44  000 

22  000 

88  000 

each) 
Loss  on  working  .  . 
Profit           

4  000 

5  000 

16  500 

From  this  it  will  be  seen  that  a  loss  of  £5  000  is  turned 
into  a  profit  of  £16  500,  merely  by  increasing  the  output. 
This  clearly  shows  the  importance  of  the  selling  staff 
obtaining  orders,  and  the  works  staff  doing  everj'thing 
possible  to  enable  a  greater  output  to  be  obtained  than 
that  estimated  for. 

In  conclusion,  the  author  would  like  to  urge  that  the 
principles  outhned  in  tliis  paper  can  be  apphed  very 
profitably  outside  the  ordinary  manufacturing  problems. 
For  instance,  the  power  station  engineer  increasing  his 
plant  can  lay  out  his  extension  programme  to  ensure 
that  his  orders  are  placed  at  the  right  time,  i.e.  neither 
too  early  nor  too  late,  and  thus  avoid  : — 

(1)  Capital  lying  idle  and  plant  being  deUvered  before 

it  is  required. 

(2)  Delays  in  completion  (involving  capital  lying  idle 

on  account  of  plant  that  is  delivered  in  time 
waiting  for  plant  that  is  late). 

Further,  this  will  avoid  plant  being  stored  in  the  works 
after  the  foremen  and  men  have  been  urged  to  complete 
it.  This,  it  will  be  appreciated,  has  a  very  bad  moral 
effect  on  all  those  concerned. 

It  will  be  of  interest  to  know  that  the  author  has 
recently  returned  from  a  tour  of  inspection  of  con- 
ditions in  American  works,  where  he  did  not  find  any 
organization  wliich  could  improve  that  outlined  in  tliis 
paper  for  handling  a  varied  product.  Further,  he  found 
that  the  average  manual  employee  in  the  United  States 
gives  a  greater  output  than  is  generally  found  here. 
In  the  author's  opinion  this  is  accounted  for  by  the 
confidence    established    there    between    employer    and 


employed.  The  necessitj'  for  the  estabUshment  of  such 
confidence  in  this  countrj^  and  the  suitable  methods 
for  realizing  it  are  emphasized  throughout  the  paper. 

We,  as  electrical  engineers,  can  certainly  take  great 
pride  in  the  fact  that  our  efforts  have  already  been  of 
very  considerable  benefit  to  the  community,  particularly 
to  the  working  classes,  as,  for  instance,  they  are  now- 
able  to  go  to  their  work  by  tram  at  very  cheap  rates 
and  in  a  very  short  time,  wliereas  previously  the}-  often 
had  to  walk  miles.  I  think  all  of  us  reahze  that  our 
work  has  only  begun  and  that  by  proper  organization 
in  the  manufacture  of  electrical  apparatus  of  ever\'' 
description  we  should  lead  to  the  more  extended  use  of 
electricity  for  heating  and  power. 

A  number  of  lantern  shdes  will  be  exhibited  showing 
a  shop  laid  out  with  galleries  suppljdng  main  centre 
aisles,  and  a  shop  laid  out  to  give  continuous  advancing 
operations  on  one  floor. 

In  conclusion,  the  author  must  express  liis  thanks 
to  Messrs.  The  Metropohtan-Mckers  Electrical  Co.  for 
gi\-ing  permission  to  pubhsh  so  much  information  on 
the  running  of  their  Sheffield  works.  He  is  also  indebted 
to  Mr.  H.  F.  Brown  and  Mr.  McMurray  for  assistance 
in  editing  proofs  during  his  absence  in  America. 


APPENDIX  1. 

Process  Specification  for  Moulding  Mica  to  End  Rings 
for  Large  Rotors. 

Material. — Mica  splittings,  Grade  4  (area  2  to  4  square 
inches),  shellac  varnish  (specific  gravity  0-930). 

Process. — The  moulding  mica  shall  be  cut  in  sections 
and  the  part  of  the  mica  which  is  to  fit  over  the  tapered 
end  of  the  ring  shall  have  fingers  cut  to  the  depth  of 
the  spigot. 

The  ring  shall  be  thoroughly  cleaned  w-ith  a  cloth 
which  has  been  dipped  in  methylated  spirits,  and  then 
waped  dry.  A  coat  of  shellac  varnish  (specific  gravity' 
0-930)  is  then  apphed  to  the  ring  where  the  first  section 
is  to  be  placed.  The  moulding  mica  is  then  placed  on 
a  hot-plate  and  one  side  is  given  a  coat  of  shellac 
varnish  (specific  gravity  0-930).  As  soon  as  the  section 
is  soft  enough  for  moulding  it  is  placed  in  position  on 
the  ring  and  rubbed  do%vn  with  a  dry  cloth.  The  end 
■with  the  fingers  cut  in  is  to  be  ironed  down  with  an 
iron.  All  the  following  segments  are  then  treated  in 
exactly  the  same  manner,  but  when  placed  in  the  ring 
the  butt  joint  is  made  leaving  about  1/16-inch  clearance 
between  the  segments.  All  the  following  segments  are 
then  placed  in  the  ring  in  the  same  manner. 

Four  layers  of  1/32-inch  moulding  mica  (mica  is 
milled  28  to  32  mils)  are  to  be  built  in  the  ring  in  the 
same  manner  as  the  first  layer,  staggering  the  joints 
as  each  layer  is  built. 

It  is  essential  that  the  tliickness  of  mica  shall  be  the 
same  in  each  layer. 

Moulding.— The.  mould  is  heated  in  a  gas  flame 
at  a  temperature  of  appro.ximately  210^  C,  and  then 
placed  in  the  mould  and  screwed  down  tight.  At  the 
same  time  a  cold  mould  shall  be  placed  on  either  side 
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of  the  hot  mould,  to  prevent  getting  any  creases  in  the 
mica  where  the  edge  of  the  hot  mould  is  pressing. 

This  operation  is  repeated  until  the  whole  of  the  ring 
has  been  moulded,  and  care  should  be  taken  that  the 
mould  is  not  unscrewed  until  it  has  cooled  down  to  a 
temperature  between  30-40°  C. 

^^'hen  the  above  operations  are  completed  a  large 
mould  made  to  fit  inside  the  ring  is  placed  in  position 
and  screwed  do\vn  hand-tight  by  means  of  clamps. 
The  whole  is  then  placed  in  an  oven,  the  temperature 
raised  to  150°  C,  and  baked  for  15  hours.  As  soon  as 
the  temperature  has  reached  approximately  90' C,  the 
ring  is  removed  and  screwed  do\\Ti  as  far  as  possible. 
It  is  then  returned  to  the  oven  to  complete  the  baking 
process. 

After  removal  from  the  oven  the  ring  is  allowed  to 
cool  down  to  a  temperature  of  30-40°  C,  before  removing 
the  mould. 


APPENDIX  2. 

Purchasing  Specification  for  Asbestos  Millboard. 

General. — This  specification  covers  a  soft,  porous, 
rough-surfaced  asbestos  millboard  suitable  for  use  in 
the  manufacture  of  arc  shields,  etc. 


Dimensions.  Thickness. — The  asbestos  millboard  will 
be  ordered  of  a  nominal  thickness  of  0  •  063  inch  with 
tolerances   i  0-01  inch. 

Size  of  sheets. — Sheets  will  be  supplied  in  sizes  from 
3  to  4  feet  square. 

Finish.  Stiffness. — The  sheets  shall  be  sufficiently 
stiff  to  permit  of  their  being  readilj'  handled  for  the 
purpose  of  cutting  and  sawing  to  any  required  shape. 

Surface. — The  material  shall  present  a  rough  porous 
surface  which  will  readily  permit  the  penetration  of 
siUcate  of  soda  during  process  of  manufacture  into  arc 
shields. 

Physical  properties.  Softening. — ^\Vhen  placed  in  a 
hot  solution  of  commercial  silicate  of  soda  (specific 
gra^dty  1'25  at  20°  C.)  and  maintained  at  tliis  tempera- 
ture for  1  hour,  the  sheets  must  become  soft  and  pUable 
and  must  not  become  pulpy  or  fall  to  pieces  when 
handled. 

Moulding. — Ten  pieces  of  asbestos  millboard  5  inches 
X  5  inches  will  be  soaked  for  1  hour  in  siUcate  of  soda 
{specific  gravity  1-25  at  20°  C.)  maintained  at  85  to 
90°  C,  after  which  they  will  be  placed  between  metal 
plates  and  subjected  to  a  pressure  of  300  lb.  per  square 
inch  and  to  a  temperature  of  100°  C.  for  3  hours.  This 
test  should  produce  a  hard,  solid  piece  which  when 
struck  with  a  piece  of  metal  produces  the  ring  of  a 
tile  or  hard  brick. 


Discussiox  BEFORE  The  Ixstitutiox,   18  Janlwry,   1923. 


Mr.  H.  Mensforth  :  I  tliink  that  in  dealing  with 
workpeople  the  author  adopts  rather  too  patronizing 
an  attitude,  and  particularly  is  this  the  case  in  con- 
nection wth  the  teaching  of  economics.  He  mentions 
the  latter  on  so  many  occasions  that  one  is  almost 
driven  to  the  conclusion  that  he  flunks  that  it  %\-ill 
act  as  a  sort  of  anaesthetic  on  the  workman,  and  that 
the  workman  accepts  the  employer  as  a  proper  teacher 
of  economics.  I  do  not  think  that  such  is  the  author's 
opinion,  though  that  is  a  possible  construction  to  put 
on  his  paper.  My  experience  is  that  whe-n  one  talks 
economics  %^ith  a  workman  one  finds  that  he  is  not  so 
ignorant  on  the  subject  as  one  might  suppose.  He 
has  his  o^\-n  views,  and  one  would  not  get  very  far  in 
teaching  him  this  subject  as  usually  understood  by 
employers.  For  instance,  one  of  the  first  questions 
that  a  workman  would  put  would  be  as  follows: 
"  Separating  the  factory  cost  (which  consists  of  labour, 
factor}"^  overhead,  and  material)  from  the  selling  price, 
what  is  the  selUng  price  ?  One  will  often  find  that 
the  factory  cost  which  includes  the  above  components 
is  only  50  per  cent  of  the  selling  price,  and  if  this  is 
so,  cannot  savings  be  effected  in  this  direction  ?  "  A 
further  point  is  that  in  deaUng  M-ith  factory  expense 
labour  itself,  in  some  form  or  other,  is  one  of  the 
largest  components,  but  labour  (i.e.  productive  labour) 
is  not  the  largest  component  of  the  factori,'  cost  of 
a  piece  of  material,  and  the  tendency  to-day  is  to 
devote  too  much  attention  to  tins  element  of  the  cost 
of  the  product.  I  notice  in  regard  to  the  organization 
charts  which  the  author  gives  that  he  excludes  what 
I   should   consider   to   be   one   of  the   most  important 


sections.  I  refer  to  the  estimating  section.  The 
author  mentions  a  sinking  fund  to  be  derived  from  a 
piecework  effort  of  the  workmen.  Wlulst  the  principle 
may  be  sound,  and  whilst  the  author's  views  thereon 
are  undoubtedly  so,  I  tlunk  that  the  method  adopted 
of  expressing  it  is  rather  unfortunate,  because  it  is 
stated  that  the  fimd  is  solely  dependent  upon  the 
workmen's  efforts.  The  author  makes  a  statement 
about  a  33j  per  cent  bonus,  and  this  should,  I  think, 
be  corrected.  The  fact  is  that  the  agreement  between 
the  employer  and  the  employee  provides  that  a  man 
of  average  ability  shall  be  able  to — not  must — earn 
a  bonus  of  33^  per  cent  upon  his  basic  rate,  not  upon 
his  wages.  As  regards  piecework  price-setting,  I  think 
that  the  author  has  forgotten  one  fundamental  tiling 
to  which  attention  should  be  drawn,  namely,  that  the 
agreement  which  exists  between  the  employer  and  the 
employee  is  that  the  price  paid  shall  be  an  agreed 
price,  and  that  all  piecework  prices  shall  be  subject 
to  such  agreement  and  also  to  mutual  negotiations. 
The  author  points  out  what  machinery  will  operate 
proxided  the  man  is  dissatisfied,  but  he  does  not  point 
out  what  the  macliinery  or  organization  is  which  \rill 
operate  if  the  disagreement  continues  after  the  stage  to 
wliich  he  refers.  The  function  of  the  table  on  page  350 
is  to  exhibit  the  influence  of  output  upon  cost.  I 
■\s-ish  that  the  problem  were  as  simple  as  is  indicated 
therein.  There  are  many  additional  factors  to  be 
considered.  In  the  first  place,  the  author  gives  a  factory 
expense  component  of  £6  000.  There  is  no  engineering 
concern,  of  which  I  have  any  knowledge,  working  wth 
a  factorj'  expense  component  of  £6  000  associated  with 
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a  labour  component  of  £20  000.  Further,  I  do  not 
know  of  any  concern  which  can  increase  its  output 
by  100  per  cent,  i.e.  from  1  000  to  2  000  units 
per  year,  without  a  material  increase  in  its  overhead 
charges.  The  cost  of  maintenance  of  the  machinery 
is  verj'  much  higher  ;  the  cost  of  power  also  is  very 
much  higher.  Extra  lighting  and  heating  are  neces- 
sary, so  that  the  figure  might  be  quite  different. 
I  admit  at  once  that  some  advantage  would  accrue, 
but  it  would  not  be  as  great  as  the  paper  seems  to 
indicate.  As  regards  works  committees,  I  am  in  full 
agreement  with  the  author.  1  entirely  sympathize 
with  the  idea  of  putting  before  workmen  any  fact 
which  they  can  absorb,  taking  steps  wliich  will  help 
them  to  absorb  it  and  doing  anything  within  reason 
which  will  make  their  job  more  interesting.  The 
majority  of  works  committees  in  this  country  have  failed 
because  the  employers  have  not  had  sufficient  courage 
to  give  the  men  scope  to  be  operative.  They  have 
been  hedged  round  by  constitutions.  The  only  efficient 
constitution  for  a  works  committee,  according  to  my 
experience,  provides  that  the  committee  is  definitely 
concerned  with  anything  inside  the  organization  wliich 
interferes  with  its  efficient  running.  The  workmen 
are  entitled  to  bring  up  anytlung  which,  in  their  opinion, 
interferes  with  that  efficient  running  and  to  have  it 
discussed.  Further,  they  are  entitled  to  bring  up  any 
grievance.  Whether  the  grievance  be  real  or  fancied, 
it  is  equally  dangerous  and  should  be  removed.  If 
that  is  observed,  then  a  works  committee  is  efficient. 
The  author  spoke  of  his  visit  to  the  United  States  and 
of  what  he  saw  in  the  Ford  factory.  I  also  have  been 
to  America  recently  on  a  similar  trip,  and  I  found  that, 
without  question,  more  is  produced  per  unit  of  labour 
involved,  for  the  reason  that  the  work  is  better  arranged. 
A  man  has  always  got  some  job  ahead  of  him.  In 
this  country  generally  a  man  does  not  see  what  his 
next  job  is  going  to  be,  but  in  the  United  States  the 
feeding  of  the  work  is  better,  and  so  also  are  the  means 
of  production.  In  an  engineering  organization  the 
works  can  well  be  separated  into  two  distinct  parts  : 
(1)  the  production,  and  (2)  the  means  of  production. 
The  ordinary  shop  staff  whose  job  it  is  to  look  after 
labour  and  to  see  that  it  is  properly  controlled  and 
guided  should  not  be  made  responsible  for  the  means 
of  production. 

Mr.  G.  Hurford  :  The  author  has  stated  that  it  is 
very  useful  to  have  one  meeting  a  month  with  the 
foremen  in  order  to  explain  the  company's  point  of 
view.  I  would  point  out  that  it  is  just  as  important 
that  the  foremen  should  be  allowed  to  explain  their 
own  difficulties,  as  my  experience  has  shown  that  they 
nearly  always  have  more  troubles  and  difficulties  than 
the  management.  With  regard  to  the  balance  sheet 
which  the  author  has  brought  forward,  he  says  that 
the  cost  of  selling  1  000  motors  is  exactly  the  same  as 
that  of  500  motors,  but  he  only  allows  another  £1  000 
when  he  sells  2  000.  My  contention  is  that  the  cost  of 
selling  500  motors  is  not  the  same  as  that  of  1  000. 
There  is  naturally  a  reduction  ;  otherwise  it  would  be 
reasonable  to  assume  that  it  must  cost  the  same 
amount  to  sell  2  000  as  it  does  to  sell  500. 

Mr.  W.  F.  Higgs  :    The  author  refers  to  the  "  ca' 


canny"  principle  of  the  worker  and  shows  how  this 
can  be  eliminated  by  the  management.  He  also  says 
that  the  heads  of  the  factories  must  be  students  of 
human  nature — pointing  out  that  defects  in  management 
originate,  to  a  large  extent,  in  the  heads  of  the  firm 
rather  than  in  the  workmen.  He  also  refers  to  the 
complex  articles  manufactured.  The  only  way  of 
overcoming  the  difficulty  is,  I  believe,  by  specialization. 
I  do  not  consider  that  the  electrical  industry  is  special- 
ized to  the  same  extent  as  kindred  industries.  The 
result  is  that  we  have  got  to  speciahze  and  confine  our 
energies  to  a  small  number  of  articles.  On  page  340 
the  author  says  :  "  This  was  satisfactory  in  the  past 
when  competition  was  not  keen  and  the  margins  of 
profits  were  much  higher."  I  believe  that  to  be  a 
fallacy,  for  the  reason  that  in  the  past  men  were  only 
competing  against  men,  and  to-day  we  are  doing  the 
same.  We  have  additional  knowledge  certainly,  but 
our  competitors  also  have  that.  The  return  on  capital 
over  a  long  period  is  a  sure  test  of  organization.  The 
author  has  pointed  out  how  his  system  has  considerably 
reduced  the  cost  of  production.  I  ■  had  the  unique 
opportunity^  of  being  with  two  firms  manufacturing  the 
same  class  of  article  in  the  same  district,  employing 
the  same  class  of  labour.  For  years  one  firm  barely 
struggled  along,  whilst  the  other  regularly  made  50 
per  cent  profit  on  its  capital,  due  purely  to  improved 
organization.  I  agree  with  the  author  that  sufficient 
attention  is  not  paid  to  the  design  of  castings.  It  is 
surprising  how  much  trouble  a  man  will  cause  by  adding 
a  little  projection  which  in  the  majority  of  cases  could 
be  eliminated  or  substituted,  a  core  box  being  thereby 
saved.  With  reference  to  piecework,  there  is  a  leading 
factory  in  this  country  manufacturing  svvitchgear — • 
probably  one  of  the  biggest  factories  in  the  country — 
which  now  adopts  day-work  and  makes  as  handsome 
a  profit  as  firms  which  have  adopted  piecework.  I 
should  like  to  know  if  the  author  is  really  a  firm  believer 
in  piecework.  He  refers  on  page  344  to  the  opera- 
tors working  piecework  and  starting  on  the  job  before 
the  price  is  known.  That  is  not  piecework,  and  herein 
lies  some  of  the  difficulty  of  organization.  Clear 
drawings  undoubtedly  constitute  the  foundation  of 
factory  management  and  works  production.  I  am 
convinced  that  sufficient  attention  is  not  given  in  the 
average  electrical  factory  to  this  point,  particularly 
in  comparison  with  the  petrol-motor  industrs'.  With 
regard  to  the  author's  warning  as  to  the  Production 
Department,  I  consider  that  the  latter  can  be  easily 
overdone.  Much  of  the  trouble  in  the  Production 
Department  can  be  eliminated  if  the  Design  Department 
refrains  from  taking  33J  per  cent  of  the  time  required 
for  delivery.  No  reference  is  made  in  the  paper  to 
the  importance  of  detail  on  lists  of  material.  When 
the  rotary  converter  to  which  the  author  referred  is 
nearly  ready  for  test,  it  is  usually  not  the  spider  casting 
or  the  shell  casting  that  holds  it  up,  but  a  trivial  matter 
of  two  or  three  rivets.  Referring  to  the  different  rates 
of  pay  of  men  on  machines,  I  should  like  to  know  the 
author's  opinion  of  the  suggestion  that  the  basis  of 
piecework  should  be  time  rates  instead  of  money  rates. 
Mr.  Kenelm  Edgcumbe :  I  am  pleased  to  see  that 
the  author  lavs  stress  on  the  study  of  economics.     I 
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almost  look  upon  this  as  a  more  important  factor, 
in  many  ways,  than  even  committees,  and  so  on,  in 
bringing  about  good  feeling  in  the  works,  because 
howe^■e^  good  the  feeling  on  those  committees  may  be, 
there  are  bound  to  be  occasions  when  the  management 
and  the  men's  representatives  do  not  see  eye  to  eye, 
and  it  is  extraordinarily  difficult  to  put  one's  case  to 
a  man  who  has  had  no  grounding  in  the  fundamental 
common -sense  of  economics.  The  better  class  of  man, 
no  doubt,  has  a  rough  and  ready  knowledge  of  the  subject, 
but  the  average  man  whom  one  encounters  is  lament- 
ably deficient  in  this  respect.  This  is  doubtless  due 
to  our  modern  system  of  education,  rather  than  to 
any  mental  failing.  I  feel  sure  that  it  is  time  the 
question  of  common-sense  economics  was  taken  seriously 
in  hand. 

Mr.  J.  R.  Cowie:  Reference  is  made  in  the  paper 
to  the  Production  Department  and  to  the  Process 
Department.  These,  however,  deal  with  materials, 
and  that  brings  in  the  Stores  Department,  which  is 
not  referred  to  under  the  main  headings  of  the  paper. 
If  the  stores  have  fallen  behind,  the  whole  operation 
is  delayed.  The  other  point  to  which  I  wish  to  refer 
comes  under  the  heading  of  design.  Due  to  that  a 
works  can  be  stopped  altogether,  because,  as  I  read 
it,  included  thereunder  is  the  actual  electrical  or 
mechanical  design  and  the  actual  drawing-office  work, 
and  in  some  instances  of  very  special  items  the  whole 
of  the  delivery  time  can  be  spent  in  these  two  sections. 
It  seems  to  me  that  either  the  Process  Department  or 
the  Progress  Department  must  have  some  correlation 
with  design  in  its  truest  sense. 

Mr.  F.  Tremain  :  I  was  very  gratified  to  find  the 
importance  attached  in  the  paper  to  the  Inspection 
Department,  which  branch,  in  a  well-conducted  works, 
is  becoming  more  and  more  recognized.  In  my  capacity 
as  inspector  for  the  buying  side,  during  a  period  of 
about  12  years,  I  often  found  opportunities  of  suggesting 
to  manufacturers  methods  of  economy,  and,  to  my 
employers,  the  introduction  of  modifications  in  speci- 
fications in  future  jobs,  which  would  reduce  the  cost 
— which,  of  course,  the  buyer  has  to  pay.  I  was  also 
glad  to  see  that  the  author  referred  to  the  so-called 
"finished  product"  that  comes  out  of  our  universities. 
It  is  deplorable  to  find  so  many  graduate  engineers 
unable  to  get  a  job.  I  think  it  is  oftei  because  their 
training  in  many  of  the  technical  colleges  is  too  academic, 
and  it  should  be  pointed  out  to  our  professors  that 
their  curricula  as  regards  engineering  training  appear 
to  require  some  modification. 

Mr.  R.  S.  Allen  :  Fig.  1  shows  the  co-operation 
between  the  \arious  sections  of  the  works  management, 
but  no  reference  is  made  to  the  Purchasing  Department. 
I  consider  that  to  be  a  very  important  section  of  any 
works,  and  its  absence  is  indicated  in  the  tables  on 
page  350  showing  the  costs  of  various  numbers  of  motors, 
where  the  author  points  out  that  the  material  per 
machine  for  2  000  motors  is  the  same  as  for  500.  It 
seems  to  me  that  the  Purchasing  Department  should 
get  a  much  lower  cost  for  the  larger  number.  On  the 
subject  of  rate-fixing,  the  Planning  Department  fixes 
the  price  in  the  early  stages,  and  the  foreman  of  the 
department  may  have  both  a  planing  and   a  milling 


machine,  with  either  of  which  an  operation  mav  be 
done.  The  price  being  fixed  for  the  less  cxpensi\e 
operation,  how  is  the  price  adjusted  for  a  more  expen- 
sive ?  The  fact  that  a  youth  may  be  required  to 
do  a  job  which  was  intended  for  a  man,  or  vdce  versa, 
also  requires  adjustment.  These  are  difficulties  which, 
I  think,  militate  against  the  early  settlement  of  prices. 
It  is  not  by  way  of  criticism  that  I  raise  these  points, 
but  merely  for  information,  because  in  many  works 
the  price  is  not  fixed  before  the  workman  about  to  do 
the  job  asks  for  it.  Can  the  author  state  the  percentage 
of  office  staff  to  workmen  for  the  Rate-Fixing,  Process 
and  Production  Departments,  as  he  does  for  inspectors 
on  page  348  ?  The  sinking  fund  for  unemployment  is 
a  very  admirable  conception,  but  I  think  that  there 
would  be  a  good  deal  of  difficulty  in  apphnng  it.  Will 
the  individual  who  is  fortunate  enough  to  earn  a  super- 
bonus  benefit  entirely  by  his  work,  or  will  he  help  to 
support  those  who  are  not  so  fortunate  ?  On  the 
subject  of  "  ca'  canny,"  the  workman  is  only  following 
the-  lead  set  by  the  employer.  If  work  is  not  coming 
in  as  it  should  do.  and  there  appears  to  be  only  one 
or  two  months'  work  ahead,  men  are  discharged  to 
spread  the  work  over  a  longer  period.  This  example 
is  followed  by  the  men  in  order  to  avoid  being  discharged. 
That  is  the  situation  for  which  I  can  suggest  no  remedy. 
Until  men  understand  why  it  is  necessary  for  the  em- 
ployer to  follow  the  course  he  does,  due  to  the  immense 
difficulty  in  re-starting  a  works  once  closed,  they  will, 
I  suppose,  continue  their  present  practice.  On  the 
subject  of  inspection,  I  would  ask  the  author  whether 
the  inspectors  overlook  a  man  while  he  is  doing  his 
work,  say  while  he  is  operating  on  the  first  few  articles, 
or  whether  they  wait  until  a  batch  is  completed  and 
therefore  possibly  ha\-e  to  condemn  the  lot  rather  than 
a  few. 

Major  H.  Brown  :  Is  the  Institution  aware  that 
during  the  past  5  or  G  years  there  has  been  a  very 
appreciable  falling  off  in  the  facilities  for  technical 
education  that  are  open  to  workmen  ?  In  1918  the 
Board  of  Education  decided  to  abandon  the  examina- 
tions in  science  that  the\-  previously  had  held,  and 
shortly  after  that  the  City  and  Guilds  of  London 
Institute  followed  suit  as  regards  technical  subjects. 
With  the  exception  of  examinations  in  Telegraphy 
and  Telephony,  Gas  Engineering  and,  I  believe.  Electric 
Wiring,  which  are  continued  by  special  request,  the 
City  and  Guilds  Examinations  have  ceased.  That 
means  that  the  better  class  of  workman  is  now  unable 
to  produce  satisfactorj'  evidence  of  education  beyond 
the  standard  of  the  ordinar\-  council  school.  There 
is  now  no  ^^■idely  recognized  technical  examining 
authority  in  this  countr^^  between  the  ordinarv'  council 
schools  and  the  universities.  This  is  a  serious  dis- 
couragement to  the  more  ambitious  workman,  and  I 
wonder  whether  the  author  has  done  an3i:hing  in  his 
works  to  fill  that  gap. 

Mr.  H.  W.  Richardson  :  I  cordially  agree  with 
what  the  author  has  said  in  regard  to  education.  I 
also  agree  to  some  extent  with  ^vhat  Mr.  Mensforth 
has  said  about  some  workmen  not  being  quite  so  blind 
to  economics  as  might  seeni  to  be  the  case  at  first 
glance.     Usually,    however,    there    are    some    eight    or 
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ten  stock  questions  which  90  per  cent  of  workmen  put, 
these  having  been  drilled  into  them  by  trade  imion 
agitators.  With  reference  to  Mr.  Mensforth's  point 
about  50  per  cent  of  the  selling  price  of  goods  being 
absorbed  by  works  costs  and  the  other  50  per  cent 
being  regarded  by  the  workmen  as  profit,  I  think  it 
is  possible  to  make  the  majority  of  workmen  realize 
that  such  things  as  distribution  costs  are  essential 
and  that  these  are  bound  to  account  for  a  proportion 
of  what  at  first  sight  seems  to  them  to  be  profit.  In 
the  main  there  is  room  for  a  great  deal  of  improvement 
in  the  methods  of  attempting  to  give  a  real  grasp  of 
the  fundamentals  of  economics  to  working  men.  I  do 
not  think  that  a  great  deal  of  educational  work  is  likely 
to  be  done  by  means  of  lectures.  More  can  be  done 
by  individual  effort,  and  it  is  the  duty  of  those  who 
do  get  opportunities  of  speaking  to  the  workmen  from 
time  to  time  to  do  some  real  "  spade  work."  We  should 
endeavour  to  show  them  what  increased  production 
and  the  lowering  of  costs  really  mean  ;  graphical  work 
will  be  of  considerable  assistance.  In  Fig.  1  "Design- 
ing "  appears  to  be  rather  isolated,  and  I  feel  that  an 
additional  line  should  be  drawn  on  the  diagram  con- 
necting it  with  "  Production."  In  the  same  way 
"Designing"  might  be  joined  to  "Process,"  so  that 
the  former  would  be  linked  to  other  departments  as  the 
author  really  intends  it  should  be.  In  regard  to  co- 
operation, the  meetings  between  the  heads  of  the 
departments  and  others  must  be  regular  ;  it  is  no  use 
having  more  or  less  casual  meetings.  There  should 
also  be  firm  agenda  on  which  the  discussions  can  be 
based.  A  previous  speaker  mentioned  the  importance 
of  the  Buying  Department ;  closely  linked  with  this 
is  the  stores.  The  importance  of  having  these  pro- 
perly laid  out,  with  easy  exits  and  entrances,  cannot 
be  over-estimated.  In  some  works  the  stores  are 
situated  behind  a  pigeon-hole,  the  men  having  to  form 
up  in  a  queue  and  wait,  thus  involving  a  great  deal  of 
loss.  As  much  space  as  possible  should  be  devoted  to 
the  stores,  which  should  be  in  very  close  touch  with 
the  Production  and  Process  Departments,  particularly 
the  former,  so  that  sufficient  notice  may  be  given  as 
to  the  material  required.  The  transport  within  a  works 
affects  production  tremendously.  Of  late  years  a 
certain  amount  has  been  done  with  electric  trucks. 
These  are  somewhat  cumbrous  in  appearance  but  very 
mobile.  There  is  nothing  more  annoying  for  a  worker 
than  to  find,  after  a  particular  piece  of  material  for 
■which  he  has  been  waiting  has  been  brought  on  a 
hand-truck,  that  he  cannot  get  it  on  to  his  machine 
because  the  overhead  crane  is  employed  elsewhere. 
In  a  shop  fitted  with  small  auxiliary  runways  of  fairly 
large  radius  any  delay  of  that  kind  is  obviated.  There 
is  also  the  question  of  the  arrangement  of  machines  in 
the  workshop,  which  is  very  important.  The  grouping 
together  of  too  many  machines  of  one  class  does  not 
tend  to  efficiency.  I  think  that  the  best  method  is 
to  arrange  together  a  few  machines  of  each  class  necessarj^ 
for  performing  the  complete  series  of  operations  required 
upon  the  parts  to  be  dealt  with.  Then,  with  the  aid 
of  two  or  three  of  the  auxiliary  runways  referred  to 
above,  a  given  part  can  be  machined  from  start  to 
finish  with  a  minimum  of  handling. 


Mr.  W.  E.  Burnand  :  I  can  hardlv  agree  with  the 
author's  remark  on  page  340,  that  "  the  time  is  past 
when  a  technical  business  can  be  run  by  one  man." 
If  he  had  said  that  possibly  the  days  of  such  businesses 
are  numbered,  I  might  be  more  inclined  to  agree,  but 
I  should  not  predict  the  number  of  days  still  left  for 
them.  In  every  case,  success  in  running  either  a 
big  business  or  a  small  business  depends  upon  a  realiza- 
tion and  an  efficient  utilization  of  the  possibilities  of 
the  particular  business,  and  even  more  so  upon  a 
realization  of  its  limitations.  To  attempt  to  run  a 
small  business  on  the  lines  of  a  large  one  very  quickly 
results  in  disaster  ;  and,  similarly,  to  attempt  to  run 
a  large  business  on  the  lines  of  a  small  one  results  in 
chaos.  It  would  not  be  possible  for  me  to  make 
machines  in  a  small  shop  to-day  and  sell  them  at  a 
profit,  as  I  am  doing,  if  the  larger  works  were  efficiently 
run  and  organized.  The  fact  is  that  even  these  larger 
works  are  in  only  an  incomplete  state  of  development, 
with  many  of  the  handicaps  of  the  small  concern  as 
well  as  the  high  costs  of  a  large  concern,  without  suffi- 
cient output  to  carry  these  costs  unless  they  are  exces- 
sive per  machine.  Until  more  efficient  standardiza- 
tion is  adopted  and  a  large-scale  grouping  of  manu- 
facturing interests  effected,  making  real  quantity 
production  possible,  electrical  manufacturing  can  only 
make  slow  progress  through  its  present  awkward  stage. 
In  this  connection  Table  2  is  striking,  as  showing  piece- 
work time  based  on  one  article  in  a  large  works,  and 
Table  5  gives  a  good  idea  of  the  amount  of  time  taken 
to  obtain  material  which,  howe\-er,  should  be  a  steady 
flow  not  identified  with  any  particular  order  on  really 
large-scale  production.  I  believe  Table  5  to  be  on 
sound  lines  with  the  present  quantities,  and  that,  as 
stated  by  a  former  speaker,  Americans  owe  much  of 
their  success  to  the  fact  that  they  plan  ahead  farther 
than  we  do.  I  entirely  agree  with  the  author  as  to 
the  value  of  detailed  production  and  process  records. 
Whilst  feeling  inclined  to  criticize  a  number  of  figures 
in  the  tables  on  pages  350  and  351,  taking  them  as  a 
whole  I  do  not  think  that  they  are  really  such  a  long 
way  out  as  might  appear  on  a  casual  inspection  of 
isolated  items.  One  has  to  judge  a  system  by  the 
results,  and  the  fact  that  the  author  is  decreasing  the 
work  in  progress  from  7  to  4'  months  is,  I  think,  suffi- 
cient proof  that  the  system  is  a  good  one.  Table  2 
affords  another  illustration  of  the  value  of  a  good  load 
factor.  On  one  of  the  shdes  .shown  during  the  meeting 
I  noticed  that  the  speed  of  drills  was  expressed  in 
revs,  per  minute.  I  would  suggest  the  following  as 
an  improvement.  On  each  drilling  machine  I  have  a 
card  with  speeds  not  specified  in  revs,  per  minute,  but 
in  certain  notches — I,  2,  3  or  4 — as  correct  for  holes 
of  various  sizes  in  different  materials.  Thus,  if  a 
man  is  drilling  a  f  in.  hole  he  should  use,  say,  notch  3. 
but  this  is  not  compulsory.  I  simply  say  :  "  That  is 
the  right  speed  for  average  material,"  and  a  man  can 
use  that  speed  or  not,  but  if  he  is  on  another  speed  I 
want  to  Imow  the  reason,  and  very  often  there  is  a 
sound  reason,  such  as  hard  material,  or  extra  depth 
of  hole,  both  of  which  have  a  ver>'  great  influence  on 
the  speed  and  feed  for  efficient  drilling. 

Mr.  P.  M.  Baker  {coiiiwunicated)  :    The  subject  of 
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the  paper — production  on  a  sound  economic  basis — is 
one  of  the  greatest  importance  ;  it  is  in  fact  vital  to 
our  economic  life.  It  is,  at  the  same  time,  a  side  of 
their  work  to  which  engineers  and  managers  rarely 
seem  to  attach  sufficient  importance.  As  emphasizing 
this  point  I  will  call  the  attention  of  members  to  the 
recent  articles  by  Lord  Weir  (Times,  1 3  January)  and  Lord 
Milner  {Observer,  14  January,  et  seq.)  and  to  the  speeches 
of  the  Rt.  Hon.  R.  McKenna  at  the  annual  general 
meeting  of  the  London,  City  and  ^Midland  Bank,  perusal 
of  which  will  help  us  to  clarify  our  ideas  on  the  subject. 
The  author  bases  his  paper,  as  I  read  it,  on  a  premise 
that  we  can  only  retrieve  our  position  in  the  manu- 
facturing world  by  adopting  ever}'  possible  means  for 
securing  cheap  and  efficient  production — a  proposition 
which  is  so  abundantly  proved  that  one  mar\'els  at  the 
view  escaping  any  thinking  man.  It  is  far  from  being 
generally  appreciated  that  economic  laws  are  just  as 
inexorable  as  physical  laws  and  that  legislative  tinker- 
ing in  economic  matters,  such  as  the  fixing  of  rates, 
early  closing  of  shops,  etc.,  can  only  restrict  trade  ; 
they  cannot  alter  its  economic  basis.  I  am  generally  in 
agreement  with  the  author's  statements,  but  there 
are  two  points  to  which  I  should  like  to  refer.  P~irst, 
I  am  very  doubtful  whether  anyone  connected  with  the 
management  \^-ill  be  able  to  lecture  verj'  convincingly 
on  economics  to  the  trade  unionist.  Labour  has  its 
own  views  on  economics,  truly  narrow  and  short-sighted 
in  most  cases,  but  honestly  held  and  thoroughly  believed 
in  by  the  rank  and  file.  The  Communist  Party  realizes 
how  difficult  is  the  task  of  converting  the  adult,  and 
holds  Sunday  Schools  for  the  education  of  ycung  Com- 
munists, and  it  is  the  bounden  dutj'  of  the  saner  part 
of  the  communit\'  to  combat  this  by  teaching  the 
elements  of  citizenship  to  the  youngsters  in  the  shops 
or  indeed  before  they  lea\e  school.  Secondly,  while 
agreeing  with  the  author,  in  the  main,  I  should  like  to 
go  farther  than  he  in  this  direction.  The  training  of 
boys  for  industry  should  have  two  aims : — (a)  To 
convert  the  boy  into  an  efficient  workman,  training 
hand  and  eye  to  perform  operations  quicklv  and 
accurately  with  the  least  possible  effort,  and  at  the 
same  time  offering  him  technical  education  oppor- 
tunities which  will  lead  to  his  advancement  to  the 
highest  position  his  ability  justifies  ;  and  (b)  so  to  train 
his  thinking  and  reasoning  capacity  and  to  give  him 
such  knowledge  of  affairs  and  men  that  hfe  will  not 
become  the  humdrum,  drab  existence  towards  which 
in  these  da^-s  of  automatic  and  semi-automatic  machines 
it  is  gravitating  :  in  short,  to  teach  him  to  live.  It  is 
surprising  how  much  can  be  done  and  in  what  a  short 
time  in  these  directions  if  the  work  is  entrusted  to  the 
right  type  of  man,  without  which  it  is  \  irtuallv  useless, 
if  not  even  harmful.  The  author  deals  with  the  more 
strictly  educational  aspect  of  this  subject.  I  should 
like  to  see  the  efficiency  of  the  men  increased  by  the 
adoption  of  improved  methods  of  actually  training 
workmen,  whether  in  special  factories  (as  I  think 
best)  ;  in  "  training  bays "  in  charge  of  suitable 
instructors ;  or  in  the  shops  themselves.  (See  my 
article  in  The  Times  Educational  Supplement,  19  August, 
1922.) 
Mr.  P.  G.  Pettifor   {communicated)  :    I  agree  with 


the  author  that  all  possible  steps  should  be  taken  to 
mitigate  the  dread  of  unemployment  which,  especially 
in  times  of  trade  depression,  is  a  very  real  factor  in 
reducing  the  efficiency  of  a  workman,  but  I  consider 
that  an  unemployment  scheme  would  be  more  equitable 
if  run  bv  the  electrical  engineering  industry  as  a  whole 
rather  than  bj'  isolated  firms.  Referring  to  the  pur- 
chasing specifications,  the  use  and  issue  of  these  should 
be  carefully  considered  in  each  case.  In  my  experience 
the  use  of  such  specifications  has,  in  some  cases,  caused 
the  cost  of  goods  supplied  to  be  unnecessarily  high. 
Where  everyday  commercial  products  can  be  used, 
such  specifications  are  not  necessary. 

Mr.  G.  H.  Nelson  {hi  reply)  :  Referring  to  Mr. 
Mensforth's  remarks  regarding  labour's  knowledge  of 
economics,  there  was  no  intention  on  my  part  of  patron- 
izing labour;  on  the  contrary,  I  am  anxious  to  encourage 
them  to  study  economic  questions  and  I  still  adhere  to 
the  contention  in  the  paper  that  the  majority  of  the 
workers  have  little  or  no  knowledge  of  economics. 
This  was  particularly  emphasized  when  one  of  the  leading 
members  of  my  works  committee  (who  is  also  a  member 
of  one  of  the  branches  of  the  A.E.U.)  passed  a  remark 
once  at  an  open  meeting  that  "  one  could  not  have 
prosperitA,-  without  war."  I  agree  vrith  Mr.  Mensforth's 
remarks  that  the  proportion  of  labour  in  the  cost  of  the 
product  is  often  the  smallest  item,  and  I  also  agree 
that  many  factories  pay  more  attention  to  the  examina- 
tion of  the  labour  cost  than  to  the  other  components  ; 
I  therefore  fully  support  his  recommendation  that 
equal  attention  be  given  to  all  sections.  In  regard  to 
the  estimating  section,  this  is  a  part  of  the  iSIechanical 
Process  and  Rate-Fixing  Department.  I  agree  with 
his  remark  that  a  man  of  average  ability  should  be  able 
to  earn  33|-  per  cent  bonus  upon  his  basic  rate  and 
not  upon  his  wages.  This  was  not  made  clear  in  the 
paper.  With  regard  to  the  fundamental  basis  of  piece- 
work that  "  prices  must  be  the  subject  of  agreement 
and  mutual  negotiations,"  this  has  been  overcome  in 
my  case  bv  arranging  with  the  works  committee  to 
accept  the  principle  and  basis  on  which  these  prices  are 
fixed.  So  far  we  have  not  come  across  any,  cases 
where  disagreement  exists  beyond  the  point  outlined 
in  the  paper.  If  one  should  arise  it  is  referred  to  the 
management,  in  accordance  with  the  general  principle 
upon  which  the  works  are  run,  and,  as  demonstration 
is  provided  for,  it  is  not  likely  to  go  beyond  this  stage 
in  a  properly  managed  works. 

Mr.  Mensforth  and  other  speakers  referred  to  the 
example  given  of  the  effect  of  increase  of  production  on 
actual  cost  of  an  article.  I  will  therefore  deal  with  the 
point  at  this  stage.  In  regard  to  Mr.  Mensforth's 
remark  that  the  factory  expenses  go  up  considerably 
more  than  the  25  per  cent  shown  in  the  paper  when 
the  output  is  doubled,  I  quite  agree  wdth  him  there,  but 
in  the  example  given  in  the  paper  he  has  apparently 
overlooked  the  fact  that  a  certain  item  of  £3  000  for 
extra  night  work  is  shown  separately  instead  of  being 
included  in  the  factory  expenses,  as  it  may  be  in  certain 
cases.  The  factor\'  expense  in  the  example  of  the 
doubled  output  is  therefore  75  per  cent  on  labour,  as 
against  100  per  cent  with  the  previous  output.  In 
examining  the  figures  of  the  factorv  with  which  I  am 
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associated  I  find  that  the  figure  is  more  like  66  per  cent, 
including  overtime  allowances. 

With  reference  to  Mr.  Hnrford's  point  in  connection 
with  selling  expenses,  although  I  do  not  discuss  this 
question  in  the  paper,  I  would  say  that  from  general 
experience  one  often  finds  that,  with  a  small  sale, 
selling  expenses  go  up  due  to  the  extra  effort  that  has 
to  be  put  forward  to  endeavour  to  increase  sales. 

I  entirely  agree  with  Mr.  Mensforth's  remarks  on 
works  committees  emphasizing  the  fact  that  where 
these  committees  have  failed  it  has  been  largely  due  to 
the  lack  of  the  right  sort  of  leadership  by  the  employer  ; 
his  recommendation  as  to  the  constitution  of  the  works 
committee  coincides  with  my  opinion.  In  regard  to 
his  suggestions  in  connection  with  engineering  organiza- 
tions, namely  (1)  production,  (2)  means  of  production, 
I  think  the  two  distinct  parts  recommended  by  him 
are  fully  covered  in  the  paper. 

With  regard  to  Mr.  Hurford's  remarks  re.  foremen's 
meetings,  the  foremen  are  encouraged  to  speak  of  their 
difficulties  and  the  solutions  suggested. 

Replying  to  Mr.  Higgs,  I  entirely  agree  with  his 
recommendation  of  standardizing  and  specializing. 
Unfortunately,  however,  manufacturers  in  this  country 
do  not  co-operate  so  as  to  compel  the  purchaser  to  accept 
a  standard  article,  but  rather,  in  order  to  make  sure 
of  effecting  a  sale,  will  often  promise  the  customer 
anything.  With  regard  to  his  question  on  piecework, 
I  am  a  firm  believer  in  piecework,  because  if  day-work 
is  standardized  the  best  worker  slows  down  to  the  speed 
of  the  slowest  and  special  efforts  are  then  necessary 
to  increase  the  output  of  the  factory  by  eliminating 
the  slow  workers,  whereas  in  piecework  the  willing 
worker  is  on  his  own  merits  and  can  make  as  much  as 
he  likes,  and  therefore  is  not  affected  psychologically. 
In  regard  to  his  query  about  the  basis  of  piecework,  I 
am  of  the  opinion  that  this  should  be  time  and  not 
money,  as  this  really  is  the  basis  of  all  calculations  by 
the  Rate-Fixing  Department  and  the  men  in  the  shop. 
Concerning  his  remarks  re  the  importance  of  detail  on 
lists  of  material,  it  is  the  business  of  the  Production 
Department  to  obtain  the  whole  of  the  material,  including 
detail  parts. 

Mr.  Cowie  asks  for  further  information  in  connection 
with  the  Stores  and  Designing  Departments.  The 
Stores  Department  should  come  under  the  control  of 
the  Production  Department,  who  are  responsible  for 
the  fixing  of  all  ordering  levels  and  quantities  and  seeing 
that  the  material  is  there  when  required.  The  Produc- 
tion Department  is  also  responsible  for  laying  out  the 
programme  for  the  Design  Department,  i.e.  the  dates 
when  drawings  of  various  parts  are  required,  and  ta 
see  that  these  dates  are  kept. 

Mr.  Allen's  remarks  regarding  the  Purchasing  Depart- 
ment are  dealt  with  in  my  reply  to  Mr.  Cowie.  Referring 
to  Mr.  Allen's  question  re  the  arrangements  that  are 
made  when  operations  in  the  shop  are  done  in  a  different 
way  from  that  laid  down  by  the  Process  Department, 
this  is  taken  care  of  by  the  time-study  man  in  the  shop. 
If  the  foreman  is  compelled  to  make  a  change  in  the 
process  of  operation  for  some  reason  or  other,  he  obtains 
the  services  of  the  time-study  man,  who  refixes  the  price 


for  the  new  condition.  This  is  referred  to  on  page  344 
of  the  paper  as  follows  :  "...  or  owing  to  the  best 
machine  for  the  operation  not  being  available,  then  an 
additional  piecework  time  fixed  by  the  time-study  man 
is  allowed  for  the  job,  covering  the  excess  time  involved 
only."  Mr.  Allen  asks  for  the  percentage  of  office  staff 
to  workmen  in  the  Rate- Fixing,  Process  and  Production 
Departments.     These  are  as  follows  : — 


Percentage  of 
Factory  Cost 

0-65 


Percentage  of 
Productive  PajToil 

3-4 


Dep.-\rtment 

Production     . . 

Technical     and     Mechanical 

Process  Depts 0-65  3-4 

Inspection  and  Testing         ..  0-65  3-4 

Referring  to  the  sinking  fund  for  unemployment,  my  idea 
is  that  each  man  should  benefit  by  his  own  effort,  and  it 
should  not  be  pooled.  In  connection  with  Mr.  Allen's 
remarks  regarding  inspectors,  in  the  works  which  I 
control,  the  inspectors  are  overlooking  the  men's  work 
throughout  the  operations  in  the  machine  and  on  the 
floor,  and  every  part  is  not  taken  to  the  inspector  at  a 
bench. 

Major  Brown  raises  the  question  of  technical  education. 
I  may  say  that  we  have  done  all  we  can  to  improve  the 
technical  knowledge  of  our  employees,  but  efforts  in 
this  direction  are  chiefly  applied  to  the  apprentices. 

With  regard  to  Mr.  Richardson's  remark  about 
connecting  up  "  Designing  Department"  with  "  Produc- 
tion "  and  "Designing"  with  "Process"  in  Fig.  1, 
naturally  these  departments  co-operate  very  closely 
together,  but  I  thought  it  unwise  to  make  the  diagram 
complicated  by  drawing  and  connecting  up  all  the 
departments  separately  instead  of  showing  them 
connected  through  the  works  management.  The  mere 
fact  that  they  are  shown  connected  through  the  latter, 
means  that  they  should  all  co-operate  and  work  together. 
With  regard  to  the  question  of  transport,  this  is  generally 
under  the  control  of  the  works  superintendent.  Al- 
though it  is  very  important,  I  did  not  feel  it  necessary 
to  describe  the  details.  The  question  of  keeping  trans- 
port down  to  a  minimum  was  very  carefully  considered 
in  fixing  the  shop  lay-out. 

I  entirely  agree  with  Mr.  Burnand's  remarks  regarding 
the  running  of  a  small  business,  and  whereas  all  the  detail 
which  is  necessary  in  a  large  business  would  be  ruinous 
to  a  small  one,  at  the  same  time  I  suggest  that  the  same 
general  principles  should  apply.  I  also  agree  with  his 
point  re  elficient  standardization.  I  thank  Mr.  Burnand 
for  his  suggestion  that  speeds  of  drills  might  be  expressed 
in  notches  on  the  machine. 

Referring  to  Mr.  Baker's  connnunication,  I  ana  very 
pleased  to  have  the  opportunity  of  supporting  his 
contention  that  every  effort  should  be  made  to  combat  the 
efforts  of  the  Communist  party,  particularly  its  activities 
in  the  direction  of  proletarian  Sunday  Schools.  We 
in  our  works  have  endeavoured  to  meet  this  by  lectures 
to  our  boys  in  working  hours,  but  a  great  deal  more  must 
be  done.  There  are  many  sound  thinking  men  giving 
their  time  to  countering  the  Comnumists.  The  basis 
of  the  whole  matter,  as  mentioned  by  ■Mr.  Baker,  is  the 
teaching  of  the  elements  of  citizenship  and  sportsman- 
ship.    After  all  no  real  sportsman  can  be  a  Communist. 
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North-Western  Centre,  at  Manxhester,  23  January,  1923. 


Mr.  W.  J.  Medlyn  :  With  the  intensive  development 
of    industry    and    the    mechanical    aids    to    industry, 
scientific    management     is     a     subject     of     increasing 
importance,  because  where  large  numbers  of  men  are 
employed  the  opportunities  and  possibilities  of  waste 
due  to  misdirected  effort  and  lack  of  co-ordination  or 
co-operation    between    the    difierent    departments    are 
correspondingly    great.     One    writer    has    stated    that 
"  the  efficient  utihzation  of  labour  will  often  overcome 
the  handicap  of  poor  equipment,  and  an  engineer  can 
have  no  greater  asset  than  the  aptitude  to  handle  labour 
efficiently."     This  view  agrees  with  one  of  the  points 
made  in  the  paper.    I  am  not  speaking  with  experience  of 
ordinary  industrial  works,  but  in  the  South  Lancashire 
District    of   the    Post    Of&ce    Engineering    Department 
we   have   close   on    2  000   workmen    employed    in    the 
construction   and   maintenance  of  telephone   and   tele- 
graph plant,   and  in   a  matter  of  this  kind,   although 
we  are  a  Government  Department,  we  are  subject  to 
the  same  economic  laws  and   conditions  which  apply 
to  a  private  industrial  undertaking.     We  have  a  system 
of  costing  as  regards  the  number  of  units  of  plant  of 
various    kinds    which   are    constructed    or   maintained, 
but  the  organization  required  in  a  factory  would  not 
be  applicable  to  our  workmen,  who  generally  have  to 
be  employed  in  more  or  less  isolated  small  groups  over 
a  relatively  wide  area.     It  may  be  matter  of  common 
interest  to  mention  that  it  was  our  practice  some  years 
ago   to   show  these   labour   costs   in   terms   of   money 
values.     The   arrangement  worked   quite  satisfactorily 
when  the  labour  rates  of  pay  remained  fairly  constant 
over  a  long  period  of  time  ;    but,  followng  upon  the 
outbreak  of  war,  the  rates  fluctuated  so  much  that  it 
became  impracticable  to  compare  costs  on  that  basis 
from  year  to  year  or  over  a  number  of  years.     I  have 
no  doubt  that  that  condition  would  also  apply  generally 
to    ordinal y   works    management.     The    author   stated 
that  his  firm's  present  practice  is  to  use  the  man-hour 
basis   of   comparison.     We   overcame   our  difficulty  in 
the  same  way  ;  that  is,  our  operations  are  now  measured 
in  terms  of  man-hours  as  well  as  money  values.     The 
author  has   referred    to   the   advantages   gained   by   a 
system    of    vocational    training    of    workmen.     In    the 
Post  Office  we  have  this  system  in  practice  to  a  con- 
siderable    extent,     in     co-operation     \vith     the     local 
educational    authorities.     Evening    classes    are    formed 
and  the  student  normally  attends  twice  a  week.     One 
evening  is  devoted  to  the  teaching  of  the  elementary 
theory  of  the  subject,  and  the  second  evening  to  the 
teaching   of  the   correct   method   of   carrying   out  the 
practical    work    on    which    the    student     is    normally 
employed.     The  students   attend   in   their    own    time, 
but  their  railway  fares   (or  tram  fares)  and  class  fees 
are  paid  by  the  Post  Office.     We  have  had  these  classes 
running  successfully  in  Manchester  and   Liverpool,   as 
well  as  in  other  parts  of  the  country,  for  several  years 
past.     Taking  the  figures  for  the  whole  of  the  countn,-, 
1  364  students  attended  the  classes  during  the  session 
1921-22,  and  629,  i.e.  about  50  per  cent,  were  awarded 
proficiency  certificates.     The  cost  was   £1   3s.    6d.   per 


student.  In  connection  with  the  extension  of  our 
underground  cable  system  we  have  required  large 
numbers  of  cable  jointers,  and,  as  the  ordinary  step- 
by-step  advancement  was  not  rapid  enough  for  this 
special  requirement,  we  met  the  want  by  establishing 
jointing  classes  which  the  men  attended  in  the 
department's  time.  In  addition,  pamphlets  of  an 
elementary  and  practical  character  covering  every 
phase  of  the  technical  work  carried  out  by  the  depart- 
ment have  been  printed,  and  such  of  those  pamphlets 
as  have  a  bearing  upon  a  man's  work  are  issued  to  him 
free  of  charge  ;  67  of  these  booklets,  dealing  with 
diSerent  subjects,  have  been  issued,  and  altogether 
some  thousands  of  copies  have  been  distributed.  It 
is  interesting  to  note  that  those  pamphlets  are,  in 
principle,  somewhat  similar  to  the  works  specifications 
which  the  author  has  explained.  The  pamphlets  tell 
the  man  exactly  what  is  the  proper  way  of  carrying 
out  his  work.  Of  course  they  are  not  quite  so  simple 
as  the  charts  that  were  put  upon  the  screen,  but  the 
principle  is,  I  think,  just  the  same.  The  drafting  of 
these  pamphlets  was  initiated  by  the  Engineer-in- 
Chief  of  the  Post  Office  at  the  end  of  the  war.  He 
called  for  volunteers  among  the  members  of  the  super- 
vising staff  who  were  experts  in  the  various  subjects  ; 
and,  as  a  result  of  co-operative  effort,  the  great  bulk 
of  the  work  was  completed  in  about  a  j'ear. 

Mr.  G.  E.  Bailey  :  The  author  has  pointed  out 
that,  if  we  are  to  meet  the  world  competition,  it  is 
necessarj'  that  all  sections  of  an  industrial  organization 
should  co-operate.  I  should  like  to  go  further  and 
say  that  the  firms  should  co-operate  more  than  they 
do  at  the  present  time  ;  in  fact,  they  should  do  what 
they  did  during  the  war.  Generally  speaking,  I  agree 
with  the  author's  views  put  forward  in  the  paper.  I 
recently  attended  a  meeting  where  Mr.  BrownUe, 
Chairman  of  the  Amalgamated  Engineers'  Union, 
admitted  that  "  ca'  canny  "  was  quite  prevalent  and  that 
he  himself  had  practised  it.  He  went  on  to  demonstrate 
that  this  was  justified,  and  to  point  out  to  the 
employers  that  the  remedy  was  largely  in  their  own 
hands.  In  his  opinion  the  chief  cause  was  the  work- 
man's fear  of  unemployment.  The  author  has  put 
forward  a  scheme  for  dealing  with  this  which  has  many 
good  features,  but  I  cannot  say  that  it  is  going  to  meet 
the  whole  of  the  trouble.  In  the  first  place,  his  plan 
appears  to  depend  absolutely  on  the  super-bonus. 
Now  it  is  common  knowledge  that  generally  (excluding 
special  periods  of  unemployment  such  as  we  have  now) 
the  unemployed  are  the  inefficient  workers  ;  so  that, 
unfortunately,  these  people  would  not  have  been  able 
to  contribute  towards  the  unemployment  fund. 
Unless  super-bonus  went  into  a  pool  I  do  not  quite 
see  how  the  inefficient  would  benefit.  I  think  that 
there  is  probably  a  lot  to  be  gained  by  unemployment 
insurance  by  industry.  This  has  been  discussed  by 
the  Eraplovers'  Federation  and  it  has  been  discussed 
bj'  the  unions,  and  1  hope  that  shortly  a  concrete 
scheme  wall  be  put  before  us.  I  appreciate  that  it  is 
a   very   difficult   subject   and   the   chief  point   will  be. 
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that  whilst  it  enables  a  man  to  maintain  his  efficiency 
during  unemployment  it  must  also  guard  against 
malingering.  The  author  points  out  the  importance 
of  co-operation  betweer  the  drawing  office  and  the 
works.  I  absolutely  agree  wth  that  and  I  should  like 
to  go  further.  He  referred  to  the  effect  upon  manu- 
facturing costs  produced  by  lack  of  co-operation 
between  these  departments.  Later  on,  unconsciously, 
he  gave  a  very  good  lead.  He  pointed  out  in  the 
production  chart  that  the  only  unknown  quantity  was 
the  first  stage — obtaining  the  material.  Obviously 
the  obtaining  of  material  depends  to  a  great  extent 
upon  when  it  is  ordered,  and  here  I  think  is  a  clue 
which  can  be  enlarged  upon.  Lack  of  co-operation 
between  these  two  departments  will  result  in  informa- 
tion being  supplied  to  the  shops  late,  in  the  wrong 
sequence  and  intermittently  and  will,  in  turn,  be 
responsible  for  late  deliveries  and  increased  work  in 
progress.  In  connection  with  the  foremen's  meetings 
I  should  like  to  bring  this  out,  that  one  of  the  chief 
advantages  of  these  meetings  is  that  the  superintendent 
or  the  works  manager  gets  the  whole  of  his  team 
together ;  he  has  representatives  of  every  class  of 
labour,  and  they  sit  down  and  discuss  amongst  them- 
selves their  own  particular  troubles — production,  rate- 
fixing,  labour  questions,  in  fact  everything  that  affects 
the  efficiency  of  the  workshop.  In  this  way  each 
department  can  compete,  in  a  friendly  way,  with  other 
departments  for  the  purpose  of  obtaining  the  highest 
efficiency.  In  connection  with  rate-fixing,  the  author 
pointed  out  that  all  rates  were  fixed  in  the  office. 
That  is  quite  right  for  repetition  work,  but  in  a  general 
shop  it  is  impossible.  1  take  it  that  in  such  a  case 
the  rate-fixer  would  fix  prices  in  the  workshop.  There 
again  he  must  satisfy  himself  that  the  methods  avail- 
able are  the  very  best.  If  not,  he  should  take  it  up 
at  once  with  the  other  section,  the  Process  Department, 
and  have  the  job  processed  with  a  view  to  improving 
the  efficiency  and  cutting  down  the  cost  of  manufacture. 
On  production  I  agree  with  the  author  except  that 
I  think  he  does  not  emphasize  quite  sufficiently  that 
the  improvement  of  any  system  of  production  depends 
absolutely  upon  the  personal  element.  It  depends 
upon  the  various  departments  and  members  of  the 
staff  honouring  promises  which  they  have  made.  Now, 
many  systems  can  be  evolved,  many  equally  good, 
but  all  will  fail  without  this  co-operation  and 
honouring  of  promises.  Inspection  generally  is  looked 
npon  as  seeing  that  the  very  best  job  is  sent  out,  but 
1  do  not  think  that  that  is  exactly  the  case.  As  a 
matter  of  fact  the  Inspection  Department  could  some- 
times save  a  lot  of  money  by  seeing  that  too  good  a 
job  is  not  sent  out.  That  may  sound  paradoxical,  but 
the  works  must  be  run  on  commercial  lines.  As  a 
matter  of  fact  one  of  the  chief  reasons  for  the  adoption 
of  a  limit  system  is  that  a  man  may  not  put  too  good 
a  finish  upon  a  particular  job.  He  works  to  the  limit 
that  the  designer  fixes,  based  on  his  knowledge  of  what 
class  of  finish  is  necessary.  If  a  0-010-inch  limit  is  good 
enough,  it  is  waste  of  money  for  a  workman  to  get 
down  to  0-001  inch.  That  is  where  the  inspector 
often  comes  in.  Having  agreed  with  the  author  on 
a  good  many  things  I  am  now  going  to  disagree  with 


him.  He  showed  a  chart  illustrating  how  profits  can 
be  increased  by  400  per  cent.  It  is  a  ver\'  attractive 
scheme  and  I  agree  with  the  result,  but  I  do  not  accept 
the  methods  of  arriving  at  it.  He  did  not  explain 
the  chart  on  the  screen  in  the  same  way  that  he  does 
in  the  paper.  In  the  latter  he  compares  moderate 
management  in  the  workshop,  bad  management  in 
the  workshop,  and  efficient  management  in  the  work- 
shop ;  but  the  total  result,  of  course,  is  a  combination 
of  the  whole  work  of  the  whole  staff  including  the 
salesmen.  I  think  that  this  is  really  meant  by 
the  author  as  a  sort  of  camouflage  bouquet  for  the 
Sales  Department,  because  he  demonstrates  that  the 
whole  of  the  results  obtained  are  due  to  the  salesmen. 
I  find  that  in  the  case  of  the  2  000-motor  output  the 
factory  cost  is  £31  5s.  and  in  the  case  of  the  1  000 
output  it  is  only  £32,  so  that  there  is  only  a  difference 
of  15s.  between  the  two  shops.  When  we  compare 
the  final  result  it  is  £39  against  £44,  and  the  majority 
of  that  is  made  by  the  salesman,  who  sells  2  000  motors 
for  £9  000  while  the  other  sells  only  1  000  for  £8  000. 
I  agree  with  the  results,  but  in  the  way  they  are  shown 
the  whole  of  the  blan;e  is  put  on  the  shop  as  usual. 

Mr.  L.  H.  A.  Carr  :  Before  dealing  in  detail  with 
specific  points  mentioned  in  the  paper  I  would  suggest 
that,  taking  the  subject  generally,  one  part  of  the 
question  has  not  really  been  dealt  with,  namely,  the 
question  of  works  of  medium  or  small  size,  of  which 
there  is  quite  a  number  in  this  country.  In  a  works 
turning  out  a  couple  of  thousand  machines  a  year, 
sav  about  50  000  h.p.,  or  even  in  a  smaller  works,  it 
is  probablv  impossible  to  use  in  its  full  extent  a  system 
such  as  that  outlined  in  the  paper.  Such  works  need 
much  more  simplified  systems.  To  take  a  single 
example,  some  reasons  why  they  cannot  go  in  for  the 
Hollerith  system  were  given  in  Mr.  Lawrence's  paper 
before  the  North-Western  Students'  Section  last  winter.* 
A  small  firm  has  one  or  two  advantages  which  are  lost 
in  a  large  one.  It  is  much  easier  to  keep  track  of 
things,  and  also  it  is  easier  to  bring  the  designers  well 
into  contact  with,  and  more  into  a  position  of 
responsibility  for,  the  various  technical  processes  that 
have  to  be  dealt  with,  the  buying  of  materials,  etc. 
That  this  lack  of  contact  has  been  found  to  be  a 
difficulty  in  large  firms  can  be  inferred  from  the  fact 
that  the  author  has  so  largely  brought  out  the 
necessity  for  co-operation  between  the  experts  in  the 
various  departments  concerned.  But  in  any  case 
the  designer  must  have  a  good  knowledge  of  all  the 
technical  processes  and  of  the  materials  used.  The 
excellence  of  a  designer  may,  perhaps,  be  described 
as  the  amount  which  he  knows  of  these  other  experts' 
jobs  so  that  he  is  able  to  go  the  right  way  to  meet 
them.  In  Fig.  I  several  lines  of  co-operation  are 
omitted.  Perhaps  that  was  in  order  not  to  make  the 
diagram  unwieldy,  but  the  Technical  Process  Depart- 
ment and  the  Inspection  Department  must  both  work 
in  co-operation  with  the  designer.  Another  point 
which  has  scarcely  been  dealt  with  in  the  paper,  but 
has  rather  been  taken  for  granted,  is  the  importance 
of  the  goods  being  right.  It  is  no  use  having  a  works 
where  things  can  be  manufactured  beautifully  and 
»  Journal  I.K.E.,   1923,  vol.   61,  p.   52. 
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cheaply  and  salesmen  who  can  sell   them,   if  the  job 

is    not   right   when   it   is   done.     Although   the   author 

has  mentioned  some  of  the  attributes  which  he  thinks 

a  works  manager  should  possess,   he  appears  to  have 

taken   it   for  granted   that   the   designer  is   absolutely 

perfect.     In  costing,  an  important  point  which  has  to 

be  watched  is  the  accuracy  with  which  the  work-people 

in  the  shop  book  their  time  on  the  right  job.     Inaccuracy 

in  that  respect  has  in  the  past  caused  trouble  in  working 

out  a  good  many  costs.     It  is  essential  that  the  men 

in  the  shop  should  put  the  costs  down  to  the  right  job, 

because   that   is   really  the  foundation   of  the  costing 

system.     If  that  is  not  done  no  cost  system  can  give 

correct  results.     The  author  has  given  us  a  case  where 

a  bracket  was  improved  by  co-operation.     Personally 

I  am  inclined  to  say  that  the  designer  was  to  a  large 

extent  responsible  for  turning  out  a  poor  design.     If 

he  did  not  know  what  was  the  best  design  it  was  his 

business    to    find    out    by    co-operation.     Such    faults 

may    be    overcome    to    a    certain    extent    by    utilizing 

better-class    men,    and    the    whole    question    of    what 

quality    of    engineers    and    draughtsmen    are    used    for 

certain   jobs   is   mixed   up  with   this   question.     If   all 

engineers  and   draughtsmen  were  perfect  there  would 

not  be  nearly  so  many  troubles,  but  the  majority  are 

not  perfect.     Possibly  salaries  are  not  sufidcient.     One 

cannot  always  afford  to  put  the  best  class  of  man  on 

some  of  the  smaller  work,  and  in  design  oftices  it  would 

appear  to  be  necessary  to  balance  the  amount  that  can 

be  spent  on  the  staff  against  the  cost  of  the  mistakes 

which    a    less-skilled    staff    will    make.     In    regard    to 

the  question  of  committees  it  must  not  be  overlooked 

that  whatexer  committees  are  formed,   they  must  be 

set  up  in  such  a  fashion  as  not  to  destroy  responsibility. 

ResponsibiUty  for  any  job  must  stUl  be  kept  in  the 

right    place.     On    page    341    the     author     has     said : 

"  Success  depends  largely  on  one's  executive  acumen, 

initiative  and  abilit)- to  co-operate."     I  would  add  that, 

in  addition,  hard  work  is  absolutely  necessary.     With 

regard  to  the  accusation  that  the  designer  sometimes 

fails  to  give  to  the  works  full  information  by  the  date 

required  by  the  Production  Department,  that  is  very 

often    the    customer's     fault.      I     would    suggest    to 

members   who   may   have   to   influence   orders,    or   are 

consulted   with   regard   to   orders,    that   they   can   get 

much  better  service  if  they  will  give  all  the  necessary 

information   when   the   order   is   placed.     The   type   of 

thing  I  have  in  mind  is  the  case  where  a  consulting 

engineer  will  not  settle  what  cables  he  is  going  to  have 

until   the   job   is   nearly   finished,    his   attitude   being  : 

"  It  does  not  matter,  the  terminal  box  is  the  last  bit 

wliich  will  be  put  on  the  machine."     It  does  matter. 

It    holds    up    the   whole    business,    the   drawing    office 

cannot  complete  their  part  of  the  work,   neither  can 

those  responsible  for  ordering   the   material.     I   think 

that    probably    those    outside    manufacturers'    works 

cannot   have   any   conception   of   the   extra   work   and 

worry  on  their  particular  orders  if  information  is  held 

back  like  that.     The  lay-out  of  the  shop  has  not  been 

discussed  in  the  paper.     Keedless  to  say,  it  is  of  great 

importance.      Further,    however    well    the     shop    may 

be   laid    out   when     it   is   first   built,   extensions     and 

alterations  are  almost  bound  to  take  place  afterwards. 


It  is  to  be  regretted  that  this  question  has  not  been 
dealt  with  in  the  paper.  The  author  has  not  dealt 
with  the  difficult)-  of  arranging  that  the  work  which 
I  comes  into  the  shop  does  not  include  too  high  a  pro- 
portion of  machines  of  a  particular  tj'pe.  For 
example,  a  large  machine  tool  may  be  sirfficient  to  deal 
in  a  year  with  an  average  year's  work.  But  suppose 
all  the  orders  necessitating  the  use  of  that  machine  tool 
are  not  spread  over  the  whole  year,  but  happen  to  be  re- 
cei\ed  in  a  single  month  ;  would  the  tool  be  sufficient  .' 
Mr.  A.  B.  Mallinson  :  To  my  mind  the  personal 
element  is  one  of  the  most  important  factors  in  the 
whole  thing,  and  I  think  that  in  Fig.  3  the  author 
has  unconsciously  shown  a  very  clear  example  of  the 
personal  element  as  it  exists.  That  figure  shows  four 
curves,  and  we  find  in  each  a  drop  in  production  for 
July.  That,  I  think  we  can  assume,  is  due  to  holiday 
stoppages.  The  surprising  thing,  however,  is  that  the 
dotted  line  showing  the  rejects  is  practically  steady^ 
There  we  have  got  the  personal  element.  The  amount 
of  work  coming  before  the  tester  has  decreased  ; 
therefore  he  inspects  rather  more  thoroughly  and  the 
result  is  a  straight  lire.  Another  point  that  I  have 
come  up  against  very  often,  and  upon  which  manu- 
facturers feel  very  strongly,  has  only  been  casually 
mentioned  in  the  paper.  \Mien  we  have  got  a  job 
completed  we  want  to  get  it  out  of  the  works  at  once. 
Do  not  let  the  workman  see  it  standing  about  for  some 
time  if  he  has  been  told  that  it  was  wanted  in  a  hurry. 
During  all  the  time  that  the  job  is  going  through  there 
is  need  for  co-operation  between  the  salesman  and 
those  who  are  working  to  get  the  job  completed  in  a 
promised  number  of  weeks.  I  would  emphasize  the 
great  importance  of  good  feeling  between  master  and 
men,  and  particularly  between  every  department  of 
staff.  As  the  author  has  pointed  out  in  one  of  the 
slides,  it  is  the  sa\'ing  on  the  whole  job  that  tells  at 
the  finish.  Although  the  amount  may  be  verv'  small 
in  each  indix^idual  operation,  they  all  count  up  in  the 
end,  and  it  is  that  which  enables  the  seller  to  influence 
the  customer  and  secure  the  order. 

Mr.  R.  Townend  :  Having  had  some  experience  of 
the  actual  working  of  the  system  of  works  production 
described  in  the  paper,  I  can  agree  with  the  author 
as  to  its  advantages,  but  of  course  the  extent  to  which 
It  can  be  adopted  depends  largely  upon  the  size  of 
the  factory.  I  fully  agree  that  the  closest  co-operation 
is  necessary  between  the  engineering  department, 
drawing  office  and  shops,  if  economical  production  is 
to  be  obtained,  and  the  lack  of  this  co-operation  is 
illustrated  by  the  example  of  the  motor  end-bracket 
mentioned  by  the  author.  It  would  appear  at  first 
sight  that  the  responsibility  for  the  compUcated  design 
rested  upon  the  draughtsman,  but  I  consider  the 
pattern-maker  to  be  even  more  to  blame.  The 
former  did  not  appreciate  that  the  design  was  compli- 
cated, but  the  latter  knew  that  it  was,  and  otight 
to  have  taken  steps  to  have  the  design  simplified. 
Whilst  I  agree  that  in  the  case  of  complicated  designs 
it  is  necessan,"  that  these  should  be  considered  at  a 
meeting  of  the  designer  and  manufacturer,  it  would  be 
quite  impossible  to  apply  this  to  each  part  of  a  piece 
of  apparatus,  as  advocated  by  the  author. 
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Mr.    T.    E.    Herbert  :  Some   ten   years   ago   I   sub- 
mitted    a     paper     on    scientific    management    to    the 
Institution    of    Post    Office    Electrical    Engineers    and 
the  time  which  has  elapsed  has  confirmed  mj'  opinion, 
for   what    it    is   worth,   that    the    basic   principles    are 
unassailable.     The    present    paper    may    be    described, 
I  think,  as   a   description  of  the  author's   methods  of 
apphnng  scientific  management  to  his  works'  problems. 
Taking   a   really   broad   \'iew   of  the   subject,    I   think 
he  has  laid  down  a  few  fundamental  propositions  which, 
if  carried  into  effect,  will  produce  the  organization  he 
has   described.     Such  fundamental   principles   seem  to 
me  to  be  those  of  Dr.  Taylor.     First  of  all,  functional 
organization,     secondly,     process    instructions,      which 
obviously  involve  time  and  naction  study,  and  thirdly 
the  time-table.      I  should   imagine  that  the  time-table 
is   one  of  the  most  important  things  ;    so  far  as  my 
problems    are    concerned    it    is    undoubtedly    so.     The 
main  object  I  take  it  is  to  obtain  the  maximum  results 
with  the  least  effort,  which  is  merely  another  definition 
of  efficiency,  or  alternatively  the  elimination  of  waste. 
The  human  element  of  the  problem  is  rightly  stressed, 
and    the    absolute    necessity    of     obtaining     full      co- 
operation  is    appreciated.     It   seems    to    me   that   the 
human  element  is  dealt  with  by  a  system  of  payment 
by   results,    and   an   endeavour  to   eliminate   suspicion 
by  dealing  quite  openly  and  quite  fairly  with  the  worker, 
but  I  would  venture  at  this  point  to  offer  a  word  of 
friendly   criticism.     I   am   disposed   to   think   some   of 
the   author's   introductory   remarks   are   of   somewhat 
doubtful  validity,  and  that  the  argument  should  have 
been  carried  a  good  deal  further  or  he  should  merely 
have   taken   his   stand    upon   getting   results   with   the 
minimum  of  effort,  in  other  words  on  the  attainment 
of  efficiency.     For  example,   some  of  his  remarks  are 
in  conflict  with  the  teaching  of  the  Manchester  School 
of  Economics  in  regard  to  buying  in  the  cheapest  market 
and  selling  in  the  dearest.     If  that  principle,  so  stated, 
is  sound  the  worker  ought  to  give  as  little  as  he  dare 
for  as  much   as  he   can  possibly  exact.     Either  both 
those  propositions  are  sound  or  they  are  both  unsound. 
I  do  not  propose  to  carry  that  point  any  further,  but 
I  would  say  that  the  fascination   of  the  fundamental 
idea  of  Taylor's  system  to  me  is  that  it  is  a  practical 
method  of  substituting  co-operation  and  help  for  the 
mere  driving  methods  which  have   been   so   unintelli- 
gently  adopted  in  a  good  many  factories  in  the  past, 
and  perhaps  even  to-day.     Here  again  I  am  convinced 
that  the  true  rectification  of  most  of  our  troubles  lies 
in    the    attainment    of    efficiency    in    general.     Some 
remarks    have    been    made    on    selling    efficiency,    but 
not  merely  do  we  want  efficiency  in  the  factory,   we 
also   want   it   in   finance   and   in    distribution.     I    will 
not   pursue   that   subject   further,    but    I    will   suggest 
that  nothing  essentially  wrong  can  persist,   and  that 
waste  seems  to  be  the  deadly  sin  which  carries  the 
most   severe   penalties.     I   would   ask   the   author   to 
look  at  the  appalling  inefficiency  of  finance  and  dis- 
tribution and  appreciate  that  the  engineer  has  a  problem 
to   solve   which      nobody   else   seems   to  be  willing   to 
tackle.     That   is   why  the   remarks   recently   made   by 
the    President,    and    reiterated    in    this   paper,    on   the 
study  of  economics  are  of  such   vast  importance.     It 


is  of  little  use  to  obtain  splendid  results  in  the  factory 
if  the  other  processes  are  scandalously  inefficient. 
One  speaker  touched  upon  the  point  that  cost 
accounting,  which  involves  an  elaborate  system  of 
records,  depends  on  the  accuracy  with  which  the 
worker  fills  up  his  time  sheet  or  whatever  equivalent 
is  in  use.  I  was  rather  interested  to  realize  that  we 
were  not  the  only  people  who  had  a  certain  amount 
of  difficulty  in  getting  precisely  accurate  information 
on  bits  of  processes.  The  "Whitley  Committee  has 
helped  us  in  those  matters  by  impressing  on  the  members 
of  the  staff  the  desirability  and  the  reason  why  we 
want  these  things  in  detail.  These  committees  have, 
too,  been  exceedingly  valuable  to  us  in  removing 
suspicion  and  in  attaining  that  healthy  spirit  of  cheerful 
co-operation  which  is  the  goal  of  the  much-maligned 
idealist. 

Mr.  G.  H.  Nelson  {in  reply)  :  1  was  very  pleased  to 
have  Mr.  Medlyn's  contribution  to  the  discussion,  and 
was  particularly  gratified  to  know  that  a  Government 
department  has  established  a  system  somewhat  on 
the  lines  of  that  outlined  in  the  paper. 

With   regard   to   Mr.    Bailey's   comments,    I   heartily 
endorse  his  suggestion  that  in  addition  to  the  co-operation 
inside  an  industrial  organization,  it  should  extend  outside 
between  firms.     I  may  say  that  during  my  visit  to  the 
States  recently   I   found   this  very  prevalent  and   was 
particularly  struck  with  the  free  way  in  which  I  was  taken 
round  the  American  works  and  had  various  processes 
explained  to  me,  in  spite  of  the  fact  that  I  represented 
a   competitor.     I    endeavoured   to    give   quid   fro   quo. 
I  consider  it  the  duty  of  all  Englishmen  who  visit  the 
States  to  deal  with  the  Americans  in  this  frank  manner, 
as  b)'  this   the   feeling  between   the  countries   can   be 
improved  considerably  and  the  power  of  America  and 
England  together  increased  and  directed  in  the  way  of 
preventing   a   recurrence   of  calamities   of  the  terrible 
nature  of  the  Great  War,  which  after  all  is  the  real  cause 
of  the  suffering  and  unemployment  at  the  present  time. 
In  connection  with  unemployment,  I  agree  with  Mr. 
Bailey  that  the  Government  scheme  of  unemployment 
insurance  by  industry  is  sound,  and  I  do  not  suggest  that 
the  scheme  outlined  in  my  paper  should  replace  this, 
but  it  should  be  in  addition  to  the  Government  scheme, 
the    latter    being    that   which   is   necessary   to   enable 
men  to  exist  when  out  of  work,  whereas  my  scheme  is 
with  the  object  of  encouraging  men  to  work  and  give 
their  best  to  provide  something  in  addition  to  Govern- 
ment allowance.      In  connection  with  the  Rate-Fixing 
Department,  in  the  works  with  which  I  am  connected 
the  whole  of  the  drawings — even  for  odd  jobs — go  to 
the  Rate- Fixing  Department  and  are  processed.     This 
does  not  just  refer  to  repetition  work,  as  suggested  by 
Mr.  Bailey.     I    am   sorry   that  he  does  not  think  that 
I  emphasized  sufficiently  the  personal  element.     There 
is  no  doubt  that  the  success  of  any  system  in  a  works  • 
is   absolutely   dependent   on   the  human  element.     No 
matter  how  good  the  system  is,  if  the  will  to  work  is  not 
there   it   will   be   a   failure,    and    the    object  of    works 
committees,  foremen's  meetings,  and  the  careful  selection 
of  heads  of  departments,  as  emphasized  in  the  paper, 
is  the  endeavour  on  the  part  of  the  manager  to  get  the 
team  of  the  best  personnel  to  co-operate  and  make  the 
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system  a  success.  In  connection  with  tlie  necessity  of 
seeing  tliat  too  good  a  job  is  not  made,  we  endeavour  to 
take  care  of  this  in  tlie  Rate-Fixing  Department  by  i 
specifying  on  tlie  process  sheet  the  class  of  finish  that  is  ; 
required,  and  the  price  is  fixed  accordingly.  In  addition, 
as  mentioned  in  the  paper,  we  mark  our  drawings  with 
different  colours,  to  show  the  differences  in  finish.  With 
regard  to  Mr.  Bailey's  remarks  regarding  the  credit  for 
increased  output  going  to  the  salesmen,  I  am  afraid 
that  I  rather  look  at  the  question  from  the  opposite 
view,  namely,  that  the  works  are  so  efficiently  run  that 
it  is  not  possible  to  make  any  great  improvement, 
whereas  by  ensuring  that  we  get  the  proper  results 
from  the  necessary  selling  expenditure,  great  economies 
arise. 

In  connection  with  Mr.  Carr's  remarks  regarding  the 
running  of  small  works,  I  must  say  from  my  experience 
of  large  works  that  I  am  of  the  opinion  that  small  works 
run  on  the  same  basic  principles,  as  outlined  in  the 
paper,  can  obtain  greater  efficiency  than  the  larger 
organizations,  the  reason  being  that  the  number  of 
personal  elements  is  smaller  and  therefore  more  easy  to 
handle.  As  mentioned  before,  I  still  feel  that  the  same 
principles  should  be  applied,  with  of  course  the  applica- 
tion of  the  right  common-sense  of  the  management  as  to 
the  details  required.  With  regard  to  the  booking  of 
time  in  the  shop,  I  agree  with  Mr.  Carr  that  it  is  difficult 
to  get  100  per  cent  efficiency  in  this  direction,  but  this 
is  taken  care  of  by  arranging  for  a  clerk  to  book  all  the 
details  on  the  time  sheet  under  the  control  of  the  Rate- 
Fixing  Department  and  the  man  only  fills  in  the  time. 
I  am  glad  that  INIr.  Carr  agrees  with  my  view  that  the 
Design  Department  should  co-operate  as  far  as  possible 
with  all  people  likely  to  be  interested  in  the  design  of  a 
machine.  I  agree  with  his  remarks  in  regard  to  respon- 
sibility. On  no  account  must  responsibility  be  divided 
by  the  committee  system.  It  is  verj^  easy  for  it  to 
become  so,  but  the  insistence  on  this  by  the  management 
can  prevent  it.  For  instance,  in  the  works  where  this 
system  is  in  operation  the  foreman  is  not  allowed  to 
try  to  shelve  the  responsibility  for  bad  work  on  to  the 
Inspection  Department.  It  is  solely  the  foreman's  mis- 
take for  having  allowed  the  bad  work  to  be  produced.  I 
agree  with  Mr.  Carr  that  customers  can  help  very  con- 
siderably by  giving  full  information  when  the  order  is 
placed  and  by  immediately  giving  a  decision  in  regard 
to  any  question  which  may  arise.  The  matter  of  shop 
lay-outs  has  not  been  discussed  in  the  paper,  because 


my  object  has  been  rather  to  describe  a  system  than  to 
go  into  the  details  of  a  lay-out,  and  to  encourage  existing 
works  to  install  the  system  where  plant  already  is  in 
operation,  rather  than  to  deal  with  new  factories  where 
the  plant  can  be  laid  out  for  ideal  conditions.  On  the 
other  hand,  however,  even  a  shop  laid  out  ideally  to-day 
may  not  necessarily  be  ideal  for  the  product  manufactured 
in  20  years'  time.  In  connection  with  Mr.  Carr's 
remark  regarding  the  laying-out  of  various  operations 
in  the  shop,  the  system  outlined  in  the  paper  enables 
this  to  be  done  very  conveniently,  because  by  assembling 
charts  (similar  to  Table  3)  of  all  the  machines  produced 
in  any  month  and  so  arriving  at  the  total  number  of 
machining  hours,  one  can  see  ahead  whether  the  plant 
can  deal  with  the  output  it  has  to  produce,  and,  if  not, 
then  steps  can  be  taken  to  get  outside  help  where  the 
shortage  of  machinery  exists. 

I  was  glad  to  hear  Mr.  Mallinson's  recommendation 
that  customers  should  endeavour  to  take  plant  at  the 
time  it  is  completed,  especially  when  they  insist  on  their 
delivery  date.  Unfortunately,  we  have  found  in  many 
cases  that  a  purchaser  has  been  most  emphatic  about 
his  delivery  date,  special  pressure  has  been  put  on  all 
departments  to  keep  this  date,  and  when  it  has  been  kept 
the  machine  has  remained  in  the  shop  for  weeks  and 
sometimes  months.  Customers  should  realize  that  the 
moral  effect  is  very  bad. 

Referring  to  Mr.  Herbert's  contribution  to  the  dis- 
cussion, I  notice  that  he  mentions  the  principles  of  Dr. 
Taylor,  who,  in  my  opinion,  unfortunately  calls  this 
system  "  scientific  management."  The  bare  mention 
of  the  word  "  scientific  "  frightens  a  great  many  of  the 
old-fashioned  type  of  employer.  That  is  one  reason 
why  this  word  is  left  entirely  out  of  the  paper.  I  also 
support  Mr.  Herbert's  contention  that  we  want  efficiency 
in  finance  and  distribution,  and  I  trust  that  some  experts 
on  these  subjects  will  give  us  the  benefit  of  their  recom- 
mendations, as  suggested  in  the  paper. 

In  conclusion  I  should  like  to  thank  all  those  who 
have  taken  part  in  the  discussions  for  their  constructive 
suggestions,  and  I  sincerely  hope  that  the  object  which 
I  had  in  giving  the  paper  will  be  fulfilled,  namely, 
that  those  responsible  for  the  management  of  works 
will  consider  such  general  principles  outlined  in  the  paper 
as  are  applicable  to  their  own  works  and  apply  them 
where  they  do  not  exist,  thus  helping  to  reduce  produc- 
tion costs  and  to  develop  industry,  which  will  eventually 
result  in  a  considerable  reduction  of  unemployment. 
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THE  RATING  OF  CABLES  FOR  INTERMITTENT  OR  FLUCTUATING 

LOADS.* 

By  S.  W.  Melsom,  Associate  Member,  and  H.  C.  Booth. 


[From  the  National 
{Paper  first  received  31s/  Jamtarv,  a 
Summary. 

The  extent  to  which  the  rating  of  a  cable  is  affected  by 
an  intermittent  or  fluctuating  load  as  compared  with  con- 
tinuous running  conditions  is  investigated  theoretically,  and 
formulae  are  given  by  means  of  which  the  effect  of  any  type 
of  loading  can  be  calculated. 

It  is  shown  by  experimental  determinations  on  various 
sizes  and  types  of  cables  that  the  thermal  time-constant  can 
be  calculated  either  from  a  heating  or  cooling  curve  of  a 
particular  cable,  or  from  the  specific  heat  and  mass  of  the 
various  components  of  the  cable. 

Tables  are  given  showing  the  rating  for  the  cables  for 
which  load  tables  are  given  in  the  I.E.E.  Wiring  Rules,  on 
the  same  basis  as  for  motors,  i.e.  -J-hour  and  1-honr  ratings. 


The  question  of  the  permissible  current  in  cables 
used  for  supplying  motors  or  other  gear  for  such  pur- 
poses as  cranes,  winches  or  hoists  where  the  period  of 
full-load  current  may  be  comparatively  short,  alter- 
nating with  periods  when  the  motor  is  running  light 
or  is  shut  down,  was  raised  by  the  Ship  Electrical 
Equipment  Committee  of  the  Institution. 

Goldschmidt  f  investigated  the  case  of  motors  used 
for  such  work,  and  stated  that  long  experience  in  actual 
practice  has  proved  that  in  nearly  every  case  a  motor 
which  stands  a  1-hour  test  with  a  moderate  temperature- 
rise  is  large  enough  for  crane  work.  In  modern  practice, 
motors  for  such  purposes  are  rated  at  J  hour  and 
1  hour,  depending  on  the  conditions  of  use. 

In  the  case  of  cables  the  time  required  to  attain 
the  maximum  temperature  is,  as  a  rule,  very  much 
shorter  than  with  motors,  and  it  is  necessary  to  consider 
them  separately  in  order  to  ensure  that  the  combina- 
tion of  motor  and  cable  will  be  suitable  for  a  given 
purpose. 

In  a  previous  paper  (Journal  I.E.E.,  1911,  vol.  47, 
p.  711)  the  authors  gave  some  results  showing  the  order 
of  increased  rating  that  could  be  used  for  cables  under 
intermittent  load,  the  periods  of  variation  being  a  few 
minutes,  as  would  be  the  case  in  the  actual  use  of  a 
motor.  These  and  other  observations  have  been  used 
in  what  follows. 

*  The  Papers  Connnittee  invite  wiitten  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  reail 
at  a  meeting.  Coinniunioations  should  reach  the  Secretary  of 
the  Institution  nut  later  than  one  month  after  publication  of  the 
paper  to  which  thev  relate. 

t  Journal  I.E.E.,'  1905,  vol.   34,  p.  660. 


Physical  Laboratorj-.] 
nd  ill  filial  form  21th  December,    1922.) 
j        F-or  the  mathematical  treatment  of  the  problem  let : 

i  w  =  rate  (in  watts)  of  heat  transmission  through 
unit  length  of  the  covering  of  the  cable  for 
each  degree  C.  of  temperature  excess  above 
the  surrounding  air  ; 

c  =  heat  capacity  of  unit  length  of  cable  per  degree  C. 
in  watt-second  units  (joules)  ; 

q  (or  Q)  =  rate  (in  watts)  at  which  energy  is  being 
developed  in  unit  length  of  the  cable  ; 

6  =  temperature  excess  (referred  to  in  the  calcula- 
tions below,  for  brevity,  as  "  temperature  ")  ; 

t  =  time  in  seconds. 

Then,  if  we  assume  that  the  heat  dissipation  is  pro- 
portional to  the  temperature  excess  at  any  moment  : 

gdt  =  cdd  -L  wddt 


Integrating, 


(!)' 


(qlw  -  0) 

loge  (6  -  qjw) 


log.P 


where  P  =  a  constant  of  integration  ; 


whence 


g«(/C 


6  —  qlw 


To  find  P,  assume  that  when  t  = 
6  has  the  initial  value  d^,  then 

P  =  01-  qlw 


0  the  temperature 


whence 


e 


qlw  —  6 

If  the  cable  runs  for  a  seconds  at  Q  watts,  starting 
at  an  initial  temperature  d^,  let  the  temperature  at- 
tained be 

e^  =  e-"'<'^(do  -  Qlw)  +  Qlw 

If  the  cable  then  runs  for  6  seconds  at  q  watts,  starting 
at  an  initial  temperature  8^,  let  the  temperature 
attained  be 

^3  =  e -«'''/« (^1  -  qlw)  -f-  qlw 

and  if  then  ^3  =  9.>  we  have 

{Qlwy{\  -  e-"'"/':)  -f-  (q/w)  (1  -  e-«'''/'=)e -'"/'' 


^1 


1   _  g-{a  +  b)uic 


Or,  since  Qlw  —  M,  the  maximum  temperature  attained 
when  running  continuously  at  Q  watts,  and  9/10  =  m, 
the  maximum  temperature  attained  when  running  con- 
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tinuously  at  q  watts,  and  writing  y  for  cfw,  where  y  is 
the  thermal  time-constant  of  the  cable, 

n    _  M(\  —  e-^h)  -f-  m(\  —  e-*/>)c-'»/v 
^  1  _  e-(a  +  6)/7 

Taking  the  case  of  a  cable  running  under  crane-load 
conditions  where  the  motor  runs  at  full  load  for  a 
minutes  and  at  light  load  for  6  minutes,  and  so  on, 
intermittently  for  a  long  period,  the  increased  rating 
for  the  same  temperature-rise  as  would  be  attained 
if  the  cable  were  loaded  continuously  at  its  normal 
continuous  rating  of  I  amperes,  can  be  calculated  as 
follows  : — 

Let  i  be  the  current  on  light  load  and  si  the  maximum 
load  current,  s  being  the  ratio  of  the  maximum  to' the 
light-load  current. 

Taking  the  general  case  of  temperature  elevation 
under  a  fluctuating  load  of  this  kind,  we  have 


e  = 


M(\  —  e-oly)  +  m(l  —  e-*/r)e-«/r 
1  _  e-f^+Wv 


If  the  watts  developed  by  i  amperes  be  g  =  i^r,  where 
r  is  the  resistance  of  unit  length  of  cable  at  the  maximum 
temperature,  then  mth  si  amperes  the  watts  developed 
will  be  g  =  s-i-r.     We  have  therefore 


s-i-r  %-r 

M  = and    m  =  — 


and  the  maximum  temperature  elevation  will  be 


e 


i~rrs-{\  —  e-oh)  +  (1  -  e-*/y)e-«/r 


':ll 


1  _  e-C^+Wv 


] 


The  maximum  temperature  elevation  for  continuous 
running  vrith  I  amperes  will  be  I^r/w,  and  this  must 
equal  6,  whence  we  obtain — 

si  =  Is    /f  ^  -  ""^"^"^^  1 

\  Ls-(1  -  e-oh)  -f-  (1  -  e-'>h)e-ohJ 

or  if  si  =  7\I,  where  n  is  the  rating  factor,  we  have 

1  _  e-(«+*Vy 


"  -  'VC-Sa 


] 


(1  —  e-o/r)  -r  (1  —  e-'>ly)e-''ly 

Thus,  if  the  cable  were  rated  to  run  at  200  (=  I) 
and  if  o  =  4  minutes  (240  sees.),  6  =  6  minutes  (360 
sees.),  y  =  1  300  seconds,  and  s  =  2,  then 


""-^iwi 


l_e-600/1300 


G 


On  the  assumptions  made,  the  temperature  of  a 
cable  as  deduced  from  the  general  equation,  at  any 
time  t  after  switching  on,  will  be 

e  =il/(l  -  e~'/y) 

where  M  is  the  maximum  final  temperature. 
1        Let  Mq  be  the  iinal  permissible  maximum  temperature 

attained  when  running  with  the  rated  current  Iq.     To 
,    a  first  approximation 


22(1  — e-2M/l 300)  4^  (l_e-3(i0/1300ie-240/1300 

=  r304,  and  the  maximum  permissible  current  during 
the  full-load  period  is 

si  =  1-304  X  200  =  261  amps. 

A  simpler  problem  arises  out  of  the  decision  of  the 
I.E.E.  Committee  that  cables  should  be  rated  on  the 
same  basis  as  the  motors  used,  i.e.  at  a  J-hour  and 
1-hour  rating.  For  the  calculation  of  the  rating  factor 
to  suit  these  conditions  only  the  initial  part  of  the 
appropriate  heating  curve  need  be  considered. 


therefore 
whence 


MolM  =  (Io!ir- 
e  =  Mo{IIIo)-{l  -  e-th) 


•v/(l  -  e-'/>) 


If  /  is  greater  than  Iq,  but  6,  the  temperature  attained 
after  the  interval  t,  is  not  to  exceed  Mq,  we  have  for 
the  rating  factor  n  : — 

^  =  -^V(i  -  e-Hy) 
1 


Vti 


-l/y 


For  the  |-hoiir  rating,  t  is  1  SOO  seconds,  and  for  the 
1-hour  rating,   3  600. 

It  will  be  seen  that  these  formulEe  require  that  the 
thermal  time-constant  y  should  be  known.  Tliis  quantity 
is  the  ratio  of  the  heat  capacity  of  the  cable  to  the  rate 
at  which  heat,  measured  in  the  same  units,  would  be 
transmitted  from  the  cable  if  the  temperature  excess 
were  1  degree  C.  Regarded  from  another  point  of 
view  it  is  the  time  that  would  be  required  for  the  cable 
to  reach  the  maximum  temperature  corresponding  to 
any  current  if,  with  this  current  passing  through  the 
cable,  all  dissipation  of  heat  to  external  space  were 
prevented  and  the  heat  generated  by  the  current  were 
apphed  solely  to  heating  the  cable. 

Thus,  if  M  be  the  maximum  temperature  excess 
attained  when  the  current  is  running  at  Q  watts,  and 
if  c  be  the  heat  required  to  raise  the  temperature  of 
the  cable  1  degree  C,  then  the  heat  capacity  of  the 
cable  when  raised  in  temperature  M  degrees  is  Mc. 
^^'hen  it  has  reached  its  maximum  temperature  corre- 
sponding to  the  current  carried,  and  conditions  have 
in  consequence  become  stationarv,  the  heat  dissipated 
per  second  by  the  cable,  wM,  is  equal  to  the  heat 
generated,  i.e. 

u-M  =  Q  =  Pr 

where  r  is  the  resistance  and  /  the  current.  Therefore 
the  time  required  to  reach  the  maximum  temperature 
M,  if  no  heat  \\ere  radiated  from  the  cable,  would  be 


Mc 


Mc 
Mw 


c 
w 


a  quantity  wliich  is  therefore  defined  as  the  "  thermal 
time-constant  "  since  it  will  be  the  same  whatever 
maximum  temperature  be  considered. 

The  thermal  time-constant  of  a  cable  can,  therefore, 
be  approximatel)'  calculated  if  we  know  the  weight  and 
specific  heats  of  its  various  components  and  the  final 
temperature-rise  corresponding  to  a  given  current. 
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The  temperature  of  the  core  will  be  generally  liigher 
than  that  of  the  surrounding  layers  of  insulating  and 
other  materials.  If  in  order  to  simplify  the  calculation 
it  be  assumed  that  the  whole  of  the  cable  attains  the 
temperature  of  the  core,  it  would  seem  as  if  the  value  of 
the  thermal  time-constant  calculated  on  this  assumption 
should  be  somewhat  in  excess  of  its  true  value.  This 
error  would,  however,  appear  to  be  very  largely  com- 
pensated for  by  the  fact  that  in  practice  a  cable  is  not 
freely  suspended  in  air,  but  is  in  immediate  contact 
with  some  support,  which  also  shares  to  some  extent 
in  the  temperature-rise  of  the  cable.  A  comparison 
of  the  results  obtained  by  calculation  of  the  con- 
stant   from   the    dimensions    and    thermal    quantities 
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Fig.  1. — Detevmination  of  the  time-constant  of  a  19/14 
S.W.G.  rubber-covered  cable  by  means  of  the  heating 
and  cooling  curves. 


of  the  cable  with  those  obtained  by  the  more  direct 
experimental  method  next  to  be  described  would  seem 
to  indicate  that,  within  the  limits  of  accuracy  required 
in  the  evaluation  of  the  constant,  the  first  method 
affords  a  satisfactory  approximation. 

For  the  calculation  of  the  thermal  time-constant  from 
the  heating  curve  we  can  proceed  as  follows  ; — 

Since  at  any  time  t  after  switching  on,  the  temperature 
excess 

0  =  M(l  -  e-'/Y) 

where  3/,  as  before,  is  the  final  maximum  temperature, 
we  have 


'°^^°(iw^e) 


(0-4343) 


\M  —  OJ  y 

If  a  scries  of  values  of  Q  are  available  for  vaiious  time 
intervals  after  switching  on,   and  if  we  know  M  the 


maximum  final  temperature,  then,  on  plotting  the 
values  of  logjo  \_M\{M  —  ^)]  derived  from  the  values  of 
Q,  against  corresponding  values  of  t,  we  should  obtain 
a  straight  line  passing  through  the  origin,  the  slope 
of  which  line  should  be  equal  to  0-4343/y.  This 
affords  a  criterion  as  to  how  nearly  the  heating  curve 
follows  the  exponential  law  here  assumed,  and  also,  if 
the  slope  be  measured  in  the  proper  units,  a  means 
of  evaluating  the  constant  y. 

In  practice,  however,  this  particular  method  is  some- 
what difficult  in  application.  Values  derived  from  the 
first  part  of  the  heating  curve  are  liable  to  error  because 
here  the  temperature  is  changing  very  quickly.  In 
the  initial  stages  of  the  heating  curve  the  temperature 
of  the  core  wll  also  be  considerably  higher  than  that  of 
the  covering,  and  this  would  tend  to  make  the  value 
of  the  thermal  time-constant  derived  from  this  part  of 
the  curve  too  low. 

For  the  latter  part  of  the  curve  when  Q  is  approaching 
its    limiting    value   M,    the    term    {M  —  Q)\d    becomes 
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Fig. 


. — Determination  of  the  time-constant  of  two  lead- 
covered  paper-insulated  cables  ; 
[A)  0-1  sq.  in.  single.  (B)  O'l  sq.  in.  concentric. 


uncertain,  since  (M  —  d)  is  the  difference  of  two  nearly 
equal  quantities,  one  of  which,  M,  requires  a  very  long 
and  careful  observation  for  its  exact  determination. 

For  this  reason,  therefore,  it  is  preferable  to  use 
the  cooling  curve.  For  this  we  have  B  =  6oe-'ly,  where 
^0  is  the  initial  temperature  for  t  =  0.  From  this  it 
follows  that 

logio  (9oie)  =  Wy)  logioe  =  0-4343</y 

so  that  if  a  series  of  values  of  logjo  (^0/^)  ^<^  plotted 
against  t,  a  straight  line  passing  through  the  origin 
should  be  obtained  the  slope  of  which  should  again 
be  equal  to  0-4343/y. 

As  this  does  not  necessitate  the  determination  of 
the  maximum  temperature  it  is  generally  the  more 
convenient  method. 
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Some  illustrative  examples  of  these  three  methods  of 
determining  the  thermal  time-constant  will  now  be  given. 
They  will  also  serve  to  show  the  sort  of  consistency 
obtainable  by  the  various  methods  and  to  what  extent 
it  is  permissible  to  rely  on  a  calculation  of  the  thermal 
time-constant  derived  from  the  dimensions  and  specific 
heat  of  the  cable  in  place  of  determinations  based  on 
the  characteristics  of  the  heating  or  cooling  curves 
as  obtained  by  direct  experiment. 

Example  (1).  A  rubber-covered  0-094-s^.  in.  cable. 
— In  Fig.  1  the  values  of  logjo  {MI(M  —  d)}  are 
shown  plotted  against  time  for  (A)  the  heating  curve, 
and  of  logio  (Sold)  for  (B)  the  cooling  curve. 

The  slope  of  the  best  mean  straight  line  through 
these  points  has  been  measured  and  the  constant,  y, 
obtained  by  dividing  0-4343  by  the  slope.  The  values 
are  : — 

[a]  Heating  curve  y  =  1  310  seconds. 

(6)   Coohng  curve  y  —  1  300  seconds. 

The  evaluation  of  the  thermal  time-constant  of  this 
cable  by  means  of  the  dimensions  and  specific  heat 
is    as  follows  : — 

The  total  heat  capacity  of  the  cable  is  here  the  sum 
of  two  components  : — 

(1)  The   heat   capacity   of   the   conductor   based    on 

weight  of  copper  x  specific  heat  =  2- 135  watt- 
seconds. 

(2)  The  heat  capacity  of  the  covering,   rubber   and 

braiding  =  2-79  watt-seconds. 

Hence  c,  the  total  heat  capacity  per  cm,  =  4-925  watt- 
seconds. 

The  value  for  the  covering  is  derived  from  a  direct 
determination  of  the  specific  heat  of  rubber  and  braiding 
made  on  a  small  sample  taken  from  the  cable.  The 
actual  value  obtained  was  039  calorie  {=-•  1-63  watt- 
second  units)  per  gramme  per  degree  C,  and  is  subject 
to  a  possible  error  of  ±  3  per  cent.  The  heat  capacity 
of  the  covering  is  obtained  by  multipljang  the  value 
of  the  specific  heat,  given  above,  by  the  weight  of  the 
covering  per  unit  length  of  cable,  which  weight  was 
determined  on  a  length  of  about  a  yard  of  covering. 

The  resistance  of  unit  length  of  conductor  of  the 
0-094-sq.  in.  cable  at  15-6°  C.  was  2-86  X  10-6  ohms, 
and  since  for  a  current  of  169  amperes  maintained 
continuously  there  was  a  temperature-rise  of  21-8 
degrees  C,  the  resistance  at  the  higher  temperature  is 

r  =  [1  -f  (0-004  X  21-8)]  2-86  X  lO-" 

=  3-11  X  10-6  ohm/cm 

Hence 

I~r  =  icM  =.  3-  11  X  10-8  X  1692  =  8-83  x  10-2  watt 
B-83  x   10-2 


and 


%v 


=  406  X   10-3  watt 


21-8 
Thus  the  thermal  time-constant 

y  =  cjw  =  4-92.5/(4-06  X  10-3)  =  1  210  seconds. 
Example    (2).     A    lead-covered   paper-insulated   single 


0-l-sq.  in.  cable  \_see  Fig.  2  (A)]. — Only  the  heating 
curve  was  available.  The  value  deduced  from  the 
slope  of  the  plotted  values  of  logjo  IM/(M  —  8)}  was 
y  =  1  270  seconds. 

For  the  total  heat  capacit\^  of  unit  length  of  cable 
we  have : — 

(1)  Conductor  ..      2- 14  watt-sec.  units. 

(2)  Lead  covering     ..      1-59 

(3)  Paper  and  oil       ..1-62 

Total  heat  capacity  c  =  5-35         ,,  ,, 

r^r       2002  X  2-79  X  10-6[1  -f-  (0-004  x  30)] 

w  =  —  = 

M  30 

—  4-16  X  10-3  watt 

Therefore 

y  =  c/w  =  5-35/(4-16  X  10-3)  =  1  290  seconds 

Here    again    the    values    for    the    impregnated-paper 
insulation   were   derived   from   a   determination   of  the 


40000 


Fig.  3. — Determination  of  the  time-constant  of  a  high- 
tension  three-core  paper-insulated  cable  with  lead 
covering  and  armouring. 

specific  heat  of  a  sample  taken  from  a  cable,  the  actual 
values  being — 

0-37  calorie  (=  1-54  watt-second  units)  per  gramme 
per  degree  C. 

E.vample  (3).  A  lead-covered  paper-insulated  con- 
centric Q-l-sq.  in.  cable  [se."  Fig.  2  (B)]. — Only  the 
heating  curve  was  available.  The  value  deduced  from 
the  slope  of  the  plotted  values  of  logio[il//(M  —  ^)] 
was  y  =  2  170  seconds.  In  this  case  6  was  the  mean 
value  of  the  temperature-rises  of  the  inner  and  outer 
conductors,  respectively. 
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For  the  total  heat  capacity  of  unit  length  of  cable 
we  have : — 

(1)  Conductor  {inner  and  outer)  4-27  watt-sec.  units 

(2)  Lead  covering     ..  ..         2-77 

(3)  Paper  and  Oil      ..  ..         4-93 
Total  heat  capacity  per  cm  c  =  11  •  97 

,  _I~r  _  2  X  170^  X  2-7[l  +  (0-004  X  30-6)]10-6 
^  "Id  ^ 


30-6 


5-72  X   10-3  watt 


Therefore 


y  ^  c/w  =  ll-97/(5-72  X  10-3)  =  2  100  seconds 

Example  (4). — A  high-tension  3-core  paper-msulated 
armoured  cable  on  which  a  number  of  heating  curves  both  of 
core  and  lead  sheath  were  taken,  special  attention  being 
directed  to  accuracy  of  the  intermediate  observations  on 
the    curve. — In     Fig.     3     are    plotted     the     values    of 

Table   1. 


Cable  size 

rh  ermal 

time-con5tant 

Multiplying  factor 
for  rubber 

Multiplying  factor 
for  paper 

(Nominal) 

Rubber 

Paper 

J-hour 
rating 

l-hour 
rating 

J -hour 
rating 

l-hour 
rating 

sq.  in. 
00145 

sees. 

520 

sens. 

700 

1-02 

1-00 

1-05 

1-00 

0-0225 

600 

760 

1-03 

1-00 

106 

101 

0-04 

890 

900 

1-07 

101 

109 

1-01 

0-06 

1  090 

1  050 

111 

102 

1-12 

102 

0  075 

1  350 

1  150 

1-17 

104 

1-15 

1-03 

0-1 

1  520 

1  320 

1-21 

1-05 

1-18 

104 

012 

1630 

1  430 

1-23 

1-06 

1-20 

105 

015 

1  820 

1  600 

1-26 

1-08 

1-23 

106 

0-2 

2  190 

1  850 

1-34 

1-11 

1-27 

1-08 

0-25 

2  440 

2  070 

1-38 

1-14 

1-32 

110 

0-3 

2  810 

2  250 

1-46 

1-18 

1-36 

113 

0-4 

3  390 

2  620 

1-57 

1-24 

1-43 

1-17 

0-5 

3  690 

2  925 

1-61 

1-27 

1-49 

1-20 

0-6 

4  060 

3  185 

1-67 

1-30 

1-54 

1-23 

0-75 

4  100 

3  520 

1-68 

1-31 

1-60 

1-26 

1-0 

4  510 

3  970 

1-74 

1-35 

1-66 

1-30 

logio  [M/(ilf  —  ^)]  against  time,  (A)  referring  to  the 
temperature  of  the  core  only,  and  (B)  to  the  average 
temperature  of  core  and  sheath.  The  values  of  the 
thermal  time-constant  are  7  580  seconds  from  curve  (A), 
and  7  330  seconds  from  curve  (B),  as  against  the  value  of 
7  100  seconds  deduced  from  the  dimensions  and  thermal 
constants  of  tlie  components  of  the  cable.  In  calcula- 
ting tlie  heat  capacity,  the  effect  of  the  armouring  has 
been  ignored  since  it  is  separated  from  the  lead  slieath 
by  tape  and  obviously  cannot  be  regarded  as  adding 
appreciably  to  the  heat  capacity  of  the  cable. 

In  the  first  example  there  is  a  difference  of  about 
7  per  cent  between  the  two  determinations,  which, 
however,  is  not  large  when  the  difficulties  of  the  various 
measurements  are  taken  into  account.     It  is,  of  course. 


possible  that  the  difference  arises  from  the  fact  that 
the  two  methods  of  determination  apply  to  conditions 
that  are  not  strictly  comparable.  The  heating  or  cooling 
curve  refers  to  a  cable  in  contact  with  the  floor    (the 

Table  2. 


Cable  size 
[Nominal) 


Permissible  current 


J-hour 
rating 


l-hour 
rating 


Continuous 

rating  as 

in  I.E.E. 

Wiring 

Rules 


Size  of  cable  that  will 

carry  same  current  as 

for  continuous  rating, 

but  for: — 


(1) 
^  hour 


Rubber  cables. 


sq.  in. 

0-0145 
0-0225 
0-04 
0  06 

0-075 
01 
012 
015 

0-2 
0-25 


0-75 
1-0 


amps. 

38 
47 
68 
92 

113 
142 
160 
191 

247 
295 
351 
452 

534 
641 

774 
1  036 


amps. 

37 

46 
65 
85 

101 
124 
138 
164 

204 
244 
283 
357 

422 
499 
604 
803 


amps. 

37 
46 
64 
83 

97 
118 
130 
152 

184 
214 
240 

288 

332 
384 
461 
595 


sq.  in. 

0-0145 
0  0225 
004 
0-06 

0-075 
0-1 
01 
0-12 

0-15 
0-2 
0-2 
0-25 


0-6 


Paper  cables. 


(2) 

1  hour 


sq.  in. 

00145 
0  0225 
0-04 
0-06 

0-075 
01 
0-12 
0-15 

0-2 
0-25 
0-25 
0-3 

0-4 
0-5 
0-6 
0-75 


0-0145 

60 

57 

57 

00145 

0-0145 

0-0225 

79 

75 

75 

0-0225 

0-0225 

0  04 

113 

105 

104 

0-04 

0-04 

006 

151 

138 

135 

0-06 

0-06 

0075 

180 

162 

157 

0-075 

0075 

0-1 

225 

199 

191 

01 

01 

0-12 

252 

220 

210 

01 

012 

015 

303 

261 

246 

012 

0-15 

0-2 

376 

320 

296 

015 

0-2 

0-25 

453 

377 

343 

0-2 

0-25 

0-3 

523 

435 

385 

0-25 

0-3 

0-4 

663 

543 

464 

0-3 

0-4 

0-5 

804 

648 

540 

0-4 

0-5 

0-6 

960 

767 

624 

0-4 

0-5 

0-75 

1  180 

930 

738 

0-5 

0-6 

1-0 

1  54S 

1  211 

932 

0-6 

0-75 

effect  of  which  is  nearly  equivalent  to  that  of  a  wood 
casing  or  iron  pipe),  whereas  the  calculation  from  the 
dimensions  and  specific  heats  of  the  constituent  parts 
of  the  cable  leaves  this  factor  entirely  out  of  account. 
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The  following  examples  will  serve  to  show  the  effect 
on  the  rating  factor  of  an  uncertainty  of  this  order  in 
the  evaluation  of  the  thermal  time-constant.  Taking  the 
formula  for  the  calculation  of  the  rating  factor  in  the 
case  already  quoted  (page  364),  i.e.  a  cable  which  runs 
for  i  minutes  at  full  load  and  6  minutes  at  half  load,  it 
was  found  that  if  the  thermal  time-constant  were  taken 
as  1  300  seconds  the  "  full  "  current  could  be  increased 
to  1-304  times  the  normal  current  for  continuous 
rating.  If  instead  of  1  300  seconds  the  thermal  time- 
constant  were  here  taken  as  1  200  seconds  then  the  value 
obtained  for  the  rating  factor  would  be 


(1  _  e -600/1 200) 


2  /r 

'\/|_4(l_e-2M/1200)   _|_    (l_e-3e0/l  200)6-240/1  200 

2    /r 0-3935 -| 

VL(4  X  0-1813)  +  (0-2593  x  0-81S7)J 


] 


(4  X  0-1813)  +  (0-2593  x  0-818 

a  difference  of  less  than   1  per  cent. 

Take  next  the  formula  for  the  |-hour  rating 

1 


=  1-295 


V'(l  -e-^h) 
where  T  the  working  period  is  J  hour  (  = 


If  r  =  1  200, 


=  1134 


1  800  sees. 


"~  .y/(l  -  e-isoo/1200)        .^/(i  _  0-2231) 

But  if  we  take  y  =  1  300 

n  =  l/v'(l  -  e-1 800/1  300)  =  1/^/(1  _  0-2503)  =  1-155 

a  difference  of  1-9  per  cent  for  a  variation  of  8  per 
cent  in  the  thermal  time-constant. 

Table  1  gives  the  time-constants  and  the  direct 
multiplying  factor  both  for  ^-liour  and  1-liour  rating 
for  low-tension  cables  of  sizes  and  dimensions  as  sho^\'Tl 
in  the  I.E.E.  Wiring  Rules,  and  Table  2  gives  the  actual 
permissible  currents  for  tliis  type  of  rating,  and  the 
sizes  of  cables  which  may  be  used  for  ratings  of  ^  hour 
and  1  hour  in  place  of  the  sizes  at  present  specified 
in  the  Wiring  Rules  for  continuous  loading. 

The  thanks  of  the  authors  are  due  to  Mr.  S.  Butter- 
worth  for  his  kindness  in  checking  the  mathematical 
portions  of  the  work,  and  to  Dr.  Ezer  Griffiths  who 
determined  the  values  of  the  heat  capacity  of  the 
dielectric  covering  materials. 
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Summary. 

In  the  past  few  years  considerable  strides  have  been  made 
in  the  improvement  and  simplification  of  X-ray  equipment 
both  for  medical  and  industrial  purposes.  At  the  same  time 
it  is  a  noteworthy  fact  that  the  demands  of  X-ray  workers 
are  ever  in  advance  of  the  apparatus  at  their  disposal.  It 
is  for  this  reason  that  standardization  is  difficult,  a  design 
becoming  almost  obsolete  as  soon  as  perfection  is  approached. 

The  comparati^'ely  sudden  call  for  highly  penetrative 
X-radiations  of  shorter  wave-length,  involving  the  main- 
tenance of  200  000  volts  at  the  tube  terminals  for  continuous 
running,  has  imposed  many  difficult  problems  on  the  designer 
and  manufacturer.  In  America  these  difficulties  were  to  a 
great  extent  solved  by  research  laboratories  of  large  electrical 
corporations.  The  influence  of  sound  engineering  principles 
is,  therefore,  more  noticeable  in  American  practice  than  in 
that  of  any  other  country. 


Introduction. 


AMERICAN    PRACTICE    AS    REGARDS    THE    GENERATION    OF    SUITABLE 
VOLTAGES    AND    CURRENTS    FOR    DEEP    THERAPY.* 

By  C.   H.  HoLBEACH,  Associate  Member. 

{Paper  first  received  S\st  March,  and  in  final  form  6th  November,   1922.) 

and  for  all,  to  decide  upon  the  basic  principles  which 
are  to  underlie  the  design  of  apparatus  for  deep  therapy. 
Special  refinements  and  secondary  matters  can  be 
left  to  the  discretion,  enterprise  and  individuality  of 
the  manufacturer. 

It  is  within  the  scope  of  this  paper,  therefore,  to 
point  out  the  steps  taken  by  American  manufacturers 
in  perfecting  their  equipment,  and  it  should  be  clearly 
understood  that  criticism  will  be  excluded  as  far  as 
possible,  unless  it  is  particularly  required  in  order  to 
emphasize  some  important  point.  Also,  comparisons 
with  similar  efforts  in  this  country  will  not  be  attempted, 
and  indeed  should  be  avoided,  in  view  of  the  totally 
different  conditions,  both  economic  and  otherwise, 
which,  unfortunately,  bind  engineers  in  both  countries. 

FUND.\MENTAL    PRINCIPLES    OF   AMERICAN    DESIGN. 

The  problems  in  the  generation  of  high  voltages 
for  deep  therapy  are  mainly  centred  upon  : — ■ 

(1)  The  type  and  form  of  the  high-voltage  generator. 

(2)  The  choice  of  X-ray  tube  to  withstand  200  000 
volts  and  over. 

It  is  interesting  to  note  that  it  is  upon  these  more 
important  general  principles  that,  without  exception, 
all  manufacturers  in  the  United  States  are  in  entire 
agreement.  In  order,  therefore,  to  provide  a  means 
of  generation  of  the  higher  order  of  potentials,  recourse 
has  been  made  to  the  a.c.  oil-immersed  transformer. 
The  reasons  are  many,  and  certain  external  influences 
have,  without  doubt,  had  a  measured  bearing  on  this 
universally  accepted  principle.  The  presence,  for 
instance,  of  alternating  current  in  larger  areas  in  the 
United  States  is  in  all  probability  a  strong  factor 
in  this  case.  High-voltage  electrical  engineering  has 
been  apphed  to  a  far  greater  extent  in  America  than 
in  any  other  country.  It  is,  therefore,  scarcely  sur- 
prising that  manufacturers  of  X-ray  apparatus  should 
turn  to  a  precedent  wliich  is  already  established  in 
industrial  circles.  Transformers  to  operate  on  200  000 
volts  were  constructed  some  years  ago  in  connection 
with  high-voltage  transmission  lines  in  California  and 
elsewhere. 

Moreover,  a  transformer  has  been  constructed  having 
a  secondary  ratio  up  to  1  000  000  volts.  An  impression 
seems  to  be  current  in  X-ray  circles  in  this  country 
that  this  apparatus  was  built  by  Dr.  Coolidge  for  X-ray 
purposes.  A  correction  is  necessary,  as  the  transformer 
in  question  was  designed  and  assembled  at  the  Htts- 
field  laboratories  for  the  investigation  of  problems 
in    connection    with    high-tension    transmission    lines. 


A  certain  ambiguity  might  be  attached  to  the  title 
of  this  paper,  inasmuch  as  it  presupposes  the  existence 
of  a  "  practice  "  relative  to  the  generation  of  high 
voltages  for  deep  therapy  in  the  United  States.  As 
onlv  a  short  time  has  elapsed  since  medical  authorities 
definitely  called  for  shorter  wave-length  X-radiations, 
it  might  be  argued  that  such  an  assumption  is  unduly 
hast)'. 

After  careful  consideration  of  the  material  and  data 
available  one  might  safely  assert  that  a  distinct  practice 
exists.  There  is  ample  evidence  of  a  fundamental 
similarity  in  equipment  of  apparatus  placed  at  the 
disposal  of  American  doctors  for  the  treatment  of  deep- 
rooted  malignancj'.  Such  a  condition  of  things,  absent 
in  the  majority  of  other  countries,  is  perhaps  governed 
by  circumstances  peculiar  to  the  United  States. 

In  a  general  way  one  might  perhaps  suggest  that 
the  object  of  this  paper  is  to  point  out  some  tentative 
lines  along  which  a  practice  might  be  evolved  in  this 
countr}'.  There  can  be  very  little  doubt  of  the  ulti- 
mate benefit  which  would  accrue  from  the  standardiza- 
tion of  electro-medical  apparatus.  At  the  present 
time  there  is  a  lamentable  state  of  affairs  which  finds 
no  parallel  in  other  departments  of  electrical  engineer- 
ing. The  medical  man  is  faced  with  a  host  of  con- 
flicting recommendations  which  make  his  task  an 
unnecessarily  difficult  one.  There  is  no  reason  why 
a   definite   conclusion   should   not   be   arrived   at,    once 

*  The  Papers  Committee  invite  written  communications  (with 
■1  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  read 
at  a  meeting.  Conmiunications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 
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e.g.  corona  losses,  lightning  flash-over,  and  insulation 
tests. 

But  the  main  consideration  regarding  the  adoption 
of  a  transformer  in  preference  to  a  coil  equipment 
is  a  purely  electrical  one,  in  the  sense  that  engineers 
and  research  physicists  have  shown  a  marked  prefer- 
ence for  the  former  for  continuous  working  with  a 
minimum  of  attention. 

The  design  of  the  X-ray  transformer  roughly  coin- 
cides with  its  industrial  prototype,  inasmuch  as  without 
exception  the  core-type  construction  is  used,  with 
concentric  windings  and  circular  coils.  In  all  instances 
the  practice  of  oil  immersion  is  followed  for  obvious 
electrical  reasons.  Experiments  have  been  conducted 
at  the  Research  Laboratory  of  the  General  Electric 
Co.  at  Schenectady,  with  a  view  to  making  a  direct 
comparison  of  the  X-ray  intensities  obtained  from  a 
Coolidge  tube  operated  both  on  an  induction  coil  and  on 
an  interrupterless  transformer  outfit.  The  measurements 
were  made  at  1  milliampere  and  296  000  volts  peak.  The 
intensity  was  measured  with  various  filter  thicknesses 
of  copper  by  means  of  a  specially  constructed  ionization 
chamber      The  results  are  given  in  the  following  table. 


Induction  coil. 
1  mA  at  29(3  kV  imas.) 

Experimental  interrnpterless  machine 
1  mA  at  296  kV  (max.) 

Thickness  of 
copper 

Time,  T 

Intensity, 
(l/T)  X  io» 

Thickness 
of  copper 

Time,  T 

Intensity, 
(l/T)  X  103 

mm 

01 

sees. 

9-1 

109-9 

mm 

01 

sees. 

9-1 

110-0 

0-2 

10-8 

900 

0-2 

11-3 

88-6 

0-3 

12-9 

77-5 

0-3 

13-2 

75-8 

0-5 

15-7 

6.3-8 

0-5 

16-9 

59-2 

0-7 

18-2 

550 

0-7 

18-1 

55-3 

1-0 

22-2 

45-1 

10 

22-6 

44-3 

1-5 

29-6 

33-8 

1-5 

29-3 

34-1 

The  curve  showing  the  relationsliip  between  intensity 
and  filter  thicknesses   is  shown  in  Fig.    1.     It  will  be 
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Fig.   1. — Ab.sorption  curves  of  interrupterless  machine  and 
induction  coil  ;  296  kV  (max.),   1  mA. 


noted  that  all  the  points  lie  roughly  on  one  line,  and 
it  is  therefore  obvious  that  any  differences,  both  quanti- 
tative and  qualitative,  are  such  as  may  be  assigned 
to    experimental    error.     It    is    also    evident    that    the 


virtues  claimed  for  the  induction  coil  are  of  no  special 
value  in  relation  to  their  operation  with  a  hot-cathode 
tube,  whereas,  on  the  other  hand,  we  have  the  manifold 
disadvantages  of  coil  construction  and  the  inconsistency 
in  the  running  and  upkeep  of  mercury  interrupters. 

High-voltage  Tubes. 

The  only  type  of  tube  employed  by  American  manu- 
facturers is  the  new  high-voltage  deep-therapy  Coolidge 
tube,  the  outcome  of  five  or  six  years  of  experience 
gained  in  experimental  work.  In  fact,  as  long  ago 
as  1915  a  tube  had  been  constructed  by  Dr.  Coolidge 
to  operate  on  200  000  volts  and  over.  The  present 
tube  (see  Fig.  2)  is  of  similar  design  to  the  well-known 
standard,  universal-type  tube,  and  consists  of  a  solid 
tungsten  anode  supported  by  the  usual  molybdenum 
stem.  The  overall  length  has  been  increased  to  32  in. 
and  the  bulb  diameter  to  8  in.,  and  the  distance  between 


Fig.  2. 

the  cathode  and  anode  has  been  carefully  adjusted  to 
comply  with  higher  electrostatic  strains  consequent 
upon  the  increased  tension.  This  correction  minimizes 
the  electrostatic  pull  on  the  filament,  and  also  decreases 
the  possibility  of  thermionic  emission  from  the  edges 
of  the  focusing  cup.  The  new  tube  may  be  operated 
continuously  at  a  current  varying  from  2  mA  to  8  mA 
(depending  entirely  on  the  condition  of  the  energizing 
supply  and  the  methods  of  cooling  employed).  The 
factors  limiting  the  energy  input  are  governed  by  the 
volatilizing  point  of  the  tungsten  anode  and  the  melting 
point  of  glass.  In  the  United  States  air-blast  cooling 
is  adopted  but  generally  found  to  be  unnecessary,  as 
fully  8  mA  can  be  passed  without  injury  to  the  tube. 
The  current  value  employed  determines  to  a  great 
extent  the  ultimate  life  of  the  tube,  which  between 
2  and  4  mA  averages  around  500  hours  and  over.  Still 
higher  currents  decrease  the  life  enormously  until  at 
8  mA  40  hours  would  be  considered  a  reasonable 
figure. 

Rectification. 

The  question  of  the  supply  of  direct  current  to  the 
tube  has  been  solved  by  the  universal  method  of  cross- 
arm  rectification,  either  of  the  "  Snook  "  or  the  2-arm 
pattern,  of  which  the  disc  type  is  a  modification.  These 
methods  are  well  known  and  need  no  description. 
The  experimental  apparatus  used  by  Dr.  Coolidge 
was  equipped  with  a  rectifying  switch  of  the  "  Snook  " 
pattern,  and  the  shaft  (12j  ft.  long)  was  built  up  of 
paper-shellac  tubing.  The  four  metallic  cross-arms 
were  35^  in.  long,  spaced  33  in.  apart.  In  this  appar- 
atus rectification  up  to  300  000  volts  was  obtained 
without  difficulty. 

Although    the    benefits    of    minimizing    the    corona 
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discharge  by  the  use  of  tubing  instead  of  wire  in  the 
high-tension  circuit,  and  carefully  avoiding  sharp 
corners,  are  well  known,  it  is  amazing  how  little  this 
principle  has  been  apphed  in  this  country.  Its  applica- 
tion in  America  has  spread  not  only  to  the  overhead 
system  but  also  to  the  rectifier  itself. 

In  Dr.  Coolidge's  apparatus  the  rotating  collectors 
■were  shaped  of  3-in.  tubing,  approximately  12  in.  in 
length,  and  were  fitted  with  hemispherical  ends. 
The  International  X-ray  Corporation  of  New  York 
have  gone  a  step  further,  and  are  responsible  for  an 
enterprising  innovation  in  which  the  whole  of  the 
rectifying  scheme  involves  the  quahties  of  the  sphere 
gap.     It  is  claimed  that  by  making  all  these  collectors. 


Fig.  3. 


both  stationary  and  moving,  of  spheres  and  spherical 
toroids,  a  considerable  number  of  inconsistencies  in 
operation  would  be  swept  away.  Fig.  3  shows  the 
"  Precision  "  rectifier  mounted  in  position  over  an  oil- 
immersed  transformer.  One  of  the  outstanding  advan- 
tages of  the  above  arrangement  lies  in  the  fact  that 
the  whole  system  can  be  made  more  compact,  and  a 
greater  latitude  in  the  adjustment  of  the  rectification 
can  apparently  be  obtained,  in  view  of  the  considerably 
shorter  spark-over  existent  between  spherical  electrodes. 
The  revolving  toroids  are  within  ^  in.  of  the  spheres, 
and  during  operation  the  arcing  is  claimed  to  be  very 
small  and  to  take  the  form  of  short  local  sparks,  without 
the  usual  troublesome  brush  discharge  attendant  upon 
other  forms  of  rectifier. 


Constant-potential  Apparatus. 
Progress  has  been  made  with  the  methods  of  genera- 
ting constant-potential  direct  currents  involving  the 
use  of  "  Kenotron  "  valves.  The  system  was  first 
suggested  and  perfected  by  Dr.  A.  W.  Hull  of  Schenec- 
tady for  his  work  in  connection  with  the  X-ray  spectrum 
examination  of  materials.  The  principles  of  the  system 
depend,  briefly,  upon  rectif\ang  a  high-voltage  alter- 
nating current  of  2  000  frequency  by  means  of  a  battery 
of    "  Kenotron  "    hot-cathode    valves.     The    pulsating 


-2000~'  a. c,  voltage 
-Rect.  voltage  at  terminals  of  condenser 
Fig.  4. 


direct  current  is  then  caused  to  charge  up  condensers 
of  a  predetermined  capacity.  The  function  of  these 
capacities  is  to  hold  their  charge  until  the  next  impulse 
occurs.  This  has  the  effect  of  flattening  out  the  wave- 
shape, as  shown  in  Fig.  4.  In  this  manner  a  high 
potential  is  delivered  to  the  X-ray  tube,  with  a  devia- 
tion of  less  than  1  per  cent. 

It  is  impossible  to  do  full  justice  to  this  system  in 
view  of  the  many  intricate  factors  which  it  would  be 
necessary  to  discuss.  Recently,  however,  an  apparatus 
of  this  description  has  been  designed  and  operated  at 
a  voltage  of  200  000.     The  arrangement  of  connections 
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is  shown  in  Fig.  5.  The  supply  to  the  primary  of  the 
transformer  is  obtained  from  a  dynamometer-type 
generator  giving  2  000  periods  at  150  volts.  The  trans- 
former itself  sustains  100  000  volts  at  its  secondary 
terminals,  and  is  fed  alternatively  through  the  Kenotron 
valves  Ki,  Kg,  K3  and  K4,  to  the  condensers  Cj  and 
C2.  The  tube  is  connected  to  the  outer  terminals  of 
Cj  and  C2.  A  very  fine  adjustment  of  the  secondary 
voltage  is"obtained  by  controlling  the  capacities  of  the 
condensers.  In  order  to  equalize  the  capacity  currents, 
a  small  variable  condenser  is  shunted  across  each  valve. 
In  this  manner  an  even  distribution  of  the  voltage  strains 
is  obtained.  At  the  present  time  no  "  Kenotron  "  valves 
have  been  constructed  to  operate  at  pressures  above 
150  k\',   but  no  particular  difficulty  is  anticipated  in 
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their  development  up  to  200  000  volts  if  occasion 
demands.  As  soon  as  these  higher  power  "  Kenotron  " 
valves  are  in  use  one  valve  may  be  substituted  for 
the  two,  placed  in  each  circuit  as  shown  in  the  figure. 
The  transformer  is  of  very  moderate  dimensions,  weighs 
only  85  lb.  and  has  an  open  core.  At  the  present 
time  the  transformer  has  been  designed  for  100  000 
volts,  but  the  voltage  can  readily  be  increased  to  200  000 
thus  giving  without  any  difficulty  a  constant  potential 
of  300  000  volts  at  the  terminals  of  a  Coolidge  tube.  A 
comparison  between  the  relative  X-ray  output  of 
constant-potential  apparatus,  and  of  an  a.c.  transformer 
ZOOp 


2        3 

Thickness 
Fig, 


5        6       2       8 
of  copper,  in  mm. 
6. — Absorption  curves. 


with  mechanical  rectifier,  indicates  a  distinct  margin 
in  favour  of  the  former.  Fig.  6  shows  this  relationship 
clearly.  To  obtain  the  same  X-ray  intensity  under 
identically  similar  conditions,  225  kV  is  required  from 
an  a.c.  transformer  outfit,  as  against  200  kV  for  the 
constant-potential  apparatus.  These  comparative  tests 
form  a  part  of  an  extensive  series  of  quantitative 
research  problems  which  have  been  investigated  by 
Dr.  Coolidge  and  W.  K.  Kearsley  at  the  Schenectady 
laboratory.  The  results  have  recently  been  published 
by  The  American  Journal  of  Roentgenologv.  In  sum- 
marizing the  last-mentioned  test  Dr.  Coolidge  states 
that  the  difference  might  be  due  either  to  experimental 
inaccuracy  or  to  the  fact  that  the  composition  of  the 
beam  of  X-rays  is  not  exactly  the  same  in  both  cases. 

Research. 

Although   research   on   this   very   important    subject 

is  not  entirely  confined  to  the  "  Victor  "  and  the  General 

Electric   Co.'s   combination,    one   necessarily   feels   that 

the   most   authoritative  statements   emanate   from  the 


Schenectady  laboratories.  Dr.  Coolidge  a  year  or 
so  ago  made  a  special  journey  to  the  Continent  to 
study  the  quostion  of  deep-therapy  equipment.  Since 
then  the  research  staff  under  his  direction  have  had 
the  opportunity  of  closely  investigating  the  relative 
values  of  the  most  important  tj'pes  of  German  deep- 
therapy  apparatus.  Research  of  a  very  thorough  and 
exhaustive  nature  has  been  carried  out  and  recently 
pubUshed.  In  this  way  the  benefits  of  unicjue  experi- 
ence are  passed  on  to  all  concerned.  The  material 
outcome  of  this  work  is  centred  upon  the  deep-therapy 
outfit  produced  bv  the  Victor  X-ray  Corporation  at 
Chicago,  a  brief  description  of  which  will  be  given 
later  in   the  paper.     A  summary  of  the  already  pub- 
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Fig.  7. — Distribution  ia  plane  containing  tube  axis  and 
perpendicular  to  target  lace  ;  127  000-volt,  3-mA  inter- 
rupterless  machine. 

lished    research    work    would    indicate    the    following 
conclusions  : — • 

(1)  The  oil-immersed  a.c.  transformer,  in  conjunction 

with  a  mechanical  rectifier  and  the  constant- 
potential  machine,  is  the  most  efficient  means 
of  generating  high  voltages  for  continuous 
worldng. 

(2)  The   present-day   form   of    mechanical  cross-arm 

type  rectifier  lends  itself  admirably,  if  suitabl}' 
modified,  to  the  rectification  of  higher  potentials. 

(3)  The  ballasting  action  of  resistance  offers  certain 

well-defined  advantages  over  auto-transformer 
control  when  operated  with  a  hot-cathode  tube 
at  high  potentials.  * 

(4)  A    voltmeter    connected    across    the    primarj'    of 

an  a.c.  transformer  should  be  cahbrated  against 
a  standard  sphere  gap. 
(.j)  The  current  in  the  secondary  or  tube  circuit 
must  be  kept  virtually  constant  in  order  to 
minimize  the  high-tension  voltage  fluctuations 
due  to  the  resistance  in  the  primary  circuit. 
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.  With  regard  to  Coolidge  tubes  for  deep  therapy, 
experimental  data  are  now  available,  the  most  important 
of  which  are  as  follows  : — 

(1)  The  200  000-volt  tubes  have  a  substantially  con- 

stant output.  The  filtered  radiations  through 
2  mm  of  copper  varied  only  1^  per  cent  over 
a  series  of  29  tubes,  the  terminal  voltage  being 
200  kV  at  2  mA. 

(2)  Wlaere  no  filter  is  used  for  superficial  skin  therapy 

this  constancy  is  lessened,  owing  to  a  slight 
variation  in  the  thickness  of  the  tube  wall. 

(3)  The  effect  of  the  tungsten  deposit  on  the  inner 

walls  of  badly  abused  tubes  may  be  neglected 
in  deep  therapy. 


adjusted  in  order  to  allow  for  varj-ing  X-ray  distribu- 
tion from  the  focal  spot.  At  the  same  time  it  should 
be  noted  that  for  filtered  radiations  the  distribution 
is  greatly  flattened.  Within  the  girdle  of  the  tube  the 
distribution  is  constant  wthin  angles  of  100°. 

These  results  are  of  the  utmost  importance  in  view 
of  the  fact  that  some  workers  in  this  country  either 
have  installed  or  are  contemplating  the  installation 
of  a  tube  carrier  which  is  a  fixture  in  relation  to  the 
patient. 

Gener.^l  Design  of  Apparatus. 

Individual  manufacturers  in  the  United  States  have 
shown  considerable  enterprise  in  perfecting  and  modify- 
ing existent   practice  in   order  to   cope   with  the  new 
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(4)  The  distribution  of  intensity  around  the  girdle, 
and  in  a  plane  containing  the  tube  axis  and 
perpendicular  to  the  target  face,  varies  markedly 
and,  therefore,  the  angle  at  which  the  tube 
is  operated  is  a  factor  of  sufficient  importance 
to  warrant  close  attention.  Figs.  7  and  8 
illustrate    the    distribution    in    a    quantitative 


The  angles  necessary  for  the  application  of  X-rays 
through  various  ports  of  entry  are  in  the  latter  case 
obtained  by  tilting  a  tubular  or  conical  diaphragm 
placed  in  the  path  of,  and  radial  to,  the  central  beam. 
The  radiations  of  varying  incident  angle  are  therefore 
directed  on  to  the  patient.  It  is  obvious  from  the 
data  already  given  that  this  technique  must  be  carefully 

Vol.  61. 


conditions.  Many  exceptional  refinements  have  been 
applied  to  standard  plants. 

It  was  pointed  out  earlier  in  the  paper  that  a  simi- 
larity of  design  is  noticeable.  It  would  therefore  be 
both  superfluous  and  beyond  the  scope  of  this  paper 
to  give  a  detailed  description  of  each  piece  of  apparatus 
on  the  market,  but  it  might  be  of  interest  to  describe 
briefly  some  of  the  outstanding  features  of  the  more 
important  American  models. 

A  point  worthy  of  note  is  that  the  twin-coil  practice 
common  in  German)'  has  been  followed  in  a  modified 
form  by  some  .\merican  manufacturers,  and  both  the 
Waite  and  Bartlett  Manufacturing  Co.  and  the  Wappler 
Electric  Co.  of  New  York  have  designed  their  trans- 
former equipment  in  two  halves.  The  latter  company 
have  two  separate  transformers  energized  in  parallel, 

26 
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each  being  capable  of  transforming  tlie  line  pressure 
to  150  000  volts.  The  transformers  are  oil-immersed 
and  consist  of  concentric,  heavily  insulated,  primary 
and  secondary  coils.  Two  tubes  may  be  operated 
simultaneously,  each  taking  alternate  half-waves  or, 
if  desired,  both  halves  can  be  appUed  unidirectionallj' 
to  the  tube.  The  diagram  of  connections  is  given  in 
Fig.  9.  Special  importance  is  claimed  for  the  inclusion 
of  suitably  designed  ohmic  resistances  in  the  secondary 
circuit.  Impressed  surges  and  oscillations  are  mini- 
mized, the  tube  thereby  safeguarded,  and  quite  uniform 
running  is  maintained.  The  two  rotating  disc  rectifiers 
are  mounted  centrally  within  the  usual  cabinet,  over 
and  above  two  oil-immersed  liigh-tension  transformers. 
Large  ebonite  shields  are  mounted  at  the  stator  to 
obviate  the  chances  of  flash-over  to  the  earthed  portion 


current,  time,  and  filter  thickness.  Dr.  Waite  attributes 
the  utmost  importance  to  this  device,  which  eliminates 
carelessness  on  the  part  of  the  operator  and,  moreover, 
provides  a  permanent  record  of  each  treatment. 

Slention  has  already  been  made  of  the  rectifjdng 
system  evolved  by  the  International  X-ray  Co.  of 
New  York.  Another  interesting  feature  of  the  outfit 
consists  of  a  new  method  of  measuring  the  secondary 
voltage  or  penetration.  This  is  done  by  detecting 
and  calibrating  the  capacity  current  of  a  speciallv 
designed,  concentric,  air-dielectric  condenser.  The  latter 
is  mounted  on  the  top  of  a  cabinet,  and  a  galvanometer 
or  milliammeter  is  employed  to  record  the  capacity 
or  corona  current  between  the  plates,  the  readings  being 
directly  calibrated  in  peak  volts.  The  general  appear- 
ance of  the  X-ray  transformer  and  rectifier  apparatus  has 
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Fig.  9. — Diagram  of  connections  of  Wappler  deep-therapy  machine. 


of  the  mountings,  for  instance  the  synchronous  driving 
motor.  The  new  high-voltage  Coolidge  tube  is  used 
and  mounted  in  an  ingenious  protective  container 
completely  enclosed  in  such  a  way  as  to  allow  a  draught 
of  cold  air  projected  by  a  fan  to  circulate  around  the 
tube  bulb  and  out  at  the  two  arms.  A  sphere  gap 
and  coronaless  overhead  equipment  is  included  in 
the  installation. 

The  Waite  and  Bartlett  machine  is  somewhat  of 
the  same  construction  and  has  a  single  motor  driving 
a  shaft  %\ith  a  rectifier  operating  on  the  4  cross-arm 
principle.  The  currents  when  rectified  are  put  in 
series  and  fed  to  the  tube  terminals.  A  sphere  gap 
and  a  primary  a.c.  voltmeter  are  included  for  measuring 
and  standardizing  the  voltage.  A  machine  of  this 
type  has  been  installed  at  the  General  Memorial  Hos- 
pital under  the  direction  of  Professor  Shearer,  of  Cornell 
University,  who  has  devised  a  special  recording  instru- 
ment by  means  of  which  an  ink  record  is  taken  of 
fluctuations  (if  any)  in  the  primary  voltage,  the  secondary 


already  been  illustrated  in  Fig.  3.  The  device  is  mounted 
on  the  top  of  the  cabinet,  and  consists  of  a  condenser, 
the  discharge  between  the  plates  of  which  is  measured 
through  a  galvanometer  or  milliammeter  cahbrated 
directl)'  in  peak  volts. 

It  is  claimed  that  by  this  means  the  errors  due  to  the 
unskilled  manipulation  of  a  sphere  gap  are  ehminated. 
Controls  are  obtained  by  a  ballast  resistance  in  the 
primary  circuit  of  an  oil-immersed  transformer. 

The  actual  design  of  transformer  presents  some 
interesting  features.  The  secondary  coils  are  completely 
suspended  in  oil,  and  no  solid  insulation  or  filhng  com- 
pound is  used.  The  high-tension  turns  are  made  up 
of  specially  insulated  vvire  capable  of  withstanding 
5  000  volts  (between  turns).  The  transformer  was 
designed  by  Mr.  Montford  Morrison  and  has  proved  to 
be  exceptionally  free  from  breakdown. 

A  powerful  apparatus  is  manufactured  by  the  Victor 
X-ray  Corporation  of  Chicago,  and  is  the  practical 
outcome  of  the  experience  of  their  engineers  in  collabora- 
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tion  with  the  research  work  of  Dr.  Coolidge  and  his 
staff  at  the  General  Electric  laboratories,  Schenectady. 
Es.sentially  the  plant  consists  of  a  transformer  capable 
■of  operating  continuously  at  280  000  volts,  equivalent 
to  a  20-in.  gap  between  points.  Kectification  is 
■obtained  by  the  well-known  Snook  pattern  cross-arm 
rotating  switch.  Special  provision  has  been  made  to 
eliminate  harmful  surges.  The  apparatus  has  been 
designed  with  a  view  to  its  use  on  a  still  higher  peak 


Future  Developments. 

It  would  appear  that  the  limiting  factors  at  the 
present  time  rest  with  the  X-rav  tube,  and  hence  future 
developments  depend  entirely  on  the  production  of 
higher-power  Coolidge  tubes  before  apparatus  for  the 
generation  of  still  shorter  wave-lengths  can  be  manu- 
factured. 

With  regard  to  the  question  of  standardizing  methods 
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Fig.  10. 


voltage  than  has  so  far  been  considered  necessary  for 
deep-therapy  treatment.  For  this  reason  a  greater 
latitude  is  allowed  in  the  dimensions  of  the  rotating 
switch,  which  is  5  to  6  ft.  long  and  occupies  the  whole 
length  of  the  cabinet.  The  cabinet,  as  usual,  encloses  the 
transformer  and  rectifying  switch.  The  rotary  switch  is 
placed  horizontally  the  whole  length  inside  the  cabinet. 
Noteworthy  features  of  the  apparatus  are  the  inclusion 
of  a  Kearsley  stabilizer,  double-check  milliammeters, 
and  a  conveniently  placed  sphere-gap  voltmeter.  The 
•current  stabilizer  operating  on  the  same  principle 
as  the  Tirrill  regulator  is  all-important,  as  it  keeps 
the  current  virtually  constant,  even  if  considerable 
fluctuations  occur  in  the  line  voltages.  The  results 
of  the  researches  at  Schenectady  have  proved  the 
advisability  of  introducing  two  milliammeters  in  the 
tube  circuit.  It  was  found  that  surges  which,  although 
minimized,  are  unavoidable  have  been  known  to  cause 
a  partial  short-circuit  in  the  shunted  resistance  across 
the  moving  coil.  A  carefully  calibrated  meter  of 
standard  type  was  found  to  have  failed  in  this  manner 
after  a  very  short  period  of  use,  and  it  was  considered 
extremely  improbable  that  two  meters  should  fail 
in  a  similar  manner  at  the  same  time.  The  voltages 
are  measured  by  a  voltmeter  placed  in  the  primary 
circuit  of  the  transformer  and  calibrated  against  the 
.sphere  gap.  Special  attention  has  been  given  to  the 
overhead  system,  which  is  made  up  of  |-in.  tubing  and 
is  so  designed  as  to  obviate  all  corona  and  attendant 
dangers.  The  output  of  the  machine  is  as  high  as 
8  m.\  at  200  kV  and  has  an  equivalence  of  50  mg  of 
radium.  As  many  as  45  of  these  outfits  are  in  use  and 
are  giving  very  satisfactory  and  consistent  results. 


of  measurement  for  X-radiation,  it  appears  that  authori- 
ties in  the  United  States  do  not  recommend  the  use 
of  an  ionization  chamber  in  everyday  work.  In  the 
laboratory,  of  course,  this  method  is  pre-eminent,  but, 
owing  to  the  many  disturbing  factors  requiring  highly 
skilled  manipulation,  average  accuracy  could  better 
be  obtained  by  the  use  of  a  sphere  gap  checked  by 
a  primary  a.c.  voltmeter  and  double-check  milliam- 
meters.    Still    further    accuracy    would     be    obtained 
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Fig.   11. 


by  the  inclusion  of  some  form  of  current  stabilizer  in 
the  tube  circuit.  Differences  in  wave-shape  may  be 
neglected,  as  the  quality  and  intensity  of  X-rays  pro- 
duced thereby  are  little  altered,  if  the  radiation  is 
standardized  in  the  first  place  for  the  maximum  peak 
voltage. 

All  sphere-gap  measurements  are  performed  in 
accordance  with  the  recommendations  and  specifications 
issued  by  the  Bureau  of  Standards  of  the  .\nierican 
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Institute  of  Electrical  Engineers,  a  very  well-considered 
publication  which,  is  always  a  point  of  reference  -wdth 
regard  to  the  measurement  of  the  higher  order  of 
voltages. 

Jleasurements  in  the  laboratory  by  Dr.  CooUdge 
were  accomplished  by  means  of  the  ionization  apparatus 
shown  in  Fig.  10.  The  chamber  itself  is  enclosed 
within  a  lead  booth  J  in.  in  tliickness  facing  the  tube, 
and  j3g-  in.  elsewhere.  It  is  found  necessary,  in  order 
to  protect  the  chamber  from  X-rays,  to  keep  the  door 
at  the  back  closed  throughout  the  measurement. 


Fig.  11  illustrates  the  detailed  arrangement  of  an 
ionization  chamber  connected  with  a  dry  battery  and 
Bumstead  electroscope. 

In  conclusion,  the  author  would  like  to  acknowledge 
the  assistance  and  courtesy  accorded  to  him  by  X-ray 
manufacturers  in  the  United  States.  Also,  special 
acknowledgment  is  due  to  Dr.  W.  D.  Coolidge  of  the 
General  Electric  Co.  Research  Laboratory  of  Schenectady 
and  to  Dr.  H.  M.  Imboden,  the  editor  of  The  American 
Journal  of  Roentgenology,  for  permission  to  iise  the 
extract  of  Dr.  Coolidge's  paper  before  publication. 
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By  R.  D.  ARCHIB.A.LD,  Member. 
{Paper  first  received  ilst  July,  and  in  final  form  Idtli  November,  1922.) 


Summary. 

A  description  is  given  of  a  simple  method  of  showing  the 
variation  in  the  M.M.F.  of  a  single-phase  alternator  winding 
by  the  shadow  of  a  vane  attached  to  a  rotating  spindle. 

The  application  of  the  same  principle  to  the  case  of  poly- 
phase windings,  and  the  method  of  arriving  at  the  position 
and  dimensions  of  the  vanes,  are  explained. 

An  apparatus  is  described  which  is  arranged  to  show  the 
M.M.F.  produced  in  the  air-gap  of  an  induction  motor  by 
the  stator  and  rotor  windings  under  load  conditions,  with 
the  rotor  either  stalled  or  revolving. 


The  apparatus  described  was  devised  some  years 
ago  by  the  author  for  the  purpose  of  demonstrating 
the  rotating  fields  of  induction  motors  and  other  a.c. 
machines.  Since  then  it  has  been  improved  upon, 
and  it  is  thought  that  a  description  of  it  might  be  of 
interest. 

The  principle  on  wliich  it  depends  can  be  readily 
understood  from  the  case  of  a  single-phase  winding 
with  one  slot  per  pole  per  phase  (see  Fig.  1).  If  the 
currents  in  the  windings  vary  according  to  a  sine  law, 
the  amphtude,  a,  of  the  M.M.F.  curve  varies  in  simple 
harmonic  motion  from  a  positive  to  a  negative  maxi- 
mum. These  variations  can  be  shown  on  a  screen  b}' 
the  shadows  of  vanes  attached  to  a  spindle  rotated  at 
a  uniform  speed,  the  beam  of  light  being  parallel  and 
directed  at  right  angles  to  the  spindle,  as  shown  in 
Fig.  2.  The  radial  lengths  of  the  vanes  are  equal  to 
the  maximum  value  of  the  M.M.F.     The  width  of  the 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  pubhshed  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  mouth  after  publication  of  the 
paper  to  which  they  relate. 


conductor  has  been  neglected  in  Figs.  1  and  2,  so  that 
the  M.M.F.  curve  is  a  rectangle.  We  shall  continue 
for  the  present  to  neglect  the  spaces  occupied  by  the 
conductors  in  the  slots,  as  these  can  easily  be  taken 
into  account  later. 

With  several  slots  per  pole  per  phase  the  M.M.F. 
curve  is  stepped  as  shown  in  Fig.  3,  in  which  there  are 
three  slots  per  pole  per  phase,  and  the  vanes  have  to 
be  shaped  accordingly. 

In  the  case  of  polyphase  windings  with  one  slot  per 
pole  per  phase  the  vanes  must  have  a  width  equal  to 
the  distance  between  the  coil  side  of  one  phase  and 
that  of  the  adjacent  phase.  The  radial  length  of  the 
vanes  must  be  equivalent  to  the  maximum  value  of 
the  resultant  M.M.F.  over  the  part  of  the  armature 
periphery  to  which  they  correspond.  The  principle  of 
construction  is  shown  in  Fig.  4  for  the  case  of  a  two- 
phase  winding.  The  vanes  representing  the  M.M.F. 's 
of  each  phase  are  shown  unshaded  at  I,  I'  (corresponding 
to  phase  I)  and  at  II,  II'  (corresponding  to  phase  II). 
The  vanes  representing  the  resultant  M.M.F.'s  at  various 
positions  round  the  armature  periphery'  (or  along  the 
spindle)  are  shown  shaded.  They  are  the  resultants 
of  the  unshaded  vanes  at  any  point  along  the  spindle 
and  are  used  for  projecting  the  M.M.F.  curve  produced 
by  the  two  phases.  The  unshaded  vanes  are,  of  course 
omitted,  being  mentioned  here  only  for  the  sake  of 
explanation. 

The  exact  dimensions  and  positions  of  the  resultant 
vanes  may  be  determined  as  follows  : — 

Let  a  be  the  maximum  M.M.F.  produced  by  each 
phase— i.e.  the  radial  length  of  an  unshaded  vane. 
Consider  the  first  shaded  vane  at  the  left-hand  end  of 
the  spindle.  It  is  the  resultant  of  vanes  I  and  II' 
at  right  angles  to  one  another  and  it  will  therefore  have 
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a  radial  length  of  a\/2,  and  be  at  an  angle  of  45°  to  I 
and  ir.  If  we  measure  the  angular  position  of  the 
vanes  around  the  spindle  in  an  anti-clockwise  direction 
starting  from  the  position  of  vane  I,  the  angular  position 
of  the  resultant  vane  can  be  defined  as  —  45.  This 
is  a  time  angle.  Distances  along  the  spindle  represent 
space  angles  or  electrical  degrees  of  armature  periphery. 
The  width  of  the  vane  expressed  as  a  space  angle  is 
90  electrical  degrees.  The  positions,  widths  and  radial 
lengths  of  the  vanes  can  be  tabulated  as  shown  in 
Table  1. 

If  there  are  several  slots  per  pole  per  phase  the 
M.M.F.  changes  at  each  slot,  and  separate  vanes  are 
required  for  each  pair  of  adjacent  slots,  i.e.  there 
are  as  many  vanes  as  there  are  teeth. 


positions  of  the  vanes  which  would  project  these  M.M.F. 
curves  are  shown  by  the  vectors  to  the  right  of  the 
diagrams. 

The  total  M.M.F.  due  to  all  three  phases  is  plotted 
in  Fig.  6.  The  vector  diagrams  below  the  total  M.M.F. 
curve  show  how  the  radial  lengths  and  positions  of  the 
resultant  vanes  are  found  from  those  due  to  each  phase. 
For  example,  vane  a  is  the  resultant  of  vanes  I,  II 
and  III  at  the  position  marked  a  on  the  total  M.M.F. 
curve.  Each  vane  has  a  width  equal  to  a  slot  pitch 
(since  the  slot  width  is  neglected),  or  20  electrical 
degrees. 

The  horizontal  and  vertical  components  of  the  vanes 
of  each  phase  and  resultant  vanes  and  their  angular 
positions  are  given  in  Table  2. 


Fig    1. 


Fig.  2. 
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Fig.  4. 


In  order  to  show  how  the  positions  and  dimensions 
of  the  vanes  for  a  polyphase  winding  with  several 
slots  per  pole  per  phase  may  be  worked  out  on  the 
above  lines,  an  example  of  a  three-phase  winding  with 

Table  1. 


No.  of  vane 

(starting  from 

left) 

Radial 
length 

Width,  in 
electrical 
degrees 

Angular 

position  around 

spindle 

1 

o\/2 

0-90 

-  45 

2 

a-v/Z 

90-180 

45 

3 

av/2 

180-270 

135 

4 

av'2 

270-360 

225 

three  slots  per  pole  per  phase  is  given  in  Fig.  5.  The 
M.M.F.'s  produced  by  each  phase  are  shown  at  I  I', 
III  III',  II  II'.  The  current,  and  therefore  the  M.M.F. 
in  phase  III,  is  a  maximum,  so  that  the  currents  in 
phases  I  and  II  are  half  the  maximum.     The  angular 


When  the  resultant  vanes  are  mounted  on  the  spindle 
over  a  space  angle  of  360  electrical  degrees  their  projec- 
tions in  a  direction  parallel  to  the  axis  of  the  spindle 
appear  as  shown  in  Fig.  7.  The  ends  of  the  projections 
of  the  vanes  are  on  the  hexagon  (shown  dotted).  It 
is  as  important  to  have  the  projection  of  the  vanes  in  an 
axial  direction  as  it  is  to  have  it  at  right  angles  to  the 
spindle,  for  the  diagram  so  obtained  gives  a  clear  insight 
into  the  character  of  the  winding.  Each  radial  vector 
in  Fig.  7  represents  in  phase  and  magnitude  the  M.M.F. 
opposite  a  tooth  or  space,  with  the  corresponding  letter 
in  Fig.  5.  The  difference  of  M.:\I.F.  between  any  one 
tooth  and  the  next  is  caused  by  the  ampere-conductors  in 
the  intervening  slot ;  but  the  difference  between  any  two 
M.M.F.  vectors  such  as  a  and  b  (see  Fig.  7)  is  the  line 
joining  a  and  b.  Such  lines  as  ab,  be,  etc.,  tliere- 
fore  represent  in  phase  and  magnitude  the  ampere- 
conductors per  slot  between  a  and  b,  b  and  c,  etc. 
These  distances  should  all  be  equal  in  this  case,  since 
the  number  of  conductors  per  slot  and  the  maximum 
current  in  each  is  the  same,  and  if  the  vanes  have 
been  properly  calculated  by  the  preceding  method  jt 
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will  be  found  that  the  ends  of  the  vectors  in  Fig.   7 
divide  the  hexagon  into  two  equal  parts. 

It  will  now  be  seen  that  we  can  arrive  at  the  positions 
of  the  vanes  more  readily  from  tliis  diagram  than  by 
the  preceding  method,  by  drawing  the  vectors  of  ampere- 
conductors per  slot  so  that  they  are  added  together 
and  form  a  closed  polygon  in  360  degrees.     Radii  are 


from  the  simple  forms.  A  number  of  M.M.F.  diagrams 
constructed  on  this  principle  for  such  windings  are 
given  in  an  article  by  \V.  Stiel  in  the  Schweizerischer 
Elekirotechmscher   Verein  Bullttm  for  January,   1922. 

An  example  of  this  method  of  construction  is  given 
in  Figs.  8,  9  and  10,  which  show  a  three-phase  winding 
with  three  slots  per  pole  per  phase  short-corded  by  one 
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Fig.  G. 

then  drawn  from  the  centre  to  the  junctions  of  these 
vectors,  thus  giving  the  required  positions  of  the  vanes. 
With  symmetrical,  full-pitch  windings  the  figures 
bounding  the  vanes  are  simple,  e.g.  a  hexagon  for  a 
three-phase  winding,  a  square  for  a  two-phase  winding, 
and  a  2r!-sided  figure  for  n  phases.  With  short-corded 
windings  the  shapes  of  the  figures  are  slightly  modified 
and    with    variable-pole    windings    differ    considerably 


Fig.  7. 

slot.  The  current  vectors  are  shown  in  Fig.  9,  and  the 
M.M.F.  diagrams  in  Fig.  11.  The  M.M.F.'s  at  a,  b, 
c,  etc.,  in  Fig.  8,  are  shown  by  the  vectors  oa,  ob,  oc, 
etc.,  in  Fig.  11.  If  we  call  the  maximum  current  in 
any  one  conductor  1  ampere  then  the  ampere-conductors 
in  the  slot  between  a  and  b  (Fig,  8)  are  two,  since  each 
conductor  is  carrj'ing  a  current  given  by  the  vectcnr 
III'  in  Fig.  9.  Let  1  cm  =  1  ampere-conductor.  The 
Lne  ab  (Fig.  11)  is  therefore  drawn  vertically  upwards 
and  of  length  2  cm.  The  slot  between  b  and  c  contains 
one  conductor  carrj'ing  the  current  given  b}-  the  vector 
II  in  Fig.  9,  and  one  carrying  current  given  by  the 
vector  III'.  The  length  be  is  therefore  the  resultant 
of  a  distance  of  1  cm  drawn  in  phase  with  the  vector 
II,  and  1  cm  dra^\^l  in  phase  with  the  vector  III'. 
Similarly,  cd  is  2  cm  drawn  in  phase  with  the  vector 
II,  and  so  on. 

In  order  to  show  the  more  correct  trapezia  form  of 
M.M.F.  curve  it  is  only  necessary  to  narrow  down  the 
vanes  to  the  width  of  a  tooth  and  join  the  outer  comers 
of  the  adjacent  vanes  by  a  straight  thread  or  wre. 
The  outer  edges  of  the  vanes  then  trace  out  the  M.M.F.'s 
over  the  teeth,  and  the  threads  or  wires  trace  the 
M.M.F.'s  over  the  slots.  The  idea  will  be  gathered 
from  Fig.  10,  which  shows  three  vanes  connected  in 
this  way  and  the  shadows  produced  thereby. 
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The  apparatus  so  far  described  is  suitable  for  demon- 
strating simple  pulsating  or  rotating  M.M.F.'s,  such  as 
occur  in  an  induction  motor  on  no  load,  but  in  a  modified 


and  17  are  the  axial  projections  of  spindles  carrying 
vanes.  The  shadows  of  these  vanes  cast  by  a  beam 
of  light  in  the  direction  across  the  spindles,  shown  by 
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form  it  may  be  used  to  represent  the  resultant  M.M.F. 
in  the  air-gap  of  an  induction  motor  on  load.  Fig.  12 
shows  a  stator  winding  having  two  slots  per  pole  per  phase 


the  arrow,  would  project  the  JI.M.F.  diagrams  in  Fig.  18 
superimposed  as  shown.  For  this  purpose  the  vanes 
must  be  transparent.     In  the  device  used  by  the  author 
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and  a  rotor  with  three  slots  per  pole  per  phase,  both 
windings  being  full-pitch.  The  rotor  is  shown  in  such 
a  position  that  the  rotor  phases  are  opposite  the  corre- 
sponding ones  in  the  stator.  The  stator  currents  are 
given  by  the  vector  diagram  in  Fig.  13.  Let  the  angle 
of  lag  in  the  primary  circuit  be  30°  so  that  the  E.M.F. 
E.2  in  phase  II  is  a  maximum.  The  vector  diagram  of 
stator  and  rotor  current,  so  far  as  phase  II  is  concerned, 
will  then  be  as  in  Fig.  14.  From  the  primary  current 
1-2  and  the  magnetizing  current  7„  we  find  the  rotor 
current  I',,  and  hence  draw  the  vector  d-agram  of  the 
rotor  currents  in  eacli  phase  in  Fig.  lo.  The  radial 
diagrams  for  plotting  the  M.M.F.  curves  can  now  be 
constructed  as  in  Figs.  16  and  17.  Normally  the 
M.M.F.  of  the  rotor  opposes  that  of  the  stator,  but 
since  we  want  to  show  the  difference  between  the  two 
curves,  we  invert  one  curve,  sav  that  of  the  rotor,  and 
plot  the  curves  as  shown  in  Fig.  18.  The  resultant 
M.M.F.  at  any  point  is  then  given  by  the  vertical 
distance  between  the  two  curves. 

Now  consider   that  the  radial  diagrams  in   Figs.    16 


each  vane  is  made  of  a  couple  of  thin  spokes  vnih 
a  thread  or  wire  stretched  across  the  ends,  as  in  Fig.  19. 
In  order  to  show  the  movement  of  the  field  with  the 


Fig.  9. 


Fig.  10. 


rotor  fixed,  both  spindles  must  be  rotated  uniformly  at 
the  same  speed.  Anti-clockwise  rotation  causes  the 
field  in  this  case  to  move  to  the  right.     In  order  to  show 
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the  movement  with  the  rotor  revolving  it  is  necessarv' 
to  move  the  spindle  carrying  the  rotor  vanes  in  an  axial 
direction,  i.e.  into  the  paper  in  Fig.   17.     Sjmchronous 


speed  is  shown  by  moving  the  spindle  along  without 
rotation  in  the  direction  of,  and  at  the  same  speed  as. 


relationship  between  the  stator  and  rotor  field  is  main- 
tained.    Thus,    if   the    slip    were    positive    the    spindle 


Fig.  is 


would  have  to  be  given  a  small  anti-clockwise  rotation. 
The  device  used  to  produce  gliding  alone,  or  gliding 
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the  stator  field.     Slip  is  shown  by  moving  the  spindle 
at   a   speed    greater   or  less   than    that   of   tlie   stator 


Fig.  16 


Fig.   17. 


field  by  the  amount  of  the  sUp,  and  rotating  the  spindle 
at  such  a  speed  and  in  such  a  direction  that  tlie  phase 


and  rotation  combined,  is  shown  in  Fig.  20.  The  spindle 
Sj  carries  the  stator  vanes  and  So  the  rotor  vanes.  On 
Sj  is  fixed  the  pulley  Pi  of  diameter  d.  Tliis  pulley  is 
detachable  and  can  be  replaced  by  others  of  different 
diameters.  For  showing  synchronous  speed  d  must 
be  such  that  Trd  equals  the  distance  along  the  shaft 
wliich   represents   one   cycle.     To   represent   a   slip   of. 

Wire 

J. 


Spokes 


5piu-dle 
Fig.   19. 


say,  5  per  cent,  d  would  have  to  be  5  per  cent  smaller. 
A  negative  slip  such  as  would  occur  in  an  induction 
generator  would  require  d  to  be  5  per  cent  larger.  A 
cord  is  attached  to  the  shaft  at  a,  carried  along  parallel 
to  the  shaft  to  the  eyelet  at  b  and  thence  round  the 
pulley  Pi,  so  that  as  Sj  rotates  it  draws  s^  along  at  the 
required  speed.      Rotation  of  the  shaft  So  is  produced 


PRODUCED    BY   SINGLE-PHASE   AND    POLYPHASE   WINDINGS. 


381 


by  the  pulleys  p.^  and  P3.  The  pulley  po  revolves  on 
the  sleeve  c  attached  to  the  carrier.  The  shaft  So, 
which  has  a  long  feather,  f,  on  it,  passes  through  c  and 
bears  on  the  disc  g  attached  to  po.  The  disc  has  a 
key-way  to  fit  the  feather.  The  shaft  can  shde  through 
P2  in  an  axial  direction  whilst  it  is  rotated  by  the  pulley 
P3  on  Sj.  The  pulley  Ps  is  detachable  and  can  be 
replaced  by  others  of  different  dimensions  for  different 
Elips. 

To  show  the  rotor  stationary,  P3  must  have  the  same 
diameter  as  po.  For  synchronous  conditions  the  belt 
from  poto  P3  is  removed  and  the  pulley  po  held  stationary, 
as  the  shaft  So  must  not  rotate.      For  a  shp  of,  say, 
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5  per  cent  the  pulley  P3  must  have  a  diameter  equal 
•to  5  per  cent  of  that  of  P2. 

A  useful  addition  to  the  apparatus  is  an  arrangement 
to  show  the  variation  of  the  ampere-conductors  per  slot 
in  the  stator  and  rotor  as  the  M.M.F.'s  vary.  This  can 
be  done  by  placing  a  drawing  of  the  stator  slots  on 
the  upper  part  of  the  screen  and  showing  the  variation 
of  current   by  means  of  the   shadows   of  vanes   on    a 


spindle  rotating  at  the  same  speed  as  Sj.  Each  vane 
is  opposite  a  slot  and  of  radial  length  proportional  to 
the  maximum  ampere-conductors  per  slot.  For  the 
rotor  the  spindle  carrying  the  vanes  is  arranged  for 
axial  motion  and  rotation  in  the  same  manner  as  So, 
and  a  drawing  of  the  rotor  slots  is  placed  on  a  shde  which 
is  drawn  along  at  the  same  speed  as  the  spindle  S2. 

Very  often  only  a  simple  demonstration  is  required, 
without  the  complication  of  the  teeth.     For  example,  the 

_I_^_m_^_I[_      I'         IE 
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Fig.  21. 

jNI.M.F.  curve  of  a  creeping  three-phase  full-pitch  winding 
such  as  is  shown  in  Fig.  21  can  readily  be  showTi  by 
placing  a  number  of  spokes  along  the  spindle  at  equal 
distances  apart  and  spaced  at  angles  of  60°  round  the 
spindle  so  that  their  projections  along  the  spindle  are 
radii  to  the  corners  of  a  hexagon.  The  ends  of  these 
spokes  are  then  joined  by  straight,  stretched  pieces  of 
wire  or  thread. 


382 


DISCUSSION   ON   "THE   POSSIBILITIES   OF 


DISCUSSION    ON 

"THE   POSSIBILITIES   OF   TRANSMISSION   BY   UNDERGROUND   CABLES  AT 

100  000/150  000  VOLTS."  * 

Scottish   Centre,   at   Glasgow,  12  December,  1922. 


Mr.  A.  E.  McCoU :  Jona,  at  the  International 
Electrical  Congress  in  1904,  described  a  rubber  paper- 
graded  cable,  which  was  built  by  Messrs.  Pirelli  of 
Milan.  This  cable  had,  I  believe,  four  gradings,  and 
was  designed  for  a  working  pressure  of  75  000  volts. 
By  interposing  insulating  material  of  varying  specihc 
inductive  capacitv  in  layers,  a  liigh  electric  strength  is 
obtained.  The  choice  of  suitable  materials  is,  however, 
rather  limited,  and  the  strengthening  of  the  cable  on  this 
principle  is  not  a  commercial  proposition,  owing  to  the  j 
price  of  the  materials  available.  Mr.  Beaver  t  in  1915 
put  proposals  before  us  for  an  intersheathed  cable,  and  : 
this  certainly  looked  more  promising  than  the  original  j 
proposals  of  Jona  and  Russell.  One  difficulty  in  the  i 
intersheath  method  appears  to  be  that  the  intersheath, 
being  comparatively'  light,  runs  the  risk  of  fusing  or 
overheating  due  to  the  passage  of  large  capacity  currents 
on  long  lengths  of  cable.  Further,  it  seems  to  me 
that  any  attempt  to  anchor  the  potential  on  the  inter- 
sheath scheme  will  necessitate,  on  long  cables,  either 
resistances  or  transformers  of  large  kY.\  capacity  to 
absorb  the  energy  in  the  capacity  current.  The  author's 
cable  seems  to  be  an  advance  on  the  pre\aous  inter- 
sheath tj'pe,  in  that  the  intersheath  is  now  emplo}'ed 
to  carry  actual  load  current  and  the  dimensions  for 
the  same  maximum  stresses  are  reduced.  We  can 
raise  the  pressures  by  emplopng  single-core  cable,  but 
a  certain  loss  is  entailed,  due  to  the  sheath.  The 
continuity  of  the  sheath  may  be  interrupted  at  frequent 
intervals,  in  order  to  suppress  the  secondary  current 
which  naturally  tends  to  flow.  With  large  currents, 
however,  and  increased  spacings  between  conductors, 
considerable  potentials  may  be  obtained  on  the  open- 
circuited  sheath.  The  safer  method,  therefore,  seems 
to  be  to  incur  the  loss  caused  by  short-circuiting  the 
sheath  at  regular  intervals.  In  this  connection  I 
should  like  to  have  the  author's  estimate  of  the  increased 
loss  in  his  cable  due  to  the  short-circuited  sheath.  I 
do  not  think  that  the  author  is  correct  in  assuming 
that  the  capacity  of  the  cable  can  be  increased  by 
releasing  it  of  the  charging  current,  as  this  rehef  would 
apply  only  to  the  supply  end,  the  receiving  end  still 
requiring  to  transmit  the  wattless  current  between  the 
capacity  of  the  cable  and  the  inductive  load  at  the 
remote  end.  One  of  the  most  interesting  parts  of 
the  paper  is  the  comparison  between  30  000-volt 
and  100  000-volt  transmission.  I  do  not  think  that  the 
comparison  is  altogether  fair,  as  a  less  expensive  scheme 
could  be  made  out  for  the  30  000-volt  transmission. 
£1  000  000  is  a  large  sum  to  spend  on  the  transmission 
of  50  000  kW  a  distance  of  30  miles,  and  in  this  country, 
where  water  power  does  not  count,  a  separate  station 
would   in   all  probability  be  the  better  proposition  if 

*  Paper  bv  Mr.  A.  M.  Tavlor  (see  page  220). 
t  Journal' I.E.E.,   1915,  vol.  53,  p.  57. 


the  conditions  are  such  as  to  preclude  the  possibility 
of  overhead  lines.  The  use  of  cable  such  as  the  author 
has  described  is  more  likely  to  be  of  value  in  linking 
up  an  overhead  line  where  intermediate  stretches  are, 
on  account  of  local  conditions,  prevented  from  con^ 
tinning  overhead. 

Professor  G.  W.  O.  Howe:  The  fundamental  idea 
of  the  proposed  system  is  a  very  sound  one.  It  is 
well  known  that  the  weak  point  of  high-voltage  cables 
is  the  fact  that  the  inner  layers  are  stressed  very  much 
more  than  the  outer  layers.  I  am  not  very  clear  about 
the  author's  object  in  the  first  three  or  four  pages  of 
the  paper,  in  which  well-known  results  are  apparently 
reached  by  a  roundabout  and  approximate  method, 
whereas  the  results  can  be  obtained  accurately  with 
much  less  trouble.  The  author  mentioned  that,  know- 
ing the  loss  in  the  lead  sheath  and  also  its  resistance, 
the  current  in  the  lead  sheath  could  be  calculated. 
It  seems  to  me,  however,  to  be  a  complicated  calcula- 
tion, since,  after  finding  the  loss  in  the  lead  sheath, 
one  requires  to  know  the  distribution  of  the  current 
in  the  lead  sheath  before  that  current  can  be  calculated. 
The  distribution  of  the  current  over  the  section  of 
the  sheath  is  by  no  means  a  simple  tiling  to  determine. 
I  do  not  know  whether  the  statement  occurs  in  the 
paper  but  it  was  made  by  the  author  when  expounding 
the  paper.  He  made  rather  a  strong  point  of  the 
heating  at  that  part  of  the  cable  which  is  nearest  the 
conductor.  Has  it  occurred  to  him  that,  instead  of 
winding  concentric  conductors  round  a  large  central 
core,  he  might  wind  them  round  a  lead  water-pipe 
and  pass  water  through  the  pipe  ?  I  am  afraid  that 
this  will  not  impress  the  mains  engineer  as  being  a 
happy  idea,  but  I  do  not  know  that  it  is  any  more 
fearsome  than  some  other  proposals  in  the  paper,  and 
I  do  not  know  that  the  mains  engineer  would  be  very 
much  more  worried  with  the  water-pipe  than  in  making 
and  maintaining  the  100  000-volt  cable  joints.  There 
are  one  or  two  details  of  nomenclature  to  which  I 
should  like  to  call  the  author's  attention.  On  page  222 
the  capacity  of  air  is  given  per  cubic  cm,  as  if  it  were 
a  function  of  the  volume,  instead  of  per  cm  cube  ; 
while  on  page  223  the  author  uses  the  term  "  specific 
resist! vit}-."  The  resistivity  is  the  specific  resistance. 
On  page  222  the  author  starts  from  the  logarithmic 
formula  and  proves  that  the  current  is  approximately 
constant  ;  now  as  a  matter  of  fact  the  logarithmic 
formula  is  based  on  the  assumption  that  the  current 
is  the  same  throughout  the  dielectric.  In  Fig.  3 
i?  =  22  cm  and  r  =  0-65;  if/r  =  34,  therefore  the 
capacities  of  two  thin  layers  of  the  dielectric,  one  on 
the  outside  and  the  other  on  the  inside,  will  be  in  this 
ratio  and,  the  current  being  the  same,  the  voltages 
must  be  inversely  proportional.  Assuming  a  constant 
power  factor,  the  heat  developed  per  cubic  cm  will  be 
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342  =  1  loO  times  as  great  at  the  inner  as  at  the  outer 
surface.  This  reasoning  is  much  simpler  than  the 
method  followed  in  the  paper,  by  vvliich  the  ratio  of 
800  is  obtained  by  taking  J  cm  layers. 

Mr.  A.  F.  Stevenson  :  When  I\Ir.  Beaver  read  his 
paper  in  1915,  I  asked  for  evidence  of  paper  insulation 
having  broken  down,  due  to  the  inner  layers  being  too 
highly  stressed.  We  are  still  waiting  for  it.  I  think 
tliat  it  is  more  economical  to  use  the  ordinary  strand 
than  the  hemp-cored,  and  thicken  the  insulation  to  give 
the  same  overall  diameter.  According  to  our  present 
knowledge,  six  smgle  cables  would  be  more  economical 
than  two  triple  concentric  cables  for  100  000- volt  trans- 
mission . 

Mr.  D.  Berry  :  In  the  slides  shown  by  the  author 
there  was  an  example  of  a  single  cable  with  a  hempen 
core.  It  occurs  to  me  that  should  a  fault  develop  and 
moisture  get  in,  this  cable  would  break  down.  I  under- 
stand that  there  has  been  some  trouble  in  connection 
with  the  French  cables,  this  trouble  being  attributed 
to  mechanical  damage.  Our  experience  on  a  voltage 
of  20  000  with  single  cables  has  been  that  mechanical 
damage  is  not  unlikelv  ;  the  cable  is  so  flexible  that 
it  is  easily  damaged,  and  sufficient  care  is  not  always 
exercised  in  the  bending  or  handling.  This  is  one  objection 
to  the  use  of  single  cables  for  high  voltages.  For  voltages 
below  50  000  I  do  not  suppose  that  methods  other 
than  those  adopted  at  present  are  required,  and  I 
understand  that  a  50  000-volt  three-core  cable  has  been 
laid  and  is  operating  successfully.  W'hile  I  do  not 
think  that  transmission  by  underground  cables  at 
100  000/150  000  volts  is  of  immediate  moment,  the 
matter  raised  bv  the  author  is  of  great  interest,  and 
I  should  be  glad  if  he  would  give  further  particulars 
in  regard  to  the  insulation  which  he  proposes  that  the 
cable  makers  should  adopt  for  his  cable.  I  should 
also  be  glad  if  he  would  indicate  what  we  might  expect 
in  the  case  of  a  number  of  cables  laid  in  a  nest  of  ducts. 
It  may  be  that  in  coming  away  from  a  station  the 
cables  are  laid  for  some  distance  in  ducts,  and  it  is 
therefore  to  be  expected  that  a  great  amount  of  heat 
will  arise  when  the  ducts  are  full}'  occupied.  The 
cumulative  effect  due  to  the  interaction  of  temperature 
and  dielectric  losses  on  the  heating  of  the  cables  may  be 
a  vital  factor  at  the  high  voltage  proposed,  and  I  should 
like  the  author's  assurance  that  perfect  safety,  at  any 
rate,  can  be  looked  for  from,  say,  a  number  of  cables  of 
his  design  laid  in  the  duct  line  for  a  certain  distance. 

Mr.  A.  P.  Robertson  :  Fig.  1,'5  shows  the  method 
of  finishing-off  the  end  of  the  cable  so  as  to  reduce 
the  potential  gradients  at  the  approach  to  a  joint,  and 
it  is  stated  that  this  is  performed  at  the  makers'  works. 
It  is  not  always  possible  to  know  exactly  the  length 
of  a  cable  and  where  the  joint  will  be.  It  looks  rather 
a  difficult  joint.  If  a  cable  had  to  be  cut,  could 
the  special  insulation  be  put  on  in  place  ?  Fig.  11  is 
very  complicated.  The  connections  on  a  rotary  con- 
verter are  usually  considered  to  be  complicated,  but  as 
they  are  all  in  one  station  and  close  to  each  other  it  is 
a  comparatively  simple  matter  to  check  them  ;  but  in  the 
case  under  consideration  there  are  some  liO  miles  between 
the  different  sets  of  connections  and,  apart  from  the  cost 
of  these  transformers  and  the  space  taken  up  by  them. 


the  risk  of  making  a  wrong  connection  seems  to  me 
to  he  very  great.  If  it  were  only  to  be  done  twice, 
i.e.  at  each  end  of  the  cable,  it  is  possible  that  no 
mistake  would  be  made,  but  the  author  mentioned 
that  on  the  route  there  may  be  tappings  taken  to  sub- 
stations. Would  all  these  connections  have  to  be 
made  again  at  every  substation  ?  If  so,  the  system 
would  be  very  complicated. 

Mr.  C.  'W.  Marshall  :  Practically  the  whole  of  the 
paper  is  devoted  to  the  discussion  of  the  question  of 
dielectric  stresses  in  the  cables  of  the  author's  trans- 
mission system,  and  the  actual  question  of  power 
transmission  is  dealt  with  only  in  the  most  superficial 
manner.  I  am  of  the  opinion  that  this  point  should 
have  been  thoroughly  discussed  before  the  question  of 
dielectric  stresses  was  touched  on  at  all.  It  may  be 
quite  obvious  to  the  author  that  the  six-phase  system 
which  he  advocates  is  workable,  but  he  has  been  unable 
to  convince  me  that  it  is  so,  either  in  the  paper  or  in 
his  exposition  of  it  at  this  Centre.  If,  however,  it  is 
granted  that  the  system  of  power  transmission  is  prac- 
ticable, I  do  not  think  that  the  objections  raised  bv 
the  Electrician — that  the  protection  of  the  system 
would  be  almost  impossible — hold,  as  this  could  readily 
be  done  on  the  low-tension  side  of  the  step-up  trans- 
formers. From  my  own  standpoint  I  feel  that  the 
paper  is  in  a  form  which  is  wholly  unintelligible  to  the 
majority  of  the  members. 

Mr.  A.  M.  Taylor  {in  reply) :  In  reply  to  Mr.  McColl, 
I  may  say  that  I  fully  appreciated  the  difficulty  of  the 
risk  of  fusing  or  overheating  the  intersheaths  during 
the  passage  of  large  capacity  currents,  owing  to  a 
breakdown  at  any  point  of  the  cable.  There  is  no 
difficulty  with  these  capacity  currents  in  normal 
working,  but  it  is  admitted  that  during  a  breakdown 
they  may  be  large.  This  difficulty  is,  however,  suffi- 
ciently guarded  against,  partly  by  the  copper  section 
having  to  be  sufficient  to  carry  the  ordinary  load 
current,  and  more  particularly  by  the  arrangement 
■shown  in  Fig.  12,  whereby  all  the  onus  of  transmitting 
large  discharges  of  current,  due  to  faults  in  the  cable, 
is  put  upon  the  central  core,  which  is  of  ample  section 
and  cannot  be  damaged  by  such  currents.  I  do  not 
quite  appreciate  Mr.  McColl's  point  that  "  any  attempt 
to  anchor  the  potential  on  the  intersheath  scheme  will 
necessitate,  on  long  cables,  either  resistances  or  trans- 
formers of  large  kVA  capacity  to  absorb  the  energy 
in  the  capacity  current."  If  he  refers  to  the  conditions 
obtaining  under  normal  working,  I  may  say  at  once 
that,  as  far  as  I  can  see,  all  that  is  necessary  is  to  have 
the  six-phase  transformers  of  sufficient  capacity  and 
sufficiently  low  reactance  to  maintain  their  voltage 
when  passing  the  normal  capacity  currents.  Under 
abnormal  and  breakdown  conditions  the  discharges  are, 
as  I  have  already  stated,  taken  care  of  by  the  central 
core,  and  in  any  case  I  fail  to  see  how  resistances  would 
help   the   matter. 

Mr.  McColl's  remarks  in  regard  to  the  loss  due  to 
short-circuiting  the  lead  sheath  at  regular  intervals 
appear  to  be  due  to  a  misreading  of  the  paper,  because 
this  is  the  only  method  considered  therein,  and  the 
figures  for  loss  given  on  page  221  are  expressly  for 
that  condition.     Mr.   McColl   further   remarks   that  he 
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does  not  think  that  the  capacity  of  the  cable  can  be 
increased  by  relie\ing  it  of  the  charging  current.  I 
think,  however,  that  he  has  not  fully  considered  Fig.  15, 
and  I  would  suggest  that  the  principle  of  subdivision 
between  the  different  sectionalizations  of  the  line  can 
be  continued  to  any  extent  desirable. 

In  reply  to  Mr.  McColl's  remark  to  the  effect  that  a 
separate  station  would,  in  all  probability,  be  the  better 
proposition  if  the  conditions  are  such  as  to  preclude  the 
possibility  of  overhead  lines,  I  may  say  that,  for  the 
addition  of  another  £80  000  or  so  outlay  for  copper, 
my  scheme  could  be  employed  to  transmit  100  000  kW, 
and  that  under  these  conditions  I  assume  that  the 
annual  charge  for  interest  and  sinking  fund  on  the 
cables  for  a  30-mile  transmission  will  not  exceed  about 
0-035d.  per  unit  transmitted,  i.e.  about  the  cost  of 
transmission  of  coal.  If,  however,  as  I  anticipate  from 
recent  conversations  with  cable  makers,  it  becomes 
possible  to  employ  approximately  150  000  volts  in 
transmission,  then  over  the  same  cables  it  will  be  prac- 
ticable to  transmit  150  000  kW,  and  under  these  con- 
ditions the  capital  charge  on  the  cables  would  be  reduced 
to  about  0-018d.  per  unit  transmitted.  This  would  be 
of  the  order  of  only  60  per  cent  of  the  charges  for  coal 
transmission.  Converselv,  the  distance  niight  be  raised 
to  50  miles  and  even  considerably  more,  if  arrangements 
could  be  made  for  supplying  the  capacity  current  in 
the  manner  indicated  in  the  paper.  The  foregoing 
figures  are  for  a  40  per  cent  load  factor  and  do  not 
take  account  of  the  loss  in  transmission. 

In  reply  to  Prof.  Howe,  I  gather  from  Clark  and 
Shanklin's  tests  that  the  cross  component  of  the  current 
in  the  lead  sheathing  is  of  nothing  like  the  same 
significance  as  the  longitudinal  component.  No  doubt 
the  cross  component  becomes  more  important  as  the 
centres  of  the  three  cables  more  nearly  approach  one 
another.  On  the  other  hand,  according  to  Mr.  Dun- 
sheath's  tests,  even  where  they  approach  one  another 
ver\'  closely — as  in  his  three-core  cable — this  effect  is 
not  so  serious  as  to  be  prohibitive.  In  any  case,  the 
losses  in  Clark  and  Shanklin's  cable  "  C  " — upon  which 
I  have  based  my  estimates  for  the  losses  in  the  cable 
shown  in  Fig.  1 — were  obtained  by  careful  measurement 
and  include  the  loss  due  to  these  cross  currents. 

With  reference  to  Prof.  Howe's  remarks  as  to  the 
100  000- volt  cable  joints,  I  am  assured  by  two,  if  not 
"three,  cable  makers,  that  they  do  not  anticipate  any 
particular  difticulty  in  this  respect.  Moreover,  the 
joints  in  my  scheme  are  not  100  000-volt  joints ; 
they  merely  consist  of  a  succession  of  joints  with 
30  000  volts  betiveen  each,  and  the  outside  joint  has 
only  15  000/20  000  volts  between  it  and  the  lead 
sheathing. 

I  would  refer  Mr.  Stevenson  to  a  paper  read  before 
the  American  Institute  of  Electrical  Engineers  by 
Messrs.  Middleton,  Davis  and  Davis,  in  which  are 
numerous  cases  of  cable  lengths  being  broken  dowTi 
due  to  the  stresses  being  too  heavy. 

In  reply  to  Mr.  Berry,  who  refers  to  mechanical 
damage  arising  from  the  cables  being  too  flexible,  I 
think  he  can  hardly  have  realized  that,  in  the  present 
case,  the  cables  will  certainly  not  suffer  from  this  fault, 
particularly    if    they    are    steel-wire    sheathed.     With 


regard  to  his  suggestion  that  I  should  give  further 
particulars  of  the  insulation  which  I  propose  that  the 
cable  makers  should  adopt  for  my  cable,  I  would  say 
that  this  matter  has  been  left  with  the  cable  makers, 
and  I  believe  that  impregnated  paper,  employing  a 
mineral-oil  base,  is  what  they  would  recommend. 

In  connection  with  the  heating  of  cables  in  ducts, 
I  think  that  Mr.  Berry  has  not  appreciated  that  I  am 
only  considering  trunk-line  transmission  along  the  main 
lines  of  railways,  where  not  more  than  three  cables 
would  be  together  on  each  side  of  the  railway.  These 
cables  would  be,  preferably,  carried  above  ground  and 
sheltered  from  the  direct  rays  of  the  sun,  and  space 
would  be  allowed  between  them  for  the  circulation  of  air. 
I  think,  also,  that  he  has  not  appreciated  that  only 
six  cables  would  be  required  to  transmit  100  000  kW, 
and  possibly  200  000  kW. 

Mr.  Robertson,  in  common  with  Mr.  Berry,  has  not 
appreciated  the  fact  that  my  cables  are  primarily 
intended  for  laying  along  the  sides  of  a  railway  track, 
being  carried  a  few  inches  above  ground,  where  the 
position  of  a  joint  would  be  very  readily  adjustable. 
I  do  not  see  why  a  selection  of  cable  lengths,  all  within 
a  foot  or  two  of  one  another,  should  not  be  supplied 
on  different  drums  in  cases  where  there  is  any  likelihood 
of  difficulty  in  finding  suitable  spots  for  the  joints. 
As  regards  the  final  joints  leading  into  the  power  house 
or  the  substation,  it  would  not  matter  if  these  came  in 
the  ordinary  part  of  the  cable,  because  they  would  .be 
jointed  under  exceptionally  favourable  conditions,  and, 
being  so  few  in  number,  very  particular  care  could  be 
given  to  them  without  undue  expense  being  incurred. 

In  reply  to  Mr.  Robertson's  inquiry  as  to  whether 
all  the  tappings  would  have  to  be  made  at  every  sub- 
station, I  would  suggest  that  the  cables  would  be  simply 
opened  out  at  the  substations  and  carried  to  suitable 
terminals  or  busbars,  and  though,  of  course,  con- 
siderably greater  care  would  be  necessary  than  in  the 
case  of  existing  systems  to  see  that  all  the  connections 
were  absolutely  correct,  yet  this  only  occurs  at  the 
initial  installation  of  the  line,  and  is,  I  am  sure,  not 
beyond  the  capacity  of  many  of  our  erecting  engineers. 
The  joint  shown  in  Fig.  13  looks  unnecessarily  com- 
plicated, because  at  the  time  when  that  figure  was 
prepared  I  was  considering  lead  intersheaths  under 
both  the  outer  and  intermediate  cores. 

I  submit  that  the  complications  which  Mr,  Robertson 
sees  in  connection  with  Fig.  1 1  will  disappear  on  better 
acquaintance  with  the  scheme. 

In  reply  to  Mr.  Marshall,  I  believe  that  a  few  words 
with  me  would  lead  him  to  withdraw  the  statement 
that  he  is  not  satisfied  that  the  six-phase  system  is 
workable.  I  have  found  that  in  all  cases  where  I  have 
had  an  opportunity  of  discussing  the  matter  in  detail  with 
any  engineer,  the  difficulties  at  once  disappear.  If 
Mr.  Marshall  will  communicate  with  me  direct,  I  shall 
be  very  pleased  to  endeavour  to  take  up  with  him  any 
points  which  he  may  find  difficulty  in  accepting.  From 
my  own  point  of  view-,  I  cannot  see  any  practical 
difficulty  in  the  matter  of  the  transmission  of  the  power. 
I  have  looked  quite  carefully  into  the  question,  both 
by  myself  and  in  conjunction  with  other  engineers,  and 
no  slip  in  my  deductions  has  yet  been  pointed  out. 
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I  regret  if  the  point  has  been  badly  presented,  but 
my  reply  to  this  must  be  that,  having  satisfied  myself 
that  the  six-phase  transmission  was  perfectly  workable 
from  the  point  of  view  of  transmitting  the  power,  it 
became  of  prime  importance  to  demonstrate  where  I 
had  effected  real  progress  (in  the  voltage  that  might  be 
employed),  as  otherwise  my  critics  would  have  said 
that  what  I  was  bringing  forward  produced  no  effective 


result    beyond    what    could    be    effected    by    ordinary 
methods  with  much  less  complication. 

I  submit,  however,  that  if  I  have  succeeded  in 
trebling  the  voltage  which  can  be  obtained  %vith  ordinary 
methods,  a  small  amount  of  complication  in  the  initial 
connecting  up  will  not  militate  against  the  scheme,  in 
view  of  the  advantages  effected  by  such  an  increase  in 
voltage. 


Mersey   and    North   Wales    (Liverpool)    Centre,   at   Liverpool,   15  January,    1923. 


Mr.  A.  E.  Malpas  :  As  regards  the  subject  of  under- 
ground cables  to  work  at  150  000  volts,  the  usual  limit 
of  diameter  for  an  armoured  cable  is  4  in.,  any  greater 
value  involving  serious  risk  of  cracked  insulation.  It 
is  quite  probable,  therefore,  that  a  cable  with  an  inter- 
mediate lead  sheath  such  as  the  author  proposes,  after 
having  been  rolled  on  and  off  the  drum  would  contain 
incipient  cracks  which  might  not  be  noticeable  under 
a  pressure  of,  say,  45  000  volts,  but  which  might  easily 
lead  to  breakdown  under  the  higher  pressure,  more 
particularly  when  the  effect  of  surges  is  taken  into 
account.  I  should  like  the  author  to  say  why  he  finds 
it  necessary  to  introduce  the  intermediate  lead  sheathing 
below  the  outer  conductor  of  the  cable.  It  would 
almost  appear  that  as  the  lead  is  at  the  same  potential 
as  the  copper,  the  latter  itself  could  have  been  used  for 
the  purpose  in  view  and  the  lead  sheathing  suppressed. 
Assuming  for  the  moment  that  the  method  suggested 
be  feasible  and  that  the  estimate  of  cost  given  in 
Appendix  E  be  correct  (I  have  no  means  of  checking 
the  latter),  then  the  cost  of  the  capital  charges  at  7  J  per 
cent  is  0-55d.  per  kWh  on  a  relatively  short  line  of 
30  miles.  The  cost  of  the  installation  amounts  to 
7s.  6d.  per  kW  per  mile,  which  seems  a  low  figure.  In 
his  recent  address  *  our  Chairman  quoted  the  case  of 
a  250-mile  transmission  line  in  America  on  which  the 
transmission  charges,  including  capital  and  depreciation, 
amount  to  only  0-16d.  per  kWh,  so  that  on  this  basis 
an  undergound  cable  of  equal  length  and  voltage  would 
increase  the  cost  of  power  by  4  •  4d.  per  kWh,  or  nearly 
30  times  as  much  as  in  the  case  of  transmission  by  over- 
head lines. 

Mr.  W.  Holttum  :  The  development  of  paper- 
insulated  cables  has  led  to  the  use  of  increasingly  higher 
values  of  maximum  stress  in  the  dielectric,  until  it  now 
appears  that  we  are  within  sight  of  the  limiting  voltages 
of  transmission  by  impregnated  paper-insulated  cables 
due  to  the  limit  of  dielectric  stress  having  been  reached. 
In  this  paper  we  have  an  attempt  to  increase  the  possible 
voltage  of  transmission  by  other  means.  The  author 
has  shown  very  clearly  in  Section  III  the  inherent 
disadvantages  under  which  the  dielectric  of  a  cable 
works,  owing  to  the  concentration  of  stress  and  heat  in 
the  dielectric  near  the  copper  surface,  and  he  attempts 
to  overcome  this  by  the  use  of  intersheaths.  The  paper 
affords  a  very  interesting  object  lesson  of  the  kind  of 
arrangement  which  results  from  such  an  attempt. 
Fig.  5  illustrates  an  application  of  the  principle  of 
intersheaths  and  clearly  shows  that,  while  some 
redistribution  of  stress  is  obtained,  the  current  carried 
•  See  page  31. 


by  the  outer  two  cores  is  at  a  lower  voltage  than  that 
in  the  centre  core,  i.e.  the  copper  in  the  outer  two  cores 
is  carrying  less  power  per  square  inch  of  cross-section 
than  that  in  the  centre  core.  In  the  second  paragraph 
of  Section  V  the  author  states  that  by  liis  system  all 
the  cores  are  utilized  "  equally  for  the  passage  of  heavy 
load  currents  without  seriously  diminished  voltage  on 
each  circuit."  This  seems  to  be  a  vital  point  in  the 
whole  scheme,  and  I  contend  that  whatever  is  gained  by 
the  redistribution  of  voltage  gradient  in  the  dielectric 
must  necessarily  be  counterbalanced  by  a  lower  effective 
working  voltage  of  a  portion  of  the  copper,  and  any 
apparent  gain  is  entirely  illusory.  The  method  of 
jointing  in  which  the  end  of  the  cable  is  prepared  in 
the  factory  as  shown  in  Fig.  13  prevents  any  adjustment 
of  joint  positions  in  laying  except  by  burying  superfluous 
cable,  and  in  some  places  this  feature  would  be  a  serious 
inconvenience.  The  protection  afforded  by  the  extra 
sheath  is  apparently  lost  at  joints,  where  penetration  of 
the  outer  sheath  would  allow  moisture  to  enter  the 
middle  of  the  cable.  In  addition,  jointing  would  be 
difficult  and  costly.  I  should  like  to  comment  in  detail 
on  the  conclusions*  given  in  Section  VII,  and  I  suggest 
that  on  examination  they  do  not  show  very  much  in 
favour  of  the  system.  The  first  four  points  emphasize 
reliability  only.  It  may  be  argued  that  the  reliability 
of  ordinary  three-phase  cable  transmission  is  satisfactorj', 
and  probably  as  great  as  that  in  the  author's  system, 
considering  that  several  cables  would  have  to  be  used 
to  transmit  sufficient  power  to  justify  its  use,  and  that 
not  more  than  one  cable  would  be  likely  to  break  down 
at  once,  in  which  case  one  of  the  ordinary  type  could 
be  replaced  more  simply  than  one  of  these  special 
cables.  Conclusion  (5)  applies  in  some  measure  to  any 
three-phase  cable,  and  on  a  30-mile  line  very  consider- 
able power-factor  improvement  would  be  effected  by 
the  capacity  of  ordinary  three-core  cable.  Conclusion 
(6),  as  already  suggested,  is  compensated  for  by  the 
reduced  power  transmitted  per  square  inch  of  copper 
section  of  the  outer  cores.  Conclusions  (7)  and  (9) 
appear  to  require  further  explanation,  and  in  any  case 
are  light-load  advantages  only  ;  the  same  advantages 
would  appear  to  be  gained  in  ordinary  transmission 
with  a  number  of  cables  by  switching  in  only  sufficient 
cables  for  the  load.  Conclusion  (10)  does  not  appear 
to  offer  any  advantages  over  an  ordinary  system  which 
would  be  extended  to  deal  with  a  growing  load  by 
adding  more  cables.  Conclusion  (11)  offers  no  advantage 
in  view  of  the  economy  of  three-core  construction  on 

•  Since  siiperscrtcd  by  others  which  will  be  found  in  the  paper 
as  printed  iu  the  Journal, 
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the  one  hand,  and  on  the  other  the  fact  that  with  100  000- 
volt  single-core  cable  the  core  would  almost  certainly 
be  made  solid  with  a  view  to  making  use  of  the  whole 
copper  section.  Conclusion  (12)  is  merely  negative. 
This  leaves  only  conclusion  (8),  which  appears  to  be 
much  more  than  counterbalanced  by  the  three 
disadvantages  stated  in  the  paper.  I  would  suggest 
that  the  system  described  in  the  paper  would  be  more 
easily  understood  if  Fig.  7  were  given  in  greater  detail 
showing  exactly  how  the  transformers  are  individually 
connected  and  how  the  three-phase  supply  is  fed  in. 

Mr.  T.  D.  Clothier  :  Many  of  the  diagrams  and  other 
matter  in  the  paper  bear  e\ddence  of  e\olutionary  stages 
of  what  is  presented  as  the  main  subject ;  for  instance. 
Fig.  13  illustrating  the  suggested  cable  end,  apart  from 
being  a  separate  idea,  shows  two  inner  lead  sheaths, 
three  in  all,  there  being  no  reference  to  these  elsewhere. 
The  purpose  of  other  diagrams  is  hardly  apparent,  and 
those  essential  are  insufficiently  explained.  There  are 
apparently  four  transmission  systems,  three  being  similar 
and  described  as  six-phase,  but  they  seem  to  be  really 
three-phase  sbc-wire  combinations  at  60  000  volts  across 
each  separate  phase,  there  being  no  interconnection  at 
the  middle  position.  Each  of  these  similar  parts  is 
referred  to  in  the  paper  as  a  "  hexagon  "  and  is  repeated 
three  times ;  except  as  regards  the  selection  of  the 
common  earthing  point  the  author  has  made  this 
reasonably  clear.  Here,  however,  I  at  least  have  been 
unable  to  decide  where  and  how  the  fourth  system 
referred  to  as  the  "  major  star  "  is  connected  in  or 
superimposed  upon  the  two  inner  conductors  in  each 
of  the  three  systems.  At  first,  Fig.  7  seemed  to  give  a 
key  to  these  transformer  connections  ;  on  examination, 
however,  it  appears  that  two  single-phase  supplies  with 
a  30"  difference  of  phase  are  separately  produced  from 
somewhere  and  superimposed  on  two  "  hexagons." 
I  suppose  that  in  the  case  of  the  three-phase  combination 
all  the  circuits  are  in  some  way  deri\-ed  from  one  simple 
three-phase  generated  supply,  and  that  all  are  again 
re-convertible.  An  ordinary-  diagram  of  connections 
would  have  been  very  much  appreciated.  The  author 
only  compares  the  cost  for  the  proposed  system  with 
that  of  transmission  by  10  cables  at  30  000  volts,  and 
no  comparison  is  made  with  the  cost  of  a  straight 
lOO  000-volt  s>stem  with  earthed  neutral  using  57  000- 
volt  single-core  cables,  it  being  presumed  probably 
that  these  cables  cannot  be  manufactured.  It  is  showTi 
in  the  paper,  however,  that  three  sets  of  these  cables, 
any  two  of  which  would  be  sufficient  to  transmit  the 
power  under  consideration,  would  contain  only  1-665 
sq.  in.  of  copper  section  against  2-532  sq.  in.  in  the 
author  s  six  cables,  hence,  if  this  tv^pe  of  cable  can  be 
made,  it  will  no  doubt  summarily  dispose  of  any 
application  of  the  author's  proposals.  An  attempt  to 
reconstruct  the  system  from  the  schedule  of  equipment 
was  no  more  successful.  A  total  of  42  transformers,  of 
four  sizes  and  ratios,  with  an  aggregate  capacity  of 
227  000  kVA  as  compared  with  30  similar  transformers 
of  126  000  kVA  proposed  for  the  30  000-volt  system, 
seems  to  require  some  further  explanation.  The  diagram 
of  the  cable  in  Fig.  6  gives  a  misleading  impression  of 
a  section  of  the  cable,  for  the  outer  conductor  is  placed 
upon  a  lead  sheath  of  over  3  in.  diameter,  but  it  has  an 


area  of  only  0-08  sq.  in.  and  consequently  will  be  made 
up  of  rather  fine  strands  ;  the  area,  for  instance,  compares 
with  0-107  sq.  in.  for  the  intermediate  conductor. 
Again,  the  finance  (at  the  end  of  Section  VI)  based  upon 
the  estimated  annual  saving  of  £375  is  certainly  faulty, 
and  as  it  is  not  essential  to  the  merits  of  the  main 
theme  it  seems  regrettable  to  have  introduced  it.  The 
essential  proposition  contained  in  the  system  seems  to 
be  to  transmit  one  half  of  the  power  at  60  000  volts 
through  6  conductors,  arranged  in  pairs  of  triple- 
concentric  cables  with  a  common  neutral  point  in  the 
centre  of  one  phase,  and  to  use  the  intermediate  and 
outer  conductors  for  the  purpose  of  splitting  the  dielectric 
into  thinner  sheaths  than  would  otherwise  be  necessary- ; 
and  at  the  same  time  to  superimpose  additional  current 
upon  the  inner  cores  in  order  to  transmit  a  similar 
amount  of  power  at  a  pressure  of  100  000  volts.  The 
proposal  seems  to  be  quite  feasible  and  an  advance 
on  previous  suggestions  to  use  intersheaths  for  this 
purpose,  but  its  commercial  application  depends  largely 
upon  the  possibiUtv-  of  producing  reUable  single-core 
cables  capable  of  working  at  the  same  pressure  without 
the  intersheaths. 

Mr.  A.  B.  Mallinson  :  In  his  openmg  remarks  the 
author  speaks  of  having  had  offers  from  1r\vo  or  three 
cable  makers  to  make  and  lay  high-pressure  cables 
which  would  be  guaranteed  for  one  year  ;  such  a  short 
period  would  be  totally  inadequate  to  secure  considera- 
tion for  a  proposition.  I  entirelv  endorse  the  remarks 
made  by  Mr.  Holttum  about  the  method  of  finishing- 
ofi  the  ends  of  a  cable,  as  shown  in  Fig.  13.  One  can 
imagine  the  hopeless  position  of  the  mains  engineer 
who  has  to  have  the  finished  joint  on  the  end  of  his 
main  made  at  the  makers'  works.  It  is  utterly  impossible 
for  anybody  to  give  a  definite  length  for  a  cable  to  be 
laid  underground,  as  one  may  come  across  obstructions 
which  mean  diversion  when  the  ground  has  been  opened 
up.  One  has  to  assume,  therefore,  that  there  would 
be  little  loops  to  be  accommodated  at  the  ends,  which 
W'ould  certainly  not  be  adv-antageous.  To  my  mind  the 
important  part  of  the  paper  centres  on  the  conclusions 
given  on  page  232  ;  if  all  the  claims  can  be  substantiated 
they  certainly  constitute  ver\-  important  and  valuable 
advantages,  but  the  disadvantages  compared  with  a 
30  000-volt  three-core  line  are  equally  vital.  I  par- 
ticularly notice  that  the  induced  currents  in  the  lead 
sheathing  are  considerably  increased  where  the  cable 
centres  cannot  be  kept  within  6  or  7  inches.  I  cannot 
see  how  the  author  can  get  his  cables  so  close,  unless 
they  are  laid  on  top  of  each  other,  which  would  be 
unsatisfactory- ;  and  further,  even  if  this  could  be  done, 
it  would  mean  quite  a  large  cross-section  for  the  main  as 
a  w-hole,  difficulties  in  underground  laying  being  thereby 
increased. 

Mr.  W.  P.  Fuller  :  I  think  that  the  author  has 
exaggerated  the  effects  of  temperature  on  cables.  It 
does  not  seem  clear  whether  the  remarks  in  the  paper  and 
the  curves  shown  on  the  lantern  slides  refer  to  d.c.  or 
a.c.  resistivity.  The  fact  that  the  d.c.  resistivity  falls 
rapidly  as  the  temperature  rises  is  a  matter  of  no  great 
moment.  If  the  curves  refer  to  the  a.c.  resistivity  they 
must  refer  to  somewhat  old  cables.  A  modern  high- 
voltage  cable  can  be  made  to  have  a  very  nearly  constant 
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power  factor,  and  less  than  0-01  over  the  working  range 
of  temperature,  and  consequently  the  dielectric  losses 
are  very  nearly  independent  of  the  temperature.  With 
regard  to  intersheaths,  it  is  a  mistake  to  aim  at 
obtaining  a  uniform  stress,  because  the  breakdown  of 
a  dielectric  is  not  altogether  a  function  of  the  maximum 
stress.  It  must  be  looked  at  in  a  different  light  from 
that  of  a  metal  structure  failing  under  steady  loading. 
In  general,  as  the  diameter  of  the  conductor  is  increased 
the  stress  must  be  reduced  if  the  factor  of  safety  is  to 
be  preserved.  It  is  unfortunate  that  in  the  author's 
intersheath  cable  the  voltages  are  60°  out  of  phase. 
Had  there  been  no  intersheaths  at  all,  60  000  volts 
applied  between  core  and  lead  would  produce  across  the 
A  inch  of  dielectric  next  to  the  core  a  potential  difference 
of  33  000  volts.  As  it  is  30  000  volts  with  the  inter- 
sheaths present,  the  gain  from  their  use  is  negligible. 

Professor  E.  W.  .Marchant  :  On  page  222  is 
given  the  result  of  some  calculations  of  the  condenser 
current  per  foot  of  cable  across  different  sections  of  the 
•dielectric.  The  power  factor  of  the  dielectric  has  been 
assumed  to  be  the  same  throughout,  and  under  these 
conditions  the  capacity  current  must  be  the  same  across 
all  sections.  On  page  223  the  author  refers  to  the 
increased  dielectric  loss  in  the  inner  sections  of  the 
dielectric  of  his  cable.  This  result  is,  of  course,  very 
well  known.  The  energy  stored  in  a  dielectric  is 
proportional  to  the  square  of  the  dielectric  stress  and, 
therefore,  if  the  power  factor  of  the  dielectric  is  constant 
it  follows  that  the  power  loss  due  to  dielectric  hysteresis 
is  proportional  to  the  square  of  the  dielectric  stress. 
The  method  described  of  using  intersheaths  on  the  cable 
in  order  to  reduce  the  maximum  dielectric  stress  on  the 
inner  portion  of  the  insulation  is,  of  course,  comparatively 
old.  It  is  undoubtedly  a  great  saving  to  diminish  the 
•dielectric  stress  in  the  inner  layers  of  the  cable.  This  may 
be  done  either  by  using  material  of  greater  specific 
inductive  capacity  or,  as  Mr.  Beaver  suggested,  by 
using  intersheaths.  It  seems  very  doubtful,  however, 
whether  it  will  be  worth  while  to  try  to  diminish  the 
current  which  is  carried  by  the  intersheaths  by 
introducing  auto-transformers  at  different  points  along 
the  cable  to  supply  the  necessary  charging  current. 
In  this  connection  Mr.  Torchio's  statement  quoted  on 
page  228  may  be  aptly  quoted,  i.e.  "  The  assuring  of 
reliable  operation  is  vastly  more  important  than  getting 
the  maximimi  rating  out  of  a  certain  mass  of  metals." 
With  regard  to  the  system  itself,  it  is  difficult  to  follow 
it  completely  from  the  paper.  The  closest  analogy  to 
it  would  seem  to  be  a  three-wire  a.c.  system  with  the 
centre  point  of  each  phase  earthed  (see  Fig.  E).  The 
author  proposes  to  use  an  earth  on  one  side  of  his 
"  hexagon  "  of  which  the  other  side  is  about  60  000  volts 
above  earth,  whilst  the  other  pair  of  cables  is  about  60  000 
volts  below  earth.  In  the  arrangement  which  he 
describes,  the  potential  difference  between  the  inner 
•conductor  and  the  first  intersheath  conductor  would 
appear  to  be  30  000  volts  ;  between  the  first  intersheath 
■conductor  and  the  next  one  it  will  also  be  30  000,  and 
between  the  outer  intersheath  conductor  and  the  sheath 
there  is  a  further  17  vSOO  volts,  so  that  the  total  pressure, 
added  numerically  between  the  inner  conductor  and  the 
sheath,  is  77  800  volts.     Of  course  the  pressures  between 


the  conductors  are  not  in  phase  with  one  another,  but 
from  the  point  of  view  of  dielectric  stress  this  is  not  of 
importance.  If  the  cable  were  working  as  an  ordinary 
100  000-volt  three-phase  cable  with  the  centre  point 
of  the  phase  earthed  there  would  be  a  total  difference 
of  pressure  between  the  phase  and  the  earthed  middle 
point  of  only  50  000  volts  as  compared  with  the  author's 
77  000  volts,  and  thus  there  would  be  less  stress  on  the 
dielectric  than  in  the  suggested  arrangement.  If  the 
intersheaths  are  used  for  conveying  the  power  as  well 
as  for  equalizing  the  pressure,  the  copper  cannot  be  used 
so  efficiently  as  if  the  whole  of  the  power  were  transmitted 
at  the  higher  pressure.  As  Mr.  Holttum  has  pointed  out, 
the  actual  power  transmitted  on  each  side  of  the  system 
depends  on  the  pressure  from  earth  to  the  conductor 
and  the  current  through  the  conductor  Hi  the  power 
factor  is  unity),  and  no  arrangement  could  be  more 
economical,  as  far  as  copper  section  is  concerned,  than 
to  send  the  whole  power  through  the  conductor  which  is 
at  the  greatest  pressure  above  or  below  the  earth.  In 
order  to  obtain  an  accurate  estimate  of  the  merits  of 


Fig.  E. 

the  proposed  system  it  ought,  I  think,  to  be  compared 
with  that  shown  in  Fig.  E  which  is  really  a  six-phase 
system  of  transmission,  lacking,  however,  the  special 
arrangement  of  intersheaths  given  by  the  author. 
Intersheaths  can,  of  course,  be  used  with  this  arrange- 
ment, but  in  this  case  they  would  do  nothing  more  than 
control  the  voltage  gradient  through  the  dielectric. 
If  the  author  will  compare  his  system  with  the  one 
indicated  above,  I  am  sure  that  he  will  find  that  a  greater 
cross-section  of  copper  will  be  necessary  in  his  system 
than  in  that  shown  in  Fig.  E. 

Mr.  J.  W.  Warr  :  Considering  the  new  method 
from  the  consumer's  point  of  view,  I  notice  that  the  single- 
phase  transformers  will  be  designed  at  only  0-7  power 
factor,  whereas,  under  existing  conditions,  the  figure  is 
0-8.  The  power  factor  at  the  distributing  centre  deter- 
mines that  throughout  the  whole  of  the  distribution 
system,  even  to  the  consumer's  terminals.  During  the 
past  12  months  there  has  been  considerable  discussion 
on  the  correction  of  power  factor,  and  it  has  been 
generally   agreed    that    the   consumer   must    help    the 
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supply  authority  by  keeping  the  power  factor  within 
reasonable  limits.  In  the  first  place  it  would  be 
interesting  to  note  what  the  power  factor  will  be  from 
transformers  originally  designed  at  0-7  when  they  are 
subjected  to  an  inductive  industrial  load  of  compara- 
tively small  magnitude.  For  instance,  in  the  present 
three-phase  systems  of  distribution  it  is  quite  a  common 
condition  with  a  comparatively  small  load  of  500  kW 
for  the  power  factor  to  be  between  0-65  and  0-7. 
Unless  the  electrostatic  capacity .  of  the  cables  raises 
the  power  factor,  the  consumer  will  be  further  penalized 
by  having  to  compensate  even  more  than  at  present. 
The  figures  suggest  that  a  cheaper  system  of  transmission 
is  to  be  the  result,  but  I  consider  that  we  should  not 
sacrifice  too  much  in  this  direction  if  the  new  proposals 
are  in  any  way  complicated.  There  is  at  the  present 
time  sufficient  complication  in  connection  with  large 
distribution  networks.  The  question  of  reliability  is 
another  important  item  from  the  consumer's  point  of 
view,  particularlj'  in  certain  industries.  Inconvenience 
and  endless  expense  are  occasioned  by  an  interruption 
at  the  distribution  or  main  generating  centre.  A  20- 
minute  failure  will  generally  set  the  industry  back  for 
a  whole  day,  and  on  these  grounds,  and  on  account  of 
complicated  switchgear,  breakdowns  are  more  severe 
than  with  the  lower  pressure  supply.  From  the  mains 
engineer's  point  of  \iew  the  proposed  system  is  no  doubt 
a  complicated  one.  Any  mains  engineer  knows  quite 
well  the  care  and  thought  that  is  necessary  in  looking 
after  a  large  network.  Whatever  method  of  distribution 
is  employed  some  fault  will  develop,  a  failure  of  insula- 
tion producing  a  short-circuit  either  betiveen  conductors 
or  to  earth.  Then  I  notice  that  there  is  a  question  of  the 
distance  apart  of  the  single-core  cables.  Providing  the 
distance  between  the  centres  does  not  exceed  7  in., 
the  sheath  losses  will  not  be  perceptible,  but  I  should 
like  to  point  out  the  space  that  is  generallv  avail- 
able in  public  streets  for  lighting  and  power  cables. 
Frequently  diversions  have  to  be  made  for  accommo- 
dating even  the  smallest  high-pressure  cable,  and  my 
experiences  have  been  such  that  the  direction  has  been 
a  cause  of  great  anxiety.  Where  there  is  already 
in  existence  a  large  network  of  cables.  Post  Office 
telephone  cables,  hydraulic  mains,  water  mains,  gas 
mains,  etc.,  the  available  area  is  very  restricted,  and  I 
doubt  whether  the  author  will  succeed  in  getting  through 
the  thickly  populated  areas  which  must  be  traversed 
when  laying  trunk  mains  to  the  rural  districts.  At 
this  point  I  should  like  to  turn  back  to  the  comparative 
costs  (see  Appendix  E)  of  the  30  000  and  100  000-volt 
systems.  Apparently  the  great  saving  between  the 
relative  systems  is  showTi  to  be  in  the  laying  of  the 
underground  cable.  I  notice,  however,  that  in  Scheme 
"  B  "  (100  000  volts)  there  has  been  no  special  item  set 
aside  for  excavating  and  reinstating  the  streets,  as  shown 
in  Scheme  "  A  "  (30  000  volts).  Are  we'  to  understand 
that  the  £400  000  for  cables  includes  the  excavating  and 
reinstating  ?  I  would  suggest  that  ample  margin  should 
be  left  for  contingencies  when  dealing  with  a  group 
of  cables  as  proposed,  compared  with  that  in  the  case  of 
an  ordinary  three-core  cable.  It  is  often  only  with 
difficulty  that  one  or  two  three-core  cables  can  be  adopted 
in  some  roadways.     Diversions  have  proved  in  the  past 


to  be  more  expensive  on  these  grounds,  and  ample 
margin  should  be  made. 

Mr.  F.  Mercer:  The  author  has  described  an  inter- 
sheath  cable  to  be  used  in  conjunction  with  a  special 
system  of  generation  which  is  intended  to  make  more 
economical  use  of  cable  space  than  is  the  case  at  present. 
Such  a  cable,  however,  is  less  efficient  than  a  single-core 
cable  having  approximately  the  same  cross-sectional 
area.  A  single-core  57  700-volt  cable  having  the  same 
diameter  of  core  and  thickness  of  dielectric  as  the  one 
illustrated  in  Fig.  1,  but  having  0-422  sq.  in.  of  copper  in 
the  core  instead  of  0-185  sq.  in.,  should  convey  a 
current  of  575  amperes  without  undue  temperature- 
rise  (assuming  9-in.  centres).  At  0-8  power  factor  this 
represents  a  carrying  capacity  of  26  500  kW  per  cable, 
which  is  more  than  100  per  cent  better  than  the 
anticipated  performance  of  the  intersheath  cable  in 
Fig.  6  which,  including  intersheaths,  has  the  same  cross- 
sectional  area  of  copper.  The  following  points  illustrate- 
some     of    the     disadvantages     of    intersheath     cable  : 

(1)  Capacity  currents  necessitate  a  very  appreciable 
cross-sectional  area  of  copper  for  the  intersheaths  alone  t 

(2)  when  used  for  conve\'ing  power  the  intersheaths- 
are  operating  at  lower  voltages  than  the  central  core 
and  transmit  correspondingly  less  power  for  a  given 
amount  of  copper  ;  (3)  space  occupied  by  the  inter- 
sheaths might  be  usefully  occupied  by  dielectric  ;  and 
(4)  the  permissible  voltage  gradient  for  the  dielectric 
near  the  central  core  or  the  intersheaths  is  lower  thart 
for  a  single-core  cable,  because  a  thin  dielectric 
necessitates  a  higher  factor  of  safetj'.  In  connection 
with  the  table  of  comparative  costs  given  in  Appendix  E, 
it  is  difficult  to  understand  how  10  three-core  30  000- 
volt  cables  are  expected  to  cost  £1  000  000  for  a  30- 
mile  run,  or  £100  000  per  cable,  whilst  6  intersheatli 
cables  of  approximately  the  same  cross-sectional  area, 
are  estimated  at  £400  000,  or  £66  700  per  cable.  A 
more  valuable  comparison  would  have  been  afforded 
if  the  estimates  given  in  this  appendix  had  been  for  the- 
author's  six-phase/three-phase  scheme  and  for  a  three- 
phase  single-core  cable  scheme,  the  operating  pressure- 
in  each  case  being  100  000  volts. 

Mr.  A.  M.  Taylor  (in  reply)  :  Mr.  Malpas  asks  why 
I  introduce  an  intermediate  lead  sheathing  below  the 
outer  conductor  of  the  cable.  This  outer  lead  sheathing" 
was  for  the  purpose  of  pro\iding  a  means  whereby 
the  impregnation  of  the  cables  could  be  done  in  twO' 
stages,  but  a  subsidiciry  purpose  is  served  as  indicated 
at  the  top  of  col.  1,  page  229.  The  lead  sheathing 
can,  of  course,  be  suppressed  if  found  unnecessary  for 
the  manufacture  of  the  cable. 

With  reference  to  Mr.  Malpas's  remarks  as  to  the- 
cost  of  the  capital  charges  on  the  transmission  line,  I 
think  there  is  no  doubt  that  instead  of  0-55d.  per 
kWh  he  really  means  0-055d.  If  the  transformers, 
which  are  common  to  any  system  of  lin  transmission, 
are  omitted,  the  cost  is  onlv  of  the  order  of  0-037d. 
This  correction  would  alter  his  figure  from  4-4d.  per 
kWh  on  a  250-mile  line,  to  0-44d.  This,  however, 
is  not  all  that  may  be  said  for  the  underground  trans- 
mission, because  from  information  received  from  one- 
of  the  leading  cable  manufacturers  it  now  seems  to 
be  practicable  with  this  system  to  run  the  pressure  up 
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to  150  000  volts  and  with  the  same  six  cables  to 
transmit  200  000  kW.  On  this  basis  the  initial  cost 
of  the  capital  charges  on  a  30-mile  transmission  line 
would  amount  to  only  0-018d.  per  kWh,  and  this 
would  compare  quite  well  with  the  0-16d.  quoted  by 
Mr.  Malpas  for  the  much  longer  overhead  line. 

Mr.  Holttum's  preliminary  remarks  are  partly 
correct  and  partly  based  upon  a  fallacy.  It  is 
capable  of  easy  proof  that  the  voltage  in  the  load 
circuit  which  traverses  the  outermost  intersheath  is 
60  000  volts,  however  near  the  outermost  intersheath 
may  be  to  the  outside  lead  sheath  of  the  cable,  whereas 
it  is  demonstrable  that  in  the  arrangement  shown  in 
Fig.  5  the  voltage  transmission  would  be  reduced  to 
a  ridiculously  small  amount  if  such  a  position  were 
postulated  for  the  lead  sheatliing.  The  small  diagram 
(IV)  at  the  left-hand  bottom  corner  of  Fig.  9  would 
have  sho^vn  Mr.  Holttum  that  it  was  practicable  to 
increase  the  above-mentioned  60  000  volts,  if  necessary, 
to  80  000  volts,  so  that  it  is  quite  incorrect  to  say 
that  any  gain  in  redistribution  of  voltage  gradient  in 
the  dielectric  must  necessarily  be  counterbalanced  by 
a  lower  effective  working  voltage  of  a  portion  of  the 
copper. 

With  reference  to  the  cable  shown  in  Fig.  13,  the 
protection  afforded  by  the  extra  intersheath  can,  if 
desired,  be  continued  right  up  to  and  into  the  joint 
boxes.  Mr.  Holttnm  proceeds  to  demolish,  one  by 
one,  the  "  conclusions  "  at  which  I  have  arrived 
(these  have  been  superseded  by  others  which  will  be 
found  in  the  paper  as  printed  in  the  Journal).  He 
passes  by  the  first  four  items  with  the  remark  that 
they  emphasize  reliability  only,  and  he  suggests  that 
an  ordinary  three-phase  system  is  just  as  good  on 
this  point.  I  admit  that  it  is  at  30  000  volts,  but  I 
have  shown  in  the  London  discussion  that  the  two 
systems  cannot  compare  in  point  of  view  of  capital 
outlay  when  powers  of  100  0(10  kW  transmitted  over 
30  miles  are  considered.  He  says  that  conclusion  (5) 
applies  to  any  threfe-phase  cable.  It  does  so  in  a  degree, 
but  the  charging  current,  being  in  my  system  appro.xi- 
mately  double  what  it  is  in  a  three-phase  cable,  gives 
corresponding  advantages  for  the  purpose  considered. 

Mr  .Holttum  dismisses  conclusion  (6)  in  a  very 
cavalier  fashion,  but  I  submit  most  definitely  that 
instead  of  the  gains  of  intersheath  being  compensated 
for  by  the  reduced  power  transmission  per  square  inch 
on  a  section  of  the  cores,  he  has  entirely  ignored  the 
extent  of  the  gain  effected  by  the  use  of  intersheaths 
and  by  the  separating  of  the  cables,  which  in  single- 
phase  "  intersheathed  "  cables  gives  my  system  an 
advantage  of  practically  three  times  that  of  a  plain 
three-phase  system,  as  regards  the  E.M.F.  which  may 
be  applied.  Now,  even  if  the  reduction  of  the  voltage 
on  the  currents  passing  through  the  intersheaths  were 
50  per  cent,  this  would  still  only  affect  one  half  of  the 
load  (the  other  half  being  transmitted  through  the 
central  cores),  and,  therefore,  is  only  equivalent  to  a 
reduction  of  voltage  of  25  per  cent  on  the  whole  system, 
whereas  I  have  just  intimated  that  the  gain  in  voltage 
by  the  use  of  intersheaths  combined  with  single  cores 
is  200  per  cent. 

Mr.  Holttum  next  suggests  that  conclusions  (7)  and 
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(9)  appear  to  require  further  explanation,  and  in  any 
case  are  light-load  advantages  only  and  can  be  obtained 
in  an  ordinary  system  by  switching  cables  in  and  out. 
The  advantage  of  reducing  the  capacity  current  at  low 
loads  is  so  important  that  in  the  United  States  several 
of  the  large  generators  employed  in  power  transmis- 
sion have  had  to  be  made  considerably  larger 
than  they  otherwise  would  have  been,  solely  because 
of  the  supply  of  large  charging  current.  The  idea  of 
switching  in  and  out  a  large  number  of  cables  to  adjust 
the  capacity  current  is  not  practicable.  On  100  000  kW 
transmission  16  cables  would  be  required  and  the 
number  of  switches  to  be  operated  would  be  32. 

Mr.  Holttum  considers  that  conclusion  (10)  is  of 
no  particular  advantage,  and  I  am  prepared  to  grant 
that  with  an  ordinary  three-phase  system  the  point 
is  certainly  not  one  of  much  moment,  but  I  have 
already  shown  elsewhere  that  an  ordinary  three-phase 
system  cannot  compete,  from  the  point  of  view  of 
capital  outlay,  with  my  proposed  arrangements,  at 
powers  of  over  50  000  kW. 

As  regards  conclusion  (11),  he  suggests  that  there 
is  no  gain  over  ordinary  three-core  cable  from  the 
point  of  view  of  the  amount  of  waste  room  in  the 
cable,  and  suggests  that  the  economy  of  three-core 
construction  will  compensate  for  this.  I  can  only  say, 
with  regard  to  the  latter,  that  the  estimates  which  I 
have  obtained  from  the  cable  makers  prove  the 
contrary.  In  this  connection  I  suggest  that  he  refer 
to  my  remarks  in  reply  to  Mr.  Sparks  in  the  London 
discussion.  In  the  same  connection  he  implies  that 
the  100  000-volt  single-core  cable  would  compete 
equally  well  on  this  point,  and  this  I  am  prepared 
to  concede,  but  in  this  case  I  submit  that  conclusions 
2,  3,  4,  7,  8,  9  and  10  (particularly  the  last-named)  have 
all  to  be  considered  in  this  connection,  and  there  is 
still  more  to  be  said  than  has  been  embodied  in  the 
"  conclusions."  Mr.  Holttum  suggests  that  my  con- 
clusion (12)  is  merely  negative.  This  is  hardly  fair, 
because  if  the  point  can  be  established  it  represents 
great  possibilities  which  the  present  makers  of  cables 
have  not  seen  their  way  to  take  advantage  of,  or  to 
suggest.  He  suggests  that  all  the  advantages  claimed 
are  quite  wiped  out  by  the  tliree  disadvantages  men- 
tioned. As  regards  these  disadvantages,  I  would  say 
that  the  first  is  somewhat  of  an  advantage,  if  my 
system  of  capacity  current  can  be  successfully  adopted. 
The  second  disadvantage  will  not  obtain  when  the 
cables  are  laid  along  the  sides  of  railways  in  the  manner 
which  I  propose  ;  only  three  cables  need  be  laid  together, 
the  other  three  can  be  put  on  the  other  side  of  the 
railway,  and  in  fact  an}'  distance  apart  that  is  desired, 
from  the  first  three.  It  follows,  therefore,  that  it  is 
only  necessary  that  three  cables  should  be  arranged 
in  "  triangle  "  regulation  to  one  another,  and  this  is 
perfectly  easy.  1  trust,  therefore,  that  I  have  met 
the  whole  of  Mr.  Holttum's  criticism,  and  that  there 
is  no  outstanding  point  which  I  can  be  said  to  have 
ignored. 

With  reference  to  Mr.  Clothier's  remarks  about  (he 
superposed  currents  shown  in  Fig.  7,  he  will,  I  think, 
find  his  difficulties  cleared  up  by  a  reference  to  Fig.  D, 
given  in  my  reply  to  the  London  discussion.     He  will 
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there  see  the  source  from  which  is  derived  the  supply 
spoken  of  as  differing  bj'  30  degrees  in  phase  from 
the  two  topmost  comers  of  the  hexagon.  He  will  see 
that  all  the  circuits  are  quite  easily  derived  from  one 
common  system  of  low-tension  three-phase  busbars, 
and  will  realize  that  they  are  all  equally  easily  recon- 
vertible  to  a  common  system  of  low-tension  three- 
phase  busbars  at  the  receiving  end.  Mr.  Clothier  is 
correct  in  supposing  that  the  reason  for  the  omission 
of  a  comparison  of  the  cost  with  that  of  a  straight 
100  000-volt  single-core  cable  system  was  that  these 
cables  cannot  at  present  be  manufactured.  Even  if 
they  could  be  manufactured,  however,  there  are 
numerous  reasons  why  the  supplv  through  the  system 
proposed  by  the  author  would  be  very  much  more 
reliable  in  actual  worldng,  some  of  which  are  given 
under  the  heading  "  Conclusions  "  on  page  232.  It 
is  submitted  that,  even  if  the  plain  single-core  100  000- 
volt  cables  can  be  manufactured,  the  proposals  given 
in  the  paper  will  still  be  vers-  much  more  satisfactorv 
for  reasons  which  have  been  adduced  in  various  places 
during  the  discussion. 

With  reference  to  IVIr.  Clothier's  remarks  as  to  the 
number  of  transformers  involved,  the  reason  is  one 
that  would  apply  partlv  to  single-core  cables  also,  and 
is  due  to  the  large  amount  of  leading  kVA  capacity 
available,  unless  the  lagging  component  of  the  con- 
sumer's load  can  be  effectively  utilized  in  the  manner 
proposed  by  the  author.  In  this  latter  case,  as  is 
indicated  on  page  238,  a  saving  of  £75  000  would  be 
involved  in  the  reduced  capacity  of  transformers. 
The  finance  of  the  estimated  capital  saving  of  £77  800 
is,  in  my  opinion,  most  essential  to  a  proper  under- 
standing of  the  reasons  for  the  selection  of  10  cables 
of  0-25  sq.  in.  section  as  against  the  6  cables  considered 
in  tlie  proposed  system.  It  is  quite  true  that  I  omitted 
the  interest  on  the  money  invested,  but  if  this  be  taken 
into  account,  and  if  the  25-year  life  of  the  cables  be 
also  taken  into  account,  the  capitalized  value  of  each 
1  per  cent  loss  in  transmission  can  be  shown  to  be  of 
the  same  order  as  the  figure  above  given. 

With  reference  to  the  last  point  brought  forward 
by  Mr.  Clothier,  namely,  that  the  success  of  the 
commercial  application  of  the  system  proposed  depends 
largely  upon  the  possibility  of  a  suitable  single-core 
non-intersheathed  cable  being  produced,  this  point  has 
already  been  dealt  with.  Briefly,  it  may  be  said  that 
a  non-intersheathed  single-core  cable  which,  for  an 
equal  diameter  of  cable,  can  be  operated  at  the  same 
voltage  as  the  intersheathed  system,  is  not  likely  ever 
to  be  introduced  Mr.  Clothier  seems  to  have  lost  sight 
of  the  fact  that  it  is  not  necessary  that  one  half  of  the 
power  should  be  put  through  the  six-phase  system,  and 
that  if,  for  instance,  one  quarter  of  the  power  were  put 
through  the  latter,  the  voltage  of  transmission  would 
be  equivalent  to  a  voltage  of  90  per  cent  of  the  full 
central-core  voltage  taken  over  the  combined  system. 

In  reply  to  INIr.  Mallinson,  I  would  refer  him,  in 
connection  with  overhead  transmission,  to  my  reply 
to  Mr.  Malpas,  also  to  the  discussion  at  Newcastle. 
With  regard  to  guaranteeing  the  cables  for  only  one 
year,  it  was  I  myself  who  fixed  this  period,  believing 
that  it  was  hopeless   to   expect   the   cable   makers   to 


guarantee  anew  cable,  about  which  they  knew  nothing, 
for  a  longer  period. 

Mr.  Mallinson's  remarks  with  reference  to  the  joint 
shown  in  Fig.  13  are  made  on  an  entirely  \vrong 
supposition.  He  is  assuming  that  I  am  considering 
the  running  of  cables  along  ordinary  roads,  whereas 
I  am  considering  their  running  on  short  supports  some 
18  inches  abov-e  ground  on  the  two  sides  of  a  railway 
line,  and  where  the  position  of  the  joint  can  in  most 
cases  be  adjusted  quite  easily.  I  have  suggested 
elsewhere  that  a  few  drums,  of  lengths  slightly  greater 
and  slightly  less  than  normal,  which  might  be  used 
in  special  circumstances,  could  be  supplied.  With 
regard  to  Mr.  Mallinson's  remarks  that  the  three  dis- 
advantages cited  are  equally  as  \'ital  as  the  advantages 
cited,  and  that  particularly  No.  2  is  a  serious  one, 
I  would  remark  that  my  proposals  involve  only  three 
cables  being  kept  in  close  proximity  to  one  another  ; 
the  other  three  cables  could  be  placed  many  yards 
apart  from  the  first  three,  since  each  set  of  three 
balances  out  its  ovvti  field.  This  also  applies  to  his 
difficulty  about  keeping  them  cool,  and  to  his  difficulties 
about  the  large  cross-section  of  the  main  required. 
Moreover,  16  three-core  three-phase  cables  will  certainly 
take  up  more  street  room  than  would  my  six  cables. 

In  reply  to  Mr.  Fuller,  the  lantern  slide  which  I 
exhibited  connecting  resistivity  with  temperature  was 
based  upon  alternating  currents,  and  I  note  that  it  is 
practically  in  accordance  with  a  curve  very  recently 
given  by  Prof.  Delmar.  I  do  not  see  the  point  that, 
because  the  power  factor  can  be  kept  below  0-01  over  the 
working  range  of  temperature,  the  dielectric  resistivity 
losses  can  consequently  be  ignored.  If  the  figure 
taken  for  the  resistivity  in  the  calculations  at  the  end 
of  the  present  paper  is  in  the  least  degree  near  the 
mark,  the  resistivity  loss  is  quite  a  serious  one  at  the 
high  temperatures,  and  what  we  have  to  consider  is 
not  merely  the  estitnated  range  of  temperature,  but 
the  temperature  that  may  obtain  when,  through  some 
breakdown  of  a  parallel  system,  perhaps  double  the 
normal  load  is  passed  through  the  remaining  system, 
and  it  may  occur  at  the  time  of  greatest  summer 
temperature. 

In  reply  to  Mr.  Fuller's  remarks  regarding  inter- 
sheaths,  I  have  already  taken  up  the  point  of  the 
question  of  maximum  stress  in  reply  to  Mr.  Dunsheath 
(see  page  248),  and  am  strongly  of  opinion,  after 
reading  the  whole  of  the  controversy  in  America  on 
this  question,  that  we  cannot  afford  to  ignore  the 
maximum  potential  gradient  when  it  is  a  question  of 
continuous  working.  With  reference  to  Mr.  Fuller's 
remarks  that,  owing  to  the  voltages  in  my  system 
being  60  degrees  out  of  phase,  nothing  is  gained  as 
compared  with  non-intersheaths,  I  would  point  out 
that  this  has  been  dealt  with  in  connection  with  my 
remarks  in  reply  to  Mr.  Dunsheath,  where  I  have 
shown  that  the  loss  due  to  the  obliquity  of  the  vectors 
is  only  15  per  cent,  whereas  the  gain  due  to  the  use 
of  intersheaths  is  220  per  cent.  Mr.  Fuller's  remarks 
that  the  gain  from  the  use  of  the  intersheaths  is 
negligible  are  therefore  totally  unwarranted  by  the 
results  established  in  the  paper  and  the  discussion. 
Replj-ing  to  Professor  Marchant,   I  would  say  that. 
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on  a  30-mile  line,  it  is  only  necessary  to  introduce 
what  he  calls  the  auto-transformer  arrangement  (but 
which  I  submit  is  a  misnomer)  at  the  extreme  end  of 
the  line  where  it  forms  a  perfectly  simple  and  practicable 
arrangement.  Possibly  Prof.  Marchant  has  not  had 
occasion  to  consider  such  a  long  line  as  this  is  and 
has  consequently  not  fully  appreciated  the  large  amount 
of  charging  current  to  be  transmitted,  and  how  important 
it  is  that  this  should  be  transmitted  under  the  full 
voltage. 

It  is  quite  true  that  such  an  arrangement  as  is  given 
in  Prof.  Marchant's  Fig.  E  would  work  perfectly  well, 
but  apart  from  the  fact  that  the  full  50  000  volts  exists 
between  the  central  core  and  the  lead  sheathing,  there 
would  be  the  difficulty  of  the  junction  boxes,  in  which 
there  is  nothing  to  give  any  hint  of  trouble  until  a 
total  breakdown  occurs  at  one  of  the  latter.  The  same 
applies,  of  course,  to  the  cable  itself.  Moreover,  it 
is  not  yet  an  ascertained  fact  that  cable  makers  are 
prepared  to  supply  cables  operating  at  100  000  volts. 
Further,  it  appears  that  if  a  breakdown  occurred  in 
any  one  cable  it  v/ould  not  only  operate  the  trip  gear 
on  the  one  half  winding  of  the  transformer  supplying 
that  cable,  but  the  other  half  winding  (if  on  the  same 
core)  would  probably  be  pulled  out  as  well,  which 
would  instantly  involve  the  shutting  down  of  the  whole 
system  as  a  three-phase  svstem,  whereas  under  the 
arrangements  I  am  proposing,  with  three  self-contained 
hexagons  working  independently,  the  pulling  dovvTi 
of  one  hexagon  would  only  put  that  hexagon 
momentarily  out  of  circuit,  and  a  few  seconds  later 
one  of  the  cables  at  least  could  be  reinstated.  Further, 
if  the  fault  extended  only  as  far  as  the  outermost 
intersheath,  the  probability  is  that  the  whole  six  cables 
could  still  be  employed  after  the  momentary  dis- 
connection of  the  faulty  he.xagon.  Prof.  Marchant's 
remarks  relating  to  the  obliquity  of  the  vectors  are 
quite  correct  so  far  as  they  go,  but  I  have  shown 
elsewhere  that  it  can  be  easily  arranged  that  only 
15  per  cent  is  lost  by  this  obliquity.  I  have 
dealt  with  the  question  of  the  use  of  intersheaths  for 
the  conveyance  of  power  in  my  replies  to  other  speakers. 

In  reply  to  Prof.  Marchant's  remarks  that  if  I  compare 
my  system  with  that  shown  in  his  Fig.  E,  it  will  be 
found  that  the  amount  of  copper  is  less  in  the  latter, 
I  am  not  disposed  to  question  that  there  would  be  a 
small  amount  in  this  direction,  but  since  taking  up 
this  general  question  of  transmission  I  have  ascertained 
that  the  amount  of  copper  in  the  system  is  not  the 
sole  criterion  of  its  cheapness,  or  the  reverse,  and  the 
system  shown  in  Fig.  E,  though  interesting,  cannot 
possibly  compete  with  an  intersheath  system  if  the 
maximum  potential  gradient  is  to  be  accepted  as  any 
criterion  at  all  for  the  safety  of  cable  working  over 
very  long  periods  at  the  highest  possible  stresses. 

I  think  that  Mr.  Warr  is  under  a  misapprehension  as 
regards  the  question  of  power  factor.  The  reason  of 
my  transformers  being  put  in  for  a  low  power  factor 
is  solely  on  account  of  the  large  line-charging  current, 
which  affects  the  step-up  transformers  at  the  sending 
end  very  materially.  If  this  charging  current  can  bo 
arranged  in  the  way  I  propose,  to  benefit  the  system, 
then,    instead    of    the    consumer    being    penalized    as 


Mr.  Warr  suggests,  he  will  get  a  bonus  on  account  of  his 
poor  power  factor.  Does  Mr.  Warr  realize  that  the 
question  of  distribution  is  really  not  touched  by  my  pro- 
posals and  would  remain  exactly  where  it  now  is,  since 
I  revert  back  to  ordinan,'  three-phase  currents  at  the 
substation  ?  His  remarks  as  to  the  mains  engineer's 
position  also  give  me  the  impression  that  he  is  thinking 
merely  of  a  ramified  underground  system  operating 
at  100  000  volts,  which  is  not  my  proposal  at  all. 
Similarly  as  regards  the  area  required  by  the  mains, 
this  is  because  he  is  considering  town  distribution, 
and  perhaps  because  I  have  not  made  it  sufficiently 
plain  in  the  paper  that  I  am  primarily  considering 
transmission  along  the  main  lines  of  a  railway  between 
a  super-power  station  and  a  general  substation  at  the 
far  end  of  the  line,  with  possibly  intermediate  sub- 
stations feeding  the  railway  itself,  but  at  considerable 
distances  apart.  This  will  explain  why  I  have  not 
included  any  item  for  the  excavation  of  streets  in 
connection  with  the  system  proposed,  the  reason  being 
that  the  cables  are  merely  assumed  to  be  carried  some 
18  inches  above  ground  on  a  light  structure  at  the  side  of 
the  railway,  and  no  excavation  is  therefore  necessary. 

Mr.  F.  Mercer  endeavours  to  show  that  b^'  employing 
a  cable  such  as  shown  in  Fig.  1  of  the  paper  and  filling 
in  the  central  parts  of  the  central  core  with  copper, 
the  power  can  be  put  through  in  a  much  more  efficient 
way  than  under  my  proposed  system.  I  would  say, 
however,  that  if  one  of  the  cables  goes  down,  the  whole 
system  goes  down,  and  therefore  there  is  no  reUability 
whatever  about  his  proposal.  Moreover,  I  have  shown 
in  my  reply  to  the  London  discussion  that  a  single- 
core  unsheathed  cable  cannot  compete  with  a  single- 
core  intersheathed  cable,  which  latter  can  be  worked 
at  a  voltage  nearly  100  per  cent  greater  for  a  given 
cable  diameter  and  maximum  potential  gradient.  As 
regards  his  remark  that  capacity  currents  necessitate 
a  very  appreciable  cross-sectional  area  of  core  for  the 
intersheaths  alone,  I  would  point  out  that  by  the 
method  of  transmitting  the  capacity  current  shown 
in  Fig.  12,  the  current  required  to  be  transmitted  through 
the  central  core  is  virtually  identically  the  same  as  that 
required  in  the  case  of  a  single-core  cable — in  fact, 
with  the  100  000  volt  single-core  scheme  the  kVA  for 
charging  purposes  is  65  700,  whereas  in  my  scheme 
it  is  61  200.  These  figures  can  be  obtained  from  the 
calculations  given  in  the  paper.  I  have  dealt  elsewhere 
with  Mr.  Mercer's  point  about  the  intersheaths  operating 
at  lower  voltages.  His  remark  that  the  intersheaths 
occupy  unnecessary  space  which  could  be  usefully 
occupied  by  dielectric  is  also  beside  the  point,  because 
copper  strip  can  be  employed  for  the  intersheaths. 
Apart  from  this,  however,  I  have  made  calculations 
as  to  the  actual  difference  in  diameter  of  cable  due 
to  the  addition  of  the  intersheaths,  which  show  that 
his  statement  is  quite  untenable  as  a  serious  objection. 
His  statement  that  the  permissible  voltage  gradient 
allowable  is  less  ^where  intersheaths  are  employed  than 
for  a  single-core  cable  raises  the  whole  question  of 
maximum  potential  gradient,  and  I  do  not  consider 
that  to  put  th"  matter  in  this  form  is  a  fair  statement 
of  the  question  involved.  After  a  careful  perusal  of 
the  discussion  before  the  American  Institute  of  Electrical 
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Engineers  on  the  various  recent  cable  papers,  all  of 
which  are,  in  ray  opinion,  of  high  merit,  I  do  not 
consider  Mr.  IMercer's  statement  to  be  fully  proved, 
at  any  rate  in  the  form  in  which  it  is  given  ;  in  fact 
in  one  place  it  is  directly  contradicted. 

With  reference  to  the  prices  of  the  cables,  I  may 
say  that  I  obtained  prices  from  several  manufacturers 
and  I  have  neither  given  the  highest  prices  obtained 
for  the  three-phase  cable,  nor  the  lowest  prices  obtained 
for  the  triple-concentric  cable,  ^^'ith  regard  to  Mr. 
Mercer's  remark  that  it  would  have  been  better  if  a 


three-phase  single-core  cable  scheme  had  been  compared 
with  the  scheme  put  forward  in  the  paper,  I  may  say 
that  there  is  not  at  present  in  existence  a  three-phase 
single-core  cable  scheme  operating  at  100  000  volts, 
and  I  am  not  certain  whether  I  should  have  been  able 
to  get  any  guarantees  for  it  in  this  country,  but  even 
if  I  had  succeeded  in  this  there  is,  in  my  opinion,  no 
question  as  to  the  much  greater  reUabihty  in  operation 
of  a  triple-concentric  cable  the  outermost  conductor 
of  which  is  at  a  potential  not  verj-  greatly  different 
from  that  of  earth. 


DISCUSSION    ON 

"  DOMESTIC   LOAD   BUILDING."  * 

Scottish  Centre,  at  Edinburgh,  9  January,  1923. 


Mr.  R.  B.  Mitchell  :  I  have  always  been  a  beUever 
in  the  cultivation  of  the  domestic  load,  and  I  have 
said  before  on  many  occasions  that  the  day  may  come 
when  the  domestic  load  will  be  of  as  great  importance 
as  the  industrial  load.  It  has  a  feature  of  continuity 
which  the  industrial  load  does  not  possess.  We  have 
just  been  passing  through  a  time  when  the  industrial 
load  almost  disappeared  in  the  majority  of  undertakings 
in  the  country,  and  if  those  undertakings  had  had  a 
good  domestic  load  to  keep  them  going  during  the  dull 
times  in  industry-,  they  would  not  have  felt  the  effects 
nearly  so  much.  In  Glasgow  the  domestic  load  has 
been  cultivated  for  some  years  past  and  we  have  achieved 
considerable  success  in  that  direction.  We  have  now 
connected  domestic  apphances  totalling  17  165  kW 
and  the  consumption  due  to  these  apphances  amoimted 
last  year  to  5  506  000  units.  Also,  we  have  in  business 
premises  apphances  other  than  for  hghting,  totalling 
15  080  kW.  In  looking  over  the  paper,  I  consider  the 
main  point  in  it  to  be  the  question  of  tariffs.  I  think 
that  the  tariff  is  of  the  very  first  importance  in  develop- 
ing the  domestic  load.  If  one  has  a  suitable  tariff, 
then  it  is  quite  right  to  have  propaganda,  but  propa- 
ganda is  useless  unless  one  has  such  a  tariff.  I  quite 
agree  with  the  author's  opinion  on  page  197  that  the 
fixed  charge  should  be  sufficient  to  cover  a  consumer's 
normal  lighting  costs  when  the  low  unit  charge  is  added. 
Further,  I  tlnnk  that  the  fixed  charge  should  be 
made  high  initially,  in  order  that  the  running  charge 
may  be  as  low  as  possible.  There  is  one  drawback 
to  that  system  of  charging,  namely,  that  to  the  ordinary 
consumer  it  is  too  great  a  change.  He  may  have  been 
in  the  habit  of  using  electricity  for  lighting  only,  con- 
•  Paper  by  Mr.  W.  A.  Gillott  (see  page  197). 


suming,  say,  50  to  200  units  per  annum,  and  pajdng 
a  comparatively  small  sum  for  the  service  ;  and  he  is 
asked  to  promise  to  pay  sometliing  like  £8  10s.  before 
he  uses  any  electricity-  at  all.  I  think  that  the  ordinary 
man,  particularly  in  Scotland,  will  hesitate  before  he 
takes  on  such  a  commitment.  But  there  is  another 
way  of  achieving  the  object :  a  tariff  should  be  arranged, 
with  a  fixed  charge  and  a  low  running  charge,  which  will 
lead  him  on  in  steps  in  such  a  way  that  he  will  not 
notice  the  increase  in  his  use  of  the  electric  service. 
I  agree  with  the  author  that  the  fixed  charge  which 
he  puts  forward  should  cover  the  lighting  imits  only — 
perhaps  more  than  that — and  that  the  demand  of  the 
heating  and  cooking  apphances  should  not  be  taken 
into  accoimt  in  making  up  the  fixed  charge.  It  has 
been  thought  in  the  past  by  many  supply  engineers 
that  the  maximum  demand  for  lighting  was  not  sufficient 
— that  the  consumer  possibly  used  a  very  small  quantity 
of  electricity  for  lighting  with  consequent  low  maximum 
demand — and  perhaps  5,  6  or  7  k^^'  for  heating  and 
cooking,  and  that  this  ought  to  be  taken  into  account 
when  fixing  the  maximum  demand.  It  has  been  proved 
conclusively  now  that  the  domestic  load  is  nearly 
alwa^'s  in  its  entiretj'  an  off-peak  load.  One  has  not 
to  take  into  account  the  domestic  load  in  thinking  of 
the  power  station  output  in  kilowatts.  As  regards 
the  rate  in  Glasgow,  we  have  adopted  the  principle 
that  consumers  are  asked  to  pay  for  a  certain  number 
of  units  at  the  hghting  rate,  depending  upon  the  size 
of  the  house,  and  all  units  consumed  over  the  fixed 
quantity  are  charged  for  at  the  heating  and  cooking 
rate,  which  at  the  present  time  is  Id.  per  unit.  The 
consumer  can  secure  tliis  rate  even  if  only  a  very  small 
domestic  apphance  is  installed.     He  must  have  some- 
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thing,  even  if  only  an  iron,  but  this  gives  him  a  start, 
and  he  adds  to  his  installation  and  later  on  gets  a  cooker 
which,  in  99  cases  out  of  100,  converts  him  completely 
to  an  all-electric  user.  Then,  if  he  wants  to  go  still 
further  and  use  electricity  more  liberally,  he  is  ripe 
for  a  rate  of  the  description  put  forward  in  the  paper. 
I  have  applied  to  the  accounts  of  a  number  of  con- 
sumers in  Glasgow  a  system  such  as  the  author  explains, 
and  I  find  that  it  can  be  superimposed  on  this  rate  with 
very  great  faciUty  and  works  very  well.  I  adopted  a 
fixed  charge  such  as  he  suggests,  but  I  got  the  basis 
for  it  by  taking  a  percentage  of  the  rental,  and  I  think 
that  a  figure  of  something  hke  10  or  12|  per  cent  would 
be  appropriate.  I  am  quite  sure  that  by  and  by, 
with  a  fixed  charge  of  that  amount  and  a  running  charge 
of  ^d.,  a  tremendous  development  could  be  made  in 
the  domestic  load.  By  taking  10  per  cent  plus  Jd., 
and  superimposing  that  on  the  rate  in  use  in  Glasgow, 
we  find  that  for  the  small  user — the  man  with  a  rental  i 
of,  say,  £35 — with  a  fixed  charge  of  £3  10s.  plus  |d., 
he  would  be  ready  to  change  over  to  the  new  system 
when  his  consumption  reached  900  units  per  annum. 
Similarly,  consumers  occup>-ing  houses  rented  at  £40, 
£60  and  £70  per  annum  would  be  ready  for  changing 
to  the  new  system  when  their  consumptions  reached 
1  200,  I  400  and  1  700  units  respectively,  with  an 
average  price  of  l-49d.  per  unit.  If  they  adopt  the 
new  system  and  use,  say,  3  000  units  the  average  rate 
for  all  electricity  used  is  l-06d.  per  unit.  In  Glasgow, 
we  have  gone  almost  as  far  as  any  other  undertaking 
in  developing  the  cooking  load,  and  we  have  now  400 
cookers  on  hire  at  a  rental  of  £2  per  annum,  wliich  is 
less  than  the  20  per  cent  figure  put  forward  by  the 
author.  Some  curves  (see  Fig.  B,  page  394)  which  I 
have  had  prepared  show  the  demand  from  domestic 
consumers  in  residential  areas  in  this  city.  There  is 
one  point  of  difference  in  the  domestic  load  curves 
in  the  paper,  as  compared  with  what  might  be  expected 
in  Scotland,  in  that  the  author's  curves  show  a  con- 
siderable load  on  Sundays.  Unfortunately  we  cannot 
expect  that  here. 

Mr.  E.  Seddon  :  There  can  be  no  doubt  that  we  have 
only  touched  the  fringe  of  the  possible  domestic  load 
wliich  can  be  obtained  by  a  well-organized  advertising 
scheme.  Electricity  departments  should  be  prepared 
to  hire  out  apparatus  to  prospective  heating  consumers 
who  can  make  trials  of  cookers,  etc.,  without  incurring 
much  expense  to  themselves.  The  gas  industry  obtained 
their  valuaWe  domestic  load  from  such  a  scheme.  In 
Edinburgh  we  have  not  yet  taken  any  energetic  measures 
to  secure  this  load,  but  we  are  now  making  a  move 
in  that  direction.  It  seems  to  me  that  it  \vill  be  unwise 
to  push  the  use  of  heavy  appliances  where  new  con- 
sumers are  already  using  gas,  but  that  we  should,  in 
the  first  case,  get  the  consumers  interested  in  light 
articles  such  as  grills,  irons,  etc.,  which  will  give  them 
confidence  in  the  use  of  electric  heating  apparatus.  The 
development  of  this  load  is  very  much  bound  up  with 
a  suitable  tariff.  I  look  forward  to  the  time  when  a 
suitable  flat-rate  charge  can  be  made  for  all  domestic 
supphes,  with  a  minimum  charge  per  lamp  installed 
ensuring  a  reasonable  revenue  from  every  consumer.  I 
tliink  that  domestic  consumers  with  a  heating  load  well 


established  will  provide  a  load  factor  equal  to  that  of 
most  industrial  concerns  and  can  be  offered  equally 
good  terms.  The  curves  shown  by  the  author  are  taken 
from  specially  equipped  houses,  and  I  tliink  that  the 
consumption  is  liigher  than  one  would  expect  from  the 
average  consumer  with  the  same  appliances.  Neverthe- 
less, the  paper  indicates  the  amount  of  business  that 
can  be  obtained  from  the  small  householder.  Finally, 
although  slot  meters  may  be  quite  suitable  for  artisan 
dwelUngs  they  cannot  be  recommended  generally. 

Mr.  R.  Hardie  :  I  have  to  express  my  entire  agree- 
ment with  the  author.  Glasgow  has  been  for  some 
time  past  proceeding  generally  on  the  hues  laid  do'wn, 
and  results  indicate  that  these  are  sound.  We  have 
discovered  that  there  is  a  vast  desirable  heating  and 
cooking  load  awaiting  exploitation  and  obtainable 
with  the  minimum  of  capital  expenditure.  The  electric 
cooker  alone,  in  use  tluree  times  a  day  aU  the  year 
round,  will  convert  a  non-paying  lighting  consumer 
into  a  profitable  one,  and  tliis  without  additional 
expenditure  on  feeders,  mains  or  service  cables.  The 
folly  of  having  domestic  services  lying  inactive  for 
most  of  the  day  all  the  year  round  (and  all  day  in  the 
summer  months)  must  be  recognized.  With  regard 
to  rates,  we  in  Scotland  dare  not  suggest  the  author's 
figure  of  8d.  per  unit  for  lighting,  nor  do  we  approach 
the  l|^d.  rate  mentioned  for  cooking.  Obviously  the 
cooking  rate  must  be  made  sufficiently  attractive  to 
secure  business.  In  other  words,  the  cooking  rate 
should  be  fixed  at  that  figure  wliich  local  experience 
decides  is  as  high  as  can  be  secured  for  a  service  that 
is  competitive  wth  coal  and  gas.  In  some  parts  of 
the  country  l|d.  may  suffice — in  others  Id.  per  unit — 
wliile  in  a  few  supply  areas  -favoured  with  large  and 
economical  generating  units  and  with  adjacent  supplies 
of  low-priced  coal  the  ultimate  figure  may  be  as  low 
as  Jd.  I  agree  with  the  author's  contention  that  every 
official,  nay  every  employee,  in  an  electricity  supply 
undertaking  should  possess  knowledge  of  domestic 
electrification  based  on  actual  use  of  apparatus  in  his 
own  house.  The  advertising  value  of  tliis  would  be 
far  reaching.  The  lack  of  definite  performance  data 
on  the  cooking  load  has  hindered  the  proper  de\elop- 
ment  of  this  business,  but  the  information  contained 
in  the  Billingham  curves,  presented  by  the  author, 
and  the  fact  that  these  are  confirmed  by  the  figures 
obtained  in  Glasgow  and  elsewhere,  should  do  sometliing 
towards  removing  doubt  from  the  minds  of  electricity 
executives,  and  should  encourage  them  to  go  forward 
and  acquire  a  larger  share  of  the  domestic  business. 
Another  branch  of  propaganda  urged  by  the  author, 
the  "  Electric  Home "  exliibit,  is  deserving  of  more 
general  adoption.  Its  educational  value  is  far  reacliing, 
and  probably  no  other  form  of  advertising  will  do 
more  to  bring  home  to  the  public  the  desirability  of 
having  their  houses  adequately  wired. 

Mr.  A.  Mears  :  The  lighting  and  industrial  loads 
have  already  been  acquired  in  a  very  large  measure 
by  electricity  stations,  but  the  heating  and  cooking 
load  to  a  large  extent  represents  a  new  field  of  develop- 
ment calling  for  special  consideration.  In  Edinburgh 
we  have  been  unable  to  do  much  to  develop  tliis  load 
owing  to  a  shortage  of  generating  plant,  but  this  con- 
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Total  installation. 


i^) 


'173  m.f.*  lamps 
12  radiators 
5  irons 

4  vac.  cleaners 
1  cooker  . . 


amps. 
36 
77 
10 
8 
2G 

157 
50  amp.  shunt :  max.  20  amps. 

amps. 
205  m.f.  lamps       . .         - .  44 
8  radiators  . .  . .   74 

2  irons      . .  . .  . .     4 

(&)  -{      1  kettle 2 

124 
50  amp.  shunt :  max.  8  amps. 


■  Metal  filament. 


M 


Total  installation. 

amps. 
288  m.f.  lamps  in  houses  . .  59 
17  radiators  . .         .  .136 

11  irons 
2  kettles  . . 
2  hire  cookers     . . 


52 

274 
50  amp.  shunt :  max.  32  amps. 


w 


amps. 
.  66 
.  26 
.  26 
.  24 


323  m.f.  lamps 

1  cooker  . . 
13  irons 

3  radiators 

2  kettles  . . 

2  vac.  cleaners 


151 
50  amp.  shunt :  mas.  13  amps. 


M  < 


Total  installatii 

'324  m.f.  lamps 
1  cooker  . . 
1  grill       . . 
1 6  irons 
11  radiators 
S  vac.  cleaners 
1  kettle    . . 


amps. 
66 
26 

6 
32 
88 
18 

3 


I  237 

l^  50  amp.  shunt :  max.  32  amps. 
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'327  m.f.  lamps 

1  cooker  . . 
13  radiators 
12  irons 

6  vac.  cleaners 

2  kettles  . . 


amps. 
.  67 
.  26 
.104 
.  24 
.  12 
.     6 

239 


50  amp.  shunt :  max.  26  amps. 
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CO 


Total  installation. 

amps. 
"108  m.f.  lamps  in  houses.. 23 
9  m.f.  lamps  in  stairs    . .   1-5 
4  m.f.  lamps  in  street    . .   1 

13  irons 26 

3  radiators  . .         .  .28 

2  hire  cookers     . .         . .  52 

131 
50  amp.  shunt :  max.  14  amps. 

amps. 
144  m.f.  lamps  in  houses  .  .30 
12  m.f.  lamps  in  stairs    . .   2 

2  m.f.  lamps  in  street  ..  0-5 

14  irons 26 

3  radiators  . .  .  .24 
6  hire  cookers     . .  156 

240 
50  amp.  shunt:  max.  26  amps. 
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dition  has  now  disappeared  and  we  find  the  domestic 
load  increasing  rapidly.     The  latter  can,  however,  only 
be  obtained  by  fixing  a  suitable  tariff  which  must  be 
kept  as  low  as  possible.     It  appears  to  me  that  sim- 
pUcity  should  be  the  keynote  of  it,  as  a  tariff  that  calls 
for  a  calculation  with  each  consumer  as  to  the  ultimate 
rate  per  unit  wliich  he  will  pay  for  electricity  used  for 
heating  and  cooking  is  not  appreciated.     On  the  basis 
of  simphcity  a  flat  rate  per  unit  for  heating  and  cooking 
consumptions    appeals    to    the    consumer.     It    is    true 
that  this  means  a  separate  circuit  and  meter  for  the 
heating   and    a    certain    extra   expense   in    wiring,    but 
after  all,  is  the  expense  so  much  more  than  that  of  a 
combined  lighting  and  heating  installation  if  the  latter 
is  properly  arranged,  the  lights  being  fused  independentl}- 
of  the  heaters  so  as  to  give  proper  protection  for  the 
lighting  ?     In  Edinburgh  our  charges  for  lighting  and 
heating    are    on    the    flat-rate    system    and,    naturally, 
separate  circuits  are  required  for  lighting  and  heating, 
but  up  to  the  present  this  has  not  proved  a  drawback 
to  the  installation  of  heaters  in  the  larger  houses  where 
the  heating  load  is  likely  to  be  of  reasonable  amount. 
Apart  from  this  question  of  expense  of  the  extra  circuit 
there   is   no   reason   why   a   flat-rate   tariff    cannot    be 
arranged   to   give   as   cheap   result   for   heating  as   any 
other  system.     It  is  found   that  the  variation  in   the 
annual  consumptions  for  lighting  purposes  in  houses  of 
similar    size    and    character    is   very  considerable,   and 
under  most  of  the  two-part  tariff  rates  a  consumer  who 
is  below  the  lighting  average  fails  to  get  the  same  advan- 
tage for  his  heating  rate  as  one  who  is  much  above 
this  average.     The  simplicity  of  the  separate  flat  rate 
for  heating   undoubtedly  appeals  to   the   average  con- 
sumer, though  it  may  be  possible  in  the  future  to  educate 
the  consumer  to  some  two-part  tariff.     In  Edinburgh 
the  case  of  the  small  consumer  whose  heating  appliances 
are  mainly  of  the  lamp-holder  variety  and  whose  con- 
sumption is  so  small  that  it  is  not  worth  a  separate 
circuit   has    been    met   by   charging   him    an    arranged 
quantity  of  units  for  lighting,  and  all  units  recorded  in 
excess  of  this  quantity  at  heating  rate.     This  arranged 
quantity  is  based  upon  past  records  and  general  averages, 
but  the  method  is  really  an  attempt  to  give  him  the 
benefit  of  two  circuits  without  running  the  second  one. 
It  is  the  system  originated  in  Glasgow  on  maximum- 
demand  lines,  but  adapted  to  the  usual  flat-rate  method 
of   charge  in   use  in   Edinburgh.     On   the  whole  it   is 
satisfactory,   but,  hke  all  systems  which  depend  upon 
the  fixing  of  a  quantity  not  accurately  known,  it  does 
not    please   every   consumer.     The    two-part    tariff    on 
the    maximum-demand    basis,    where   the    demand    for 
lighting  only  is  taken,  suffers  from  the  same  drawback, 
as  this  demand  as  a  rule  cannot  be  known   accurately. 
Apart    from    the    question    of   tariffs,    electric    cooking 
with    electric    ranges    cannot,    I    fear,    advance    much 
without    a    system    of    hiring    by    supply    authorities. 
Not   many    consumers   will   experiment   owing   to    the 
cost  of  the  ranges  and  the  probability  of  high  mainten- 
ance   costs.     The   interest    wliich    the    public    take    in 
electrical  appliances  of  all  kinds  in  exhibitions  is  a  very 
good  sign,  but  there  is  no  doubt  that  a  large  amount  of 
educational  work  remains  to  be  done  before  the  domestic 
load  develops  to  any  great  extent.     A  very  interesting 


figure  in  connection  with  this  subject  is  the  actual 
diversity  factor  of  this  class  of  load  quite  apart  from 
the  question  of  the  proportion  of  the  heating  load  that 
is  included  in  the  lighting  peak,  i.e.  the  sum  of  the  maxi- 
mum demands  of  the  heating  consumers  divided  by  the 
maximum  demand  made  on  the  station.  The  author 
suggests  a  value  of  9  for  tliis  figure,  but  that  is  surely 
much  too  high.  This  figure  is  of  considerable  impor- 
tance when  the  question  of  price  per  unit  is  being  arranged. 
The  principal  feature  of  the  domestic  load  is  the  improve- 
ment on  the  annual  load  factor  of  the  station  that  it 
should  produce,  and  on  this  ground  it  is  to  be  encouraged 
as  much  as  possible. 

Professor  F.  G.  Baily  :  Onereason  for  the  slowness 
with  which  domestic  electric  appliances  are  gaining 
recognition  seems  to  me  to  be  the  initial  expense.  A 
mere  kettle  costs  some  30s.  and  a  vacuum  cleaner  £15, 
and  people  hesitate  to  spend  this  if  they  have  any  doubt 
of  its  suiting  their  convenience.  Hence  I  advocate 
facilities  for  hiring  articles  of  this  kind  for  a  short  period. 
Sales  would  almost  always  follow  when  the  consumer 
had  realized  the  resulting  saving  in  trouble.  This  is 
even  more  important  in  the  case  of  electric  ovens,  where 
the  ovens  and  power  circuits  will  cost  £30  to  £50  and 
will  involve  a  complete  rearrangement  of  the  kitchen 
department.  A  consumer  should  be  able  to  hire  an 
oven  and  temporary  wiring  and  switches,  which  can  be 
installed  without  disturbing  the  kitchen  range,  and  when 
fully  satisfied  he  will  proceed  to  a  complete  change  ; 
but  it  is  demanding  much  faith  in  electricity  to  propose 
a  drastic  change  in  so  vital  a  part  of  a  household  as  the 
kitchen.  Another  point  is  that  of  hot  water.  It  is 
futile  to  expect  electric  energy  to  compete  with  a 
properly  constructed  hot-water  boiler,  which  is  a  highly 
efficient  apparatus  and  gives  opportunity  also  for  some 
central  heating.  An  all-electric  house  may  be  satis- 
factory in  a  warm  climate,  or  in  a  small  flat,  where 
convenience  far  outweighs  expense,  but  I  can  only 
regard  it  as  a  fad  in  an  ordinary  household  in  the  northern 
and  eastern  parts  of  Great  Britain.  It  must  be  remem- 
bered that  while  undoubtedly  a  considerable  portion 
of  the  heat  of  the  coals  in  an  open  grate  or  kitchen  range 
goes  up  the  chimney,  by  no  means  all  of  it  comes  out 
at  the  top.  Much  of  this  escaping  heat  reappears  in  the 
upper  rooms  and  passages,  which  without  this  would 
be  chilly  and  damp.  The  total  heat  of  electric  energ}'' 
at  2d.  per  unit  costs  40  times  as  much  as  that  of  coal 
at  40s.  per  ton,  so  for  straightforward  heating  there 
must  be  very  strong  reasons  for  adopting  the  more 
expensive  agent. 

Mr.  W.  J.  Cooper  :  I  cannot  understand  the  attitude 
of  certain  business  men  towards  the  two-part  s^-stem 
of  charging.  No  one  knows  better  than  these  same 
business  men  what  on-cost  charges  are,  yet,  when  an 
electricity  supply  authority  proposed  to  'charge  their 
product  on  the  basis  of  an  on-cost  charge  plus  a  charge 
per  unit  used,  there  was  difliculty  in  getting  them  to 
understand  and  to  appreciate  the  system.  We  can 
overcome  the  objections  to  a  certain  extent  by  expressing 
the  standing  charge  in  banks  of  units,  on  the  lines  of 
the  Glasgow  domestic  lieating  tariff. 

Mr.  A.  S.  Hampton:  .\mongst  all  the  suggestions 
with  regard  to  tariffs  I  have  not  heard  any  in  the  shape 
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of  a  tarifi  based  on  a  charge  of  so  much  per  room  plus  a  1 
running  charge  per  unit  used.  Tliis  would  only  mean  one 
meter,  and  a  very  low  rate  per  unit  might  be  reached. 
Everyone  would  understand  a  charge  of  this  kind. 
There  is  a  difficulty  in  getting  the  average  householder 
to  see  the  advantage  of  two  meters  or  the  two-part 
tariff.  I  admire  the  Glasgow  Corporation  rate ;  it 
seems  to  be  very  fair  and  it  only  requires  one  meter. 
It  is  practically  the  same  as  the  rate  which  I  have 
suggested,  viz.  an  annual  charge  per  room  and  a  very 
low  flat  rate  per  unit.  It  gets  rid  of  the  two-circuit 
wiring,  which  is  some  considerable  advantage,  and  it 
allows  the  easy  use  of  the  small  power  appUances. 

Mr.  A.  Ogilvie :  The  subject  is  of  much  importance 
to  pubhc  supply  companies  and,  in  its  development, 
benefit  will  accrue  to  the  consumers.  The  two-tari£E 
system  is  attractive  and  fair  to  the  consumer,  while  it 
is  reasonably  remunerative  to  the  supply  company.  I 
would,  however,  leave  the  main  questions  raised  to 
those  more  intimately  and  directly  interested,  and 
confine  my  few  remarks  to  one  feature  in  the  propa- 
ganda proposals,  namely,  what  is  to  be  the  precise 
position  of  the  local  electrical  contractors  in  connection 
with  the  sales  and  work  which  it  is  suggested  should  be 
carried  out  by  the  pubhc  supply  undertaking  ?  It 
is  observed  on  page  201  that  the  contractor  would  be 
properly  dealt  with  in  regard  to  any  sales  effected  and 
I  should  Uke  to  ask  the  author  if-  he  would  indicate 

(1)  How  it  is  proposed  to  protect  the  contractor,  and 

(2)  how  it  would  be  possible  to  ascertain  the  contractor 
responsible  for  each  individual  sale  effected  by  the 
pubhc  supply  company  from  their  showrooms.  Again, 
it  would  appear  from  the  remarks  on  "  Sho\\Tooms  " 
that  it  is  intended  that  the  pubhc  supply  company 
should  carry  out  electrical  work  in  the  consumer's 
premises.  If  so,  then  the  whole  question  of  municipal 
trading  arises,  and  while  it  may  at  first  sight  appear 
to  be  a  side  issue  on  the  larger  question  raised  by  the 
paper,  still  it  is  a  most  important  one  for  those  rate- 
payers engaged  in  the  electrical  industry  generally. 
(This  aspect,  of  course,  appUes  only  to  cases  where  the 
municipality  control  and  operate  the  electrical  undertak- 
ing.) The  question  of  a  municipahty  utihzing  ratepayers' 
money  for  carrying  on  a  commercial  enterprise  in  direct 
competition  with  the  ratepayers  engaged  in  that  industry, 
is  a  large  one  and  one  wliich  I  venture  to  tliink  should 
not  be  allowed  to  enter  into  any  propaganda  work 
under  domestic-load-building  schemes.  So  long  as 
consumers  can  obtain  their  requirements  (both  labour 
and  material)  at  reasonable  terms  from  the  local  con- 
tractors— wliich  is  almost  invariably  ensured  by  local 
trade  competition  between  contractors — then  I  suggest 
that  domestic-load-building  schemes  would,  in  the  end, 
be  best  served  by  the  electrical  undertaking  confining 
their  efforts  to  demonstrating  in  their  showToom  the 
many  and  varied  uses  to  which  electricity  may  be 
put  in  domestic  and  industrial  fields,  leaving  the  local 
contractors  to  supply  the  consumers'  requirements 
thereafter.  The  author's  views  on  tliis  point  would 
be  interesting. 

Mr.  D.  S.  Munro  :  None  can  challenge  the  wisdom 
of  the  advice  that  all  those  deahng  with  domestic 
supply  should  themselves  have  practical  experience  of 


its  working  in  their  own  homes.     To  this  may  be  added 
the  provision   of  an   experimental  room   at  the   power 
station  or  other  showroom  where  each  cooking  or  other 
device  may  be  demonstrated  by  the  officials  thus  trained 
at    home.     The    author    refers    to    records.     There    is 
need   for  more  records   available  to   the  whole   trade, 
records  of  actual  facts,  not  faked  for  competitive  pur- 
poses.    Some  of  these  would  refer  to  results  obtained 
by  trial  of  this  or  that  apphance  as  well  as  to  guiding 
figures    obtained    by   recording   group   results   such   as 
those  indicated  on  page  198  of  the  paper.     The  author 
gives  the  annual  units  used  per  k\V  installed  as  360, 
and  the  kW  installed  as  65.     360  x  65  =  23  400  units. 
But,  a  few  lines  below,  he  gives  that  portion  which  falls 
on  the  peak  as  5  k\V  demand  and  the  units  on  this 
demand  as  3  240.     3  240  X  5  =  16  200  units.     Perhaps 
I  have  not  understood  the  figures,  but  they  may  possibly 
be  made  clearer  so  that  the  load  factor  of  this  httle 
group  of  consumers  may  be  ascertained.     As   regards 
a  two-part  method  of  charging  for  energy,   customers 
are  not   fond  of  it.     If  it  is   governed   by  a  demand 
indicator  it  tends  to  restrict  use.     If  it  is  a  fixed  kW 
charge  var^dng  with  kW  installed  it  makes  the  consumer 
reluctant   to   install   lamps   of   occasional   convenience, 
or  to  add  further  apphances — such  as  a  wasliing  machine 
which    is    intended    only    for    occasional    use.     If    the 
fixed  charge  be  calculated  from  the  floor  area  or  the  rated 
valuation  of  the  house  it  is  open  to  objection  on  other 
grounds.     Yet   some    sort   of    two-part    charge    is    fair 
and    will    become    necessary.     In    some    cases    a    low 
average  consumption  is  predetermined,  and  all  current 
up  to  this  amount  is  charged  at  a  liigh  figure  per  unit, 
all    further    units   for   any   purpose   being   charged   at 
the  lowest  possible  price  per  unit.     This  method  has 
several    incidental    advantages — one    meter    and    one 
house   wiring   system,   for   example — and    I    should    be 
glad  to  hear  opinions  as  to  the  fairest  method  of  arriving 
at  the  number  of  units  to  be  charged  at  the  high  rate. 
One  of  the  objections  to  a  fi.xed  charge  arises  when  a 
house  is   empty   for   a   considerable  part  of  the  year. 
The  figure  in  Scotland  for  sundry  units  would  probably 
differ    widely    from    that   in    England,    though    not   so 
much  now  as  formerly.     As  a  contrast  to  the  methods 
of  a   fixed   charge   per   quarter   or   per   kW   maximum 
demand,    there   are   supphers   who   not   only   charge   a 
special  rate  per  unit  for  cookers  and  the  like  but  actually 
present    the    consumer    with    something    towards    the 
first  cost  of  the  apphances  which  are  going  to  increase 
his  maximum  demand.     Merely  noting  the  satisfactory 
point  emphasized  by  the  author  that  this  class  of  indi- 
vidual  demand    has    a   comparatively  small   effect   on 
the    whole    system   peak — though  it   is    easily  possible 
that  a  small   town   of  big  residences  might  be  doing 
much  cooking  for  dinner  at  the  very  time  of  heaviest 
lighting  demand — I  pass  on  to  add  a  word  or  two  about 
the   sale   or   rental   of   apphances   by  the   suppliers  of 
electricity.     If   this   system    be   necessary   to    promote 
output   of   electricity   it   might    be    equally   justifiable 
for   the   suppliers   to    rent   wiring   installations.     So    I 
ignore  the  unfairness  of  such  forms  of  competition  and 
merely   remark   that   it   should    pay   suppliers   well   to 
support   around    them    that   large    body   of   influential 
canva.ssers  represented  by  the  electrical  contractors. 
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Mr.  W.  A.  Gillott  {in  reply)  :  With  few  exceptions 
this  discussion  has  been  upon  similar  lines  to  those  at 
other  Centres,  and  in  consequence  the  replies  already- 
given  to  speakers  in  those  discussions  dispose  of  many 
of  the  questions  now  raised.  I  therefore  propose  to 
confine  my  reply  to  the  items  of  special  mention. 

Mr.  Mitchell  refers  to  the  suggested  fixed  charge  of 
£8  10s.  causing  consumers  to  hesitate  to  adopt  such  a 
tariff,  but  this  sum  would  cover  a  household  with  1  kW 
of  lighting  installed,  and  of  course  is  adjusted  to  suit 
the  capacity  of  each  lighting  installation.  The  rental 
value  of  such  a  household  in  Glasgow  would  doubtless  be 
approximately  £80,  and  under  Mr.  Mitchell's  proposed 
tariff  the  fixed  charge  would  be  similar.  It  is  indeed  very 
encouraging  to  receive  confirmation  that  Scottish  returns 
of  domestic  load  prove  cooking  and  heating  to  be 
practically  "  oS  peak  "  loads  to  such  an  extent  that  it 
is  not  necessary  to  consider  them  when  assessing  a  fixed 
charge  in  the  tariff.  The  load  curves  of  Mr.  Mitchell's 
Fig.  B  indicate  that  the  demand  is  approximately 
10  per  cent  of  the  total  installed  watts. 

Mr.  Seddon  and  Mr.  Mears  mention  the  use  of  small 
apphances  from  a  lampholder  and  appear  to  lean  to 
the  view  that  it  is  preferable  to  start  a  consumer  with 
such  devices  and  gradually  lead  up  to  the  complete 
cooker.  I  have  no  hesitation  in  saying  that  the  complete 
cooker  is  such  a  satisfactory  proposition  that  where 
the  supply  is  offered  at  lid.  per  unit  or  less  one  can  with 
every  confidence  thoroughly  recommend  a  consumer  to 
install  the  complete  article  from  the  commencement, 
and  I  suggest  that  if  the  business  is  handled  upon  these 
lines,  good  results  will  be  secured  by  all  parties  con- 
cerned. 

Mr.  Hampton  refers  to  the  tariff  with  its  fixed  charge 
based  upon  the  floor  area,  as  in  Dundee.  A  reference 
to  this  system  is  given  on  page  216. 

Mr.  Ogilvie  asks  what  is  the  position  of  an  electrical 
contractor  in  a  propaganda  campaign,  and  whether  the 


supply  authority  should  carry  out  the  installation  work. 
This  subject  is  such  a  highly  political  one  that  I  am 
afraid  it  cannot  be  properly  dealt  with  here,  but  I  would 
repeat  that  I  firmly  beUeve  in  the  principle  of  straight- 
forward co-operation,  either  side  not  expecting  too  much 
from  the  other,  but  each  working  with  one  object  in 
view,  i.e.  to  give  good  service  to  the  client.  This  will 
result  in  the  establishment  of  good  general  conditions 
between  the  contractor  and  the  supply  authority. 

Mr.  Munro  asks  for  further  details  regarding  the  first 
set  of  figures  given  on  page  197.  The  actual  details 
as  to  the  results  obtained  under  test  are  given  below, 
and  it  will  be  found  they  are  sUghtly  different  from 
those  previously  given,  as  only  round  figures  were 
quoted. 

From  a  study  of  the  returns  of  13  consumers  it  was 
found  that  the  average  kW  installed  was  5,  the  maximum 
being  6  kW  and  the  minimum  3-2  kW.  The  average 
maximum  demand  per  individual  consumer  was  3  kW. 
The  average  units  consumed  per  annum  per  consumer 
were  1  800,  and  the  sum  of  the  consumers'  maximum 
demands  represents  181  amperes.  The  maximum 
result  caused  by  the  13  consumers  was  75  amperes, 
therefore  the  diversity  factor  among  these  13  consumers 
is  181/75  ==  2-41. 

The  amount  of  resultant  load  from  these  13  consumers 
that  fell  upon  the  system  peak  was  20  amperes,  which 
occurred  at  1 2  noon,  when  the  system  curve  was  falling. 
This  equals  0-285  of  the  maximum  resultant  load, 
so  that  the  units  consumed  per  kW  demand  on  the 
system  peak  are  360  x   2-41   x   3-75  =  3  253. 

The  figure  of  360  is  obtained  by  dividing  the  total  kW 
installed  into  the  cooking  units  consumed  by  the  13  con- 
sumers. From  these  figures  it  wtII  be  seen  that  the 
diversity  factor  in  this  instance  is  2-41  x  3-75  =  9. 
The  figure  of  3-75  is  the  ratio  between  the  75  amperes 
resultant  demand,  and  the  20  amperes  that  faU  upon 
the  system  peak. 
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"THE    PROPERTIES    OF    THE    DISTRIBUTION    FACTOR    OF    ARMATURE 

WINDINGS."  * 


Mr.  A.  E.  Clayton  :  At  the  present  time  consider- 
able importance  attaches  to  the  higher  harmonics 
present  in  alternating  E.M.F.  and  current  wave-shapes, 
and  there  is  reason  to  expect  that  importance  to  increase 
rather  than  to  diminish.  As  a  result,  the  values  of 
the  distribution  factors  for  these  harmonics  are  of 
much  moment  to  those  interested  in  the  design  of  alter- 
nating-current machinery.  Values  of  these  factors 
for  various  normal  slottings  have  been  tabulated  by, 
amongst  others.  Dr.  S.  P.  Smith  and  ]VIr.  R.  H.  Bould- 
ing.f  and  by  Mr.  B.  Hague.  J:  Such  tables,  although 
very  valuable,  are,  as  stated  by  the  authors  on  page  865, 
limited  to  a  few  common  cases,  and  are  therefore  to  a 
certain  extent  limited  in  their  application.  It  is  thus 
undoubtedly  desirable  to  have  the  data  available  in  a 
simple  form  suited  to  perfectly  general  application, 
either  in  the  form  of  tables,  or  in  the  form  of  graphs. 
The  paper  is  therefore  of  great  interest ;  to  me  it  is 
of  particular  interest  as  some  time  since  I  also  was 
intrigued  by  the  problem  of  representing  these  factors 
in  a  simple,  graphical  manner. 

The  graphs  in  Fig.  3  indicate  clearly  the  effect  of 
the  number  of  slots  per  group,  q,  upon  the  value  of 
the  distribution  factor  for  any  paiticular  value  of  the 
equivalent  angle  of  spread  of  the  winding,  rmj.  From 
the  graphs  it  is  possible  to  obtain  the  value  of  the 
factor  under  any  given  set  of  conditions.  (In  this 
connection,  the  use  of  12  ordinates  per  range  of  tt  is 
to  be  deplored.  Such  a  choice  is  only  suited  for  the 
quite  normal  case  of  three-phase  and  two-phase  windings, 
i.e.  the  few  common  cases  mentioned  above.  The 
choice  of  10  ordinates,  or,  better  still,  18,  is  more  suited 
to  general  application.)  For  practical  purposes,  how- 
ever, the  authors  put  forward  a  series  of  graphs  in 
Figs.  4  (x)  to  4  [d),  in  which  values  of  the  factors  for 
harmonics  up  to  the  seventh  order  are  plotted  against 
the  angular  phase-spread  expressed  in  degrees.  These 
form  a  valuable  set  of  graphs  about  30  in  number, 
but  limited  to  harmonics  up  to  the  seventh  order. 

In  developing  the  mathematics  of  the  subject  the 
authors  have  expressed  their  results  in  terms  of  the 
angular  spread  of  the  phase  group ;  simpler  results 
are  possible  if  they  are  expressed  in  terms  of  the  angular 
slot-pitch.  For  example,  with  q  equal  vectors  displaced 
by  2y  between  successive  vectors,  it  is  at  once  obvious 
that  the  numerical  value  of  their  resultant  will  be  the 
same  as  that  when  the  displacement  is  2ilf  tt  ±  2y, 
where  M  is  any  integer  ;  this  expression  is  independent 
of  q.  If,  on  the  other  hand,  we  deal  with  the  total 
angle  6  between  the  first  and  last  vectors,  for  the 
resultant  to  have  the  same  numerical  value  the  dis- 
placement must  be  q  .  2Mtt  ±  6,  a.  value  which  increases 
directly  with  q.      Thus   the   distribution  factor  corre- 

*  Paper  bv  Messrs.  B.  Hague  and  S.  Neville  (see  vol.  60, 
page  861). 

t  Journal  I.E.E..   1915,  vol.   53,  p.   20.5. 

t  Electrician,   1917,  vol.  78,  pp.   710,  740  and  765. 


I  spending  to  the  wth  harmonic  may  be  stated  in  the  form 
utilized  by  the  authors,  viz.  (sin  ma/2)  -^  (5  sin  wia/2g) . 
Alternatively  it  may  be  expressed  in  the  form 
(sin  qmy)l{q  sin  nvy) .  The  former  expression  when 
plotted  as  a  function  of  ma  gives  a  graph  which,  numer- 
ically, is  periodic  with  range  2g7r.  The  latter  when 
plotted  as  a  function  of  2my  gives  a  graph  which  for  all 
values  of  q  is  periodic,  numerically,  with  range  27r.  It 
thus  appears  that  the  best  method  of  tabulating  these 
factors  is  as  functions,  not  of  a  or  rmj,  but  of  the 
equivalent  slot-pitch  2TOy,  i.e.  of  the  slot-pitch  expressed 
in  electrical  measure  to  correspond  to  the  particular 
harmonic  under  investigation.  Similarly,  it  would 
appear  that  the  best  method  of  plotting  out  the  factors 

I   is  in  terms  of  the  equivalent  slot-pitch  above  mentioned. 

j  It  then  becomes  possible,  on  the  same  base  fromi  0°  to 
180°,  to  plot  graphs  representing  the  factors  for  various 
values  of  q,  e.g.  2,  3,  4,  5,  6,  8  and  10.  From  these 
seven  graphs  the  values  of  the  factors  corresponding 
to  any  harmonic  can  at  once  be  read  off,  for  any  value 
of  the  equivalent  slot -pitch.  With  this  common  base 
it  is  easily  possible  to  deal  with  angles  above  180°, 
i.e.  values  of  2my  greater  than  tt.  All  that  is  necessary 
is  to  number  each  main  ordinate  with  the  values  of 
the  first  four  angles  to  which  it  corresponds.  Thus 
the  10°  ordinate  is  numbered  10°,  350°,  370°,  710°, 
etc.,  the  20°  ordinate  20°,  340°,  380°  and  700°,  etc. 
It  is  extremely  unlikely  that  any  harmonic  for  which 
the  equivalent  slot-pitch  much  exceeds  720°  will  require 
investigation,  as  this  figure  corresponds  very  closely 
to  the  value  obtaining  for  the  tooth-ripple  harmonics 
of  the  second  order.  The  sign  of  the  factor,  although 
often  of  little  importance,  is  also  very  simply  obtained. 
When  q  is  an  odd  number,  the  sign  is  always  as  given 
by  the  graph  ;  when  q  is  even,  the  sign  as  given  by  the 
graph  must  be  reversed  for  angles  lying  between  180° 
and  540°,  and,  of  course,  between  900°  and  1  080°, 
etc.  The  first  limits  include  certainly  all  the  cases 
that  need  to  be  considered,  in  this  respect,  in  practice. 
In  a  paper  on  "  A  Mathematical  Development  of  the 
Theory  of  the  Magnetomotive  Force  of  Windings,"  * 
I  have  given  tables  showing  the  value  of  the  distribu- 
tion factor  for  values  of  the  equivalent  slot-pitch, 
2my{l80°/TT),  from  0°,  in  steps  of  2°,  to  180°,  and  for 
g  =  2,  3,  4,  5,  6,  8,  10  and  12.  These  tables  cover  all 
the  numerical  values  of  the  factor  for  the  given  values 
of  q.  I  have  also  represented  the  values  of  the  factor 
in  the  form  of  a  simple  family  of  graphs  on  the 
lines  mentioned  above.  A  single  graph  serves  for 
harmonics  of  every  order  for  one  particular  value  of 
q.  Thus,  for  example,  with  q  =  3  the  distribution 
factors  are  read  off  from  a  graph  representing 
sin  |(30)/3  sin  W  plotted  from  d  =  0°  to  8  =  180°,  the 
ordinates  being  numbered  as  indicated  above.  If,  for 
example,  the  slot-pitch  were  14°,  corresponding  to  an 
*  To  be  published  in  a  later  number  of  the  Journal. 
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unusual  slotting,  the  factor  for  the  fundamental  is 
read  off  at  14°,  for  the  second  at  28°,  for  the  third 
haimonic  at  42°,  ...  the  21st  at  294°,  etc.  For  g  =  4 
and  the  same  slot-pitch  the  values  of  the  factor  would 
be  read  oS  from  a  graph  representing  sin  |(40)/4  sin  ^6, 
and  it  would  be  necessary  to  reverse  the  sign  of  the 
factors  read  off  between  180°  and  540°.  For  values  of 
q  greater  than  12,  the  winding  factors  for  the  lower 
harmonics  approach  so  closely  those  for  a  corresponding 
surface  winding  that,  in  common  with  the  authors, 
I  have  found  it  convenient  to  utiUze  the  graph  repre- 
senting sin  id/Id.  For  the  higher  harmonics  it  is 
sufficient  to  remember  that  when  S,  the  number  of 
slots  per  pair  .of  poles,  is  an  integer,  the  distribution 
factors  for  harmonics  of  orders  MS  +  m  all  have  the 
same  numerical  value  as  for  the  wth  harmonic.  It 
is  desirable,  however,  to  be  able  to  obtain  accurately 
and  simply  the  values  of  the  factors  in  certain  cases. 
The  error  of  28  parts  in  77  quoted  by  the  authors  may 
occasionally  be  of  moment,  although  it  occurs  in  a 
relatively  small  term.  The  correct  value  of  the  factor 
can    readily    be    deduced    from    the    above    graph,    for 

sin  qmy        sin  qmy         qiny 


q  sin  my 


qmy        q  sin  my 

in  ima       sin  my 


my 


Hence,  to  obtain  the  correct  value  it  is  only  necessary 
to  divide  the  factor  obtaining  for  a  surface  winding  of 
spread  ma  bv  that  obtaining  for  a  spread  of  2my,  i.e. 
a  spread  of  the  equivalent  slot-pitch. 

P'or  example,  with  q  =  12,  and  18  slots  per  pole,  the 
equivalent  slot-pitch  for  the  17th  harmonic  is  170°, 
and  the  equivalent  spread  of  the  phase  group  is  17  x  120° 
=  2  040°.  The  factors  corresponding  to  these  spreads 
are,  respectively,  0-672  and  —0-049.  Hence  the 
actual  distribution  factor  is  —  0-049/0-672,  i.e.  —  0-073, 
instead  of  the  value  —  0-049  which  obtains  for  the 
corresponding  surface  winding. 

Messrs.  B.  Hague  and  S.  Neville  {in  reply)  : 
Though  the  authors  think  it  doubtful  whether  the 
results  are  simpler  when  expressed  in  terms  of  the 
slot-pitch  instead  of  the  phase-spread,  j-et  they  wel- 
come the  attention  which  Mr.  Clayton  has  drawn  to 
the  former  method  of  representation.  The  general 
form  of  the  curves  remains,  of  course,  unchanged  ; 
and  although  the  complete  period  is  reduced  from 
2qTT  to  27r  in  all  cases,  the  curves  make  q  oscillations 
about  the  axis  in   that  period.     In   tabulation,   appar- 


ently there  would  be  little  to  choose  between  the  two 
methods  ;  and  in  plotted  curves  it  becomes  a  question 
of  whether  a  longer  base-line  or  a  curve  crossing  the 
axis  at  frequent  intervals  is  to  be  considered  the  more 
convenient.  From  the  purely  mathematical  point  of 
view,  it  is  to  be  noted  that  each  of  the  forms  in 
which  the  distribution  can  be  expressed,  namely 
(sin  ??mt/2)/{5  sin  m<7/27)  and  {sin  qmy)/ (q  sin  my),  has  its 
own  particular  merit  ;  both  forms  have  been  used  in 
the  papers  cited  above  by  Mr.  Claj-ton. 

For  practical  purposes  the  method  adopted  in  the 
paper  may  be  preferred.  In  the  alternative  method, 
the  curves  for  different  values  of  q  cross  and  recross 
each  other  in  a  rather  bewildering  manner  ;  the  curves 
do  not  remain  distinct  (as  in  Fig.  4,  for  instance),  on 
account  of  the  very  different  shapes  of  the  several 
curves.  The  confusion  is  greatly  increased  by  each 
further  value  of  q  that  is  shown.  The  arrangement  of 
Fig.  3  avoids  this  difficulty,  and  shows  clearly  the 
change  introduced  into  the  curve  by  each  successive 
increase  of  q.  Mr.  Cla\-ton  proposes,  for  practical  use, 
to  omit  curves  for  q  greater  than  12.  It  is  then 
impossible  to  find  the  factor  for,  say,  g^  13  or  14 
from  the  set  of  curves,  while  in  Fig.  3  anj^  higher  value 
of  q  can  be  directly  dealt  \\"ith,  accurately  if  a  is  not 
greater  than  67r,  and  to  a  fair  approximation  for  any 
greater  angles,  by  comparison  with  the  curve  for 
q  ^^  oa.  This  last  and  important  curve  cannot  be 
combined  with  others  plotted  to  a  base  of  slot-pitch. 

The  authors  wish  to  express  their  great  indebtedness 
to  Mr.  Clayton  for  his  simple  formula  for  deriving 
the  distribution  factor  for  any  slotting  from  the  curve 
for  a  uniformly-distributed  or  surface  winding. 
Expressed  in  the  notation  of  the  paper,  Mr.  Clavton's 
formula  becomes 

h{e)=r{e)  -ne/q) 

that  is,  the  distribution  factor  for  q  vectors  spread 
over  a  total  arc  of  20  is  equal  to  that  of  an  infinite 
number  of  vectors  occupying  the  same  total  arc 
divided  by  that  of  an  infinite  number  of  vectors  occu- 
pying the  space  between  any  pair  of  the  actual  vectors. 
By  this  simple  operation  the  range  of  Fig.  3  is  extended 
indefinitely  and  without  approximation,  thus  cover- 
ing the  only  region  for  which  accurate  values  are  not 
directly  indicated  in  the  curves  reproduced.  Applying 
the  rule  to  the  example  mentioned  in  the  footnote 
on  page  864,  from  the  curve  in  Fig.  3  the  distribution 
factor  at  alq  (that  is,  7r/2)  is  found  to  be  0  -  035  ;  the 
value  at  a  (that  is,  137t/2)  is  0-049  ;  so  that  the  correct 
value  for  g  =  13  is  0-049/0-635  =  0-077. 
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The  Annual  Dinner  of  the  Institution  was  held  on 
Tuesday,  6th  February-,   1923,  at  the  Hotel  Cecil 

The  President,  Mr  Frank  Gill,  presided  over  a  gather- 
ing numbering  about  480  persons.  Among  those  present 
were  :  The  Rt.  Hon.  Nex'ille  Chamberlain,  M.P.  (Post- 
master-General), Sir  W.  Joynson-Hicks,  Bart.,  M.P. 
{Parliamentary  Secretary,  Overseas  Trade  Department), 
The  Rt.  Hon.  Lord  Southborough,  P.C,  G.C.B., 
G.C.M.G.,  G.C.V.O.  (Honorary  Member),  The  Rt.  Hon. 
Lord  Askwith,  K.C.B.  (Chairman  oj  Council,  Royal 
Society  oj  Arts),  Tlic  Rt.  Rev.  Bishop  H.  E.  Ryle, 
K.C.V.O.  (Dean  of  Westminster),  Sir  Anthony  Bowlby, 
K.C.B.,  K.C.M.G.,  K.C.V.O.  (President.  Royal  College 
of  Surgeons),  Sir  S.  Cliapman,  K.C.B. ,  C.B.E.  (Permanent 
Secretary,  Board  of  Trade),  Sir  R.  T.  Glazebrook,  K  C.E., 
F.R.S.  (Past  President),  Sir  Frank  Heath,  K.C.B.  (Secre- 
tary, Department  of  Scientific  and  Industrial  Research), 
Sir  Evelyn  Murray,  K.C.B.  (Secretary,  General  Post 
Office),  The  Hon.  Sir  T.  H.  Holland,  K.C.S.I.,  K.C.I.E., 
F.R.S.  (Rector,  Imperial  College  of  Science  and  Technology), 
Sir  John  Cadman,  K.C.M.G.,  D.Sc.  (President,  Institu- 
tion of  Mining  Engineers),  Major-Gen.  Sir  William 
IJddeU,  K.C.M.G.,  C.B.,  late  R.E.  (Director  of  Fortifica- 
tions and  Works,  War  Office),  Sir  Westcott  Abell,  K.B.E. 
(Chief  Ship  Surveyor,  Lloyd's  Register  of  Shipping), 
Sir  Arthur  Colefax,  K.B.E.,  K.C.,  Sir  James  Devonshire, 
K.B.E.  (Honorary  Treasurer),  Sir  WiUiam  Hale-White, 
K.B.E.,  M.D.  (President,  Royal  Society  of  Medicine), 
Sir  Joseph  Petavel,  K.B.E.,  D.Sc,  F.R.S.  (Director, 
National  Physical  Laboratory),  Sir  Robert  Robertson, 
K.B.E.  (President,  Faraday  Society),  Sir  A.  I.  Durrant, 
C.B.E.,  M.V.O.  (H.M.  Office  of  Works),  Sir  Wilham 
Noble  (Member  of  Council),  C.  T.  Allan  (Joint  Hon. 
Secretary,  Western  Centre),  LI.  B.  Atkinson  (Past  Presi- 
dent), F.  G.  C.  Baldwin  (Chairman,  Nortk-Eastern  Centre), 
W.  N.  Bancroft  (President,  Chartered  Institute  of  Secre- 
taries), J.  W.  Beauchamp  (Member  of  Council),  W.  E. 
Burnand  (Past  Chairman,  North  Midland  Centre), 
Alfred  Carpmael,  A.  C.  Chapman,  F.R.S.  (President, 
Institute  of  Chemistry),  R.  A.  Chattock  (Member  of 
Council),  F.  W.  Crawter  (Member  of  Council),  R.  A. 
Dalzell,  C.B.E.  (Director  of  Posts  and  Telephones, 
General  Post  Office),  W.  R.  Davies,  C.B.  (Principal 
Asst.  Secretary,  Technical  Branch,  Board  of  Educa- 
tion), D.  N.  Dunlop  (Member  of  Council),  Dr.  W.  H. 
Eccles,  F.R.S.  (Vice-President),  K.  Edgcumbe  (Member 
of  Council),  A.  S.  Hampton  (Chairman,  Scottish 
Centre),  A.  F.  Harmer  (Member  of  Council),  Dr.  H.  S. 
Hele-Shaw,  LL.D.,  F.R.S.  (President,  Institution  of 
Mechanical  Engineers),  J.  S.  Highfield  ^^Past  President), 
Captain  H.  Hooper  (Hon.  Secretary,  South  Midland 
Centre),  G.  W.  Humphreys,  C.B.E.  (Chief  Engineer, 
London  County  Council),  Dr.  R.  Knox  (President, 
Electrotherapeutic  Section  of  Royal  Society  of  Medicine), 
Lieut.-Col.  F.  A.  C.  Leigh,  T.D.,  RE.  (Member  of 
Council),  W.  M.  Mordey  (Past  President),  A.  Page 
(Member   of  Council),    C.    C.    Paterson,    O.B.E.    (Vice- 


President),  A.  C.  Peake  (President,  Incorporated  Law 
Society),  Major  T.  F.  Purves,  O.B.E.  (Enginecr-in-Chief, 
General  Post  Office),  Councillor  E.  C.  Ransome  (Presi- 
dent, British  Electrical  Development  Association),  W.  R. 
Rawlings  (Member  of  Council),  P.  F.  Rowell  (Secretary), 
Dr.  A.  Russell  (Member  of  Council  I.E.E.,  and  President, 
Physical  Society  of  London),  A.  M.  Sillar  (Chairman, 
Association  of  Consulting  Engineers),  Roger  T.  Smith 
(Past  President),  C.  P.  Sparks,  C.B.E.  (Past  President), 
S.  J.  Speak  (President,  Institution  of  Mining  and  Metal- 
lurgy), A.  A.  C.  S'v\-inton,  F.R.S.  (Vice-President),  H.  L. 
Symonds  (Chairman  of  Council,  London  Chamber  of 
Commerce),  F.  Tremain  (Chairman,  Western  Centre), 
C.  Vernier  (Member  of  Council),  E.  B.  Vignoles  (Chair- 
man, British  Electrical  and  Allied  Industries  Research 
Association),  C.  H.  Wordingham,  C.B.E.  (Past  President). 

After  the  usual  loyal  toasts,  the  President  read  the 
following  message  : 

"  His  Royal  Highness  the  Prince  of  Wales  had  hoped 
till  the  last  moment  to  be  able  to  give  his  favourable 
consideration  to  the  President  and  Council's  invitation 
to  be  present  at  the  Annual  Dinner  of  the  Institution, 
but  the  overwhelming  number  of  in\-itations  which  he 
has  received  for  1923  (the  majority  of  which  are  of 
long-standing,  ha\ing  accumulated  during  his  various 
absences  overseas)  has  rendered  the  drafting  of  his 
programme  for  this  year  of  unusual  difficulty.  The 
Prince  fears  that  as  a  result  he  will  be  unable  to  accept 
the  Institution's  kind  in\itation  for  1923,  though  there 
is  of  course  notliing  to  prevent  the  Council,  should 
they  so  desire,  from  rene^\^ng  it  on  some  future 
occasion  when  His  Royal  Highness  is  in  England." 

The  President  also  read  the  foUo\\'ing  messages 
which  had  veen  received  from  other  societies  : 

From  French  Society  of  Electricians. 
"  The  French  Society  of  Electricians  sends  most 
cordial  greetings  to  the  President  and  members  of  the 
Institution  of  Electrical  Engineers  on  the  occasion  of 
the  Aimual  Dinner.  The  Society  strongly  desires  the 
continuance  of  the  most  friendly  relations  between  the 
two  bodies  and  the  two  nations." — Brillouin,  President. 

From  Italian  Electrotechnical  Association. 
"  The  ItaUan  Electrotechnical  Association  fully  appre- 
ciate your  kind  thought  and  would  ask  you  to  present 
to  their  English  colleagues  the  hearty  wishes  and  greet- 
ings of  Itahan  electrical  engineers.  Personally  I  send 
you  and  your  Institution  my  ■wishes  for  a  happy  year 
and  prosperity." — Del  Buono,  General  President. 

From  American  Institute  of  Electrical  Engineers. 
"  Please  convey  to  President  Gill  members  of  Council 
and  of  Institution  of  Electrical  Engineers  on  occasion 
their  Annual  Banquet  hearty  feUcitations  from  officers 
and  members  of  the  American  Institute  of  Electrical 
Engineers." — F.  B.  Jeweit,  President. 
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Sir  W.  Joyns  on -Hicks,  Bart.,  D.L.,  M.P.  (ParUa- 
nientary  Secretary,  Overseas  Trade  Department),  in 
proposing  the  toast  of  "  The  Institution  of  Electrical 
Engineers,"  said :  In  proposing  this  toast,  coupled 
with  the  name  of  your  President,  I  should  ILke  to  con- 
gratulate him  on  his  accession  to  this  high  and  distin- 
guished position.  I  am  certain  that  he  will  fill  it  in 
accordance  with  the  great  tradition  of  the  past,  and 
that  he  will  be  a  worthy  successor  to  those  great  men, 
such  as  Siemens,  Crookes,  Preece,  and  Glazebrook,  who 
have  been  your  Presidents  in  times  past.  Your  Institu- 
tion is  one  of  the  marvels  of  modern  days.  Beginning 
some  50  years  ago  with  a  very  few  members,  it  is  now 
the  largest  scientific  Institution  in  the  British  Empire, 
with  a  membership  of  nearly  1 1  000 — a  great  record 
and  a  great  Institution.  1  suppose  the  reason  why  the 
Institution  has  become  so  important  is  partly  because 
of  the  importance  of  the  electrical  agencies  and  of  the 
electrical  profession,  and  also  because  of  its  fundamental 
principle,  which,  I  understand,  is  that  of  advancing 
knowledge  and  improving  practice — a  motto  which 
most  Government  Departments  might  well  take  for 
their  own.  May  I  say  that,  in  carrying  out  your  prin- 
ciple, you  might  combine  with  the  Government  insti- 
tutions— you  doing  the  research  part,  and,  at  all  events, 
the  Department  over  which  I  have  the  honour  to  preside 
doing  the  commercial  part.  I  presume  that  it  is  because 
of  my  official  position  that  I  have  been  asked  to  propose 
to-night  the  health  of  your  Institution,  the  develop- 
ment of  which  would  assist  very  greatly  in  the  develop- 
ment of  our  overseas  trade.  I  want  to  see  research 
and  commerce  combined.  I  am  convinced  that  the 
commercial  man  who  sneers  at  research,  and  who  is 
not  prepared  to  lay  out  the  necessary  funds  for  the 
development  of  the  industry  with  which  he  is  connected, 
is  far  behind  the  times  and  is  a  hindrance  to  the  progress 
of  commerce  in  this  country  and  to  the  development  of 
overseas  trade.  On  the  other  hand,  the  pure  scientist 
sometimes  works  merely  for  the  sake  of  working,  and 
for  the  pleasure  of  investigating  the  unknown,  very 
often  not  knowing  when  he  is  done.  I  may  say  that 
to-night  I  have  asked,  with  an  inquiring  mind,  of  two 
of  the  greatest  authorities  on  the  subject,  "  What  is 
electricity  ?  "  and  both  those  scientists  have  replied 
that  they  do  not  know.  But  it  is  by  the  development 
of  science  by  the  pure  scientist,  yoked  in  double  harness 
with  the  commercial  man,  that  the  trade  of  our  country 
has  developed  in  the  past  and  will  develop  in  the  future. 
I  should  like  to  comment  on  one  project  which  I  notice 
in  your  Council's  last  Annual  Report,  that  is,  the 
development  of  the  system  of  instruction  given  to 
overseas  students  coming  here  into  our  factories,  our 
workshops  and  our  training  colleges.  Remember  this 
— that  every  student  from  abroad  who  comes  here,  who 
learns  here,  and  who  is  well  treated  here,  when  he  goes 
back  to  his  own  country  is  worth  any  ten  commercial 
travellers  in  the  world.  He  goes  back  with  the  deter- 
mination in  his  mind  that  English  science,  English  trade 
and  English  manufacture  are  better  than  any  other 
science,  trade  and  manufacture  in  the  world.  When 
he  gets  back  to  his  own  country,  we  may  be  certain 
that  he  will  spread  abroad  the  knowledge  of  English 
science  and  English  manufacture  better  than  any  other 


agency  which  the  scientists  or  the  manufacturers  in  this 
country  could  devise.  I  want  therefore  to  see  this 
system  very  much  enlarged  and  very  much  encouraged, 
and  if  my  Department's  agencies  overseas  and  its  stafi 
here  can  be  of  any  assistance  in  bringing  together 
would-be  students  from  overseas  and  the  factories  here, 
we  are  absolutely  at  your  disposal.  May  I  ask  you 
one  more  thing  ?  As  one  who  has  some  knowledge  now 
of  our  export  trade,  I  say  that  it  is  of  the  very  greatest 
importance  that  you  should  continue  to  standardize  in 
every  possible  way  your  electrical  specifications  so  that 
all  the  world  may  realize  what  those  specifications  mean, 
and  so  that,  when  the  world  sees  an  Enghsh  specification, 
it  will  know  it  to  be  one  of  tlie  best.  Whatever  diffi- 
culties there  may  be  in  the  trade  of  the  future,  whether 
they  are  from  tariffs  or  from  any  other  cause,  I  assure 
you  that  quality,  for  which  in  the  past  Great  Britain 
has  been  famous,  will  overcome  all  tariffs  and  all  other 
obstacles  to  trade  throughout  the  world.  In  every 
country  there  is  always  a  market  for  the  best.  England 
has  always  been  proud  of  providing  the  best.  Your 
Institution  has  striven  in  the  electrical  industry  to  be 
of  assistance  in  providing  the  best.  Great  as  has  been 
your  past,  great  as  have  been  the  achievements  in 
electrical  science,  that  is  nothing  compared  with  the 
possibilities  of  the  future.  The  prospects  to-day  are 
even  more  brilliant  than  they  were  50  years  ago.  There 
is  no  man,  however  keen  a  scientist  he  may  be,  sitting 
at  this  table  who  would  venture  to  set  a  limit  to  the 
possibihties  of  the  extension  of  the  electrical  industry 
and  of  electrical  discovery.  It  may  be  that  in  another 
50  years'  time,  when  some  other  Ministry  of  the  Crown 
comes  to  propose  this  toast  at  an  enormously  enlarged 
gathering,  somebody  may  be  able  to  answer  that  ques- 
tion which  I  asked  a  few  minutes  ago.  But  if  it  cannot 
even  then  be  answered,  you  and  I  are  convinced  that 
although  you  may  not  be  able  to  define  it  in  so  many 
words  you  will  define  it  by  the  progress  of  your  Institu- 
tion and  by  the  progress  and  development  of  electrical 
Institutions  throughout  the  world.  I  give  you,  with 
very  great  pleasure,  the  toast  of  "  The  Institution 
of  Electrical  Engineers,"  coupled  with  the  name  of 
your  President,  to  whom  I  wish  long  life  and  pros 
perity. 

The  President,  in  responding,  said  :  "  I  have  to 
thank  Sir  William  Jo}Tison-Hicks  very  cordially  for  the 
wa}'  in  which  he  has  spoken  of  the  Institution,  and 
I  am  sure  that  the  words  which  he  has  used  have  fallen 
very  gratefully  on  the  ears  of  those  who  are  enthusiastic 
about  the  Institution.  To-night  I  want  to  talk  about 
three  important  tilings.  The  Report  for  the  year 
endmg  March  1922,  lately  issued  by  the  Electricity 
Commission,  shows  that  from  536  generating  stations 
the  total  output  for  1921-22  decreased  by  5^  per  cent. 
Of  those  stations,  no  less  than  43  per  cent  had  an  out- 
put of  under  one  milhon  units  per  annum.  The  estimates 
for  eight  areas  provisionally  delimited  by  the  Commis- 
sioners show  that  during  the  next  five  years  the  increase 
in  output  will  be  of  the  order  of  97  per  cent,  and  for 
ten  years  about  192  per  cent.  The  published  figures, 
so  far  as  I  have  seen  them,  suggest  that  the  estimates 
will  be  exceeded.  That  seems  to  me  to  be  very  hopeful. 
The  reason  I  mention  this  is  that  in  this  country,  owing 
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to  reasons  into  which  it  is  unnecessary  for  me  to  go, 
we  have  a  considerable  number  of  small  undertakings 
and,  although  I  am  not  a  power  engineer,  I  am  sure 
that  the  generation  business  of  those  small  undertakings 
cannot  in  many  cases  be  economical.  Now,  when  we 
consider  some  of  the  large  undertakings  which  are  at 
present  in  operation  in  Switzerland,  on  our  North-East 
Coast,  in  the  United  States,  and  in  Canada,  we  can  only 
hope  that  we  shall  find  in  this  country  a  tendency  to 
merge  and  unify  the  generation  of  electricity.  Let  me 
give  an  illustration.  Last  summer,  at  Niagara,  I  went 
over  the  Ontario  Power  Commission's  works.  The 
Commission  was  then  supplying  275  municipahties. 
Its  load  was  equal  to  about  340  000  h.p.  The  l!i20 
price  for  energy  for  commercial  purposes  varied  from 
1  •  3  to  5  cents  per  kilowatt-hour,  and  for  domestic 
purposes  the  price  varied  from  2-2  to  4  cents  per  kilo- 
watt-hour. Its  big  power  station  on  the  Niagara  River 
was  being  built  wth  an  ultimate  capaciti,-  of  500,000  h.p. 
I  want  to  conclude  my  remarks  on  this  matter  with 
a  plea  that  those  who  have  to  deal  with  these  problems 
in  this  countr\'  will  do  their  best  to  merge  their  interests, 
to  amalgamate  as  far  as  they  can,  and  to  build  up 
big  businesses,  because  it  is  only  big  businesses  that  can 
be  strong.  The  second  big  thing  I  want  to  refer  to 
is  international  telephony  in  Europe.  At  the  first 
meeting  of  the  Institution  tliis  session  reference  was 
made  to  this  matter.  It  was  shown  that  there  is  no 
longer  any  technical  difficulty  in  speaking  overland 
over  any  distance  that  may  be  desired.  Since  then, 
on  15th  January,  it  was  proved  that  it  was  quite  possible 
to  speak  over  long  distances  over  sea.  It  was  shown 
at  our  opening  meeting  that  there  are  working  in  the 
world  telephone  lines  in  everyday  use  which  appear 
verj-  long  to  European  eyes — much  longer  than  those 
we  have  in  practice.  I  think  it  is  fair  to  say  that  no 
Government  in  Europe — this  is  largely  a  question  for 
Governments — dare  take  an  order  for  an  international 
telephone  call  on  a  contractual  basis.  It  will  take  the 
order  and  do  its  best,  but  it  dare  not  take  it  on  a  con- 
tractual basis  because  no  Government  has  the  control 
which  is  necessary,'.  I  think  it  was  shown,  also,  that 
a  first-class  extensive  telephone  service  in  Europe  is 
not  possible  under  the  present  conditions.  This  is  no 
one's  fault.  The  necessary  technical  advances  have 
only  recently  been  achieved  which  enable  this  to  be 
contemplated.  At  the  present  time  it  is  no  one's  job. 
Since  November  some  progress  has  been  made  because 
the  French  Government  has  issued  invitations  for  a 
meeting,  which  will  probably  be  held  next  month,  to 
consider  this  matter  and  see  what  can  be  done.  This 
is  not  a  matter  for  co-ordination.  It  is  not  a  matter 
for  a  book  of  rules.  There  is  only  one  way  to  tackle 
it  and  that  is  to  deal  with  it  boldly  by  arranging 
for  unitv  of  control  for  the  whole  of  the  through- 
business.  Sir  Wilham  has  referred  to  the  question  of 
research.  I  should  like  to  quote  from  a  speech  made 
by  Mr.  Theodore  N.  Vail — probably  the  man  who  was 
responsible  for  more  expenditure  on  research  than  any 
other  individual  in  the  world's  history.  Mr.  Vail  said  : 
"  Given  the  ideas  and  the  knowledge  and  the  brains. 


development  in  any  line  of  art.  science  or  industry  is 
largely  a  question  of  money."  That  is  verj'  true. 
Research  is  costly  in  the  first  instance,  but  it  is  very 
profitable  in  the  end.  It  is,  however,  becoming  more 
and  more  a  question  of  organization  and  team  work. 
I  tliink  it  is  only  the  big  concerns  which  can  afford  to 
spend  the  money  necessan,-  to  bring  research  to  success- 
ful fruition.  That  is  why  I  couple  these  two  big  tilings 
with  research.  The  third  big  thing  I  want  to  mention 
is  the  Institution.  The  membersliip  is  now  10  600. 
During  the  last   four  years  it  has   increased   by   over 

3  000.  That  is  at  the  rate  of  9  per  cent  per  annum, 
a  rate  which  doubles  the  total  in  8  years.  The  Students' 
Sections  are  in  a  highly  flourishing  condition.  Thev 
never  were  better,  and  I  am  glad  to  say  that  among 
those  Students  are  many  of  those  whom  Sir  Wilham 
has  in  mind.  There  are  at  present  12  Local  Centres  or 
Sub-Centres  holding  their  meetings  away  from  London, 
and  in  those  Local  Centres  and  Sub-Centres  there  are 

4  700  members,  nearly  45  per  cent  of  the  whole  member- 
ship. That  is  to  say,  the  Institution  is  able  to  cater 
for  45  per  cent  of  its  membership  away  from  London. 
One  of  those  Sub-Centres,  Liverpool,  has  just  been 
granted  the  status  of  a  Local  Centre,  with  the  consent 
and  approval  of  its  late  parent  Centre.  In  those  Centres 
splendid  work  is  being  and  has  been  done,  and  I  should 
not  like  to  sit  down  without  expressing  the  thanks  of 
the  Council  to  the  Committees  and  the  Local  Officers 
of  those  Centres.  At  the  same  time  I  should  also  Uke 
to  thank  the  headquarters  staff  and  particularly  the 
Secretary,  Jlr.  Rowell.  I  want  now  to  refer  to  one  of 
the  offshoots  of  the  Institution.  Twenty -five  years 
ago  the  late  Dr.  John  Hopkinson,  then  President, 
started  the  Corps  of  London  Electrical  Engineers. 
That  body  has  now  been,  shall  I  say,  re-galvanized 
after  a  period  of  calm,  and  it  now  emerges  as  the  11th 
Anti-Aircraft  BattaUon.  Lieut.-Col.  Edgcumbe  wants 
recruits  and  will  be  very  glad  of  anyone  who  \vill  come 
forward.  The  Headquarters  are  stiU  at  Regency-street, 
Westminster. 

"  I  have  talked  about  the  Institution,  but  I  do  not 
desire  to  see  you  occupied  solely  with  the  Institution. 
That  would  be  class  interest.  The  smallest  unit  that 
ought  to  satisfy  the  members  is  the  nation.  We  are 
only  part  of  a  body  of  men  who  are  doing  similar  or 
analagous  work  to  ours  ;  the  representatives  of  some 
of  those  other  societies  have  honoured  us  by  their 
presence  to-night.  To  those  other  societies  we  are 
brothers,  not  rivals.  We  feel  with  them  the  same 
desire  to  do  service,  and  we  reach  forward  with  them 
to  do  our  utmost  to  minister  to  human  needs,  and,  by 
appl}-ing  the  gifts  \\iiich  science  gives,  to  do  something 
to  render  mankind  more  useful,  more  happy  and  more 
contented.  I  thank  you  for  the  way  in  which  this 
toast  has  been  received." 

Mr.  J.  S.  Highfield,  Past  President,  then  proposed 
the  toast  of  "  Our  Guests,"  to  which  the  Rt.  Hon. 
Neville  Chamberlain,  M.P.(  Postmaster-General),  and 
Sir  Arthur  Colefax,  K.B.E.,  K.C.,  responded. 

A  reunion  was  then  held  in  the  \'ictoria  Hall  of  the 
Hotel. 
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688th   ordinary   MEETING,    30   NOVEMBER,    1922. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  16th 
November,  1922,  were  taken  as  read  and  were  confirmed 
and  signed. 

A  hst  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read,  and  was 
ordered  to  be  suspended  in  the  Hall. 

The  following  list  of  donations  was  taken  as  read,  and 
the  thanks  of  the  meeting  were  accorded  to  the  donors  : — 


Museum  :  The  Lords  Commissioners  of  the  Admiralty  ; 
The  Delegacy  of  the  City  and  Guilds  (Engineering) 
College ;  The  Engineer-in-Chief,  G.P.O.  ;  The  Com- 
mittee of  the  Liverpool  Public  Libraries  ;  Professor  T. 
Mather,  F.R.S.  ;  C.  Owen  Silvers  ;  The  Elder  Brethren, 
Trinity  House. 

A  paper  by  Mr.  W.  A.  Gillott,  Associate  Member, 
entitled  "  Domestic  Load  Building  :  a  Few  Suggestions 
upon  Propaganda  Work  "  (see  page  197),  was  read 
and  discussed,  and  the  meeting  terminated  at  8  p.m. 


25th    MEETING   OF   THE   WIRELESS    SECTION,    C   DECEMBER,    1922. 

(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  E.  H.  Shaughnessy,  O.B.E.,  took  the  chair  at 
6  p.m.  in  the  unavoidable  absence  of  Professor  G.  W.  O. 
Howe,  Chairman  of  the  Section. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  8th  November,   1922,  were  taken  as  read 


and  were  confirmed  and  signed. 

A  paper  by  Mr.  E.  B.  Moullin,  M.A.,  entitled  "  A 
Direct-reading  Thermionic  Voltmeter,  and  Its  Applica- 
tions "  (see  page  295),  was  read  and  discussed,  and  the 
meeting  terminated  at  7.20  p.m. 


689th    ORDINARY   MEETING,    7    DECEMBER,    1922. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  30th 
November,  1922,  were  taken  as  read  and  were  confirmed 
and  signed. 

The  President  :  Before  we  begin  the  regular  business 
it  is  my  pleasant  duty  to  present  to  you  our  latest 
Honorary  Member,  Dr.  Fleming. 

Dr.  J.  A.  Fleming  :  I  should  like  to  express  my 
deep  sense  of  the  honour  which  the  Institution  has 
done  me  by  placing  my  name  on  its  list  of  Honorary 
Members.  It  is  a  very  high  distinction,  and  one  which 
1  value  and  appreciate  very  much  indeed.  I  have  been 
a  Member  of  this  Institution  now  for  rather  more  than 
40  years,  having  been  elected  in  the  spring  of  1882, 
when  I  first  came  to  London  as  a  scientific  adviser  to 
the  old  Edison  Electric  Lighting  Company.  Looking 
back  on  those  40  years  I  see  a  wonderful  vista  of  inven- 
tions, in  the  origination  and  development  of  which  mem- 
bers of  this  Institution  have  played  a  most  important 
part.  In  those  days  the  name  of  the  Institution  was 
the  Society  of  Telegraph  Engineers  and  Electricians, 
and  there  was  no  "  heavy  "  electrical  engineering  in 
the  sense  in  which  we  now  understand  the  term.     The 


incandescent  lamp  had  only  just  been  invented  by 
Edison  and  Swan.  Dynamo  machines  in  those  days 
were  considered  rather  wonderful  if  they  could  run  for 
24  hours  without  breaking  down.  Transformers  and 
alternators  had  hardly  been  invented  at  all,  and  all 
our  modern  appliances,  such  as  wireless  telegraphy, 
were  undreamed  of.  In  looking  back  on  that  period 
one  sees  the  first  developments  of  electrical  engineering, 
and  I  feel  confident  that  in  another  equal  span  of  time 
other  wonderful  inventions  will  be  evolved.  Let  us 
hope  that  if  our  statesmen  and  politicians  can  steer 
the  ship  of  State  into  smooth  waters,  and  those  conditions 
return  which  will  give  a  proper  financial  reward  to  all 
electrical  engineers  in  return  for  the  great  benefits 
which  they  bestow  upon  the  community,  these  things 
will  come  to  pass.  It  is  a  distinction  to  belong  to  tliis 
Institution  in  any  form  or  in  any  rank,  and  it  is  a  very 
great  distinction  to  be  numbered  among  its  Honorary 
Members. 

A  paper  by  Mr.  A.  M.  Taylor,  IMember,  entitled 
"  The  Possibilities  of  Transmi.ssion  by  Underground 
Cables  at  100  000/150  000  Volts"  (see  page  220),  was 
read  and  discussed,  and  the  meeting  terminated  at 
8  p.m. 
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690th    ordinary   MEETING,    14   DECEMBER,    1922. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at  6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  7th 
December,  1922,  were  taken  as  read  and  were  confirmed 
and  signed. 

The  President  :  There  is  a  purely  formal  matter  in 
connection  wth  the  Wilde  Benevolent  Fund  which  I 
wish  to  put  to  the  members.  The  Council  have  taken 
steps  for  the  transfer  to  the  members  of  tlie  chartered 
Institution  of  the  benefits  under  the  Wilde  Benevolent 
Fund  which  accrued  to  the  members  of  the  old  Institu- 
tion. For  certain  legal  reasons  the  transfer  will  have  to 
be  effected  by  means   of  an   application  to  the  High 


Court.  As  it  is  possible  that  the  learned  judge  may 
ask  whether  there  is  a  sufficient  number  in  favour  of 
the  transfer  being  effected  (there  has  to  be  no  particular 
number  of  members)  it  was  thought  wise  to  ask  whether 
anybody  present  has  any  objection.  The  point  is 
purely  formal.  I  take  it  that  you  agree  to  this  course 
being  followed.  [The  members  present  unanimously 
signified  their  assent.] 

A  paper  by  Major  J.  Caldwell,  entitled  "  Electric 
Arc  Welding  Apparatus  and  Equipment  "  (see  page  253), 
was  read  and  discussed,  and  the  meeting  terminated 
at  7.45  p.m. 


691st   ORDINARY   MEETING,    4    JANUARY,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 

6  p.m. 

The  following  vote  of  condolence  with  the  familj'  of 
the  late  Sir  John  Gavey,  C.B.,  Past  President,  was 
passed,  the  members  standing  in  silence  ; — 

"  The  members  of  the  Institution  of  Electrical 
Engineers  have  learned  with  profound  regret  of  the 
death  of  Sir  John  Gavey,  C.B.,  Past  President  of  the 
Institution,  and  hereby  desire  to  express  their  sincere 
sympathy  with  the  members  of  his  family  in  the  great 
loss  which  they  have  sustained  through  his  death." 


The  minutes  of  the  Ordinary  Meeting  of  the  14th 
December,  1922,  were  taken  as  read  and  were  confirmed 
and  signed. 

A  list  of  candidates  for  election  and  transfer,  approved 
by  the  Council  for  ballot,  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

Mr.  F.  Creedy,  Associate  Member,  then  delivered  a 
lecture  entitled  "  Variable-speed  Alternating-current 
Motors  without  Commutators  "  (see  page  309),  and  the 
lecture  was  followed  by  a  discussion   (see  page   326). 

The  meeting  terminated  at  8.5  p.m. 


26th   MEETING   OF   THE   WIRELESS   SECTION,    10    JANUARY,    1923 
(Held  in  the  Institution  Lecture  Theatre.) 
O.  Howe,  D.Sc,  Chairman,  took  the 


Prof.  G.  W. 

chair  at  6  p.m. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  6th  December,  1922,  were  taken  as  read 
and  were  confirmed  and  signed. 


A  paper  by  Mr.  C.  F.  Elwell,  Member,  entitled  "  The 
Design  of  Radio  Towers  and  Masts  :  Wind-Pressure 
Assumptions  "  (see  page  407),  was  read  and  discussed, 
and  the  meeting  terminated  at  7.15  p.m. 


PRESS:    STATIONARY   WAVES   ON   OPEN-ENDED   SOLENOIDS. 
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STATIONARY   WAVES  ON   OPEN-ENDED  SOLENOIDS.* 

By   A.  Press,  Member. 


(Paper  first  received  6tli  December,  1921,  and  iu  final  form  Wth  Apiil,  1922.) 


The  problem  of  the  coupling  coil  has  received  new 
importance  physically  because  of  its  application  to 
wireless  signalling.  The  nodal-point  distribution  on 
an  elongated  Tesla  coil  has  been  recently  investigated, 
and  it  was  found  that  the  nodal  distances  fell  off  in 
value  as  the  ends  of  the  coil  were  approached,  j 

This  attenuation  of  distance  had  been  attributed  to 
end-effects,  but  it  will  be  shown  in  this  paper  that 
the  cause  is  rather  a  body  effect.  Naturally,  witli  the 
maximum  self-induction  and  capacity  per  unit  of 
length  occurring  at  the  middle  of  the  coil,  the  results 
must  be  of  altogether  different  character  from  those 
obtaining  in  a  Bessel's  antenna,]:  where  the  capacity 
per  unit  of  length  diminishes  as  the  self-induction 
coefficient  increases.  The  same  would  be  equally  true 
against  the  Bessel's  cable  of  Oliver  Heaviside,§  althougli 
the  general  differential  characteristics  still  apply. 

For  the  present  case  assume  the  follovvmg  relationsliip 
for  a  coil  with  tlie  co-ordinate  x  measured  from  the 
centre  outward. 

L   -     ^ 

C   --^ 


(1) 


di 

de-) 

'''di~ 

~  dx 

de 

di 

^Jt" 

"   di. 

I    On  separating  out   the   voltage  and   current   functions 
i    we  have 

dx^  ^  ^  dALj  ■  dx  ^  ^^"^^  dii  I 


In  the  above  equations  L^  and  C^  diminisli  together 
towards  the  ends  of  the  coil,  the  arbitrary  function 
^{x)  depending  on  the  geometry  of  the  coil  only.  In 
the  Maxwellian  theory  the  capacity  per  unit  of  length 
is  to  be  determined  from  the  direct-current  condition 
only  with  one-half  of  the  coil  charged  plus  and  the 
other  half  minus.  This  metliod  has  always  been  implied 
in  dealing  with  waves  along  wires  (see,  notably,  the 
work  of  Heaviside  |]). 

The    differential    equations    of    condition,    neglecting 
resistance,  being  of  the  form  || 


•      (2) 


*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  appro\'etl  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 

t  Prof.  J.  S.  TowNsEND  :  "  Electric  Oscillations  in  Straight 
Wires  and  Solenoids,"  Journal  I.E.E.,  1921,  vol.  59,  p.  771; 
also  Philosophical  Magazine,  1920,  vol.  42,  p.  248. 

i  A.  Press:  "  The  VerticalGrounded  Antenna  asa  GeneraUzed 
Bessel's  .\ntenna,"  Proceedings  of  the  Institute  of  Radio  Engineers, 
1918,  vol.  6,  p.  317. 

§  O.  Heaviside:  "  Electromagnetic  Theory,"  vol.  2,  p.  238. 

II  Loc.  cit.,  p.  239,  Equations  (1)  and  (2). 

Vol.  61. 
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(3) 


The  above  equations  bear  a  considerable  resemblance 
to  Bessel's  equation.  If  then  we  make  use  of  equation 
(1)  it  follows  that  for  sustained  oscillations  of  frequency 
/=:  (1/27t)p,  PJquation   (3)  reduces  to 


d2e 
dx^ 


1         d    ,     ^     de       LCp- 

<^{x)     dx  ^^    '    dx       (<j}X)^ 


e=  0 


(4) 


witir  a  similar  equation  in  ;'. 

The  solution  of  Equation  (4)  has  been  determined  by 
the  author  to  be  of  the  form 


e=  [A  sin  f{x)  +  B  cos  f{x)]  sin  pt 
where  we  also  have  as  conditions  first  that 


and  secondly,  that 


d  ,  1 

dx  <p[x) 


1  = 


1 


■2tt^/{LC] 


(5) 

(6) 
(7) 


Provided,  therefore,  that  any  function  such  as  <f>(x)  is 
known,  the  corresponding  solution  (5)  is  also  known. 

By  inspection  it  follows  from  Equation  (.5)  that  the 
nodal  distances  of  potential  and  current  should  progres- 
sively diminish  toward  tlie  free  end  of  the  coil.  Condi- 
tion (7)  implies  that,  provided  the  distributed  inductance 
and  capacitance  accord  with  Equations  (1),  verj-  sharp 
resonance  will  result. 

To  check  the  above  type  of  solution  (5)  con.sider 

e  =  4  sin  f[x)  -\-  B  cos  f(x) 
then       deldx  =  A  cosj(x)  .J'x  —  B  sin/(i;)  .f'x 
and  (\IJ'x)deldx  =  A  cosf{x)  —  B  sin/(a;) 

Operating  once  more  with  djdx  we  have 

1      d^e        d  /_1_N      de 

fx  '  d^^  dx\fx)  ■  dx 

=  ~  Asin  J[x)  .J'x-  B  cosf{x)  .  J'x  =  -  J'x  .  e 

from   which   we  have,   on   multiplying  through   bj-  J'x, 

^+(/',)^(±V  ^+(/'x)2e  =  0 
dx-^  ^  ^^     'dxKf'x)     dx  ^  ^■' 
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This    therefore    necessitates,    according    to    tlie    first 
equation  of  (3), 

J'x  =  L^ :  if'xr-  =  L^C^p'- 
Writing  therefore 

£^  =  dldx(fx)  =  L/<f){x)  (where  i  is  a  constant), 
Cx=  Cl<f){x)  (where  C  is  a  constant), 
we  have    i^C^  =  LC/{4>x)2  ;  L^C^p^  =  l/((^x-)^ 

provided  we  pul  LCp- =  1,  which  gives  p=  l/\/{LC). 
Equation    (o)   may  be  said  to  give  the   "  resonant  " 
solution.     The    "  dissonant  "    solution    is   given    by   an 
expression  of  the  type 


-^ 


sin  nf{x)  .  sin  pt 


(8) 


wliich  applies  more  particularly  fur  the  case  of  dead-ends 
which  naturally  give  rise  to  out-of-phase  reflection 
phenomena.  The  latter  circumstance  has  important 
practical  consequences  for  wireless  work  where  the 
sharpest  type  of  resonance  is  a  desideratum. 

In  passing,  deaUng  with  the  subject  of  the  self- 
induction  coefficient  of  a  coil,  it  has  been  held  recently 
that  the  coefficient  is  a  function  of  the  frequency. 
There  is  no  evidence  of  this  in  Heaviside's  "  Electro- 
magnetic Theory."  Thus  in  considering  a  closed 
circuit  we  have  the  expression,  neglecting  resistance, 
that 

d(f> 


dt 


(9) 


where  e  is  the  impressed  E.INI.F.  and  <ji  represents  the 
aggregate  flu.x  linking  the  circuit,  on  the  basis  of  n 
effective  turns.  Turning  now  to  the  case  of  a  very 
long  transmission  hne  [where  capacities  are  naturally 
present  and  we  have  the  formula  C  =  l/(Lc"),  where 
c  is  the  velocity  of  Ught]  with  a  frequency  of  practically 
zero  value,  it  is  endeavoured  to  put  Equation  (9)  into 
the  form 


d<j>  di 

n  ^  ~L  —-  =  e 
dt  dt 


(10) 


Here  L  is  presumed  to  refer  to  the  conductive  length 
of  the  circuit  only.  Each  elemental  length  ds  of  the 
conductive  portion  is  presumed  to  add  its  quota  of 
flux  linkages  that  physically  cut  the  circuit  forming 
the  conductor,  in  accordance  with  the  Faraday  require- 
ment. Having  thus  allocated  a  definite  flux-cutting 
value  to  each  portion  of  the  conductive  part  of  the 
circuit  for  the  same  current  intensit}'  i  passing  through 
it,  it  is  further  held  that  for  the  case  of  high  frequencies, 
where  the  current  intensity  may  be  varied,  the  voltage 
set  up  per  element  of  length  ds  is  still  of  the  form 


de  =  {Lds)difdt 


(11) 


All  the  older  writers  have  employed  the  above  theory 
in  their  investigations  of  stationary  waves  on  wires. 
The  method  applies,  of  course,  to  the  electrical  configu- 
ration coefficient  C  as  well  as  to  the  magnetic  configu- 
ration constant  L. 
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THE    DESIGN   OF   RADIO   TOWERS   AND   MASTS:    WIND-PRESSURE 

ASSUMPTIONS. 


By  C.  F.  Elwell,  Member. 

(Paper  first  received  30th   November,   and  in  final  form  1th  December,   1922  ;  read  before  the  Wireless  Section 

imh  January,   192.3.) 


Summary. 

In  all  theory,  design  and  specifications,  some  assumptions 
are  necessary  and,  as  experience  is  gained,  the  value  and 
accuracy  of  these  assumptions  is  made  apparent.  The 
ultimate  weight  and  cost  of  a  structure  is  influenced  in  no 
small  degree  by  the  initial  considerations,  and  in  the  par- 
ticular field  under  review  the  question  of  ma.ximum  wind 
pressures  and  the  law  connecting  such  pressures  with  height 
above  ground  level,  are  of  primary  importance.  It  is  the 
intention  of  this  paper  to  review  briefly  the  results  of  past 
experiments  and  endeavour  to  point  out  what  are  safe  and 
economic  values  of  wind  pressures  for  design  purposes. 
The  need  for  the  standardization  of  wind-pressure  assump- 
tions will  also  be  brought  out  and  it  is  sincerely  hoped  that 
practical  action  will  be  taken  in  the  near  future. 


Newton's  Theory  for  Fluids. 

The  general  theoretical  treatment  extends  from 
the  time  of  Gahleo  (1.590)  and  was  put  into  practical 
form  by  Newton  in  his  "  Principia "  about  1687  in 
terms  which  are  e.xpressed  to-day  by  the  general 
formula  * 

p  =  daH  =  da— 

where  p  =  pressure  on  the  body  ; 
a  =  area  of  body  ; 
d  =  density  of  fluid  ; 

V  =  velocity  of  fluid  relative  to  the  plate  ;    and 

H  =  v^/2g  =  height  required  for  a  body  to  attain 

a  velocity  v  under  the  action  of  gravity. 

This  formula  modified  to  apply  particularly  to  air 
becomes 


0-0027 


1  +  0-003665« 


pr 


wliere  p  =  pressure  in  lb.  per  sq.  ft.  of  exposed  area  ; 

t  =  temperature  in  degrees  C.  ; 

P  =  barometric  pressure  at  place  of  observation  ; 

Pj  =  barometric    pressure    at    sea    level    at    the 

45th  parallel  of  latitude  and  at  0°  C.  ;   and 

i>  =  velocity  of  fluid  in  miles  per  hour. 

At  zero  temperature  and  sea-level  barometric  pressure 
.at  the  45th  parallel  this  formula  reduces  to  : 

p=  K  X  0-00271)2 

=  /i:  X  -^  X  «2 

370 

•  Engineering  News  Record,  1895,  vol.  35,  p.  175. 


In  tliis  formula  K  (equal  to  1  in  this  case)  is  a  constant 
introduced  for  the  comparison  of  Newton's  theoretical 
formula  with  the  later  formulae  of  practice  and 
experiment. 

All  investigators  have  sought  to  prove  the  formula 
or  to  find  the  e.xtent  of  the  discrepancy,  and  have  found 
that  K  varies  between  1-3  and  1-8,  the  gain  bemg 
ascribed  particularly  to  the  partial  vacuum  in  the 
rear  of  the  plates.  In  these  investigations  some  have 
added  constants  to  allow  for  tliis,  wliile  others  have 
added  terms  to  express  variations  in  the  higher  powers 
of  V,  producing  formulae  of  the  general  form 

p  =  A  +  Bv+  Cv~  -f  Di^ 
Examples  of  forimdce. — Stevenson*  gave 

where  V  =  velocity  at  level  H  ;    and 

/(  =  known  height  at  which  the  velocity  is  v. 

E.  Douglas  Archibald  j  found,  from  observations 
between  300  and  1  300  ft.. 


where  T',  v,  H,  and  h  are  the  velocities  and  heights 
of  the  upper  and  lower  instruments  respectively.  He 
says  "  the  general  and  obvious  conclusion  to  be  drawn 
...  is  that  the  velocity  of  the  wind  al'Ji'ays  increases 
from  the  surface  of  the  ground  up  to  1  800  ft.  .  .  ." 
Sir  Napier  Shaw  gives  J 

a 

where   V  =  velocity  at  a  height  H  above  ground  ; 

Vq  =  observed   anemometer   reading   in   a   fixed 
position  ;    and 
a  — ■  a    constant   .obviously    depending    on    the 
position   of  the  anemometer,  topography 
and  other  factors. 

In  general  it  has  been  found  that  near  the  earth 
the  actual  velocity  is  exceedingly  irregular,  but  that 
the  average  velocity  increases  with  height.  The  rate 
of  increase  imreases  with  the  average  velocity,  and 
decreases  with  the  elevation. 

*  Journal  of  the  Scottish  Meteorological  Society,  1880,  vol.  5 
p.  384. 

t  Nature,  1880,  vol.  33,  p.  593. 

i  Advisory  Couimittee  for  Aeionautics  Report  No.  9,  1909,  p.  8. 


408 


ELWELL:  THE   DESIGN    OF   RADIO   TOWERS   AND   MASTS 


Among  the  most  interesting  observations  on  the 
relation  of  wnd  velocity  to  altitude  are  those  of  Dr. 
Cesare  Fabris  *  based  on  some  200  p.lot-balloon  flights 
made  at  nearly  equal  intervals  during  the  period 
June  1910  to  May  1911  at  Vigga  di  Valle,  Italy,  the 
principal  a^rological  station  of  the  Royal  Itahan  Oceano- 
grapliic  Committee.  This  station  is  about  25  miles 
N.W.  of  Rome  and  its  co-ordinates  are  as  follows ; 
Lat.  42  04'  41"  N.  ;  long.  12  12'  43"  E.  ;  altitude 
272-4  m.  Fig.  1  t  gives  an  indication  of  the  relative 
velocity  at  various  heights  above  ground  level,  i.e. 
272  m.  Altliough  the  curves  are  for  elevations  greatly 
in  excess  of  those  of  any  interest  to  the  designer  of 
radio  masts,  it  is  interesting  to  note  that  each  shows 
a  distinct  and  regular  increase  of  wind  velocity  with 
height,  for  the  range  of  272  m  to  600  m,  i.e.  a  range 
of  about  1  000  ft. 

J.  S.  T)ines  also  carried  out  balloon  observations 
at  Famborough  in   1912. 

Some    Assumptions    and    Experiments    which    h.we 

BEEN    MADE    IN    THE    PaST. 

Tay  Bridge  Commission. — After  the  disaster  to  the 
Tay  Bridge,  the  Commission  gave  their  finding  and 
rules,  of  wliich  the  following  are  the  most  important 
recommendations  : — 

^^'ind  pressure  to  be  56  lb.  per  sq.  ft.  on  girders, 
trains,  etc.,  on  the  actual  area  exposed  to  wind,  plus 
an  allowance  of  28,  42,  or  56  lb.  per  sq.  ft.  according 
to  whether  the  ratios  of  the  open  spaces  of  the  leeward 
girders  to  the  total  area  of  the  outline  of  the  girder 
are  less  than  |,  from  g-  to  J,  or  greater  than  |. 

The  same  Committee  also  gave  it  as  their  opinion 
that 


P 
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The  American  Society  of  Civil  Engineers,  1880. — 
Alessrs.  Welch,  Shaler  Smith  and  Colhngwood  read  a 
paper  and  gave  the  following  records  of  the  most  violent 
wind  force  during  tornadoes,  etc.  : — 

Blowing  down  3  bridges  at  18-27  lb.  per  sq.  ft. 
Train  derailments  at  30-5  lb.  per  sq.  ft. 
Destruction  of  brick  houses  at  58-84  lb.  per  sq.  ft. 
Overturning  a  barrel  of  tar  at  52  lb.  per  sq.  ft. 
Overturning  a  locomotive  at  93  lb.  per  sq.  ft. 

They  mention  the  case  of  a  piano  being  lifted  bodily, 
transported  270  ft.  and  set  down  again  on  its  legs 
without  apparent  injur\-. 

Ingberg  f  in  1917,  writing  of  the  effects  of  tornadoes 
in  recent  storms,  gave  the  figures,  calculated  from 
the  damage  done,  of  27,  31,  37,  29,  45,  39  and  20  lb. 
per  sq.  ft.  He  says  :  "  These  pressures  (tornadoes)  are 
rarely  in  excess  of  60  lb.  per  sq.  ft.,  so  that  structures 
designed  for  a  load  of  30  lb.  per  sq.  ft.  with  a  factor 
of  safety  of  2  or  more  come  through  intact  as  to  their 
main  structural  members." 

Tests  made  on  the  Forth  Bridge  bv  Sir  Benjamin 
Baker  (1884-1890). | — In  the  years  mentioned   14  gales 

•  ReaU  Comilato  Tdassosraphico  Italiano,  1912,  Memoria  8, 
p.  .37. 

t  Engineering  News  Record,   1917,  vol.  79,  p.  733. 
t  Engineering,  1890,  vol.  49,  p.  219. 


were  experienced.  Records  of  two  were  rejected  on 
account  of  suspected  inaccuracy  of  the  instruments. 
For  these  tests  the  following  methods  of  measure- 
ment were  adopted  :  A  large  fixed  board  or  gauge 
20  ft.  by  15  ft.  was  erected  on  top  of  the  old  castle 
on  the  island  of  Inch-Garvie,  placed  so  as  to  be  parallel 
with  the  bridge,  and  provided  with  small  disc  gauges 
at  its  centre  and  at  one  of  its  corners.  About  8  ft. 
from  one  side  of  the  large  gauge  was  another  small, 
fixed  one  having  an  area  of  about  1-5  sq.  ft.,  and  also 
a  second  disc  of  the  same  size  but  differing  from  the 
others  in  that  it  was  free  to  turn.  This  second  disc 
was  kept  pointed  to  the  wind  bv  means  of  a  vane. 
All  were  read  at  about  9  a.m.  each  day  for  6  years. 

In  addition  to  these  tests  Sir  Benjamin  Baker  carried 
out  tests  with  a  wind  blast  on  small  models  of  trusses 
and  lattice  girders,  and  satisfied  himself  that  an  allow- 
ance of  1  •  8  times  the  exposed  area  of  the  front  girders 
was  ample  to  cover  the  total  wind  load  on  the  front 
and  back  ironwork. 

Four  out  of  the  12  gales  were  at  right  angles  to  the 
plates  used  and  the  following  results  were  obtained  : 

Small  fixed  gauge      .  .   25,  27,  41  and  38  lb.  per  sq.  ft. 
Small  revolving  gauge   30,  25,  35  and  36     ,, 
Large  fixed  gauge      .  .    17,  19,  27  and  15     ,, 

The  remaining  8  gales  were  at  about  45°  to  the  gauges, 
so  that  the  pressure  recorded  by  the  instruments  was 
only  about  90  per  cent  of  the  actual  pressure  normal 
to  the  plate.     The  actual  readings  were  : — 


Date 

Small 

revolving 

gauge 

Small  fixed 
gauge 

Large  fixed 
gauge 

Ib./iq.  ft. 

Ib./sq.  ft. 

Ib./sq.  ft. 

27/10/1884 

29 

23 

18 

28/10/1884 

26 

29 

19 

31/3/1886 

26 

31 

19 

4/2/1887 

26 

41 

15 

.5/1/1888 

27 

16 

7 

2/11/1889 

27 

34 

12 

19/1/1890 

27 

28 

16 

2.5/1/1890 

27 

24 

18 

As  this  bridge  was  designed  for  56  lb.  per  sq.  ft.  these 
results  show  an  unnecessarily  large  factor  of  safety. 

Bidston  Observatory,  near  Liverpool. — Pressures  were 
measured  simultaneously  on  a  cup  anemometer  and  on 
a  plate  2  ft.  square.  The  instruments  used  were  a 
Robinson  cup  anemometer  for  measuring  velocity 
and  an  Osier  spring-pressure  anemometer  for  recording 
pressure.     The  results  axe  given  on  page  409. 

With  reference  to  these  figures  for  Bidston  Obser- 
vatory, it  has  been  pointed  out  that,  as  no  damage 
was  done,  the  figures  are  obviously  useless  and  in- 
accurate. W.  H.  Dines  in  the  section  on  "  Anemo- 
meters "  in  the  Encyclopedia  Britannica  says  that 
several  of  these  have  been  erected  on  the  West  Coast  of 
England,  where  in  winter  fierce  gales  occur.  A  pressure 
of  30  lb.  per  sq.  ft.  has  never  been  recorded  by  them, 
and  pressures  exceeding  20  lb.  per  sq.  ft.  are  e.xtremely 
rare. 
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That  these  figures  are  inaccurate  is  shown  by  the 
tests  made  on  the  Forth  Bridge,  where  an  average 
reduction  of  40  per  cent  is  necessary  on  the  vahie  of 
the  pressure  recorded  on  the  small  plate  in  order  to 
obtain  the  true  value  registered  on  the  large  plate. 

Eiffel  Tower  observations  (1889).* — Records  were 
taken  at  two  points  simultaneously,  viz.  at  elevations 
of  69  ft.  and  1  064  ft.  Of  these  records,  taken  on  101 
days,  the  average  velocity  was  4-9  m.p.h.  at  the  bottom 
point  of  observation  and  15-7  m.p.h.  at  the  top.  The 
velocity  at  the  top  was  greater  than  17  m.p.h.  for 
39   per   cent   of   the   time   and   greater   than    22   m.p.li. 


Date 

Pressure  on  plate 

Velocity 

Ib./sq.  in. 

m.p.h. 

23/1/1884 

70-2 

78 

20/5/1887 

65-2 

78 

26/1/1888 

49-2 

74 

20/11/1888 

49-0 

71 

t    3/5/1888 

44-4 

66 

30/,3/1886 

41-9 

62 

26/10/1884 

40-6 

64 

9/12/1886 

40-4 

69 

3/2/1887 

40-1 

66 

1/11/1887 

40-0 

57 

From  this  p=  K  x  0 -00271)2,  andX  =  3-8  (average)  ; 
or  p  ^  0-01i'2  (Tay  Bridge  Commission  Report). 

for  21  per  cent  of  the  time.     The  following  intensity 
ratios  were  found  experimentally  : — 


when  Fbot, 


The  S.P.  Wing  experiments  at  Ballybunion.] — In 
1915,  S.  P.  Wing  made  a  contribution  to  the  knowledge 
of  this  important  subject,  the  value  of  which  can  best 
be  judged  by  the  remarks  of  R.  Fleming  in  an  article 
on  "  Wind  Pressures  at  High  Elevations  and  their 
Applications  to  Radio  Towers."  J  The  investigation 
was  carried  out  on  492,  300  and  15  ft.  levels,  and  being 
on  radio  masts  the  results  obtained  are  of  considerable 
practical  value.  Mr.  Wing  came  to  the  conclusion, 
although  fully  recognizing  the  incomplete  and  un- 
satisfactory nature  of  the  results  obtained,  that  the 
increase  of  pressure  with  elevation  follows  a  law 
approximating  to 

P=  (0-00126A  +  M6)P, 

where  P  =  pressure  in  lb.  per  sq.  ft.  at  a  height  h  above 
ground  level  ;    and 
Pj,  =  pressure  in  lb.  per  s<i.  ft.  at  ground  level. 

For  example,  with  an  assumed  pressure,  Pg,  of  27  lb. 
per  sq.  ft.,  ccjirespondhig  to  a  wind  velocity  of  80  m.p.h., 
the  pressure  P  at  an  elevation  of  820  ft.  would  be  59  lb. 

•  Scienlific  American  Supplement,   1890,  vol.  30,  page  12121. 

t  Electrician.   1921,  vol.  87,  p.  0. 

X  Engineering  News  Record,  1922,  vol.  88,  p.  438. 


per    sq.    ft.,    with    a    corresponding    wind    velocity    of 
118  m.p.h. 


Some  Examples  of  Wind-pressure    Assumptions  in 
Connection  with  R.\dio  Towers  .\xd  Chimneys. 

In  1911,  specifications  issued  by  the  United  States 
Government  for  a  square  tower  200  ft.  in  height  called 
for  a  wind  pressure  of  50  lb.  per  sq.  ft.  In  a  speci- 
fication issued  in  1914  for  300-ft.  triangular  towers 
to  be  erected  at  Key  West,  Florida,  the  specified  pressure 
was  30  lb.  per  sq.  ft.  Towers,  600  ft.  in  height,  built 
at  Guam  have  the  wind-pressure  assumption  of  30  lb. 
per  sq.  ft.  cast  in  the  nameplates.* 

In  the  case  of  the  tallest  self-supporting  steel  stack  in 
the  world,  i.e.  at  the  plant  of  the  United  Verde  Copper 
Company,  of  Clarkdale,  Arizona,  with  an  elevation 
of  400  ft.  and  a  diameter  of  30  ft.,  the  wind  pressure 
assumed  was  25  lb.  per  sq.  ft.f 

The  brick  chimney  at  Gi-eat  Falls,  Montana,  was 
for  a  time  the  highest  in  the  world,  being  506  ft.  above 
its  foundations  with  an  internal  diameter  of  50  ft. 
at  the  top.  The  wind-pressure  assumption  was  33  lb. 
per  sq.  ft.  of  projected  area  and  this  factor  was  deter- 
mined upon  after  due  consideration  of  the  height, 
the  altitude  and  the  very  severe  winds  prevalent  in 
the  locality.  J 

A  similar  chimney  made  by  the  same  company 
at  Tacoma,  Washington,  in  1917  is  573  ft.  high  and 
25  ft.  in  diameter  at  the  top.  At  Anaconda,  Montana, 
is  the  highest  chimney  in  the  world,  with  a  height  of 
585  ft.  above  the  foundations  and  60  ft.  internal  diameter 
at  the  top.  In  the  design  of  these  two  chimneys  a 
wind  pressure  of  33  lb.  per  sq.  ft.  of  projected  area 
was  assumed. § 

In  the  design  of  a  reinforced  concrete  chimney  570  ft. 
high  with  an  internal  diameter  of  26  ft.  3  in.,  built  at 
Saganoseki,  Japan,  in  1916,  the  wind  pressure  assumed 
was  25  lb.  per  sq.  ft.  of  projected  area.y 

Marks  in  his  "Mechanical  Engineer's  Handbook  "  gives 
for  guyed  steel  stacks  a  wind  pressure  of  25  lb.  per 
sq.  ft.  of  projected  area. 

The    triangular    towers    at    Arlington,    Virginia,^  of 

which  there  are  two  450  ft.  and  one  600  ft.  in  height, 

were  designed  for  a  pressure  of  30  lb.  per  sq.  ft.,  as  also 

were  the   600-ft.   towers  at  San   Diego,   Pearl   Harbour 

and  Cavite. 

i        For    a    standard    820-ft.    triangular    tower    proposed 

I    for   Fort    Monroe,   U.S.A.,   the   specification    called   for 

j    30  lb.   per  sq.   ft.   on    1-5  times  the  area  of  the  front 

face.** 

In   connection   with   these  figures   R.   Fleming  says 
that,    according  to   the   U.S.   Government   formula   for 
I   towers  erected  near  the  coast,  the  actual  wind  veloci- 
ties  corresponding  to   recorded   wind   velocities  of   110 
and    100  m.p.h.   are  82-9  and   76-1,   which   (using  the 
I   formula   p=0-00iv-)    gives    23   lb.    per   .sq.    ft.    for    a 

♦  Engineering  News  Record,  1919,  vol.  83,  p.  CC2. 
t  Ibid.,  p.  500. 

t  Engineering  Record,  1908,  vol.  58,  p.  GOO. 
§  Engineering  News  Record,  1919,  vol.  83,  p.  501. 
II  Ibid.,  p.  501.  ,.,,.-. 

•;   Journal  of  the  American  Society  of  Naval  Engineers,   191:.. 
vol.  25,  p.  GO;    Engineering  News  Record,   1919,  vol.  83,  p.  CG2 
I        ♦»  Engineering  Nea-s  Record,  1919,  vol.  83,  p.  062. 
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recorded  velocity  of  100  m.p.h.,  and  27-6  lb.  per  sq.  ft. 
for  a  recorded  velocitj'  of  110  m.p.h. 

Mr.  Fleming  also  adds  that  he  beUeves  that  \vith 
the  assumption  of  30  lb.  per  sq.  ft.  on  1-5  times  the 
exposed  area  of  one  face,  working  stresses  of  18  000  lb. 
per  sq.  in.  in  tension  and  (18  000  —  70?/A-)  in  compression 
are  permissible  for  all  loadings,  where  I  =  length  of 
column  in  compression,  and  h  =  least  radius  of  gjTation. 
His  preference  is  for  30  lb.  per  sq.  ft.  on  1-75  times  the 
area  of  one  face,  20  000  lb.  per  sq.  in.  for  tension  and 
(20  000  -  90?M)  for  compression. 

The  J.  G.  Wliite  Engineering  Corporation  built  10 
stations  in  which  the  79  masts  consisted  of  a  steel 
tubular  pattern  built  up  of  half  or  quarter  cyhnders, 
and  ranged  in  lieight  from  300  ft.  to  500  ft.  In  this 
design  a  wind  pressure  of  30  lb.  per  sq.  ft.  of  projected 
area  was  assumed. 

R.  Weagant  in  an  article  on  "  Design  and  Construc- 
tion   of    Guy-supported    Towers  "  *    gave     a     worked 
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Fig.  1. — Increase  of  wind  velocity  with  elevation 
(after  Fabris). 


example  of  a  625-ft.  tubular  mast, 
loads  were  as  follows  : — 


His  assumed  wind 


Up  to  100  ft.  elevation,  15  lb.  per  sq.  ft.  of  projected 
area. 

From  100  to  200  ft.  elevation,  16  lb.  per  sq.  ft.  of  pro- 
jected area. 

From  200  to  300  ft.  elevation,  21  lb.  per  sq.  ft.  of  pro- 
jected  area. 

From  300  ft.  to  top,  25  lb.  per  sq.  ft.  of  projected  area. 

Radio  Central  Station  of  the  Radio  Corporation.] — In 
the  recently  constructed  station  at  Port  Jefferson, 
Long  Island,  U.S.A.,  the  towers,  of  which  there  will 
ultimately  be  72,  are  400  ft.  in  height.  The  wind  load 
assumed  in  the  design  was  30  lb.  per  sq.  ft.  on  twice 
the  projected  area  of  one  face  for  the  top  300  ft.,  and 
a  similar  figure  on  1-5  times  the  face  for  the  lower 
100  ft. 

Radio  Station  at  Croix  D'Hins,  Bordeaux,  France. — 

*  Proceedings  oj  the  Institute  oj  Radio  Engineers,  1915,  vol.   3, 
p.  135. 
t  Engineering  News  Record,  1922,  vol.  88,  p.  438. 


The  eight  towers,  each  820  ft.  in  height,  were  designed 
by  the  Bureau  of  Yards  and  Docks,  U.S.  Navy,  and 
constructed  by  the  Pittsburgh  Des  Moines  Steel  Co. 
The  TOnd  pressure  assumed  was  30  lb.  per  sq.  ft.  on 
I  ■  5  times  the  area  of  one  face. 

Marconi  Company  820-//.  ioiuer  specification. — In  a 
specification  issued  in  1919  by  the  Marconi  Company 
for  820-ft.  steel  towers,  the  wind  pressure  specified 
was  30  lb.  per  sq.  ft.  on  the  whole  of  one  face  in  the 
direction  of  the  wind,  and  a  similar  pressure  on  the 
back. 

Imperial  Wireless  Commission  specification. — In  a 
specification  recently  issued  by  the  General  Post  Office, 
covering  820-ft.  masts  for  the  Imperial  wireless  chain, 
a  wind  pressure  of  60  lb.   per  sq.   ft.   over  the  entire 
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Fig.  2. — Increase  of  velocity  and  pressure  with  elevation 
(after  Wing). 

height  of  the  mast  is  specified  on  1-6  times  the  front- 
face  area  for  triangular  masts,  and  1  •  8  tinies  the  front- 
face  area  for  square-section  masts. 

Head  frames. — ^M.  S.  Ketchum  in  his  "  Structural  En- 
gineer's Handbook  "  specifies  for  wind  loads  on  head 
frames  a  pressure  of  50  lb.  per  sq.  ft.  acting  on  the 
projection  of  the  members  of  the  head  frame.  R. 
Fleming  says  :  "  The  load  of  50  lb.  seems  excessive  even 
for  head  frames  in  locations  subject  to  high  winds." 


Conclusion. 

Many  more  examples  of  the  variety  of  specifica- 
tions employed  in  the  past  for  the  pressures  due  to 
wind  could  be  quoted,  but  sufficient  have  been  given 
to  prove  considerable  difference  of  opinion.  By  tabu- 
lating the  data  and  reducing  to  a  common  form  of 
expression,  e.g.  the  total  pressure  on  the  structure 
in  lb.  per  sq.  ft.  of  the  front  face,  the  divergence  of 
opinion  can  readily  be  seen  to  be  from  15  to  112  lb. 
per  sq.  ft. 

In    building   design,    the  assumption    that   the   wind 
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pressure  at  the  top  is  the  same  as  at  ground  level  may 
not  be  productive  of  any  harmful  results.  In  radio 
mast  and  tower  design  the  load  due  to  the  wind  is,  how- 
ever, the  cliief  load.  Masts  when  unloaded  are  held 
vertical  and  designed  to  he  in  a  straight  hne,  or  as 
an  arc  of  a  circle  when  fully  loaded.  A  wrongful 
assumption  as  to  wind-pressure  distribution  from  the 
top  of  the  structure  to  the  bottom  can  readily  upset 
the  designer's  calculations  as  to  the  position  which 
the  mast  will  take  up  in  a  gale. 

In  order  to  appreciate  the  economic  waste  wliich  is 
present  in  employing  60  lb.  per  sq.  ft.,  for  example,  over 
the  entire  height  of  an  820-ft.  mast,  as  opposed  to  a 
graded  wind  pressure  of  from  27  to  59  lb.  per  sq.  ft. 
as  shown  on  Fig.  2,  the  comparative  quantities  of  struc- 
tural steel,  stay  wire  and  concrete  have  been  calculated. 
If,  as  is  very  possible,  the  assumption  of  27  to  59  lb. 
per  sq.  ft.  should  be  excessive  and  one-half  of  these 
values  be  sufficient,  then  the  further  possible  percentage 
saving  is  also  shown . 


611  lb. 

27-59  lb. 

13- 5-29-5  lb 

Structural  steel    . . 

..    128 

100 

75 

Stay  wire 

..    140 

100 

50 

Concrete  . . 

..    155 

100 

50 

We  have  no  definite  knowledge  as  to  how  wind  pres- 
sures, especially  liigh  wind  pressures,  vary  with  elevation, 
but  it  seems  clear  that  they  are  not  the  same  at  the 
ground  as  at,  say,  an  elevation  of  1  000  ft.,  and  the  evi- 
dence points  to  the  top  pressure  being  more  than  double 
the  pressure  at  the  ground,  so  that  it  is  not  a  neghgible 
factor.  The  designer  then  seems  to  be  more  nearly 
approximating  to  actual  condition  if  he  adopts  such 
a  curve  as  Fig.  2  than  if  he  assumes  the  same  pressure 


both  at  the  top  and  at  the  bottom  of  the  structure. 
In  our  own  design  work  we  use  tliis  curve  for  lack 
of  knowledge  of  one  which  more  nearly  approximates 
to  actual  conditions.  Perhaps  the  discussion  on  this 
paper  will  bring  forth  Mtherto  unpubhshed  data  taken 
at  radio  stations  or  elsewhere,  which  will  cause  us  to 
modify  our  views. 

If  it  prove  that  no  more  data  exist  on  this  important 
subject  than  have  been  brought  out  in  this  paper  it 
seems  to  indicate  that  we  should  attempt  to  gain  this 
knowledge  without  delay.  With  the  large  number 
of  high  radio  masts  and  towers  wliicli  have  been  built 
in  recent  years,  there  are  many  opportunities  for  fixing 
recording  anemometers  or  pressure  indicators  at  ground 
level,  at  the  top  and  in  as  many  intermediate  positions 
as  funds  will  permit.  If  this  paper  should  serve  to 
inspire  any  of  the  owners  of  high  radio  masts  or  towers 
to  equip  them  with  the  necessary  recording  instruments 
with  a  view  to  filling  a  void  in  our  knowledge,  it  will  not 
have  been  in  vain.  The  Imperial  Wireless  Commission, 
the  Radio-  Research  Board,  the  National  Phvsical 
Laboratory  and  the  British  Meteorological  Office  acting 
in  collaboration  with  the  owners  of  high  masts  could 
soon  produce  a  much  more  accurate  solution  of  this 
important  problem.  If  the  Wireless  Section  of  this 
Institution  would  take  an  active  interest  in  the  solution 
of  this  problem,  more  satisfactory  data  would  soon 
become  available. 

In  conclusion,  one  cannot  do  better  than  quote  the 
Encyclopcsdia  Britamiica  in  connection  vnth.  power- 
transmission  towers,  to  the  effect  that  "  the  actual 
possibihty  of  wind  pressure  is  very  generally  over- 
estimated and  has  resulted  in  much  needlessly  costly 
construction." 


APPENDIX.. 

Summary  of  some  Wind-pressure  Assumptions. 


Wind 
pressure 

Value  of  K 

Pressure  on 
front  face 

Remarks 

lb./sq.ft. 

Ib./sq.  ft. 

Tay  Bridge  girders 

56 

-1-28 

84 

Open  spaces  <  j  total  outhne 

Tay  Bridge  girders 

56 

+  42 

98 

Open  spaces  |  to  J  total  outline 

Tay  Bridge  girders 

56 

-f56 

112 

Open  spaces  >  |  total  outhne 

Forth  Bridge  design 

56 

1-8 

101 

Sir  B.  Baker  considers  excessive 

U.S.  Government 

50 

50 

200  ft.  square  tower,  1911 

U.S.  Government 

30 

30 

300  ft.  triangular  towers.  Key  West 

U.S.  Government 

30 

30 

600  triangular  towers,  Guam 

United  Verde  Copper  Co. 

25 

25 

400  ft.  steel  stack  ;    30  ft.  top 

Great  Falls,  Montana 

33 

33 

506  ft.  steel  stack  ;    50  ft.  top 

Tacoma,  Washington 

33 

33 

573  ft.  steel  stack  ;    25  ft.  top 

Anaconda,  Montana 

33 

33 

585  ft.  steel  stack  ;    60  ft.  top 

Saganoseki,  Japan 

25 

25 

570  ft.  concrete  tower 

Marks 's  "  Handbook  "    .  . 

25 

25 

Recommended  for  guyed  steel  stacks 

Arlington  .  . 

30 

30 

450  ft.  and  600  ft.  towers 

San  Diego .  . 

30 

30 

600  ft.  towers 

[Continued  ok  page  412. 
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A  PPEND I  X—coniintted. 
Sttmmary  of  some  Wind-pressure  Assumptions. 


Pearl  Harbour 

Ca\-ite  Harbour 

Fort  Monroe 

R.  Fleming 

J.  G.  White  &  Co. 

R.  Weagant 

R.  Weagant 

Port  Jefferson 

Port  Jefferson 

Bordeaux  .  . 

Marconi  Co. 

Imperial  Wireless  Commission 

Head  frames 


I       Wind 
I    pressure 


Ib./sq.  ft. 

30 
30 
30 
30 
30 
15 
25 
30 
30 
30 
30 
60 
50 


Value  of  K 


Pressure  on 
front  face 


1 
1 

1-5 

1-5 

1 

1 

1 

1-5 

2 

1-5 

2 

1-6 
1 


Ib./sq.  ft. 

30 
30 
45 
45 
30 
15 
25 
45 
60 
45 
60 
96 
50 


600  ft.  towers 

600  ft.  towers 

820  ft.  tower 

General  recommendation 

79  tubular  masts 

Round  masts,  up  to  100  ft. 

Round  masts,  over  300  ft. 

400  ft.  towers,  up  to  100  ft. 

400  ft.  towers,  over  300  ft. 

820  ft.  towers 

820  ft.  specification 

820  ft.  mast 

Flem.ng  regards  as  excessive 


Discussion  before  the  Wireless  Section,   10  Janu.a.ry,    1923. 


Dr.  W.  H.  Eccles :  The  information  collected  in 
the  paper  is,  of  course,  largely  meteorological,  but  it  is 
also  interesting  to  constructional  engineers  because  it 
gives  definite  data  and  facts  about  existing  structures 
of  great  altitude.  The  author  emphasizes  two  main 
issues.  The  first  is  that  the  grading  of  the  wdnd  pres- 
sure with  height  ought  to  be  adopted  in  designing 
masts  and  towers  for  wireless  purposes,  and  the  second 
is  that  many  of  these  high  structures  are  unnecessarily 
costly  because  windage  and  safety  factors  of  too  large 
value  have  been  assumed  by  cautious  designers.  With 
regard  to  the  first  point,  the  grading  of  wind  pressure, 
the  author  discusses  the  subject  from  the  point  of 
view  of  measurements  in  the  open  air  imder  fairly 
ordinary  conditions.  It  is  well  known  that  in  all 
ordinary  air  movements  the  velocity  at  ground  level 
is  much  smaller  than  that  at  a  height  of  1  500  ft., 
where  the  velocity  attains  a  value  approximating  to 
the  theoretical  value  computed  from  the  isobars  on 
the  synoptic  charts.  This  distribution  of  velocity 
seems  to  hold  good  also  in  heavy  winds  and  even  in 
gales  ;  but  it  is  not  for  those  conditions,  which  we 
may  call  peace  conditions,  that  the  designer  of  a  mast 
has  to  work.  No  mast  reasonably  strong  has  fallen 
down  under  ordinary  air  movements.  One  has  to 
design  for  a  time  of  crisis  when  the  motion  of  the  air 
is  so  turbulent  that  probably  all  the  data  and  theory 
which  we  have  had  put  before  us  break  down.  For 
example,  if  two  extreme  cases  of  air  movements,  such 
as  those  in  England  and  those  in  Hong-Kong,  be  con- 
sidered, it  will  be  found  that  there  are  at  least  two 
different  types  of  atmospheric  crisis.  The  type  we 
have  in  England  usually  appears  as  a  "line  squall." 
These  are  not  very  frequent — possibly  they  come 
about  once  in  10  years  on  the  average — but  it  is  for 
such  conditions  that  the  designer  of  masts  has  to  pre- 
pare. He  dismisses  all  considerations  that  are  based 
on  the  measurement  of  air  velocities  during  the  pre- 
ceding   10  years   of   peace ;     he   has   to   think   of  the 


30  seconds  of  crisis.  During  a  line  squall  the  motions 
of  the  air  are  quite  different  from  those  in  normal 
conditions.  In  these  islands  the  line  squall  is  pro- 
duced by  a  cold  wind  usually  coming  from  the  west 
or  the  north-west  almost  broadside  on  to  a  mass  of 
warm  air  which  would  otherwise  be  moving  from  the 
south.  Because  the  velocity  above  is  greater  than 
the  velocity  below,  the  upper  layers  of  the  cold  air 
push  ahead  of  the  low-er  layers  and  the  border  between 
the  warm  and  cold  air  leans  forward,  as  it  were,  as 
the  motion  takes  place,  and  consequently  large  masses 
of  cold  air  fall  through  the  warmer  air  from  a  height 
of  about  2  000  ft.  The  warm  air  underneath  the  crest 
of  this  wave  of  cold  air  breaks  like  a  big  bubble 
through  it,  and  the  consequence  is  a  horizontal  rolling 
progress  of  the  front  of  the  cold  current  of  air.  That 
rolling  motion  seems  to  have  its  centre  at  a  height  of 
about  1  000  to  1  500  ft.,  and  it  is  therefore  quite 
possible  to  experience  for  an  instant  a  velocity  near 
the  ground  greater  than  60  m.p.h.  and  a  velocity  of, 
say,  only  40  m.p.h.  at  1  000  ft.  up.  On  account  of 
this  rolling  motion  we  may  have  for  a  few  seconds  a 
complete  reversal  of  the  conditions  of  which  the  author 
has  told  us.  That,  however,  is  not  the  worst  of  the 
matter  from  the  point  of  view  of  the  design  of  high 
towers,  because  when  the  warm  air  suddenly  rises  in 
the  atmosphere  the  water  vapour  in  it  condenses  and 
huge  volumes  of  rain  and  hail  are  formed,  which, 
descending  through  this  cold  wind  below,  gather  a 
horizontal  component  of  velocity  as  they  fall.  When 
the  momentum  of  the  rain,  hail  or  snow  is  added  to 
that  of  the  wind,  much  higher  pressures  than  those 
mentioned  in  the  paper  are  obtained.  What  we  really 
want,  it  seems  to  me,  are  the  statistics  of  the  total 
pressures  on  structures  during  the  times  of  crises. 
The  statistics  taken  during  the  preceding  10  years  of 
peace  are  not  of  any  direct  value.  They  are  of 
indirect  value  in  the  sense  that  everv  scrap  of  know- 
ledge which  we  obtain  enables  us  to  make  better  calcu- 
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lations  next  time,  or  shows  us  how  from  tliat  know- 
ledge we  can  compute  what  Jiappens  in  the  turbulent 
condition    of    the    atmosphere    that    I    have    tried    to 
describe.     The   other   extreme   case   I    referred   to,   the 
typhoon,    consists   of  a  rotation   of   the   air   around    a 
vertical  instead  of  a  horizontal  axis.     At  a  place  like 
Hong  Kong  it  seems  to  be  expected  that  certain  tracts 
of  country  arc  sure  to  get  a  typhoon  every  few  years, 
and  if  the  buildings  are  light  enough  they  get  removed 
at    fairly    regular    periods.     There    are    exceptions,    of 
course,  which  stand  for  50  or  100  years,  but  the  insur- 
ance   companies    would    not    base    their    premiums    on 
such    cases.      The  other  thing  I  should  like   to   men- 
tion— and  I  think  the  author  has  not  referred  to  it — 
is    that    we   really    must    take    account    of   the    dyna- 
mics of  the  matter  in   the  design  of   these   structures. 
A  big  mast  in  a  turbulent  atmosphere  rocks   first   one 
way  and  then  the  other,   and  the  motion  may  be  as 
much  as   10  ft.   at  the  top  of  an   800-ft.   mast.     This 
motion   must   tend   to   take   place,    as   in   the   case   of 
every  fairly  rigid  body,  about  a  dynamic  centre  fairly 
near    the    centre    of    gravity.     The    problem    becomes 
different  according  to  whether  the  mast  is  fixed  into 
a  massive  block  or  has  a  pivoted  foot.     1  do  not  know 
that   one   type   is   more   dangerous   than   the   other   in 
practice,    but    we   have   less    experience   with   the    one 
with  the  swivel  base.     The  dynamics  of  both  prove  to 
be  very  difficult,   chiefly  on  account  of  the  effects  of 
the  guys.     If  it  be  assumed   that  the   mast  tends  to 
rock  about  the  centre  of  gravity,  it  will  be  found  that 
very   big   thrusts   are   imposed   sideways   on   the   base. 
To  prepare   for   this    the   design    should   be   such    that 
the   centre  of  gravity  of  the  mast   will  be   fairly  low, 
lower   in   the  case   of   a   pivoted    mast   than  with    one 
footed   in  concrete.      When  all  these  factors  are  taken 
into  account,  one  feels  it  is  best  to  use  a  rather  large 
windage  value  and  so  keep  the  centre  of  gravity  low. 
And    there    are    other    reasons    for    this.     The    author 
quotes  from  the  Encyclopesdia   Britannica   that   many 
structures  are  needlessly  costly,  but  whether  that  is  so 
depends    upon    the    circumstances.     If    by    making    a 
structure   safe    20   per    cent   is    added    to   the   weight, 
seeing  that  labour  is  such  a  large  factor  of  the  cost  of 
a  mast,  it  may  be  that   10  per  cent  is  added   to   the 
cost.     This  10  per  cent,  if  it  enables  the  mast  to  sur- 
vive three  squalls  instead  of  falling  down  at  the  first, 
will  be  a  wise  insurance.     For  it  is  necessary  to  con- 
sider how  much  business  would  be  lost  while  erecting 
a  new  mast  after  one  had  fallen,  and  also,  in  the  case 
of  strategic  stations,  whether  great  dangers  might  arise 
if    masts  were  blown  down.     I  therefore  do  not  agree 
witli    the    writer    of    the    article  in   the   Encyclopa-dia 
BritatDiica,  but   am    in  favour  of  a  very  good  margin 
of  insurance  when  not  only  possible  commercial  losses 
but  also   strategic  aspects  have  to  be  considered. 

Major  A.  S.  Angwin  :  There  is  no  doubt  that  the 
paper  is  very  valuable  as  indicating  the  gi'eat  discre- 
pancy between  the  experimental  data  of  wind  pres- 
sures at  high  elevations  and  the  assumptions  made  in 
the  design  of  towers.  I  tliink  the  conclusion  can  be 
drawn  that  the  data  in  the  paper  from  different  sources 
indicate  so  many  discrepancies  that  it  is  very  difficult 
indeed  to  form  any  law  which  would  safely  meet  the 
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case  of  the  variation  of  pressure  or  velocities  throughout 
a  structure  such  as  an  800-ft.  or  1  000-ft.  mast.  There 
are  some  other  data  not  quoted  in  the  paper  which 
rather  bear  on  that  assumption.  Reference  is  made 
to  the  classical  experiments  on  the  Forth  Bridge  by 
Sir  Benjamin  Baker,  but  during  a  period  of  five  years, 
1901  to  1906,  covering  a  much  longer  time,  further 
records  were  made  on  the  Forth  Bridge  during  gales 
and  over  that  period,  at  a  height  of  378  ft.  above  sea 
level,  pressures  as  high  as  65  lb.  per  sq.  ft  were 
recorded.  If  a  figure  of  that  order  were  applied  to 
the  formula  suggested  by  the  author,  it  would  result 
in  viry  much  higher  pressures  than  the  assumptions 
which  are  made;  they  work  out  at  something  like 
85  lb.  per  sq.  ft.  at  the  top  of  an  800-ft.  mast,  down 
to  40  lb.  per  sq.  ft.  at  the  bottom  of  the  mast.  The 
figure  of  85  lb.  is  an  incredibly  high  value  and  indi- 
cates that  it  is  not  safe  to  assume  a  formula  of  that 
nature.  Further  data  published  by  the  Meteoro- 
logical Office  in  1918  give  values  of  wind  velocities 
and  also  gust  velocities  at  varying  heights  up  to  about 
100  m.  The  analysis  of  the  form  of  the  curve  of  those  * 
results  appears  to  indicate  that  at  steady  wind  veloci- 
ties there  is  a  very  marked  increase  of  velocity  with 
height  up  to  about  100  ft.  At  greater  heights  the 
slope  of  the  curve  decreases  very  much.  Neither  of 
those  results  appears  to  agree  at  all  closely  with  the 
suggested  linear  law  attributed  to  Wing.  From 
the  evidence  available  I  think  that  the  conclu- 
sion to  be  drawn  is  that  whilst  for  steady  winds  of 
moderate  .strength  an  assumption  of  the  nature  sug- 
gested may  te  made,  such  an  assumption  does  not 
appear  to  be  applicable  for  gales  or  for  gusts.  In 
connection  with  the  design  of  structures,  the  designer 
is  concerned  with  the  concentrated  gusts.  In  the 
recorded  figures  for  the  Eiffel  Tower  on  page  409  it 
will  be  noticed  that  the  ground  velocities  are  very 
small,  i.e.  from  3  to  7  m.p.h.  At  3  m.p.h.  with  a 
velocity  ratio  of  5  the  wind  at  the  top  of  the  mast 
will  be  15  m.p.h.,  whereas  at  7  m.p.h.  the  velocity 
ratio  is  only  2  and  the  actual  velocity  of  the  wind  at 
the  top  of  the  tower  will  be  14  m.p'h.,  i.e.  less  than 
at  the  lower  figure  of  3  m.p.h.  at  the  bottom.  It 
would  seem  to  be  a  more  reasonable  assumption,  if  it 
is  conclusive  that  the  pressure  is  not  constant  through- 
out the  whole  of  the  length  of  the  mast,  to  assume  a 
steady  load  corresponding  to  a  pressure  of  about 
30  lb.  per  sq.  ft.  for  the  whole  of  the  structure,  and 
superimpose  thereon  a  live  load  of  the  order  of  20  to 
30  lb.  per  sq.  ft.,  which  might  be  applied  in  Icngtlis 
not  exceeding  100  ft.  That  would  appear  to  corre- 
spond more  closely  to  the  conditions  which  might 
occur  during  a  violent  storm.  The  question  of  the 
allowances  to  be  made  for  wind  pressure  on  the  back 
of  the  mast  is  briefly  referred  to  in  the  paper.  There 
must  now  be  a  great  deal  of  data  available  from 
experimental  determinations.  The  only  possible  way 
to  find  the  exact  value  of  K  is  by  experimental  deter- 
mination in  wind  tests,  and,  as  suggested  by  the 
author,  any  data  of  that  nature  would  be  of  very  great 
help  in  treating  the  question  of  the  design  of  masts. 

Mr.  Oluf  Trost :    The  shape  of  the  curve  shown  in 
Fig.  2  is  largely  dependent  on  local  conditions  and  it 
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may  for  the  same  mast  vary  for  different  directions 
of  the  wind.  More  recent  Eiffel  Tower  observations 
give  a  different  curve  altogether.  On  the  other  hand, 
a  wand  velocitj'  of  100  m.p.h.  or  more  has  not  3fet 
been  recorded  since  the  tower  was  built,  33  years  ago, 
wlaich  perhaps  accounts  for  the  fact  that  masts  in 
France  are  made  lighter  than  one  would  care  to  make 
them  in  other  parts  of  the  world.  I  do  not  agree  with 
the  figures  wliich  the  author  puts  forward  to  show 
what  economy  could  be  obtained  in  material  with  a 
reduction  in  wind  pressure.  In  mast  construction 
there  are  so  many  factors  to  take  into  account  that 
the  economic  waste  in  assuming  a  fairly  high  wind 
pressure  is  not  so  very  large.  In  a  well-designed  con- 
struction consideration  has  to  be  given  to  minimum 
sizes  of  material,  upkeep,  erection  and  many  other 
tilings.  I  quite  agree  that  it  would  be  of  great 
importance  to  obtain  as  many  statistics  as  possible 
from  all  parts  of  the  world,  especially  as  to  the  proba- 
bility and  regularity  of  "  super-wind  "  velocities  occur- 
ring in  different  places.  It  would  also  be  of  great 
interest  to  learn  whether  there  is  any  relation  betvveen 
the  average  wind  load  and  the  maximum  wind  load, 
including  the  frequency  with  wliich  the  latter  occurs. 
It  might  be  possible  to  find  some  relation  bet\veen 
these  factors  so  that  it  would  be  more  easv  to  know 
with  some  certainty  the  maximum  loads  to  which  a 
mast  will  be  exposed,  wiien  built  in  a  certain  place. 
Finally,  I  should  like  to  point  out  that  the  figures 
mentioned  as  being  the  wind  pressures  specified  by 
the  Marconi  Company  are  now  out  of  date  and  that 
the  designs  are  based  upon  wind  pressures  of  from 
30  to  50  lb.  per  sq.  ft.  of  surface  exposed  to  the  wind, 
the  figure  varying  with  the  height  of  the  masts. 

Mr.  Andrew  Gray  :  I  agree  with  the  author  that, 
in  general,  wind  pressure  is' more  than  amply  provided 
for  in  present  practice  by  reason  of  the  ample  factors 
of  safety.  The  problem  is,  however,  complicated  by 
the  presence  of  wind  eddies.  In  some  cases  these 
eddies  add  to  the  loads  by  producing  oscillations, 
while  in  other  cases  they  may  reduce  the  load  ;  for 
example,  a  long  span  of  wire  may  be  locally  hea%ily 
loaded  but  as  a  whole  partly  supported  by  the  eddies. 
I  remember  in  particular  the  effects  of  the  hurricane 
on  the  island  of  St.  \  incent.  West  Indies,  in  September 
1898.  Almost  every  house  was  unroofed,  including 
the  library' — a  good  stone  building  in  Kingston — 
although  the  walls  remained  standing,  and  the  branches 
of  the  trees  were  torn  off  the  trunks,  but  few  of  the 
trees  were  blown  down.  In  the  case  of  an  avenue  of 
palm  trees  leading  to  Government  House  the  heads  of 
the  palms  w^ere  torn  off  but  the  palm  trunks,  some 
30  or  40  ft.  in  height,  remained  standing.  There  was 
not  the  slightest  doubt  in  my  mind  that  in  this  case 
the  major  damage  was  done  by  the  eddies.  In  the 
case  of  another  hurricane,  that  in  Fiji  in  1912,  it  was 
reported  to  me  at  the  time  that  the  roof  of  the  wire- 
less station  engine-house  was  torn  off,  but  the  mast — a 
150-ft.  sectional  steel  stayed  mast  with  a  wooden  top — 
remained  standing,  again  indicating  the  presence  of 
eddies.  The  effect  of  these  eddies  is  to  produce  great 
pressure  at  particular  instants  over  small  areas, .  but 
the  maximum  pressures    do    not   occur  simultaneously 


over  the  whole  of  a  large  area  or  an  extended  structure 
such  as  a  mast  or  aerial.  On  the  other  hand,  these 
eddies  where  they  do  occur  act  to  a  considerable  extent 
like  a  blow  and  have  to  be  considered  in  that  way, 
and  one  has  to  be  satisfied  that  in  any  mast  or  tower 
design  a  suddenly  appUed  local  blow  will  not  cause 
stresses  in  e.xcess  of  those  allowed  by  the  dead-load 
calculation  and  factor  of  safety. 

Professor  C.  L.  Fortescue  :  The  load  carried  by 
a  mast  arises  from  the  wind  pressure  on  both  the  mast 
and  the  aerial.  If  the  proportion  of  the  load  due  to 
the  latter  is  large  it  follows  that  the  wind  pressure 
at  the  top  of  the  mast  is  the  most  important  factor. 
Perhaps  the  author  will  say  in  his  reply  what  relative 
values  he  has  actually  found  for  these  two  contribu- 
tions to  the  total  load.  If  a  large  factor  of  safety-  is 
allowed  for  the  load  arising  from  the  aerial  it  may 
explain  how  it  is  that  satisfactory  service  has  been 
given  by  those  masts  in  which  low  wind  pressures 
have  been  assumed. 

Professor  G.  W.  O.  Howe  :  This  is  a  very  highly 
speciaUzed  subject,  appealing  only  to  a  small  number 
of  wireless  engineers.  WTien  reading  the  paper  I  had 
some  doubt  as  to  what  was  intended  when  it  is  stated 
that  the  specification  called  for  certain  wind  pressures 
— whether  the  masts  were  supposed  to  stand  satis- 
factorily at  those  specified  wind  pressures  with  a 
reasonable  factor  of  safety,  or  whether  they  are  the 
limiting  wind  pressures  at  which  the  tower  is  supposed 
to  collapse.  I  am  surprised  that  so  little  is  said  in 
the  paper  as  to  the  factor  of  safety  to  be  allowed  in 
the  various  cases,  as  it  seems  to  me  to  be  useless  to 
specif\'  any  definite  wind  assumption  without  at  the 
same  time  specifying  the  factor  of  safety  to  be  allowed  ; 
I  should  like  some  further  inform.ation  on  this  pomt. 
The  author  mentions  the  Bidston  experiments  and 
states  on  page  409  :  "  That  these  figures  are  in- 
accurate is  shown  bj'  the  tests  made  on  the  Forth 
Bridge,  where  an  average  reduction  of  40  per  cent  is 
necessary  on  the  value  of  the  pressure  recorded  on 
the  small  plate  in  order  to  obtain  the  true  value 
registered  on  the  large  plate."  I  do  not  know  why 
one  is  justified  in  assuming  that  the  large  plate  should 
give  the  true  value.  Two  plates  were  put  up  and  it 
is  assumed  that  because  they  differ  the  large  plate 
gives  the  true  value.  I  do  not  know  whether  there 
is  any  proof  that  a  still  larger  plate  would  not  have 
given  an  entirely  different  value. 

Mr.  A.  C.  Brown  :  Has  any  account  been  taken  of 
the  effect  of  snow  on  the  wires  ?  I  know  of  cases 
where  the  temperature  at  the  commencement  has 
been  rather  high,  with  wet  snow.  Afterwards,  when 
the  temperature  fell  and  the  snow  was  frozen,  the 
wires  became  of  verj-  large  diameter.  I  think  that 
that  point  has  to  be  considered,  as  it  is  quite  possible 
that  the  final  diameter  of  the  aerials  when  covered 
with  ice  will  be  4  or  5  inches. 

Mr.  S.  P.  Wing  (communicated)  :  The  paper  brings 
under  discussion  a  subject  the  importance  of  which 
I  think  is  not  ordinarily  reahzed  by  electrical  engi- 
neers. An  electrical  engineer  is  ordinarily  responsible 
for  the  complete  installation  of  large  wireless  installa- 
tions.    He  gives  great  care  to  the  most  efficient  type 
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of  electrical  equipment  to  be  used  and  works  carefully 
to  gain  an  extra  efficiency  of  perhaps  10  per  cent  in 
his  electrical  apparatus.  Yet  when  it  comes  to  the 
question  of  the  aerial  structure  he  is  often  content  to 
specify  in  a  general  way  the  wind  and  antenna  loads 
and  leave  the  mechanical  design  of  the  masts  and 
antenna  to  the  civil  engineer,  without  realizing  that 
these  two  items  largely  control  the  cost  of  this  portion 
of  a  wireless  station.  Since  the  aerial  structure  with 
the  antenna  represent  from  40  to  60  per  cent  of  the 
cost  of  a  complete  station,  it  is  seen  that  unnecessarily 
severe  loadings  in  this  regard  may  easily  run  away 
with  the  10  per  cent  saving  he  has  effected  by  effi- 
cient electrical  design.  For  example,  the  electrical 
engineer  may  have  used  a  large  amount  of  wire  in 
his  antenna  (thus  causing  heavy  mechanical  antenna 
loads)  to  gain  an  extra  5  per  cent  antenna  efficiency, 
when  a  greater  saving  could  perhaps  be  made  by 
tightening  the  antenna  and  thus  gaining  effective 
height.  Alternatively,  a  smaller  antenna  load  could 
be  used  and  a  higher  mast  built.  The  author  gives 
comparative  figures  showing  the  average  charge  of 
certain  large  items  which  make  up  the  cost  of  a  wire- 
less mast  under  three  conditions  of  wind  loading. 
Approximately  these  represent  two-thirds  of  the  entire 
cost,  the  other  items  not  varying  with  the  wind  load- 
ing. On  this  basis  the  percentage  cost  of  a  mast 
under  the  three  conditions  which  he  has  shown  is 
127,  100  and  72.  Wireless  masts  have  been  built 
under  the  first  two  of  these  classes  of  loading.  Assum- 
ing 8  masts  800  ft.  high,  this  might  represent  an 
expenditure  of  ,£125  000,  27  per  cent  of  which  is 
£34  000.  With  such  sums  in  question  and  with  larger 
stations  yearly  being  erected  it  would  seem  that  the 
author's  plea  for  more  data  on  wind  loading  is  well 
justified  and  that  interested  parties  could  well  afford 
to  spend  the  few  hundred  pounds  necessary  to  obtain 
these  data.  I  believe  that  the  confusion  existing 
in  regard  to  wind  specifications,  examples  of  which 
are  so  numerous  in  the  paper,  is  due  to  the  fact  that 
the  wind  loads  are  those  assumed  by  structural  engi- 
neers, these  loads  in  ordinary  design  being  of  little 
economic  importance.  Equally  in  wireless  masts  of 
small  heights  such  loading  is  of  small  matter.  Yearly, 
however,  the  height  of  masts  has  increased  and  with 
this  the  importance  of  the  wind  loading,  until  now  it 
is  the  major  load.  No  bridge  designer  would  think  of 
basing  his  design  on  a  haphazard  covering  load,  and 
equally  in  the  future  no  electrical  engineer  should 
specify  the  wind  loading  for  a  wireless  mast  without 
the  most  careful  consideration,  for  otherwise  the  civil 
engineer  is  bound  in  the  most  vital  factor  affecting 
the  economics  of  his  design.  I  realize  the  necessity 
for  a  mast  in  which  there  can  be  no  question  of  failure, 
but  if  larger  factors  of  safety  are  required  than  those 
used  in  ordinary  building  practice  such  factors  should 
be  obtained  by  increasing  the  safety  factor  rather 
than  by  specifying  an  unnecessarily  large  wind  load. 
Take,  for  example,  a  uniform  specification  of  a  loading 
of  60  lb.  per  sq.  ft.  We  have  no  knowledge  of  such 
a  wind  loading  occurring  near  the  ground  (say  under 
100  ft.  elevation).  We  surmise  that  such  a  load  may 
occur  at  800  ft.,  though  such  velocities  as  this  loading 


implies  have  seldom,  if  ever,  been  measured.  Obvi- 
ously, if  we  wish  to  ensure  the  safety  of  our  structure, 
it  is  wiser  not  to  assume  a  uniform  heavy  wind  load 
causing  smaller  factors  of  safety  at  the  top  of  mast 
than  at  the  bottom,  but  to  use  a  graded  load  as  the 
author  suggests  or  (perhaps  better)  adopt  the  sug- 
gestion of  Major  Angwin  and  superimpose  a  graded 
live  load  on  a  probable  wind  load.  To  adopt  such  a 
specification  intelligently,  however,  we  must  have  the 
further  data  for  which  the  author  appeals.  Throughout 
the  paper  he  lays  emphasis  on  wind-pressure  assump- 
tions. This  is  natural,  as  he  is  quoting  from  past 
experience  and  records.  I  believe  that  such  past 
procedure  is  wrong  and  that  it  is  something  which 
wireless  engineers  can  correct.  The  majority  of  wind 
records  are  based  on  velocities  which  are  measured 
direct.  Where  pressure  is  measured  this  is  of  little 
use  to  the  wireless  engineer.  Such  a  statement  would 
have  been  difficult  of  explanation  a  few  years  ago, 
but  with  the  advent  of  the  aeroplane  it  is  increasingly 
realized  that  for  every  different  surface  the  factor  K 
(in  the  common  formula  for  changing  velocity  to  pres- 
sure, i.e.  P  =  KV~)  varies.  For  this  reason  the  pressure 
as  measured  by  a  Pitot  tube  bears  little  relation  to 
the  pressure  on,  say,  a  long  angle.  From  this  it  follows 
that  in  comparing  two  mast  designs  of  different  type 
but  to  a  common  specification  of,  say,  30  lb.  on  Ij  times 
the  front-face  area,  no  true  decision  can  be  made  as 
to  their  relative  strength  for,  depending  upon  the  type 
of  mast  and  size  of  members,  the  factor  K  varies. 
Under  a  given  wind  velocity  the  effective  loads  on  the 
mast,  as  computed  by  the  specification  with  a  constant 
factor  K,  may  not  represent  the  true  state  of  affairs. 
The  only  satisfactory  method  is  for  the  specification 
to  be  in  terms  of  velocity  and  then  for  designers  to 
have  small-scale  models  of  the  proposed  structure 
tested  in  wind  tunnels  to  determine  the  coefficient  K. 
This  can  be  done  at  small  expense,  and  an  accurate 
knowledge  of  the  loads  which  given  wind  velocities 
will  impose  can  thus  be  obtained.  I  have  tried  to 
show  above  how  one  of  the  uncertainties  of  wind 
loading  can  be  eliminated.  If  the  paper  and  the  dis- 
cussion induce  the  authorities  to  make  the  experiments 
which  the  author  suggests,  I  believe  that  electrical  engi- 
neers will  be  in  a  position  to  issue  wireless  mast  speci- 
fications which  will  ensure  that  the  aerial  S5'stem  is 
designed  as  efficiently  as  the  electrical  apparatus. 

Mr.  C.  F.  Elwell  {in  reply)  :  Dr.  Eccles  gives  a 
very  interesting  explanation  of  meteorological  con- 
ditions in  England,  and  also  in  Hong-Kong,  and  points 
out  the  necessity  for  designs  to  meet  the  two  different 
conditions  of  wind  loading.  But  from  my  experience 
with  high  masts  in  heavy  winds  I  cannot  agree  that 
the  motion  may  be  as  much  as  10  ft.  at  the  top  of  an 
800-ft.  mast.  In  the  design  of  an  800-ft.  mast  I  use 
a  deflection  of  1  per  cent  at  the  top  ;  this  represents 
an  assumed  maximum  movement  of  8  ft.,  and  corie- 
spondingly  smaller  movements  at  each  of  the  lower  stay 
points.  Now,  due  to  gusts  and  eddies  the  tower  does 
oscillate,  not,  however  from  8  ft.  on  one  side  of  the  verti- 
cal to  8  ft.  on  the  other  side,  but,  for  example,  1  ft.  back 
and  forth  from  the  line  of  the  position  which  it  has 
taken  up  due  to  the  steady  wind  pressure,  or  a  total 
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movement  of  only  2  ft.  The  average  velocity,  and 
with  it  the  pressure  which  holds  the  mast  away  from 
the  vertical,  tends  to  increase  and  decrease  rather 
slowly  due  to  the  effect  of  gusts,  perhaps  varying  not 
over  10  per  cent  from  the  mean  value.  The  inertia 
of  the  mast  and  its  stays  has  also  to  be  considered,  in 
view  of  the  fact  that  the  gusts  are  of  relatively  short 
duration.  That  the  thrusts  on  the  pivoted  bases  may 
be  very  big  is  also  doubtful.  Pivoted  masts  up  to 
850  ft.  have  been  constructed.  The  figure  for  the 
horizontal  component  acting  at  the  bottom  is  only  a 
few  per  cent  of  the  total  vertical  load,  and  this  hori- 
zontal thrust  is  actually  taken  up  by  the  horizontal 
force  due  to  friction  from  the  large  vertical  loads.  It 
is  usual,  however,  to  provide  horizontal  stops  as  an 
additional  precaution. 

Major  Angwin  adds  some  interesting  data  to  those 
which    I    have    tabulated.     I    have    not   been    able    to 
find  the  data  to  which  he  refers  and  I  should  be  pleased 
to   know  where   they  are  to   be  found.     Much  of  the 
pressure    data    published    pre\-ious    to    1910   is    faulty, 
due  to  the  inaccuracy  of  the  formula:  changing  measured 
velocities    into    the    desired    factor    pressures.     It    is 
possible  that  the  pressure  of  65  lb.  mentioned  is  due 
to  this,  and  is  not  a  corrected  figure  corresponding  to 
the   modern   formula.     It   must   be   remembered   that, 
from    the   point   of   observation,    the   Forth   Bridge   is 
.378  ft.  above  ground  or  sea  level.     I  know  of  practically 
no  records  in  England  of  wind  pressures  as  high  as  30  lb. 
close  to  the   ground,  and   only  three   or  four  of  30  lb. 
at  200  ft.  elevation  (Pendennis  Castle).     Major  Angwin's 
suggestion  of  a  steady  loading  of  30  lb.  with  a  super- 
imposed live  load  of  the  order  of  20-30  lb.  per  sq.  ft. 
in   lengths   not    exceeding     100  ft.   can    be  plotted  in 
the  form  of  a  curve,  if  applied  to  a  mast  of.  say,  800  ft. 
in   height.     This  curve  would  have  a  form  somewhat 
similar  to  that  proposed.     But  due  to  the  rarity  of  30-lb. 
winds  at  ground  level  it  would  seem  to  be  unnecessary 
to  add  any  live  load  here.     In  effect  the  curve  of  Fig.  2 
can    be   considered    as   adding    15  lb.    at    400   ft.,    and 
30.1b.  at  800  ft.  elevation  to  a  ground  pressure  of  about 
30  lb.     If  more  data  could  be  recorded  and  the  shape 
of  the  curve  of  increase  of  wind  pressure  with  the  height 
more    acciAately    obtained,    I    think    that    engineering 
economics  would  be  better  served  than  by  the  many 
and    varying   guesses    of   the   past.     One   thing   to   be 
said  in  favour  of  Mr.  Wing's  curve  is  that  it  is  the  only 
attempt    of    which    I    know    to    measure    actually   the 
velocities    at    heights    low    enough    to    interest    radio- 
engineers,    and   it   is   fairly   well   substantiated   by   the 
measurements  of  Dr.  Fabris.     Of  course  the  topography 
of  the  neighbourhood  has  some  bearing  on  the  increase 
of   pressure  with   height,    especially   from  ground  level 
to   100  ft.    The  question  of  allowances  to  be  made  for 
wind  pressure  on  the  back  of  the  mast  was  only  briefly 
referred  to  in  the  paper,  as  it  is  proposed  to  make  a 
further  communication  on  this  subject  at  a  later  date. 
Mr.   Trost  points   out  that  consideration   has  to  be 
given  to  minimum  sizes  of  material,  etc.,  and  this  is 
well  recognized,  otherwise  the  figure  for  13 -5/29 -5  lb. 
wind  assumption  would  have  been  50  for  steel,  instead 
•  of  75.     The  figures  given  are  round  figures,  but  were 


obtained  by  working  out  a  complete  design  which  had 
already  been  made  for  a  27/59  lb.  wind.  However,  if 
any  one  of  the  three  assumptions  be  adopted,  different 
section  lengths,  etc.,  would  be  employed  in  order  to 
obtain  the  maximum  economy.  With  a  60-lb.  wind, 
for  example,  assumed  on  the  bottom  section  of  a  mast, 
the  sections  would  be  made  shorter  than  with  a  30-lb. 
wind,  because  of  the  large  increase  in  stresses  due  to 
beam  action.  It  is  a  recognized  fact  that  the  fewer  the 
stays  employed  the  heavier  the  steel  in  the  mast.  A 
9-stay  design  with  a  60-lb.  wind  all  over  becomes  as 
heavy  as  a  5-stay  design  with  the  27/.')9  lb.  assump- 
tion. 

Mr.  Andrew  Gray  gives  interesting  particulars  con- 
cerning hurricane  figures.  I  am  sceptical,  however,  as 
to  the  effect  of  eddies  being  like  a  blow,  or,  if  so,  it  is 
my  belief  that  they  are  counteracted  by  the  inertia  of 
the  mast  and  its  stays. 

In  reply  to  Professor  Fortescue,  the  higher  the  mast 
the  less  important  becomes  the  load  due  to  the  wind 
on  the  aerial.  In  a  given  design  for  a  very  heavy  aerial, 
the  load  per  colunni  at  the  bottom  of  the  mast  was 
6  per  cent  for  the  aerial  and  94  per  cent  for  the  wind  load 
and  dead  weight  of  the  mast. 

The  question  of  factors  of  safety,  mentioned  by 
Professor  Howe,  was  not  brought  into  the  paper  as 
the  engineer  entrusted  with  the  design  would  use  the 
factors  of  safety  usually  employed  for  the  class  of 
material  in  question.  Structural  steel  is  usually  worked 
on  the  basis  of  18  000  —  70  Ijk,  where  I  —  length  of 
unsupported  section,  and  k  =  least  radius  of  gyration 
of  the  member.  This  represents  roughly  a  factor  of 
safety  of  2.  For  the  stays,  factors  of  safety  of  from 
3  to  4  are  generally  specified.  The  plates  employed 
in  the  Forth  Bridge  experiments  were  intended  to  have 
a  fixed  relation  to  the  sizes  of  girders  used  on  the  bridge. 
The  most  accurate  method  of  obtaining  the  effect  of 
the  small  and  large  areas  in  a*  structure  under  the 
action  of  wind  pressure  is  to  construct  a  model  and 
test  it  in  a  wind  tunnel. 

Mr.  Brown  points  out  the  possibility  of  wires  becoming 
very  large  due  to  deposits  of  ice.  This  is  a  problem 
which  has  to  be  faced  on  the  east  coast  of  the  United 
States,  where  in  some  stations  electrical  methods  are 
employed  for  melting  the  ice.  From  a  structural 
point  of  view  there  is  not  much  danger  in  omitting 
the  area  offered  by  these  large  diameters,  because  it 
has  been  amply  borne  out  in  practice  that  high  winds 
and  coated  wires  do  not  occur  simultaneouslv.  The 
increasing  wind  pressure  tends  to  break  off  the  ice, 
and  so  diminishes  the  danger. 

Mr.  Wing  refers  to  the  economics  of  the  subject, 
and  the  question  is  summed  up  in  the  possibility  that 
the  expenditure  of  a  few  hundred  pounds  might  save 
many  thousands  of  pounds  in  future  expenditure. 
Present  wireless  plans  call  for  some  50  masts  of  the 
order  of  820  ft.  in  height,  and  these  may  be  erected 
in  the  next  three  years.  They  represent  an  investment 
of  a  considerable  sum  of  money  and  warrant  the  ex 
penditure  of  a  substantial  sum  m  experiments  on  wind 
pressure,  wind  resistances,  stay  wire  with  minimum 
stretch,  etc. 
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Summary. 

The  paper  describes  the  considered  methods  of  meeting 
a  particular  case  of  voltage-drop  in  a  large  direct-current 
lighting  network  and  for  bringing  into  use  the  maximum 
amount  of  its  copper  with  a  minimum  of  cost. 

A  fully  automatic  station  was  chosen  in  this  instance 
for  the  reasons  stated,  and  the  author  in  discussing  the 
subject  has  not  attempted  to  review  the  relative  merits 
of  different  types  of  automatic  stations,  but  rather  the  method 
of  dealing  with  a  particular  problem,  and  with  this  end  in 
view  has  described  the  station  which  has  come  under  his 
immediate  control. 

So  far  as  the  author  is  aware,  the  plant  described  is  that 
of  the  first  fully  automatic  station  in  this  country,  for  any 
purpose,  and  of  the  first  fully  automatic  station  in  CNistence 
operating  a  three-wire  system. 


The  gradual  growth  and  expansion  of  our  cities 
owing  to  increased  industrial  activities  and  better 
transport  facilities  have  brought  large  areas  that  were 
thinly  populated  suburbs  into  close  touch  with  the 
city,  and  caused  them  to  be  more  densely  populated. 
This  has  meant  that  the  original  electric  supply  systems 
laid  do\vn,  in  some  cases  many  years  ago,  have  gradually 
extended  until  such  time  as  the  length  of  feeders  has 
become  troublesome  owing  to  the  voltage-drop. 

In  the  event  of  the  system  being  originally  an  alter- 
nating-current system  and  remaining  so,  this  has  been 
overcome  by  installing  transformers  at  suitable  points 
in  the  system  to  maintain  the  pressure,  ^\^lere, 
however,  the  system  was  originally  a  direct-current 
one,  the  engineer  was  faced  with  a  much  more  difficult 
problem,  more  particularly  in  the  residential  areas, 
as  d.c.  plant  had  to  be  installed,  which  meant  buildings 
to  house  it  and  staff  to  operate  it.  The  latter  item 
is  particularly  expensi\'e,  as  the  stations  are  worked 
on  a  more  or  less  low  load  factor  ;  also  the  staff  salaries 
and  operating  costs  do  not  increase  in  direct  proportion 
to  the  capacity  of  the  station.  This  fact  has  led  to 
larger  and  fewer  substations  at  long  distances  apart. 

The  more  extensive  use  of  domestic  apparatus  has 
had  the  effect  of  raising  the  average  load  taken  by 
consumers  from  ^  kW  to  1  kW  for  lighting,  up  to 
5  or  6  kW  on  the  average  when  domestic  apparatus 
such  as  radiators,  cookers,  vacuum  cleaners,  irons,  etc., 
has  been  installed.  This  has  necessitated  more  feeding 
points  along  the  system  to  make  full  use  of  the  copper 
laid  down.  Assuming  copper  at  1  000  amperes  per 
square  inch,  in  some  cases  only  30  per  cent  is  available 
owing  to  the  voltage-drop  due  to  the  length  of  feeders, 
which  voltage-drop  is,  after  all,  the  limiting  factor  in 
fixing  the  value  of  the  distribution  system. 

This  problem  of  maintaining  a  more  constant  voltage 


over  the  whole  network,  and  at  the  same  time  keeping 
down  operating  costs  and  capital  costs,  has  been 
exercising  the  minds  of  many  electric  supply  engineers 
in  this  country,  and  Liverpool  is  in  much  the  same 
position  as  other  authorities.  Recognizing  that  the 
matter  had  to  be  dealt  with,  and  appreciating  the 
alternatives,  i.e.  to  lay  new  feeders,  or  to  change  o\'er 
sections  of  the  distribution  to  a.c.  supply,  building 
up  either  a  new  distribution  system  or  using  old  d.c. 
mains  for  a.c.  supply  (the  latter  being  almost  prohibi- 
tive, due  to  the  cost  of  changing  consumers'  apparatus, 
motors,  battery-charging  sets,  and  many  other  pieces 
of  apparatus  not  fitted  with  universal  motors),  it  was 
finally  decided  to  try  to  deal  with  the  matter  by  in- 
stalling fully  automatically  operated  stations  at  diflerent 
points  of  the  system,  thereby  reducing  operating  costs 
to  a  minimum,  and  at  the  same  time  enabling  the 
existing  mains  to  be  utilized  to  the  best  advantage. 

Full)'  automatic  control  and  remote  automatic 
control  of  converter  plant  have  been  in  use  in  America 
for  hghting  and  traction  purpose-"  nnd  also  in  Switzer- 
land for  traction   purposes,   for  s^m^  time  past. 

Remote  control  has  also  been  in  use  in  tliis  country 
on  several  systems  with  more  or  less  success,  but 
British  engineers  appear  to  have  fought  shj'  of  fully 
automatic  control,  and  it  has  been  left  to  Liverpool 
to  lead  the  way  in  tliis  direction.  The  Electric  Supply 
Department  decided  that  all  conditions  existing  in 
Liverpool  could  be  met  by  this  control  and  that,  apart 
from  periodical  inspection  of  plant,  operating  labour 
could  be  ehminated. 

Acting  on  this  decision  a  general  scheme  was  evolved 
for  the  control  of  a  three-wire  system  with  the  con- 
ditions that  would  have  to  be  met  in  Liverpool,  also 
covering  various  points,  on  wliich  we  must  insist. 
Having  chosen  a  site  adjacent  to  \V"alton  Town  Hall, 
midway  between  two  of  our  existing  manually  operated 
substations,  namely,  Cobbs  Quarry  and  Rice  Lane, 
we  submitted  the  scheme  to  various  manufacturers 
of  automatic  gear.  The  scheme  and  conditions  were 
as  follows  : — • 


(1) 
(2) 

(3) 


of  500  kW, 


iilh 


The  station  to  have  a  capacity 
room  for  extension. 

The  station  should  cut  in  after  the  pressure 
on  the  low-tension  feeder  bars  had  fallen  and 
remained  low  for  a  predetermined  time.  (This 
time-lag  was  to  avoid  the  station  cutting-in 
with  temporary  falls  in  voltage.) 

The  station  should  cut  out  after  the  current 
on  the  busbars  had  fallen  and  remained  low  at 
some  fixed  figure  for  a  predetermined  time  ; 
the  latter  was  to  a\oid  the  station  cutting-out 
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with  temporary  falls  in  load.  Tliis  was  also  to 
enable  the  existing  manually-operated  stations 
to  pick  up  the  load  when  the  conditions  were 
such  that  the  voltage  could  be  maintained  at 
normal. 

(4)  The     station     to    operate    plant    running   across 

a  three-wire  system,  230  volts  between  each 
outer  and  the  neutral,  and  to  maintain  a 
balance  in  pressure. 

(5)  The  station  should  operate  in  parallel  with  other 

stations,  and  other  plant  in  the  same  station 
at  a  later  date. 

(6)  If  the  load  demanded  due  to  existing  manually 

operated  stations  shutting  down  was  greater 
than  its  capacity'  it  should  not  cut  in,  and,  if 
already  running,  the  output  should  be  limited 
to  the  capacity  of  the  plant. 

(7)  In   the  event  of  a  fault  on   either  the  negative 

or  positive  side  of  the  system,  the  automatic 
switch  controlhng  that  particular  circuit  should 
operate  to  cut  it  out,  without  interference  wth 
any  other  circuit. 

(8)  In    the    event   of   a   short-circuit   on    the   outers 

of  a  feeder  that  feeder  should  be  cut  out 
without  interference  with  any  other  circuit  or 
the  running  of  the  plant  generally. 

(9)  The   middle   wire   of   the   system    being   earthed 

through  a  limiting  resistance  at  the  manuallj- 
operated  stations,  it  was  decided  to  deal  with 
an  earth  fault  from  those  stations. 

The  above  conditions  having  been  agreed  upon, 
arrangements  were  made  for  dealing  with  them  satis- 
factorily, and  also  to  meet  any  difficulties  due  to  faults 
on  the  plant  itself  or  any  connections  therewith.  It 
was  then  decided  to  proceed  with  a  station  equipped 
as  follows  : — 

(I)  One  tap-started  500-kW  rotary  converter  (with 
brush-lifting  gear)  coupled  through  its  trans- 
former to  the  6  000-volt,  three-phase,  50-pcriod 
supply  on  the  one  side,  and  on  the  other  to  a 
three-wire  system  with  460  volts  across  the 
outers  and  230  volts  to  the  middle  wire,  the 
latter  being  connected  to  a  tapping  on  one 
leg  of  the  transformer  supplying  the  rotary 
converter. 

(2a)  One  high-tension  cubicle  of  moulded  stone 
equipped  with  an  electrically  operated  oil 
switch  with  alternating-current  closing  coil ; 
this  switch  to  control  the  rotary  converter. 

(26)  Two  liquid  fuses  to  control  the  operating 
transformer  (15  kVA)  which  supplies  the 
operating  coils  on  most  of  the  relays  and  must 
therefore  be  permanently  connected  to  the  line. 

(2c)  One  three-phase  potential  transformer  for  various 
instruments. 

(2d)  Necessary  isolating  switches. 

(3)  I.ow-tension  d.c.  panel  for  rotary  converter, 
equipped  with  knife  switches  and  electrically 
operated  contactors  in  the  main  circuit,  with 
ammeters  on  each  pole,  a  voltmeter,  and  field 
regulator. 


(4)  Low-tension    feeder    panels    for    control    of    four 

three-wire  feeders,  equipped  with  electrically 
operated  contactors  in  the  main  circuit  and 
knife  switches  in  the  operating  circuit  to^ 
control  the  main  contactors  in  the  event  of  a 
feeder  requiring  to  be  "  laid  off." 

(5)  Other  panels  to  have  mounted  thereon  numerous- 

relays,  devices  and  contactors,  the  description 
of  which  w-ill  be  found  in  Appendix  A,  and  the 
operation  of  which  will  now  be  described. 

In  the  diagram  on  page  419  the  connections  are 
arranged  schematically,  the  nimibers  corresponding  to  the 
description  and  operation  of  the  indi\'idual  apparatus. 

The  automatic  operation  is  started  bj'  means  of 
a  low-voltage  d.c.  relay  (1),  which  operates  to  close  its 
contacts  when  the  voltage  on  the  d.c.  busbars  drops 
to  a  predetermined  value  due  to  the  Une  voltage-drop 
consequent  upon  a  certain  demand  for  power.  When 
the  contacts  of  relays  (1)  are  closed  they  insert,  through 
an  interlock  on  the  main  oil  circuit-breaker  (20),  the 
operating  coil  of  an  a.c.  voltage  relay  (2).  This  relay 
has  a  time-lag  of  a  few  seconds  and  its  function  is  to 
prevent  the  station  starting  due  to  a  sudden  drop  in 
the  d.c.  network  voltage,  and  also  to  prevent  the 
station  from  starting  when  the  a.c.  voltage  is  abnormally 
low.  WTien  the  contacts  of  relay  (2)  are  closed  they 
establish  a  circuit  through  the  master  relay  (3a).  The 
contacts  of  relaj^  (3a)  are  then  closed  and  complete 
a  circuit  through  the  operating  coil  of  relay  (3)  which 
completes  the  closing  circuit  of  (3a)  to  hold  it  in. 

The  contacts  of  relay  (3a),  when  closed,  also  complete 
the  circuit,  through  an  interlock  on  the  running  con- 
tactor (11)  of  the  operating  coil  of  relay  (31a),  to  cause 
its  contacts  to  close  and  start  the  small  motor  of  the 
brush-lifting  de\ice  (31).  This  motor,  by  means  of 
gears  and  a  crank,  raises  the  d.c.  brushes  from  the 
commutator.  When  the  brushes  have  been  raised 
to  the  full  extent,  a  throw-over  switch  operated  by 
a  crank  disconnects  the  relay  (31a)  and  thus  de-energizes 
the  motor.  The  brushes  now  remain  in  the  raised 
position  until  the  circuit  of  (31a)  is  again  completed 
by  the  closing  of  an  auxiliary  contact  on  (11),  which 
closes  when  the  contactor  closes.  This  starts  up  the 
motor  which  actuates  the  crank  to  lower  the  brushes 
on  to  the  commutator.  The  throw-over  switch  is 
returned  to  its  original  position  by  the  crank,  and  is 
thus  ready  to  repeat  the  above  cj-cle  of  operations 
when  the  converter  is  again  required  to  start. 

In  series  with  the  operating  coil  of  relay  (3a)  will 
be  found  the  contacts  of  an  overspeed  de\-ice  (24) 
and  also  a  contact  (7a)  in  the  polarized  motor  relay. 
This  contact  (7a)  is  closed  only  when  the  relay  is  in 
correct  working  order,  and  is  placed  in  series  with  the 
coil  of  relay  (3a)  so  as  to  ensure  that,  before  the  station 
can  start,  the  operating  element  of  the  polarity  relay 
is  in  the  neutral  position.  Shunted  across  the  coil 
of  relay  (3a)  will  be  found  the  contacts  of  a  number 
of  protective  devices. 

Relay  (18)  is  an  induction-tj^e  polj'phase  voltage 
and  reverse-phase  relay.  This  rela}-,  by  short-circuiting 
the  operating  coil  of  relay  (3a),  will  prevent  the  starting 
of  the  converter  if  the  phase  rotation  of  the  supply  is 
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reversed  or  if  one  phase  of  the  supply  is  open.     The 
remaining  protective  devices  will  be  described  later. 

One  main  contact  of  relay  (3)  establishes  the  circuit 
for  the  main  control  busbar  for  the  rest  of  the  auto- 
matic apparatus.  When  the  brush-lifting  device  is 
in  the  raised  position  it  closes  an  auxiliary  contact 
which  completes  the  circuit,  through  interlocks  on 
relay  (19)  and  the  running  contactor  (11)  of  the  operating 
coil  of  a  relay  (4).  One  main  contact  of  relay  (4) 
completes  the  circuit  of  relay  (21a)  which  in  turn  closes 
contactor  (22).     Contactor  (22)  completes  the  operating 


cause  the  rotary  converter  to  be  connected  across  the 
starting  taps  of  the  transformer.  The  converter  will 
now  start  to  rotate,  and  when  it  is  in  phase  with  the 
supply  the  d.c.  voltage  will  build  up  with  either  correct 
or  incorrect  polarity.  This  is  indicated  by  the  action 
of  a  polarized  motor  relay  (7),  which  consists  of  a  small 
armature  mounted  so  that  it  can  rotate  between  the 
poles  of  a  fixed  permanent  magnet.  The  armature  is 
energized  from  a  pair  of  pilot  brushes  on  the  commutator, 
and  thus  its  direction  of  rotation  depends  upon  the 
polarity    of    the    converter.     Connected    to    the    shaft 


circuit  for  closing  the  oil  circuit-breaker  (20),  an  auxiliary' 
contact  on  which  makes  a  circuit  through  the  low- 
voltage  trip  (20a)  and  also  through  the  operating 
coil  of  the  induction  time-limit  %lay  (21).  Relay 
(21)  has  a  short  time-lag,  at  the  end  of  which  its  contacts 
close  and  short-circuit  the  operating  coil  of  relay  (21a), 
thus  causing  the  latter  to  open,  which  in  turn  opens 
contactor  (22).  The  opening  of  contactor  (22)  breaks 
the  circuit  of  the  operating  coil  of  the  oil  circuit-breaker 
(20)  which  is  now  held  in  the  closed  position  by  a 
mechanical  latch. 

The  other  main  contact  of  relay   (4)   completes  the 
operating-coil     circuit    of     starting     contactor    ((i),    to 


of  the  armature  through  reducing  gears  and  a  clutch 
are  two  pairs  of  contacts,  (7b)  and  (7d).  If  the  polarity 
of  the  converter  is  reversed  the  armature  will  rotate 
and  close  contacts  (7d),  thus  closing  the  field-reversing 
relay  (9)  which  sets  up  its  own  hold-in  circuit.  The 
closing  of  the  main  contacts  of  relay  (9)  causes  the 
operation  of  the  field-reversing  contactor  (10).  This 
contactor  breaks  up  the  converter  field  into  two  sections, 
connects  them  in  parallel  in  the  reverse  direction  and 
thus  causes  the  converter  to  slip  one  pole.  When 
the  converter  has  slipped  one-half  of  the  polar  position 
the  d.c.  voltage  falls  to  zero  and  the  field-reversing 
relay    (9)    opens.     Tliis  allows   the  field   contactor   (10) 
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to  return   to  its  original  position,   the   converter  then 
coming  up  with  the  correct  polarity, 

\^'hen  the  polarity  is  coiTect,  the  d.c.  voltage  will 
build  up  again  and  the  polarized  motor  relay  will 
rotate  to  close  contacts  (7b).  When  these  contacts 
are  closed  they  complete  the  circuit  of  the  operating 
coil  of  the  a.c.  shunt  relay  (19)  which  makes  its  own 
hold-in  circuit.  An  auxiharj-  contact  on  relav  (19) 
opens  the  circuit  of  relay  (4),  thus  causing  all  starting 
gear  to  be  de-energized. 

The  main  contact  of  relay  (19)  completes  the  circuit 
through  an  interlock  on  starting  contactor  (6)  of  the 
a.c.  shunt  relaj'  (5),  an  auxiUan.'  contact  on  which 
makes  the  battery  circuit  of  the  automatic  voltage 
regulator.  This  relay  (5)  also  makes  the  operating- 
coil  circuit  of  the  running  contactor  (11)  which  closes 
and  connects  the  converter  across  the  full  voltage  of  the 
transformer  secondarj-.  The  closing  of  running  con- 
tactor (11)  energizes,  through  an  auxiharji-  contact, 
relay  (31a),  which  in  turn  starts  the  brush-Ufting 
motor  (31)  to  cause  it  to  lower  the  brushes. 

A  protective  relay  (38)  is  pro\ided  uith  its  coil  in 
series  with  the  shunt  field  of  the  converter.  This 
relay  ensures  that  the  field  strength  of  the  converter 
is  adequate  before  an}i-  load  can  be  taken,  ^\^^en  the 
field  strength  has  reached  its  normal  value,  a  circuit  is 
established  through  a  contact  on  relay  (3)  through  an 
interlock  on  the  brush-lifting  device  (31),  through  the 
contacts  of  field  relaj-  (38)  and  tlirough  the  operating 
coil  of  the  auxiharv'  shunt  relay  (37a).  Relaj-  (37a) 
in  turn  closes  the  main  contactor  (37),  which  is  in  the 
d.c.  converter  circuit.  Although  the  contacts  of  (37) 
are  in  the  d.c.  circuit,  its  operating  energv'  is  obtained 
from  the  a.c.  circuit. 

Another  contact  of  relay  (37a)  completes  the  d.c. 
clos'ng-coil  circuit  of  the  main  d.c.  operated  contactors 
(12).  This  circuit,  when  closed,  connects  both  poles 
of  the  converter  to  the  busbars  through  hmiting  re- 
sistances. The  d.c.  accelerating  relays,  (12a)  and  (12b), 
measure  the  amount  of  load  picked  up  and,  if  tliis  is 
not  excessive,  allow  contactor  (16)  to  cut  out  the 
lintiting  resistances. 

Should  the  converter  during  its  operation  become 
greatly  overloaded,  these  accelerating  relays  will  work 
in  the  in\'erse  order  and  insert  the  hmiting  resistance 
to  limit  the  load.  If  tliis  load  should  persist,  grid 
thermostats  (28)  will  shut  down  tlie  automatic  equip- 
ment when  the  resistance  grids  reach  approximately 
red  heat.  These  thermostats  will  allow  the  station  to 
start  up  again  when  the  grids  have  cooled  down. 

The  overload  setting  of  the  d.c.  accelerating  relays 
is  purposely  made  yen-  high  to  permit  the  full  overload 
capacity  of  the  converter  to  be  utihzed  for  short  over- 
loads. If  the  overloads  should  be  of  such  magnitude 
as  not  to  operate  the  accelerating  relays,  and  should 
they  persist  long  enough  to  endanger  the  windings  of 
the  converter,  a  thermal  time-element  relay  (29)  will 
shut  down  the  converter  and  allow  it  to  cool  off.  After 
such  cooling  tlie  converter  will  again  be  put  into  sen-ice 
automatically.  This  thermal  relay  measures  the  R. M.S. 
value  of  the  a.c.  input  to  the  machine.  This  is  an 
accurate  measure  of  the  heating  in  the  machine. 
A  d.c.  reverse-current  relay  (32)  is  provided  so  that. 


if  the  a.c.  supply  should  become  inadequate  while  the 
machine  is  connected  to  the  d.c.  system,  the  converter 
will  be  disconnected  from  the  line  before  the  reverse 
flow  of  energjr  can  damage  it. 

Induction  overload  relays  (23)  are  provided  wliich 
protect  against  short-circuits  in  the  converter  or 
con\-erter  leads.  They  also  operate  in  case  of  a  serious 
flash-over. 

Thermostats  are  provided  in  each  of  the  machine 
bearings,  and,  should  any  of  these  operate,  a  lock-out 
relay  (30)  is  closed,  thus  taking  the  converter  entirely 
out  of  service  by  short-circuiting  the  operating  coil 
of  relav  (3a^.  This  lock-out  relay  (30),  whenever 
operated,  must  be  reset  by  hand.  An  au.xiliar^'  contact 
is  provided  in  the  relay  so  that  a  signal  circuit  may 
be  energized  if  desired.  This  signal  circuit  may  operate 
semaphore  or  hghts  in  front  of  the  station,  or  send 
signals  over  a  telephone  or  telegraph  circuit  to  give 
warning  of  the  trouble. 

Relay  (46)  is  an  induction-t\-pe  relay  but  of  special 
construction  so  as  to  constitute  an  unbalanced  phase- 
current  relay.  The  relay  coils  are  connected  to  the 
three  current  transformers  in  the  low-tension  circuits. 
During  the  starting  operation  the  contacts  of  this 
relay  are  put  in  series  wth  the  operating  coil  of  the 
lock-out  relav  (30)  by  an  interlock  on  the  starting 
contactor  (6),  and  should  any  fault  occur  during  the 
starting  period  the  lock-out  tela}-  (30)  is  at  once  energized, 
thus  closing  down  the  entire  automatic  equipment. 
Normally,  however,  the  trip  contacts  of  relay  (46) 
are  connected  across  the  operating  coil  of  relay  (3a) 
by  an  interlock  on  starting  contactor  (6!  which  closes 
when  the  contactor  opens.  Thus,  should  any  trouble 
arise  on  the  liigh-tension  line  while  the  converter 
is  running,  it  will  be  shut  down  by  master  relay 
(3a)  but  wU  be  left  in  condition  to  restart  auto- 
maticall)'  as  soon  as  the  liigh-tension  line  is  again 
in  a  satisfactory  operating  condition. 

Each  of  the  feeders  is  provided  with  magnet 
contactors,  (40)  and  (41),  which  open  in  the  event 
of  an  overload  by  the  action  of  overload  relays  (51) 
and  (52).  When  tliese  overload  relays  open  they  are 
held  in  the  open  position  b}-  a  mechanical  latch  and 
cannot  be  closed  until  the  respective  resetting  coil, 
(51)  or  (52),  has  been  energized  and  has  thus  released 
the  latch.  While  in  the  open  position  the  contactors 
are  shunted  by  a  meastiring  resista.nce  bridge,  the 
circuit  to  the  niid-wire  of  the  feeder  being  completed 
by  a  contact  on  (47)  or  (48)  which  closes  when  the 
relay  (47)  or  (48)  is  de-energized.  Tliis  occurs  as  soon 
as  the  feeder  contactor  (40)  or  (41)  opens,  since  the 
operating  coil  of  the  relays  is  short-circuited  by  an 
auxiharv'  contact  on  the  contactors  which  closes  when 
I  the  contact  is  open.  The  resistance  bridge  is  now  used 
'  to  measure  the  resistance  of  the  feeder.  As  the  load 
on  the  feeder  is  reduced,  the  voltage-drop  across  the 
relay-shunting  resistance  increases  until  at  a  pre- 
determined value  the  contacts  of  relay  (34)  or  (35) 
close,  thus  completing  the  circuit  of  the  resetting 
coil  (51)  or  (52).  When  the  resetting  coil  has  operated, 
the  closing-coil  circuit  of  the  contactor  (40)  or  (41) 
is  again  energized  and  closes  the  contactor,  thus  restoring 
the    feeder    to    service.     The   resistance    bridge   is    dis- 
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connected  from  the  neutral  after  a  small  time-interval 
by  tlie  operation  of  relay  (47)  or  (48),  which  is  energized 
through  the  opening  of  the  auxiliary  contact  on  the 
feeder  contactors.  The  above  arrangement  is  such 
tliat  an  overload  on  either  of  the  outers  will  cause  the 
respective  feeder  to  be  disconnected,  and  only  recon- 
nected when  the  overload  has  been  reduced. 

When  the  demand  for  power  falls  to  a  predetermined 
value  under  load,  d.c.  relays  (13)  operate  to  close  their 
contacts  and  thus  energize  an  underload  delay  relav 
'-').  After  an  interval  of  time,  which  can  be  adjusted 
to  be  from  3  to  20  minutes,  the  time-delay  relay  closes 
its  contact  and  short-circuits  the  coil  of  relay  (3a), 
which  opens  and  de-energizes  relay  (3).  When  relay  (3) 
f)pens,  it  de-energizps  all  the  a.c.  operated  contactors 
and  also  causes  the  ma-n  oil  circuit-breaker  (20)  to 
open.  The  station  is  now  ready  to  start  up  again  when 
the  demand  for  pcAxer  causes  the  d.c.  voltage  to  drop. 
The  sequence  of  operations  described  above  is  very 
quickly  performed,  the  total  time  from  the  demand 
arising  to  the  connection  of  the  rotary  converter  to 
the  line  being  seldom  greater  than  55  seconds,  plus 
the  time-lag  on  the  relay.  This  is  a  great  advance  over 
manual  operation,  which  necessitates  synchronizing  by 
hand. 

The  operation  of  the  station  has  surpassed  our  ex- 
pectations in  that  its  behaviour  has  been  almost 
perfect  since  it  was  first  put  on  load,  or  rather,  put 
itself  on  load. 

Naturally,  numerous  adjustments  to  the  relays, 
etc.,  have  been  necessary,  but  this  has  been  to  enable 
them  to  meet  our  conditions  of  working. 

At  this  point  it  might  be  as  well  to  consider  in  detail 
the  control  of  the  outgoing  d.c.  feeders,  and  to  consider 
two  possible  requirements,  i.e.  to  control  a  dead-ended 
feeder  and  an  interconnector  fed  from  another  source 
of  supply.  With  this  end  in  view  the  reclosing  mechan- 
ism was  designed  to  be  appUcable  to  both. 

The  feeders  arc  therefore  protected  witli  automatic 
reclosing  contactors  having  overload  and  inverse  time- 
limit  relays.  Auxiliary  contacts  on  these  contactors 
are  arranged  to  connect  measuring  resistances  across 
tlie  feeder  circuit  when  the  contactor  opens.  In  the 
case  of  a  dead-ended  feeder  they  measure  the  resistance 
of  the  system,  and  if  tliis  is  above  a  predetermined 
value  the  contactor  closes  again.  If  it  is  not  of  the 
requisite  value  the  contactor  is  prevented  from  closing  ; 
if  at  a  later  period  the  fault  is  removed,  the  contactors 
close  and  restore  the  supply. 

In  the  case  of  an  interconnector  fed  from  another 
source  of  supply  the  contactors  close  only  when  the 
voltage  of  the  interconnector  has  risen  to  a  predeter- 
mined value.  The  operating  relay  is  adjustable  over 
a  wide  range,  and  any  reasonable  conditions  can  be 
met  with  the  apparatus  as  installed. 

X'arious  artificial  faults  have  been  put  on  the  plant 
for  experimental  purposes,  but  have  all  been  dealt 
with  almost  uncannih-. 

The  relays  are  of  substantial  construction  and  we 
do  not  anticipate  that  they  will  give  us  any  trouble 
provided  that  they  have  reasonable  attention. 

The  fact  that  we  have  put  a  second  station  in  hand 
on    similar    lines    to    the    one    described    rather    points 


to  our  entire  satisfaction.  The  author  would  point 
out  that  in  the  station  described,  arrangements  were 
made  to  run  the  plant  for  traction  purposes  when 
desired,  the  automatic  features  functioning  up  to  and 
including  the  rotary-converter  d.c.  contactors,  following 
which  is  a  hand-operated  throw-over  switch,  which 
may  be  closed  on  either  the  lighting  or  traction  busbars, 
as  desired. 

The  traction  feeders  are  controlled  by  hand-operated 
standard  circuit-breakers  and  knife  switches.  As  the 
station  is  on  a  tramway  route  which  several  times 
a  year  has  to  handle  very  heavy  traffic,  this  arrangement 
is  very  useful,  especially  as  the  station  is  situated  on 
the  top  of  an  incline. 

It  is  of  interest  to  refer  to  the  problem  with  which 
we  had  to  deal,  and  the  cost  comparison  which  influenced 
our  decision. 

The  network  between  the  two  stations  mentioned 
was  laid  at  a  pre-war  cost  of  approximately  £20  858, 
but  as  only  40  per  cent  was  available  for  useful  worlv, 
due  to  voltage-drop,  a  feed  into  the  centre  would 
enhance  its  value  nearly  three  times.  The  following 
five  methods  were  open  to  us  : 

(1)  To  change  over  the  whole  of  the  distribution 
in  the  area  in  question  to  alternating  current,  by  con- 
necting the  d.c.  mains  across  a  split  single-phase  trans- 
former. This  would  mean  that  only  a  single-phase 
supply  would  be  available  and  that  all  consumers' 
d.c.  plant,  such  as  motors,  etc.,  would  have  had  to 
be  replaced  by  a.c.  plant. 

(2)  To  replace  the  whole  of  the  d.c.  mains  by  a.c. 
mains,  creating  a  new  a.c.  system  and  finally  scrapping 
the  d.c.  mains ;  or  else  to  superimpose  on  the  area 
an  a.c.  supply.  This  would  mean  that  there  would 
be  two  sy.stems  in  the  same  area,  that  the  d.c.  consumer 
would  be  restricted  to  his  existing  load,  and  that  the 
capacity  of  the  d.c.  mains  would  remain  at  their  present 
value,  i.e.  only  40  per  cent. 

The  cost  of  the  above  methods,  coupled  with  their 
obvious  disadvantages,  led  to  their  ehmination,  and 
only  the  three  follo\\'ing  schemes  were  considered  in 
detail. 

(3)  To  lay  new  d.c.  feeders  from  the  existing  stations 

to  a  central  point  of  the  system,  the  feeders 
to  be  of  sufficient  capacity  to  increase  consider- 
ably the  value  of  the  system. 

This  scheme  would  meet  the  present  difficulty 
but  did  not  allow  for  further  extension  or  of 
new  distributors  being  laid  down  from  the 
point  where  the  feeders  fed  into  the  system. 

(4)  To  erect  a  new  building  and  ecjuip  it  with  manually 

operated  plant  witli  three  double  sliifts  of 
operators. 

(5)  To  erect  a  new  building  and  equip  it  with  fully 

automatic  plant  requiring  the  occasional  services 
of  an  inspector. 

Alternatives  (4)  and  (5)  would  allow  for  \ery  ccn- 
siderable  extension  to  the  existing  distribution  system, 
as  new  distributors  could  be  installed  as  and  wlien 
required. 

W'liichever  of  tlie  three  schemes  was  decided  upon. 
new    buddings   and    plant   would    be   required,    as    the 
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present     feeding    stations    were    not    large    enough    to    | 
allow  of  more  plant   being  installed,  and   the   existing 
plant  was  fully  loaded.     Therefore,  in  considering  the    j 
comparative  cost  of  the  schemes,  the  cost  of  buildings,    [ 
rotary  converter,  manually  operated  converter  and  feeder 
gear  has  been  taken  as  being  common  to  all. 

Considering  first  the  capital  cost  of  alternatives  (3), 

(4)  and  (5)  and  ignoring  the  items  common  to  each, 
the  following  would  appear  to  be  a  fair  basis  of  com- 
parison : — - 

(3)  The  cost  chargeable  is  the  value  of  the  new  cables 

required  from  Cobbs  Quarry  and  Rice  Lane, 
together  with  the  cost  of  laying  the  same  to 
feed  into  the  network  at  the  position  chosen, 
namely  £12  500. 

(4)  Over  and  above  the  cost  of  laying  a  short  length 

of  feeder  out  of  the  station  to  connect  up,  the 
cost  would  be  nil. 

(5)  The  cost  of  the  automatic  gear,  over  and  above 

the  cost  of  the  manually  operated  gear,  £1  795, 
and  connecting  up  feeders  as  in   (4). 

No  sum  has  been  added  in  cases  (4)  and  (5)  for  con- 
necting up  the  feeders,  as  the  cost  would  be  very  little 
and  the  annual  charge  less. 

The  cost  of  the  liigh-tension  cable  in  cases   (4)   and 

(5)  was  not  taken  into  account,  because  in  the  particular 
case  under  consideration  the  high-tension  cable  was 
already  in  existence  and  passed  the  site  chosen.  In 
other  cases  this  cost  will,  of  course,  have  to  be  taken 
into  account. 

As  regards   the   operation   of  the   three   schemes  : — • 

(3)  would    require   very   little    more   attention    than 

at  present,  as  the  stations  were  already  staffed 
and  inspection  would  be  as  hitherto  ;  also 
the  hghting  would  be  only  shghtly  in  excess 
of  the  existing  lighting.  The  cable  losses  were 
neglected  ;  plant  losses  in  converters,  being 
common  to  all  three  schemes,  were  also  neglected, 
so  that  the  only  charges  on  this  scheme  are 
the  capital  charges. 

(4)  would  require  three  shifts  of   two  men  per  sliift, 

at  £1  285  per  annum.  As  tins  station  would 
come  within  the  routine  of  a  general  inspection, 
the  cost  of  inspection  was  ignored.  The 
lighting  of  the  station  would  cost  about  £20 
per  annum,  so  that  the  total  running  charges 
would  be  £1  305  per  annum. 

(5)  would     require    more    sl-cilled    inspection    and    a 

consequently  higher  rate  of  pay  than  the 
manually  operated  station,  but  tliis  would 
be  more  than  balanced  by  the  reduction  in 
clerical  work  at  headquarters,  consequent  on 
there  being  no  weekly  wages  to  be  made  cut 
and  paid  to  shift  men. 

The  station  lighting  would  be  nil,  as  obviously 
it  would  not  be  required. 

The  maintenance  in  the  case  of  all  three  alternatives 
has  been  considered  as  common  to  each,  although 
the  maintenance  on  scheme  (5)  might  be  shghtly  in 
excess  of  that  on  either  scheme  (3)  or  (4). 


As  pointed  out  above,  three  shifts  would  be  required 
in  the  manually  operated  station  (4)  although  possibly 
only  working  50  per  cent  of  its  time,  and  on  tliis  basis 
station  (5)  operating  on  load  for  12  hours  and  being 
idle  for  12  hours  per  day,  with  units  at  Id.  for  operation 
purposes,   would  cost  £93  per  annum  for  energy. 

Therefore  in  this  station  we  should  have  a  capital 
charge  on  the  excess  of  automatic  over  non-automatic 
gear,  and  also  a  running  or  operating  charge  of  £93 
per  annum.  This  brings  us  to  the  following  actual 
charges  : — 

(3)  £12  500  at,  say,  9  per  cent         .  .     £1  125  per  annum 

(4)  Running  charges  .  .  .  .     £1  305     ,. 

(5)  £1  795  at,  say,  9  per  cent  =  £1C2\ 

Running  charge  =    £93/ 

It  would  appear  from  the  above  figures  that,  taking 
the  difference  between  (3)  and  (5),  there  would  be  a 
saving  of  £870  in  favour  of  (5)  and  a  difference 
between  (4)  and  (5)  of  £1  050  per  annum  in  favour 
of  (5),  which  represents  a  considerable  saving  in  the 
cost  of  units  supplied  from  this  station.     . 

The  energy  required  to  operate  the  station  is  as 
follows  : — 

When  idle. — At  such  times  the  operating  transformer 
and  also  the  d.c.  low-tension  feeder  contactors,  of  which 
there  are  eight  (the  neutral  switches  not  being  auto- 
matic), are  alive. 

Operating  transformer       .  .  .  .  . .  275  watts 

Eight   feeder   contactors  at  ISO -5  watts 

each  .  .  . .  . .  . .  . .      1  444 


Total 


1  719  watts 


Wlien  operating. — At  such  times  the  operating  con- 
tactors, in  addition  to  the  above,  are  all  closed,  making 
a  total  of  3  397  watts,  and  it  was  on  the  above  figures 
that  the  operating  cost  of  £93  was  calculated. 

In  practice  it  is  found  that,  although  the  voltage 
regulator  keeps  the  pressure  steady,  it  does  not  allow 
for  a  rise  in  pressure  with  increase  in  load,  i.e.  there 
is  no  compounding  effect.  This  point  in  a  manually 
operated  station  is  taken  care  of  by  the  operator,  so 
that  a  contactor  tj'pe  of  field  regulator  is  being  intro- 
duced, which  is  operated  from  the  main  ammeter 
shunts  and  which  will  automatically  raise  or  lower 
the  pressure  1  volt  for  every  100  amperes  increase  or 
decrease  in  load. 

As  stated  above,  numerous  tests  have  been  applied 
to  prove  the  abihty  of  the  autom.atic  gear  to  operate 
under  faulty  conditions,  and  its  operation  has  been 
not  only  satisfactory  but  much  more  accurate  and  rapid 
than  manual  operation,  the  various  relays  being  able 
to  discriminate  more  rapidly  than  the  human  mind. 

The  author  concludes  with  the  hope  that  the  informa- 
tion given,  and  the  causes  and  considerations  which 
led  up  to  the  decision  of  the  Electricity  Department 
to  adopt  automatic  stations,  may  be  of  service  and 
helpful  to  many  engineers  who  may  be  hesitating  as 
to  the  adoption  of  fully  automatic  stations. 

The  thanks  of  the  author  are  due  to  Mr.  H.  Dickinson, 
the  City  Electrical  Engineer  of  Liverpool,  for  permission 
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to  publish  the  information  contained  in  the  paper, 
and  to  Mr.  L.  Breach  for  his  valuable  assistance  in 
the  preparation  thereof. 


APPENDIX   A. 

Relays  used  in  the  Operation  of  the  Station. 

(1)  Under-voltage  relay. 

(2)  Low-voltage  and  time  relay. 
(3),  (4)  and   (5)  A.C.  shunt  relays. 
(3a)  A.C.  shunt  relay. 

(6)  A.C.  starting  contactor. 

(7)  Polarized  motor  relay. 
(9)     Field-reversing  relay. 

(10)  4  P.D.T.  held  contactor. 

(11)  A.C.  running  contactor. 

(12)  to  (16)   1  250-ampere  "  C.B."  contactor  (hne  and 

resistance  shunting). 
(12a)  D.C.  accelerating  relay. 

(13)  Series  underload  relay. 

(17)  1  P.D.T.  knife  switch. 

(18)  Low-voltage  and  reverse-phase  relay. 

(19)  A.C.   shunt  relay. 

(20)  Main  oil  circuit  breaker. 
(20a)  No-voltage  release. 

(21)  Low-voltage  and  time  relay. 
(21a)  A.C.  shunt  relay. 

(22)  125-ampere  contactor. 

(23)  A.C.  overload  relay. 

(24)  Overspeed  device. 

(25)  Bearing  thermostat. 

(27)  Underload  delay  relay. 

(28)  Grid  thermostat. 

(29)  Thermal  time-element  relay. 

(30)  Lock-out  relay. 

(31)  Brush-lifting  device. 
(31a)  A.C.  shunt  relay. 

(3 Id)  Brushes  down. 
(31u)  Brushes  up. 

(32)  D.C.  reverse-current  relay. 
(34)  and  (35)  Measuring  relays. 
(37)     D.C.  line  contactor. 

(37)  A.C.  shunt  relay. 

(38)  Field-current  relay. 

(40)  and  (41)  Feeder  contactor. 

(46)  Unbalanced  phase-current  relay. 

(47)  and  (48)  Time-lag  opening  relay. 
(51)  and  (52)  Overload  relay. 

(64)     Automatic  voltage  regulator. 


APPENDIX  B. 

A    Short    Description    of    the    Principal    Relays 

USED     IN     THE     OPERATION     OF     THE     STATION. 

(1)  Under-voltage  relay. — This  is  a  simple  solenoid- 
and-plunger  type  of  relay  in  which,  when  energized, 
the  plunger  is  drawn  up  into  tlie  coil.  This  plunger 
is  connected  at  one  end  to  a  pivoted  arm  with  a  contact 
on  the  other  end.  The  weight  of  the  plunger  is  partially 
counterbalanced  by  a  coil  spring  attached  to  the  opposite 
end  of  the  pivoted  arm.      This  spring  is  used  for  adjust- 


ing the  voltage  at  which  the  relay  is  required  to  operate. 
This  type  of  relay  is  very  sensitive  and  responds  to 
shght  changes  in  voltage. 

(2)  Low-voltage  and  time  relay. — The  main  feature 
of  this  relay  is  to  provide  a  short  time-interval 
between  the  closing  of  contact  (1)  and  the  opera- 
tion of  master  relay  (3a).  It  is  of  the  induction 
type  and  operates  from  a  single-phase  circuit.  An 
aluminium  disc  is  mounted  in  the  air-gap  between 
the  poles  of  the  laminated  core.  The  shaft  of  this 
disc  carries  one  of  a  set  of  contacts,  and  when  the  relay 
is  de-energized  these  contacts  are  held  open  by  a  spring 
which  rotates  the  disc  until  the  movable  contact  strikes 
the  top.  When  the  relay  is  energized  the  torque  over- 
comes the  tension  of  the  springs  and  the  disc  rotates 
until  the  contacts  close.  The  movement  of  the  disc 
is  retarded  by  the  damping  effect  of  the  disc  as  it  moves 
between  the  poles  of  a  strong  permanent  magnet.  The 
time  setting  of  the  relay  is  changed  by  altering  the 
position  of  the  adjustable  stop,  wliich  either  shortens 
or  lengthens  the  arc  through  wliich  the  disc  must 
rotate  before  the  contacts  are  closed.  This  time  is 
adjustable  from  zero  up  to  a  few  minutes.  The  con- 
struction of  the  relay  also  makes  it  a  low-voltage  relay, 
since,  if  the  applied  voltage  is  too  low,  the  resulting  torque 
will  not  be  sufficient  to  overcome  the  pull  of  the  spiral 
spring  and  the  disc  will  not  rotate. 

(7)  Polarized  motor  relay. — Tliis  is  a  d.c.  motor- 
driven  relaj',  the  armature  of  which  is  connected  to 
the  converter  pilot  brushes.  The  field  is  produced 
by  permanent  magnets.  The  motor  drives  the  arma- 
ture of  a  magnetic  clutch  through  a  series  of  reduction 
gears.  When  the  clutch  coil  is  energized,  the  clutch 
solenoid  housing,  wliich  is  mounted  loose  on  the  shaft, 
is  drawn  along  until  it  engages  with  the  clutch  armature. 
Attached  to  the  outside  of  the  housing  is  an  arm  carry- 
ing the  movable  contacts.  A  spring  mounted  on 
the  shaft  keeps  the  clutch  housing  normally  in  such 
a  position  that  this  movable  contact  is  held  midway 
between  the  stationarj^  contacts  (7b)  and  (7d).  The 
clutch  coil  is  connected  in  parallel  with  the  motor 
arma.ture  so  that  it  engages  and  disengages  simultane- 
ously with  the  starting  and  stopping  of  the  motor. 
Wlien  the  proper  voltage  is  apphed  to  the  motor  it 
will  start  in  the  direction  dependent  upon  the  polanty 
of  the  armature  circuit,  and  the  clutch  housing  with 
the  movable  contacts  will  turn  until  contact  is  made 
with  either  (7b)  or  (7d),  the  top  and  bottom  contacts. 
Immediately  after  the  clutch  relay  is  de-energized  the 
clutch  disengages  and  the  spring  returns  the  clutch 
housing  to  the  mid-po.sition.  Contact  with  the  clutch 
coil  is  made  by  two  small  fingers.  Another  set  of 
fingers  (7a)  is  bridged  by  a  contact  strip  on  the  clutch 
housing  when  this  is  in  the  mid-position. 

(18)  Reverse-phase,  open-phase  and  low-voltage  relay. — 
This  relay  is  very  similar  to  relay  (2)  e.xcept  that  it 
is  a  polyphase  instrument.  The  relay  is  connected 
in  the  circuit  so  that  with  normal  phase  rotation  the 
contacts  are  held  open  against  the  tension  of  a  spiral 
spring  by  the  .torque  of  the  disc.  If  the  phase  rotation 
is  changed,  the  torque  will  also  be  in  the  .opposite  direc- 
tion and  the  contacts  will  be  closed.  Also,  if  an  open 
phase    occurs    no    torque    will    be    exerted.     Therefore 
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a  spring  will  rotate  the  disc  and  close  the  contacts. 
If  the  voltage  drops  below  a  certain  value  (usually  80 
per  cent)  the  torque  will  not  be  sutficient  to  overcome 
the  effect  of  the  spring  when  the  contacts  are  closed. 

(21)  Time  and  lav-voltage  relay. — This  is  an  exact 
dupHcate  of  relay   (2). 

(23)  A.C.  overload  relays. — These  are  the  standard 
induction-tj'pe  overload  relays,  and  their  construction 
and  principle  of  operation  are  very  similar  to  those  of 
relay  (2),  except  for  a  few  minor  details.  The  relay 
is  single-phase  and  the  element  is  wound  w-ith  a  current 
coil  instead  of  a  potenrial  coil.  A  number  of  taps 
(usually  6  or  8)  are  taken  off  the  small  current  trans- 
former and  brought  up  to  the  terminal  plate  on  the 
index  scale.  Tlris  gives  the  different  current  values 
at  wliich  the  relay  will  operate  and  close  its  contact. 
The  relay  has  an  inverse  time-element  up  to  a  certain 
percentage  of  the  operating  load,  but  for  greater  currents 
the  minimum  time  required  to  close  the  contacts  is 
practically  constant. 

(25)  Bearing  thermostats. — These  consist  of  copper 
bellows  connected  through  a  small  copper  tube  to  a 
bulb  which  is  embedded  in  the  lower  half  of  the  bearing, 
w  here  it  will  be  subject  to  the  maximum  bearing  tempera- 
ture. The  bulb  and  the  bellows  are  partially  filled  with 
a  liquid  wlrich  vaporizes  at  a  given  temperature.  When 
the  bearing  reaches  tliis  temperature  the  bellows  elongate 
owing  to  the  pressure  of  the  vapour,  and  the  contacts 
are  closed,  and  they  remain  in  that  position  until  reset 
bv  hand.  Thus,  in  addition  to  tripping  the  lock-out 
relay,  the  inspector  will  have  a  positive  indication  as 
to  which  bearing  was  hot.  I'he  thermostats  operate 
at  approximately  90°  C. 

(27)  A  .C.  underload  delay  relay. — This  is  a  motor- 
operated  relay  and  consists  of  a  small  induction  motor 
driving,  through  a  spur-and-worm  gear  reduction,  a 
disc  which  carries  a  moving  contact.  The  function  of 
the  gearing  is  to  provide  a  long,  definite  time-interv^al 
betiveen  the  starting  of  the  motor  and  the  closing  of 
the  contacts.  Intervals  of  from  3  to  30  minutes  may- 
be obtained.  In  addition  to  the  slow-closing  contacts 
(27T)  there  is  a  second  set  of  contacts  (27S)  provided, 
wliich  close  momentarily  at  approximately  Ij^  minutes 
after  the  motor  starts  to  revolve.  These  are  the  starting 
protective  contacts  wliich  lock  the  station  out  if  it 
fails  to  start  within  a  given  length  of  time. 

(28)  Grid  thermostats. — These  are  practically  the  same 
as  the  bearing  thermostats,  the  only  difference  being 
that  they  operate  at  a  higher  temperature.  They 
will  reset  again  as  soon  as  the  thermostat  cools. 

(29)  Tliermal  time-element  relay. — This  consists  of  a 
number  of  bimetalHc  springs  attached  to  a  shaft  which 
carries  a  movable  contact.  Current  from  the  secondary- 
of  a  current  transformer  in  the  low-tension  side  of  the 
power  transformer  is  passed  through  the  bimetalhc 
springs  and  heats  them.  The  springs  tend  to  unwind 
and  in  so  doing  the  shaft  is  rotated  and  the  contacts 
close.  The  element  is  mounted  in  a  heat-insulated 
case  which  is  filled  with  oil.  The  relay  follows  very 
closely  the  heating  of  the  machine  and  is  ver\-  efficient 
in  protecting  the  converter  from  damage  due  to  over- 
heating. Mounted  in  the  .same  case  is  a  low-ratio 
transformer which  gi\es  the  correct  current  in  the  relav, 


so  that  it  will  operate  at  the  most  satisfactory  point 
on  the  cahbration  curve. 

(30)  I.och-otit  relay. —  This  relay  has  two  pairs  of 
contacts  and  a  contact  bridge  which  can  make  contact 
across  either  the  lower  or  upper  pair  of  contacts.  In 
the  normal  position  this  contact  bridge  is  latched  so 
that  the  circuit  is  closed  through  the  lower  set  of  contacts. 
When  the  operating  coil  is  energized  the  latch  is  released 
and  a  spring  moves  the  bridge  until  it  connects  the 
upper  pair  of  contacts  and  interrupts  the  circuit  through 
the  bottom  pair.  Once  the  relay  has  operated  it 
must  be  reset  by  hand.  A  small  target  indicates 
wliite  when  the  relay  has  operated. 

(311  Brush-lifting  device. — Ihis  consists  of  a  motor  con- 
nected through  reduction  gear  to  a  brush-hfting  ring  on 
the  converter.  A  jack-shaft  carries  four  cams  which 
operate  four  contactor  switches.  Two  of  these  are  limit 
switches  which  stop  the  motor  when  the  brushes  are  in 
the  correct  position,  either  up  or  down,  and  the  other  two 
are  interlock  contacts,  one  of  which  prevents  the  converter 
from  starting  until  the  brushes  are  up  and  the  other 
prevents  the  hne  switch  from  closing  until  the  brushes 
are  down.  The  motor  is  of  the  clutch  type  and  does  not 
pick  up  load  until  it  is  almost  up  to  full  speed.  It  is  a 
single-phase  motor  and  the  spht  phase  is  used  in  starting. 

(32)  D.C.  reverse-current  relay. — This  relay  operates 
on  the  moving-coil  principle,  and  is  very  similar  to  a 
milhvoltmeter,  except  tliat  all  the  parts  are  heavier 
and  more  robust.  The  relay  is  so  connected  that  it 
will  close  its  contacts  only  when  cunent  flows  in  the 
reverse  direction. 

(34)  and  (35)  .Measuring  relays. — These,  in  connection 
with  a  suitable  bridging  resistance,  automatical^ 
measure  a  short-circuit  on  the  feeder  when  the  breaker 
trips  and  determine  when  the  conditions  are  such  that 
the  current  will  not  be  above  a  predetermined  value 
when  the  breakers  reclose.  The  relays  are  very  sensitive 
to  changes  in  current  and  are  capable  of  very-  accurate 
adjustment. 

(46)  Phase-balance  current  relav. — Tliis  is  used  to 
protect  the  converter  against  running  single-phase. 
Relay  (18)  will  only  prevent  the  machine  from  starting 
up  on  a  single-phase,  and  in  the  case  of  phase  failure 
wiiile  the  converter  is  running  it  would  continue  to 
run  on  single-phase  and  act  as  a  phase  converter  and 
supply  tliree-phase  potential  which  would  hold  the 
contacts  of  relay  (18)  open.  However,  with  relay  (46) 
in  the  circuit  it  will  operate  when  the  phase  failure 
occurs,  and  shut  the  station  down.  Then,  if  the  trouble 
is  on  the  high-tension  side,  relay  (IS)  will  close  its  contacts 
and  prevent  the  station  from  starting  until  the  three 
phases  are  normal.  If  the  trouble  should  be  on  the 
low- tension  side,  relav  (18)  will  not  operate,  and  the 
station  can  start  up  again.  As  soon  as  it  attempts  to 
start,  relay  (46)  operates  again.  During  starting  the 
contacts  of  relay  (46)  are  connected  in  the  lock-out  relay 
circuit,  so  that  the  station  w-ould  then  be  locked  out. 
Tliis  is  a  special  polyphase  induction-tj^je  relay  and 
is  operated  from  the  secondaries  of  the  current  trans- 
former in  the  low-tension  circuit.  If  an  imbalanced 
load,  such  as  a  phase  failure,  occurs,  the  torques  pro- 
duced at  the  different  elements  will  not  be  the  same  and 
the  relav  contacts  will  close. 
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Discussion-  before  The  Institutiox,  1  February,  1923. 


Mr.  B.  Welbourn  :  The  subject  of  the  paper  interests, 
I  think,  three  sections  of  the  industry,  first,  operating 
engineers,  rnany  of  whom  are  now  troubled  with  over- 
loaded low-pressure  networks  ;  secondly,  cable  makers  ; 
and  thirdly,  plant  manufacturers.     I  dismiss  the  cable 
makers  very  briefly  because  they  have  nothing  whatever 
to  lose  in  the  average  case,   which  will  require  high- 
pressure   feeders.     The   author's   case  is   a  special  one 
where  high -pressure   feeders   existed.     Other  examples 
are  to  be  put  down  and  they  must  involve  the  use  of 
more   cable.     I  have  watched   the  starting   up  of  the 
Liverpool  substation  and  on  two  occasions  the  rotary 
converter   started   up   with    the   wrong   polarity.     The 
switches   described   by  the   author  changed   over   very 
rapidly   so    as   to    correct   the   polarity.     Last   year    I 
examined   a   fully  automatic    traction  substation  near 
Chicago.     In   that   case   the  plant   was  made    by  the 
General    Electric   Company   of   Schenectady,    and   was 
supposed  to  be  the  last  word  in  automatic  plant.     It 
behaved  in  the  same  perfect  way  as  the  plant  at  Liver- 
pool, which  is  made  by  the  Metropolitan- Vickers  and 
Westinghouse  Companies,  but  both  appeared  to  contain 
some  unnecessary  apparatus.   I  can  quite  understand  that 
manufacturers  and  operating  engineers  will  all  play  for 
safety  while  they  are  launching  an  entirely  new  scheme, 
but  I  would  ask  them  to  combine  to  collect  operating 
data  so  that  they  can  determine  after,  say,  five  years'  ex- 
perience how  much  of  this  auxiliary  apparatus  can  be 
eliminated,  because  this  is  very  unlikely  to  be  the  last 
word  in  automatic  substations.    Statistics  will  inevitably 
show  that  certain  risks  can  be  accepted  as  good  commer- 
cial risks.     For  instance,  one  would  think  that  at  this 
stage  of  the  art  it  is  hardly  necessary  to  put  thermostats 
on  every  bearing.     I  think  that  the  author  makes  out 
a  good  case,  from  the  commercial  point  of  view,  for  the 
decision    reached    at    Liverpool.     The    whole    trend    of 
practice  at  the  present  time  is,  in  view  of  heavy  labour 
costs,     towards     automatic     devices.     We     now     have 
automatic  telephones,  automatic  lifts  and  so  on,  and  I 
think  that  no  one  need  be  in  any  way  afraid  of  the 
adoption  of  this  principle,  because  past  experience  shows 
that  the  adoption  of  labour-sa\ing  de%ices  brings  more 
business  and  thus  more  work  for  labour.     Up  to  the 
present  all  this  fully  automatic  substation    plant   is  of 
American  origin,  although  not  the  whole  of  it  has  been 
manufactured  in  America.     In  that  connection  it  would 
be  of  interest  to  know  where  our  own  manufacturers 
stand  ;    for  instance,   whether  they  are  ready  for  the 
considerable  market  which  is  sure  to  come.     During  the 
past  few  days  an  important  order  has  been  placed  in  one 
of  our  northern  cities  for  automatic  substations,  and  it  is 
an  open  secret  that  the  plant  is  being  made  in  this 
country  for  a  number  of  fully  automatic  traction  sub- 
stations.    As    Chairman    of    the    Committee    which    is 
organizing  the   Liverpool  portion  of   the    Institution's 
Summer    Meeting    this    year,     I    may   say    that    this 
autoniatic     substation    will     be    thrown    open    for    in- 
spection,   and    I   feel  sure  that  it  will   prove  to  be  the 
P'tcn  de  resistance  in  that  city. 

Mr.  G.  H.  Morris  :  I  also  have  seen  the  substation 


described  by  the  author,  and  I  agree  with  Mr.  Welbourn 
that  a  reduction  in  the  amount  of  auxiliary  apparatus 
would  be  a  very  great  advantage.  During  my  visit 
the  station  was  started  up  many  tinies,  the  average 
time  taken  being  about  44  seconds,  ^^^len  the  rotary 
converter  built  up  with  the  wrong  polarity  it  took  about 
5  seconds  longer,  but  generally  speaking  there  was  no 
fault  to  find  in  the  sequence  of  operation.  The  paper 
states  that  the  cost  of  attendants  in  a  manually 
operated  station  would  be  about  £1  200  per  annum,  but 
this  figure  is,  I  think,  rather  high.  I  notice  that  two 
attendants  are  allowed  for  on  each  shift,  but  I  do  not 
agree  that  is  really  necessary  in  a  500  kW  station,  and 
as  this  station  is  used  on  the  peak  load  only  I  think 
that  three  shifts  would  be  unnecessary. 

Dr.  E.  W.  Marchant :  I,  also,  have  seen  the  Liverpool 
substation  in  operation.  The  controls  may  appear 
complicated  on  paper,  but  the  apparatus  is  very  sound 
and  strong  and  the  station  bears  the  stamp  of  good 
design,  both  electrically  and  mechanically.  With 
regard  to  the  increase  in  utilization  of  the  mains  which 
is  brought  about  by  increasing  the  number  of  feeding 
points,  if  one  has  a  main  of  uniform  section  laid  between 
two  substations,  and  one  assumes  that  there  is  a  certain 
uniform  demand  for  current  along  the  whole  length 
of  the  main,  the  maximum  value  of  the  permissible 
current  demand  is  limited  by  the  pressure-drop  which 
is  allowed.  This,  of  course,  in  the  case  considered 
will  be  a  maximum  at  the  mid-point  between  the 
two  substations.  If  now  a  sub?tation  is  introduced 
at  the  mid-point  between  the  original  substations, 
the  current  demand  that  can  be  dealt  with  per  yard  of 
mairi,  for  the  same  maximum  pressure-drop,  will  be 
four  times  as  great.  This  may  be  explained,  as  the 
author  has  stated,  by  the  fact  that  (1),  owing  to  the 
distance  from  the  substation  to  the  point  of  maximum 
pressure-drop  being  halved,  it  is  permissible  to  take 
twice  as  much  current  from  the  substation,  and  that 
(2),  owing  to  the  introduction  of  the  substation,  the 
number  of  feeding  points  to  the  main  will  be  doubled. 
Up  to  the  present,  the  only  factor  that  has  had  to  be 
taken  into  account  in  determining  the  maximum  load 
permissible  on  the  distributing  system  has  been  the  pres- 
sure-drop, and  the  automatic  substation  described  has 
been  de\'ised  with  a  view  to  maintaining  the  pressure  on 
the  mains.  When  the  feeding  stations  are  sufficiently 
numerous,  however,  the  extent  to  which  the  mains  will 
be  utihzed  will  depend  on  their  permissible  heating. 
If  a  very  large  number  of  feeding  points  is  introduced 
it  is  easy  to  see  that  the  current  density  in  the  mains 
may  be  very  greatly  increased.  In  this  connection  it  is 
interesting  to  note  that  there  is  a  great  advantage,  iram 
the  point  of  view  of  heating,  in  laying  a  number  of  smaller 
mains  in  place  of  a  few  large  ones.  In  the  tests  that  we 
made  in  this  laboratory  with  mains  as  laid  by  the 
Liverpool  Corporation,  we  found  that  with  a  mam  of 
O-I  sq.  in.  section  the  permissible  current  density  for  a 
temperature-rise  of  20  degrees  C.  was  2  200  amperes 
per  sq.  in.,  whereas  for  a  0-6  sq.  in.  main  and  the  same 
temperature-rise   the    permissible   current   density    was 
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only  1  000  amperes  per  sq.  in.  It  would  seem,  therefore, 
that  when  heating  is  the  predominant  factor  deter- 
mining the  limit  of  load  that  can  be  put  on  the  system, 
it  is  desirable  to  use  a  number  of  mains  of  comparatively 
small  section,  in  place  of  a  few  very  heavy  conductors. 
On  economic  grounds  the  case  for  the  automatic 
substation  has  been  very  clearly  made  out  in  the  paper, 
^nd  there  seems  little  doubt  that,  as  time  goes  on,  an 
increasing  number  of  them  will  be  employed  on 
distributing  networks. 

Mr.  L.  H.  L.  Badham  :  In  the  installation  described 
in  the  paper  I  notice  that  the  machine  is  tap-started 
and  fitted  with  a  brush-raising  device.  This,  however, 
introduces  a  large  number  of  special  devices.  A  method 
which  appears  to  be  less  complicated  is  that  employed 
in  the  1  500-volt  automatic  rotary-converter  sub- 
stations in  use  on  the  Victorian  Railways.  The  machines 
are  started  with  the  standard  Rosenberg  method  of 
self-synchronizing.  Each  machine  has  also  a  small 
belt-driven  d.c.  generator  mounted  on  the  same  base- 
plate, and  this  excites  an  auxiliai-y  shunt  winding  on 
the  rotary  converter  during  the  period  of  starting,  thus 
ensuring  correct  polarity  This  small  generator,  how- 
ever, is  essentially  to  provide  the  necessary  source  of 
d.c.  supply  for  the  operation  of  the  high-speed  d.c.  circuit 
breakers  with  which  these  machines  are  protected. 

Mr.  W.  M.  Selvey  :  We  are  enjoj-ing,  as  a  heritage 
of  the  past,  a  svstem  of  distributing  electricity  in  a  form 
which  lent  itself  in  the  early  days  to  the  simplest  and 
most  rapid  progress.  To-day  we  have  progressed  so 
rapidlv  that  difficulties  have  arisen,  due  to  the  rapidity 
of  the  progress.  If  we  turn  in  another  direction  to 
consider  the  question  of  traction,  the  cost  of  a  substation 
operator  has  become  a  very  serious  item  in  comparing 
the  relative  merits  of  a.c.  traction  and  d.c.  traction. 
There  is  no  system  of  mechanism  which  cannot  be 
improved  ;  in  fact,  the  machine  has  almost  begun  to 
eat  the  man.  The  protagonists  of  the  d.c.  traction 
system  have  produced  first  of  all  in  America  a  macliine 
wliich,  as  the  author  says,  acts  almost  more  rapidly 
and  more  preciselv  than  the  human  brain.  Therefore 
it  is  quite  natural  that  when  there  are  certain  great 
immediate  advantages  to  be  gained  one  should  adopt 
a  comphcated  system  of  mechanism.  The  idea  is  not 
new  ;  many  years  ago  the  problem  was  suggested  to 
Edison,  and  after  considering  it  very  thoroughly  he 
arrived  at  the  conclusion  that  it  was  cheaper  to  employ 
substation  assistants  at  2os.  a  week.  Let  us  consider  a 
little  more  closely  what  the  author  is  putting  for\vard. 
He  says,  in  effect  :  "I  have  a  .system  here  on  which  I 
have  spent  £20  000,  and  I  am  faced  with  the  necessity 
of  doing  something  more  or  less  immediately.  Therefore 
I  can  cast  a  balance  sheet,  to  see  wliich  of  tliree  methods 
to  adopt."  In  casting  his  balance  sheet  he  takes,  as  the 
sole  criterion,  the  utihzation  factor,  wliich  is,  at  present, 
only  40  per  cent  with  the  cables,  but  which  he  wishes 
to  raise  to  a  figure  not  stated.  One  of  his  main  arguments 
for  taking  this  as  the  basis  is  given  in  the  first  column  on 
page  417,  where  he  says  :  "  The  more  extensive  use  of 
domestic  apparatus  has  had  the  effect  of  raising  the 
average  load  taken  by  consumers  from  1  kW  to  1  kW 
for  lighting,  up  to  5  or  6  kW  on  the  average  when 
domestic  apparatus  such  as  radiators,  cookers,  vacuum 


cleaners,  irons,  etc.,  has  been  installed."  I  tliink  that 
is  the  basis  of  the  paper,  and  if  that  is  so,  by  means  of  his 
automatic  substation  the  author  proposes  to  perpetuate 
a  system  of  low-tension  distribution.  If  he  has  already 
spent  £20  000  on  something  which  has  produced  ^  kW 
to  1  kW  per  head,  what  is  he  going  to  spend  on  cables 
if  he  gets  this  increased  demand  ?  Is  he  considering 
what  he  shall  do  to  utiUze  the  £20  000  worth  of  cables 
which  he  already  has  and  get,  let  us  say,  80  per  cent 
utilization,  which  would  make  them  worth,  from  his 
point  of  view,  £40  000,  or  is  he  indirectly  going  to 
perpetuate  a  system  which  commits  him  to  an  expendi- 
ture of  another  £100  000  for  cables,  without  first  seeing 
what  would  happen  if  he  had  taken  steps  to  superimpose 
an  a.c.  S5'Stem  ?  I  do  not  suggest  that  he  has  arrived 
at  the  wrong  solution,  but  I  do  suggest  that  perhaps 
he  has  not  followed  up  fully  the  argument  arising 
from  his  premises.  It  is  a  very  serious  thing,  to  my 
mind,  if  we  are  in  any  case  committed  to  the  perpetua- 
tion of  a  system  of  low-tension  distribution.  I  am 
strongly  seized  with  what  appears  to  be  tlie  uneconomic 
expenditure  on  changing  over,  but  I  am  still  more 
strongly  impressed  by  the  difficulties  that  will  arise  if  we 
continue  to  take  a  new  load  of  heating  and  cooking  on 
to  the  old  distribution  system.  I  am  afraid  we  are 
getting  very  much  into  an  impasse,  and  I  suggest  that 
any  system  of  automatic  substations  must  be  properly 
confined  to  traction  work  where  the  system  is  direct 
current,  and  to  those  districts  wliich  seem  to  be  fairly 
well  saturated  and  in  which  there  is  not  likely  to  be  a 
five-fold  increase  of  load. 

Mr.  G.  A.  Cheetham  :  The  author  is  the  first  engineer 
in  the  country  to  have  the  courage  of  his  convictions 
and  to  introduce  plant  into  this  country  wliich  has  been 
used  to  some  e.xtent  in  America.  A  brief  resume  of  the 
liistory  of  the  intioduction  of  automatic  apparatus  into 
America  would  perhaps  be  not  out  of  place.  In  1914 
the  General  Electric  Company  devised  a  scheme  of 
automatically  operating  a  substation,  and  they  were  the 
pioneers  in  that  respect.  They  carried  on  for  a  few 
vears  along  the  lines  they  had  originally  designed,  and 
introduced  various  improvements.  I,ater  the  American 
Westinghouse  Company  also  commenced  to  supply 
automatically-operated  control  gear  for  substations, 
but  they  carried  out  this  scheme  of  automatic  control 
in  a  slightly  different  manner.  There  are,  of  course, 
numerous  ways  of  controlhng  substations ;  electro- 
pneumatic  devices  or  cam-operated  switches  can  be  used. 
The  American  manufacturers  thoroughly  tested  their 
scheme  of  automatic  gear  before  putting  it  on  the  market, 
and  that  is  a  warning  note  that  British  manufacturers 
should  bear  in  mind.  After  all,  automatic  operation 
is  only  a  logical  extension  of  the  protective  and  control 
gear  which  we  have  had  in  this  countiy  for  a  very  con- 
siderable time,  and  at  last  (because  this  gear  has  to  be 
in  operation  daily)  it  is  about  to  receive  some  attention 
in  the  way  of  inspection.  The  engineer  hopes  that 
protective  gear  will  operate  only  on  very  rare  occasions, 
and  in  consequence  it  is  forgotten.  For  that  reason 
many  engineers  have  not  a  good  word  to  say  for  it. 
It  is  essential  that  an  automatic  substation  should  be 
thoroughly  inspected  and  that  care  should  be  taken  of 
the  gear  if  satisfactory  operation  is  expected  from  it. 
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A  device  illustrating  the  simplicity  of  the  gear,  which 
in  this  particular  instance  is  only  used  for  the  protection 
of  a  traction  feeder,  actually  discriminates  between  a 
short-circuit  and  an  overload.  That  at  once  suggests 
complexity,  but  it  is  really  very  simple.  An  ordinary 
a.c.  transformer  is  put  on  to  the  d.c.  main,  and  the  rate 
of  change  of  current  instead  of  the  actual  value  of  the 
current  is  measured.  A  very  simple  device  enabling 
the  feeder  to  be  disconnected  immediately  a  short-circuit 
occurs,  allows  the  feeder  to  remain  on  load  to  its  full 
capacity  in  the  case  of  an  ordinary  overload.  With  regard 
to  the  results  of  the  operation  of  automatic  substations 
in  America,  I  propose  to  read  a  very  brief  extract  from 
a  report  read  before  the  American  Electric  Railway 
Engineering  Association  at  the  end  of  1921.  It  is  as 
follows  :  "  From  the  operatmg  records  available  it  would 
appear  that  automatic  operation  is  more  rehable  than 
manual  operation.  With  any  property,  no  matter  how 
well  trained  the  operators  may  be,  there  are  certain  errors 
of  human  judgment  that  must  necessarily  enter  into 
the  operation.  In  the  large  centres  of  population, 
where  the  tendency  for  high  labour  turnover  is  more 
pronounced,  there  will  always  be  a  larger  percentage  of 
new  operators  on  the  system  than  in  some  of  the  less 
active,  smaller  cities.  This  higher  percentage  of 
inexperienced  operators  will  result  in  more  operating 
mishaps,  which  are  avoided  bv  the  use  of  automatic 
control.  Where  interruptions  of  the  a.c.  power  supply 
are  at  all  prevalent,  the  automatic  control  stands  out  con- 
spicuousl}'  because  of  the  speed  with  wliich  service  is  re- 
stored." Altogether  there  are  now  400  automatic  stations 
operating  in  America.  With  respect  to  the  change-over 
from  direct  current  to  alternating  current,  one  point  that 
is  often  lost  sight  of  is  the  usefulness  of  a  d.c.  load  in 
enabling  a  supply  authority  to  keep  up  its  power  factor. 
If  direct  current  is  to  be  retained  and  utilized  to  its  full 
advantage,  and  if  copper  also  is  to  be  utihzed  to  its  full 
advantage,  the  natural  tendency  is  to  distribute  a  large 
number  of  substations  over  a  network  at  frequent  inter- 
vals. In  the  past  tliis  has  been  impossible  because  of 
the  operating  charges,  but  we  can  get  back  to  this  idea 
when  manual  operating  costs  are  reduced,  and  this  is 
one  of  the  chief  advantages  of  the  automatic  substation. 
The  automatic  substation  shows  to  its  best  advantage 
Ln  the  cost  of  control  of  a  certain  output  distributed  over 
a  minimum  number  of  macliines.  That  will  be  apparent, 
as  a  full  set  of  automatic  gear  is  required  for  each  plant 
unit.  In  a  railway  substation  the  ehmination  of  the 
no-load  running  costs  is  important,  especially  on  a 
railway  where  there  are  few  trains  running  infrequently, 
as  the  station  can  be  shut  down  between  the  times  of 
running  the  trains.  It  should  be  noted,  in  addition, 
that  the  load  efficiency  of  the  station  increases,  because 
the  station  is  not  called  upon  to  operate  until  there  is 
some  definite  load  for  it.  Automatic  control  is  extending 
rapidly  to  the  control  of  power  stations,  especially 
hydro-electric  schemes,  and  in  America  many  waterways 
are  being  harnessed  wliich  were  previously  considered 
impracticable  because  of  operating  costs.  There  is 
certainly  a  very  large  field  of  application  abroad,  and, 
to  some  extent,  in  this  country,  for  automatic  hydro- 
electric stations. 

Mr.  F.  G.  C.  Baldwin  :   There  are  many  points  in 


the  system  described  which  are  of  interest  to  telephone 
engineers.  Judging  from  what  previous  speakers  have 
said  there  appears  to  be  a  certain  impression  that 
switchgear  of  the  kind  described  may  not  be  so  rehable 
as  manually  operated  apparatus.  A  problem  that 
now  presents  itself  to  the  engineer  concerned  with  the 
distribution  of  electrical  energy  appears  to  be  somewhat 
akin  to  one  which  the  telephone  engineer  has  had  to 
tackle  in  the  past  10  years,  i.e.  as  to  whether  automatic 
apparatus  will  function  properly,  and  whether  the  cost 
compares  favourably  with  that  of  manual  equipment. 
So  far  as  the  functioning  of  the  apparatus  is  concerned, 
I  have  no  doubt  at  all  that,  whatever  difficulties  do 
arise  in  regard  to  design  and  operation,  those  difficulties 
will  be  surmounted.  Such  has  actually  been  the  case 
with  automatic  telephone  devices.  Experience  in  tele- 
phone working  is  such  that  we  can  now  rely  upon  auto- 
matic switches  of  all  sorts  to  operate  with  unfailing 
precision  and  regularity.  In  Appendix  A  the  author 
has  given  details  of  a  number  of  relays  used  in  the 
operation  of  the  station.  In  telephone  exchanges  a 
very  much  larger  number  of  such  relays  are  used  and 
they  give  practically  no  trouble  in  their  operation. 
We  also  have  thermostats,  and  macliines  which  are 
started  up  each  time  a  subscriber  makes  a  call,  and 
the}'  perform  their  several  functions  admirably.  The 
number  of  relays  or  similar  devices  associated  with  the 
system  described  in  the  paper  is  64,  wliile  the  number 
brought  into  operation  during  the  course  of  one  call 
in  at  least  one  automatic  telephone  system  is  largely 
in  excess  of  that  number. 

Mr.  T.  W.  Ross  :  I  have  been  associated  with  the 
automatic  substation  question  for  the  past  tliree  years, 
and  I  can  assure  those  who  suggest  that  the  amount  of 
apparatus  should  be  reduced,  that  the  scheme  put  forward 
by  the  author  is  the  result  of  evolution  wliich  has  taken 
place  in  America,  and  the  amount  of  apparatus  has 
been  reduced  as  much  as  possible  without  impairing 
the  rehabiUty  of  the  gear.  The  function  of  certain 
relays  shown  in  the  paper  may  not  be  quite  clear  to 
members.  Certain  relays  in  the  scheme  are  really  inter- 
mediate steps,  and  we  find  in  practice  that,  especially 
in  the  more  sensitive  relays  necessary  for  determining 
the  sequence  of  operation,  it  is  essential  to  reduce  the 
current  carried  by  the  contacts  to  a  minimum,  and  we 
have  found  that  far  more  rehabihty  is  obtained  by 
putting  in  an  intermediate  step.  Although  a  thermo- 
stat may  appear  to  some  to  be  unnecessary,  I  can  assure 
them  that  the  thermostats  used  in  tliis  particular  station 
and  by  other  makers  of  tliis  gear  are  a  real  engineering 
proposition.  There  is  very  little  possibiUty  of  trouble 
arising  when  they  are  used.  I  agree  that  it  is  possible  to 
install  too  much  protective  gear,  but  I  believe  that  certain 
protective  devices  which  are  put  into  these  substations 
are  in  themselves  a  very  good  insurance,  and  are  worth 
the  little  extra  cost  involved.  As  regards  rehabihty, 
I  believe  that  with  proper  care  the  majority  of  relays 
are  very  efficient  and  cause  very  little  trouble.  I 
beUeve  it  is  a,,  fact  that  in  America  the  question  of 
starting  has  developed  mainly  along  the  lines  of  tap- 
started  rotary  converters,  and  I  do  not  tliink  there  has 
been  any  serious  trouble.  To  my  mind,  it  is  a  pity  to 
spend   money  in   putting  on  the  end  of  a  rotary  con- 


4-28     ROBINSON  :    MAINTENANCE  OF  VOLTAGE   ON  A  D.C.  DISTRIBUTION    SYSTEM 


verter  a  pony  motor  which  is  only  used  to  start  up  on 
occasions.  The  bogej'^  of  tap  starting  in  the  past  has 
been  the  amount  of  power  taken  from  the  mains. 
Many  electrical  engineers  do  not  object  to  putting  a 
500  h.p.  induction  motor  on  the  mains,  but  thev  appear 
to  think  that  a  tap-started  rotary  converter  will  shut 
the  station  down  every  time  it  starts  up.  The  rotary 
converter  with  the  present  damping  arrangement  takes 
very  little  current  in  starting.  I  beheve  I  am  correct 
in  stating  that  a  tap-started  rotary  converter  does  not 
average  more  than  60  per  cent  of  the  rated  kVA  load,  and 
with  the  present  large  systems  the  kick  is  not  felt  on  the 
mains  at  all.  With  motor-started  rotary  converters 
there  is  no  need  to  raise  the  brushes,  but  brush-raising 
is  quite  a  simple  and  sound  mechanical  job  and  has, 
to  my  mind,  certain  advantages.  The  brushes  are 
raised  by  means  of  a  small  rod  operating  on  a  projection 
of  each  brush,  which  ensures  that  the  dirt  which  collects 
there  is  loosened  every  time  the  operation  is  performed, 
and  that  is  a  decided  advantage.  I  think  that  those 
who  have  had  experience  witli  tap-started  rotary  con- 
verters will  bear  me  out  that  there  is  no  difficulty  in 
regard  to  the  bedding  of  the  brushes.  The  question  of 
the  fi.xing  of  polarity  has  been  raised,  but  I  should  hke 
to  ask  what  is  the  good  of  installing  an  auxiliary  exciter 
to  fix  the  polarity  of  the  converter  when  this  can  be 
done  in  5  seconds  by  means  of  a  simple,  small,  mechani- 
cally sound  relay.  The  method  of  pole-shp  described 
by  tlie  author  is  absolutely  sure.  Are  these  auxihary 
exciters  really  worth  while  adopting  ?  This  question  of 
automatic  substation  control  seems  to  me  to  have 
evolved  along  the  lines  of  automatic  telephone  exchange 
control.  A  certain  automatic  telephone  company  have 
stated  that  with  196  000  calls  there  were  only  seven 
mistakes.  This  result  is  obtained  with  comparatively 
delicate  relays,  and  for  automatic  substation  gear, 
which  is  much  more  robust  and  equally  well  protected 
from  dust  and  dirt,  we  should  expect  a  very  much 
smaller  percentage  of  error.  I  am  quite  sure  that  the 
automatic  substation  is  a  commercial  proposition. 

Mr.  P.  J.  Robinson  {in  reply)  :  Several  speakers 
have  referred  to  the  large  number  of  relays  required 
to  operate  the  plant.  This  number  is,  of  course,  based 
on  the  experience  gained  in  automatic  operation,  and 
relays  have  been  added  from  time  to  time  as  occasion 
has  arisen.  Possibly  with  more  experience  some  relays 
may  eventually  be  ehminated.  If  one  is  prepared 
to  take  risks,  relays  can  be  cut  out,  but  as  they  are 
of  sufficiently  sound  construction  as  to  be  no  danger 
in  themselves,  it  appears  wiser  to  install  the  relays, 
the  extra  cost  being  an  insurance  against  breakdown. 


The  author  is  of  opinion  that  bearing  thermostats  are 
essential.  The  estimated  cost  of  operating  the  station 
manually  has  been  criticized.  This  is  high  at  the 
moment,  but  as  two  men  are  always  employed  per  shift 
in  Liverpool,  the  cost  is  determined  by  the  trade-union 
rates  governing  a  station  of  a  specific  capacity.  With 
the  present  hours  of  running,  two  shifts  could  do  the 
work,  but  having  regard  to  future  requirements  three 
shifts  should  be  allowed.  Only  500  kW  is  installed  at 
the  moment,  but  the  station  is  laid  out  for  extension. 
The  relative  advantages  of  tap-started  and  self-syn- 
chronizing rotary  converters  are  outside  the  scope  of  the 
paper. 

Dr.  iMarchant  referred  to  the  heating  of  mains  and 
suggested  a  number  of  small  ones  run  at  a  higher 
density.  I  am  afraid  that  the  voltage-drop  along 
these  mains  would  prohibit  their  use. 

Mr.  Baldwin  stated  that  more  automatic  devices 
are  used  in  an  automatic  telephone  call  than  in  starting 
up  an  automatic  station  ;  as  such  devices  are  necessarily 
more  delicate  and  used  more  frequently  in  the  former, 
it  argues  well  for  the  safety  and  satisfactory  operation 
of  the  station. 

^Ir.  Selvey  mentioned  the  perpetuation  of  a  system 
of  low-tension  distribution.  It  is  not  quite  clear  what 
is  meant  by  this,  because  whether  a.c.  or  d.c.  the  dis- 
tribution system  must  still  be  low-tension,  and  when 
it  is  suggested  that  the  average  load  under  certain 
conditions  has  gone  up  from  J  kW  or  1  kW  to  5  kW  or 
6  kW  the  diversity  factor  of  the  loads  must  be  taken 
into  account ;  the  former  wliich  was  purely  lighting 
had  a  low  diversity  factor,  whereas  the  latter  which  is 
domestic  power  has  a  high  diversity  factor,  so  that  it 
does  not  at  all  follow  that  the  load  on  the  system  will 
increase  5  or  6  times.  The  actual  utilization  factor 
was  increased  from  40  per  cent  to  118  per  cent,  so 
that  the  value  of  the  cables  was  apparently  increased 
from  £20  000  to  £59  000.  Taking  a  figure,  given  by 
Mr.  Gillott  in  his  recent  paper  on  "  Domestic  Load 
Building,"  of  65  kW  installed  and  19  kW  actual  loading, 
it  is  easy  to  deduce  the  increase  in  connected  load 
possible  with  the  above  increase  in  the  utihzation 
factor  ;  it  appears  that  about  6  •  6  times  the  present 
observed  load  could  be  added  before  the  cables  already 
laid  down  at  a  cost  of  £20  000  would  be  fully  loaded. 
Thus  it  seems  that  a  long  life  has  been  added  to  the 
existing  d.c.  network  without  further  appreciable 
expenditure  on  mains.  If  at  a  later  date  we  are  forced 
into  relieving  this  district  by  other  methods,  the  expense 
involved  w.ll  not  be  much  greater  than  that  entailed 
at  the  present  time. 


North    Midland    Centre,    at   Leeds,    6    Febru.\ry,    1923. 


Mr.  W.  E.  French  :  I  had  some  difficulty  in  under- 
standing the  schematic  drawing,  but  the  author's 
explanation  of  the  diagram  has  made  clear  to  me  the 
operation  of  the  station.  The  rotary  converter  appears 
to  be  amply  protected  both  with  regard  to  time  and 
overload  by  contactor  (16),  and  the  grid  contactors  (12) 
and  (12a)  ;  the  latter  are  called  accelerating  coils  and 
appear  to  be  selective  relays,  which  do  not  allow  the 
rotary  con\erter  to  come  into  action  should  the  load 


be  excessive.  Do  contactors  (40)  and  (41)  constitute 
an  additional  protection  of  the  converter,  or  are  they 
an  overload  protection  of  the  mains  as  well  as  a  safe- 
guard against  an  excessive  out-of -balance  current  on 
cither  side  of  the  three-wire  syste;n  ?  In  the  latter 
case  their  action  is,  I  suppose,  instantaneous.  In 
this,  as  in  other  schemes  for  automatic  substations, 
tap-started  rotary  converters  have  been  employed.  I 
should     have   thought  that   the   tap-started    converter 
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possesses,  from  the  starting  point  of  view,  nearly  all 
the  disadvantages  a  machine  for  automatic  substations 
could  have.  First,  there  is  the  heavy  starting  current 
which  such  machines  demand,  coiresponding  to  about 
50  per  cent  of  the  normal  kVA  of  the  rotary  converter, 
with  just  enough  torque  to  start  the  machine.  Secondly, 
there  is  the  fear  of  such  tap-started  converters  coming 
in  with  the  wrong  polarity.  Thirdly,  owing  to  the 
fact  that  the  converter  has  to  start  in  its  own  armature 
field,  there  is  a  rotating  potential  curve  with  regard 
to  the  brushes,  resulting  in  considerable  sparking ; 
hence  the  need  of  the  brush-lifting  device.  From  my 
experience  I  should  consider  such  a  device  to  be  un- 
desirable and  a  weak  link  in  the  chain.  This  view  is 
borne  out  by  some  records  published  by  Mr.  C.  H. 
Jones,  Chief  Engineer  of  the  Chicago-Milwaukee  Railway, 
who  states  that  about  20  to  25  per  cent  of  all  the  failures 
to  operate  of  the  automatic  substations  on  his  system 
have  been  due  to  the  brush-lifting  devices.  I  should 
have  thought  that  rotary  converters  started  on  similar 
lines  used  fcr  automatic  s^Tichronizing,  or  cascade  con- 
verters, would  have  been  distinctly  preferable,  because 
they  not  only  avoid  all  the  troubles  mentioned  but 
materially  reduce  the  number  of  control  relays  and 
apparatus,  simplify  the  plant  and  so  ensure  an  easier 
control  of  the  substation  and  the  d.c.  voltage  on  the 
distributing  mains.  As  a  matter  of  fact,  the  cascade 
converter  offers  a  d.c.  machine  which  can  be  designed 
for  a  frequency  lower  than  that  of  the  supply,  and  hence 
advantages  of  operation  and  commutation  accrue, 
which  machines  not  constantly  under  supervision  should 
essentially  possess.  In  the  General  Electric  Review,  1918, 
Mr.  Davies  deals  with  five  automatic  substations,  con- 
sidering two  cases  for  electric  traction  work.  In  the 
first  case  the  trains  are  running  with  a  2-hour  interval  ; 
in  the  second  with  a  1-hour  interval.  The  output  of 
the  rotary  converters  in  each  substation  is  300  kXV, 
the  daily  service  is  18  hours  and  the  daily  consumption 

1  530  kWh  in  each  case  on  the  d.c.  side,  corresponding 
to  an  intake  of  1  860  kW  on  the  three-phase  side.  The 
total  service  of  all  five  substations  is  90  hours  ;  the 
standstill  period  with  the  2-hour  service  is  GO  hours, 
and  with  the  1-hour  train  service  38  hours.  The  no- 
load  consumption  of  a  non-automatic  station  is  given 
as  15  kW  in  each  case.  Therefore,  the  saving  for  the 
automatic  station  in  the  first  case  is  900  kWh,  and  in 
the  second  570  kWh,  corresponding  to  an  annual  saving 
of  328  000  kWh  and  208  000  kWh  respectively.  The 
daily     consumption     of    a     non-automatic     station     is 

2  760  kWh  for  the  2-hour  service  and  4  290  kWh  for  the 
1-hour  service;  this  gives  a  saving  of  32-5  per  cent 
and  13  per  cent,  respectively.  These  figures  point 
to  the  conclusion  that  the  instalment  of  automatic 
substations  for  power  and  lighting  service,  where  the 
rotary  converters  are  required  for  a  considerable  length 
of  time  and  where  the  period  of  idle  running  of  the 
machines  is  relatively  small,  would  be  a  mistake.  I  do 
not  incline  to  that  view.  Tlie  problem  is  rather  one 
of  economy  of  feeders  and  distributors.  The  installa- 
tion of  many  rotary-converter  substations  of  relatively 
small  capacity  must  produce  such  an  economy  and 
therefore  materially  relieve  the  total  operation  cost  of 
the    whole    svstem.     The    full    extent   of   such    benefit 


can  be  experienced  only  by  the  use  of  automatic 
substations,  which  eliminate  the  hea\'>'  charges  due  to 
personnel.  In  addition,  anv  reduction  of  running 
charges  due  to  avoidance  of  idle  working  of  the  rotary 
converters  is  all  to  the  good. 

Mr.  J.  W.  J.  Townley  :  The  author  has  explained 
that  thi.s  automatic  substation  has  been  put  in  to  develop 
to  the  fullest  possible  extent  an  existing  d.c.  network. 
He  has  considered  several  alternatives  to  the  existing 
d.c.  system  and,  to  judge  from  the  map  which  he  showed 
on  the  lantern  slide,  he  appears  to  have  adopted  the 
best  solution  of  his  particular  problem,  as  the  conditions 
are  ideal  for  an  automatic  substation.  He  has  on  either 
side  a  manuallv  operated  substation,  and  presumably 
this  automatic  converter  plant  is  intended  for  use  on 
peak  loads  only.  I  am  inclined  to  think,  however, 
that  the  automatic  substation  will  not  be  developed 
■  to  any  verv  great  extent  in  this  country  except  for 
traction  work,  because  if  one  takes  a  long  view  it  will 
usually  be  found  that  it  is  much  better  to  face  at  once 
the  expense  of  changing  the  area  to  a.c.  supply,  or, 
as  is  being  done  in  several  large  undertakings,  to  super- 
impose an  a.c.  netvvork  on  the  d.c.  system  and  gradually 
supersede  the  d.c.  supply.  Bearing  in  mind  that  the 
cost  of  an  automatic  substation  is  fully  six  times  that 
of  a  static  substation  of  the  same  output,  it  will  be 
apparent  that  a  considerable  sum  is  available  for  the 
cost  of  changing-over  the  system.  The  automatic 
substation  for  general  supply  networks  can  only  be 
looked  upon  as  a  temporary  expedient  to  prolong  the 
life  of  existing  d.c.  networks  and  for  installation  in 
relatively  small  units.  I  can  hardly  imagine  the  circum- 
stances that  will  justify  an  automatic  substation 
containing,  say,  six  1  000  kW  rotary  converters.  For 
a  substation  of  this  size  the  cost  of  attendance  is  not 
a  great  proportion  of  the  total  running  cost,  and  I  am 
inclined  to  think  that  the  manually  operated  substation 
will  be  retained  for  such  sizes.  There  are  certain  cases 
where  a  partially  automatic  substation  would  be  desir- 
able, and  I  have  such  a  substation  in  mind  upon  the 
undertaking  with  which  I  am  connected.  It  is  a  traction 
substation  containing  a  single  unit,  and  but  for  the 
operation  of  the  line  circuit  breakers  there  would  be 
no  need  for  an  attendant  during  the  time  the  plant  is 
running.  The  rotary  converter  is  started  up  at  the 
same  time  each  morning  and  shutdown  at  practically  the 
same  time  each  evening.  This  could  be  done  manually, 
and  with  thermostats  fitted  to  the  bearings  and  automatic 
reclosing  circuit  breakers  such  a  substation  could  be 
run  without  any  other  attendance  than  that  required 
for  starting  up  and  shutting  down.  The  capital  cost 
of  a  semi-automatic  substation  should  be  considerably 
lower  than  that  of  the  fully  automatic  plant  described, 
and  the  existing  converters  could  be  used.  I  have  no 
doubt  that  some  of  the  apparatus  shown  will  in  the  future 
be  dispensed  with,  one  of  the  first  items  being  probably 
the  brush-lifting  de\-ice.  I  have  recently  inspected 
some  tap-starting  rotary  converters  of  500  and  1  000  k\\  . 
These  machines,  were  started  up  direct  from  the  a.c. 
side  without  the  d.c.  brushes  being  lifted.  There  was  no 
excessive  sparking  at  the  c:^>mmutator  and  the  running 
up  was  entirely  satisfactory.  The  actual  time  taken 
in  the  case  of  the  500  k\V  set  from  closing  the  switch 
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to  the  rotar>'  converter  being  in  synchronism  was 
30  seconds,  and  the  current  taken  was  35  per  cent  of 
full-load  current.  The  elimination  of  brush-raising  and 
brush-lowering  devices  will  be  one  step  towards  simplifi- 
cation. From  the  published  accounts  of  experience 
with  automatic  substations  in  the  United  States,  con- 
firmed by  the  author's  account  of  his  plant,  it  would 
appear  that  the  fully  automatic  substation  is  a  satisfac- 
tory proposal  where  the  conditions  are  favourable, 
but  the  field  for  the  automatic  rotary-converter  sub- 
station lies,  I  think,  in  traction  work  and  not  in  feeding 
general  supply  networks,  which  should,  where^■er  possible, 
be  converted  to  a.c.  supplv.  There  are  also  many 
opportunities  for  the  use  of  automatic  gear  in  static 
substations,  where  automatic  operation  has  not,  I  think, 
been  developed  to  anything  like  the  extent  to  which 
it  will  be  in  the  future,  or  to  the  extent  to  which  it  is 
used  on  the  Continent  both  for  the  switching-in  and 
switching-out  of  transformers  and  for  voltage  regulation. 
Mr.  R.  M.  Longman  :  In  the  case  cited  by  the  author 
the  automatic  substation  provided  a  good  solution  of 
the  problem,  the  deciding  factor  being  that  the  copper 
is  already  in  the  ground  and  is  being  used  to  only 
40  per  cent  of  its  capacity.  Where  the  copper  is  aheady 
loaded  and  where  the  load  will  increase,  the  conditions 
are  entirely  different  ;  in  this  case  the  best  solution 
would  be  to  superimpose  an  a.c.  distribution  system. 
In  large  towns  a  site  can  generally  be  chosen  near  which 
are  shops,  offices  and  factories  using  a  considerable 
amount  of  power.  By  adopting  an  a.c.  system  the  net- 
work feeding  the  town  is  much  relie\-ed  and  will  probablv 
enable  the  remainder  of  the  d.c.  distribution  to  carry- 
on  for  some  considerable  time.  The  author  has  calcu- 
lated the  cost  of  operation  on  the  basis  of  three  shifts 
of  two  men  per  shift.  I  have  worked  a  substation 
containing  more  than  500  k\V  of  more  complicated  plant 
than  this,  but  with  only  one  man  per  shift.  I  think 
that  if  this  substation  were  manuaOy  operated  only 
one  shift  of  one  man  would  be  necessarj^  during  the 
load  period,  as  there  is  a  manually  operated  substation 
on  each  side  of  it.  Possibly  a  second  shift  would  be 
required  for  four  or  six  months  during  the  year.  \\"hat 
is  the  nature  of  the  load  supply  ?  The  time  of  operation, 
viz.  45  to  55  seconds,  is  quite  satisfactors",  particularly 
for  tap-starting,  although  Mr.  Townley  has  referred 
to  a  case  in  which  a  rotary  converter  was  put  on  the 
bars  in  30  seconds.  Are  current  transformers  inserted 
on  the  E.H.T.  side  of  the  transformer  to  operate  protec- 
tive gear  in  the  case  of  a  failure  of  the  transformer, 
or  does  the  machine  continue  on  load  until  shut  down 
by  a  drop  in  the  d.c.  pressure  ?  In  the  case  of  failure 
of  any  part  of  the  gear  and  the  plant  shutting  down. 


is  there  anything  to  indicate  to  the  inspector  on  his 
arrival  which  particular  item  has  caused  the  shut-down  ? 
It  is  of  particular  importance  that  the  cause  of  failure 
should  be  discovered  quickly,  so  as  to  enable  the  trouble 
to  be  rectified,  if  possible,  and  the  machine  put  on  load 
again.  In  the  case  of  a  fault  occurring  on  some  part 
of  the  machine,  and  the  particular  piece  of  apparatus 
which  should  have  operated  failing  to  do  so,  is  there  a 
second  relay  which  may  then  operate  and  so  shut  the 
machine  downti  ?  In  other  words,  is  there  a  duplicate 
line  of  defence  ?  I  agree  with  Mr.  Townley  that  we  have 
not  given  enough  consideration  to  automatic  regulation 
on  either  d.c.  or  a.c.  systems. 

Mr.  P.  J.  Robinson  (in  reply)  :  The  author  does  not 
agree  with  Mr.  Townley  that  automatic  stations  will 
only  be  developed  for  traction  work  in  this  country-, 
as  there  are  many  instances  similar  to  the  one  referred 
to  in  the  paper,  which  Mr.  To^vnley  refers  to  as  ideal. 
The  statement  that  an  automatic  station  will  cost  six 
times  as  much  as  a  static  station  is  not  correct ;  the 
author  would  put  it  at  a  much  lower  rate  than  this  ; 
possibly  twice.  There  appears  to  be  no  reason  why 
the  life  of  the  d.c.  network  should  not  be  prolonged 
(see  my  reply  to  iVIr.  Selvev  in  the  London  discussion) . 
The  question  of  tap-started  rotary  converters  is  dealt 
with  elsewhere.  No  doubt,  automatic  gear  will  be 
introduced  into  static  stations  feeding  into  the  low- 
tension  system  with  a  view  to  cutting  douTi  light-load 
losses  in  transformers. 

Mr.  Longman  has  asked  if  current  transformers  are 
inserted  on  the  high-tension  side  of  the  transformer. 
They  are  shown  in  the  figure  on  page  419  between 
the  incoming  isolating  switches  and  the  oil  switch. 
They  operate  the  protective  gear  as  stated  in  the  paper. 
If  a  fault  on  the  plant  has  operated  the  "  lock-out 
relay  "  a  white  disc  shows  on  the  relay  and  this  calls 
the  inspector's  attention  to  several  relays  which  alone 
can  operate  the  "  lock-out  relay,"  viz.  self-indicating 
bearing  thermostats  (No.  25  in  the  diagram),  a.c.  over- 
load relay  (No.  23),  station  not  functioning  in  the  time 
given  it  to  complete  its  operation  (No.  27  S),  unbalanced 
phase  at  starting  (No.  46).  After  overhaul,  if  it  is 
not  clear  what  has  happened,  the  gear  will  be  operated 
until  it  ceases  to  function,  at  which  point  the  trouble 
will  be  located. 

Mr.  French  asks  if  (40)-(41)  act  as  protective  gear 
to  the  converter.  They  do  not  directly,  as  they  con- 
stitute the  feeder  protective  gear.  Their  action  is 
instantaneous.  The  figures  which  he  gives  regarding 
sa\dng  on  automatic  stations  which  have  considerable 
idle  periods  are  ver\'  interesting.  They  are  in  agree- 
ment with  the  author's  conclusions. 


North-Eastern  Centre,  at  Newcastle,  12  February,  1923. 


Mr.  H.  W.  Clothier  :  The  author  says  that  British 
engineers  have  fought  shy  of  fully  automatic  control, 
so  Liverpool  appears  to  have  taken  a  bold  step.  I 
suggest  that  it  has  been  not  so  much  shjmess  as  cool 
calculation  on  the  part  of  British  engineers.  It  is  not 
that  they  did  not  think  of  it.  Nearly  30  years  ago 
some  automatic  gear  was  designed  for  switching  in  and 


out  banks  of  transformers  for  use  in  this  town  by  the 
Newcastle  and  District  Electric  Lighting  Co.  It  is 
almost  as  long  ago  that  the  remote-started  and  remote- 
controlled  automatic  substations  were  installed  at 
Hull  and  elsewhere  on  a  high-tension  d.c.  transmission 
system.  At  Hull  to-day  there  are  20  fully  automatic 
substations  distributing  direct  current.     Is  it  that  the 
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economy  in  putting  down  small  d.c.  substations  has 
not  been  proved,,  or  that  in  their  wisdom  British  engineers 
have  found  greater  economy  in  a.c.  distribution  ?  It 
cannot  be  for  want  of  skill  in  the  manufacture  of  auto- 
matic apparatus  in  this  country.  I  am  sure  that  there 
is  no  need  to  search  America  or  Switzerland  for  designers 
and  manufacturers  of  automatic  electrical  devices. 
There  has,  in  fact,  been  a  surfeit  of  them  in  this  country  ; 
no  sooner  does  one  automatic  device  appear  than  others 
just  as  good,  if  not  better,  are  produced.  However 
shy  the  users  may  be,  there  is  no  shyness  on  the  part 
of  British  manufacturers.  I  am  not  quite  convinced 
that  the  cost  comparison  is  correct.  It  seems  to  me 
that  six  attendants  at  £200  per  annum  is  an  e-xtravagant 
use  of  men  for  running  a  little  substation  of  500  kW. 
In  schemes  (4)  and  (5)  on  page  422  the  capital  cost  of 
the  plant  in  not  included.  If  the  substations  were 
made  larger  the  proportionate  cost  of  the  attendants' 
salaries  would  go  down  and  that  of  the  automatic  gear 
would  go  up.  Has  the  author  made  comparisons  over 
a  broader  range  of  plant  capacity  ?  I  feel  sure  that 
there  have  been  some  good  reasons  for  the  comparative 
scarcity  in  demand  for  automatic  substations  in  this 
country.  Could  an5rthing  be  more  demoralizing  for 
two  men  than  to  sit  in  that  little  substation  day  in  and 
day  out  v'ith  practically  nothing  to  do  but  watch  a 
few  instruments  and  occasionally  turn  a  handle  ?  If 
only  for  their  sake  let  us  have  the  automatic  substation. 
It  may  deprive  a  few  of  that  monotonous  prospective 
occupation,  but  it  will  cultivate  a  better  type,  a  skilful 
operating  engineer  whose  mind  can  quickly  grasp  a 
diagram  and  whose  fingers  are  adept  in  the  adjustment 
and  connection  of  relays.  The  lot  of  an  operating 
engineer  will  not  be  bereft  of  activity.  As  a  test  for 
the  type  of  man,  consider  carefully  pages  418  and  419, 
on  which  are  given  the  sequence  of  operation  of  relays, 
contactors,  auxiliary  switches,  etc.  If  a  man  can  pass  the 
point  where  the  "  converter  will  start  "  without  heaving 
a  sigh  of  relief,  he  is  a  very  clear-minded  man  and  a 
promising  operating  relay  engineer.  The  expression 
"  almost  perfect  "  on  page  421  shows  that  however 
little  it  may  be  there  may  be  yet  some  improvement 
necessary  and  some  work  to  be  done.  A  good  case 
may  be  made  out  for  the  use  of  motor  converters  in 
automatic  substations  in  the  future,  due  to  the  ease  of 
starting-up  and  synchronizing.  The  crux  of  the  whole 
problem  is,  of  course,  robust  relays  in  distinction  to 
instrument  work.        , 

Mr.  R.  D.  Spurr  :  I  agree  with  the  author  as  to  the 
utility  of  the  fully  automatic  substation,  but  we  have 
not,  I  think,  quite  appreciated  its  proper  sphere  of 
operation  on  a  d.c.  3-wire  network.  Automatic  sub- 
.stations  were  first  used  in  the  United  States  as  booster 
substations  for  the  purpose  of  maintaining  a  straight- 
line  voltage  on  long  lengths  of  suburban  tramways, 
and  by  applying  them  in  a  similar  way  to  large,  straggling 
d.c.  3-wire  networks  we  shall  attain  the  desired  result. 
At  the  present  time  many  d.c.  networks  are,  as  the 
author  states,  loaded  to  40  per  cent  of  their  full  capacity 
and,  owing  to  the  demands  for  current  in  residential 
areas  occurring  at  times  which  do  not  correspond  to 
the  usual  industrial  load  demands,  we  are  faced  with  an 
interesting  problem  in  \-oltage  regulation  exactly  similar 


to  the  problem  solved  in  the  United  States  by  the 
automatic  substation.  Assuming  a  network  supplied 
from  several  automatic  substations  as  well  as  from  a 
manually  operated  substation,  the  failure  of  the  latter 
would  probably  shut  the  supply  down  altogether,  but 
the  failure  of  one  automatic  unit  would  not  be  seriously 
detrimental  to  anything,  except  that  the  voltage  regula- 
tion would  be  bad  until  the  plant  was  in  service  again. 
I  feel  sure  that  the  voltage  regulation  as  a  whole  would 
be  better  than  it  is  with  manual  operation.  The  d.c. 
feeder  switchgear  seems  to  be  very  complicated.  My 
experience  has  been  that  a  good  substantial  fuse  gives 
the  best  protection  on  low-voltage  circuits  ;  it  has  its 
own  natural  time-lag  and  is  generally  more  reliable 
in  every  way  than  a  circuit  breaker  which  is  very  seldom 
used,  never  inspected  and  which,  in  consequence,  fails 
to  operate  at  the  critical  time.  Three  or  more  parallel 
d.c.  feeders  can  be  quite  safely  operated  with  fuses 
at  both  ends,  and  the  chance  of  a  faulty  feeder  not 
clearing  properly  is  very  small.  The  labour  question 
with  manual  substations  is  an  acute  problem.  In 
the  majority  of  cases  one  man  per  shift  is  sufficient  to 
operate  the  plant,  and  two  shifts  per  day  will  allow  the 
plant  to  be  available  when  it  is  most  wanted.  In 
fixing  upon  one  man  per  shift  in  a  substation  it  must 
be  understood  that  he  confines  liis  attention  to  operating 
the  plant  only,  which  can  be  and  is  done  with  perfect 
safety.  Under  no  circumstances  must  the  substation 
attendant  be  called  upon  to  undertake  any  duties 
requiring  the  opening  of  E.H.T.  cubicles  ;  this  should 
always  be  performed  by  an  authorized  person  who  is 
not  a  substation  attendant  or  regularly  employed  as 
such.  In  most  cases  where  an  additional  feeder  is 
required  it  will  be  found  that  an  automatic  substation 
will  cost  about  the  same  as  the  feeder,  and  a  manu- 
ally operated  substation  about  twice  cis  much. 
The  automatic  substation  will  supply  the  network 
with  twice  as  many  units  as  the  proposed  new  feeder, 
and  to  make  a  manual  substation  a  reasonably  paying 
investment  it  must  turn  out  twice  as  many  units  as 
the  automatic  plant.  The  losses  in  d.c.  feeders  are  very 
seldom  taken  into  account,  but  it  will  be  found  that 
with  a  long  0-5  sq.  in.  feeder  never  more  than  50  per 
cent  loaded,  the  actual  watts  lost  are  approximately 
equal  to  the  total  losses  in  a  500  kW  automatic  plant. 
The  automatic  substation  will  undoubtedly  lengthen 
the  life  of  many  d.c.  networks  in  residential  areas  and 
will  enable  them  to  meet  the  domestic  loads  which 
are  gradually  increasing. 

Mr.  W.  T.  Dalton:  The  author  states  that  "it 
has  been  left  to  Liverpool  to  lead  the  way  "  in  the 
adoption  of  the  fully  automatic  control  of  substations. 
In  1920  the  Newcastle  Transport  and  Electricity  Under- 
taking, when  preparing  designs  for  a  traction  substation 
in  one  of  the  outlying  districts,  provided  for  its  fully 
automatic  operation,  but  at  this  date  prices  had  reached 
the  high-water  mark  and  the  cost  of  the  switchgear 
alone  was  £4  000  for  700  kW  of  plant,  and  as  the  sub- 
station was  only  to  be  worked  on  two  shifts  this  figure 
was  considered  prohibitive.  The  scheme  was  therefore 
abandoned,  not  for  want  of  confidence  in  the  reliability 
of  this  form  of  control,  but  due  to  cost  only.  Has  tlie 
author  considered  the  use  of  telephonic  communication 
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between  the  substations  and  the  generating  station  ? 
It  would  appear  that  if  suitable  search  coils,  or  a  loud 
type  of  sensitive  transmitters,  were  placed  adjacent 
to  the  machines,  with  corresponding  receivers  at  the 
supply  end,  continuous  indication  would  be  given  as 
to  whether  the  plant  was  running  normally  or  otherwise, 
and  short-circuits,  or  the  noise  from  chattering  brush- 
gear as  the  results  of  a  flash-over  damaging  the  com- 
mutator, could  be  detected,  thus  enabling  the  staff 
to  keep  in  constant  touch  with  these  unattended  sub- 
stations. Is  there  any  provision  for  heating  these 
substations  ?  This  may  appear  to  be  quite  unnecessary, 
but  will  not  some  of  the  switchgear,  if  not  protected 
against  moisture  due  to  climatic  conditions,  suffer  in 
the  course  of  time  ?  The  conditions  in  America  are 
more  favourable,  the  climate  being  much  drier  than 
it  is  in  this  country. 

Mr.  B.  H.  Leeson  :  Manual  operation  consists  of 
performing  a  sequence  of  operations  in  such  a  manner 
that  the  plant  is  not  subjected  to  conditions  likely  to 
damage  it,  and  therefore  the  problem  of  designing 
an  automatic  substation  equipment  as  an  alternative 
is  chiefly  one  for  the  switchgear  engineer  experienced 
in  the  design  of  protective  apparatus.  Automatic 
control  should  prove  very  efficient  in  running  costs, 
particularly  in  the  case  of  two  or  more  machines,  as 
the  maximum  output  can  be  obtained  from  them, 
based  on  their  thermal  condition  instead  of  by  ammeter 
readings  as  in  the  case  of  manual  control.  Automatic 
equipment  can  discriminate  where  manual  operation 
alone  cannot.  The  automatic  reclosing  of  a  feeder 
circuit-breaker  taking  place  only  when  its  load  will  be 
within  a  prescribed  limit  is  an  example  of  this,  and  it 
protects  the  plant  against  unnecessary  wear  and  tear. 
Protection  for  the  machine  against  excessive  overload,  in- 
cluding short-circuit  conditions,  has  received  a  great  deal 
of  attention  by  manufacturers  of  switchgear,  and  high- 
speed circuit  breakers  have  been  evolved  and  seem 
bound  to  take  a  very  prominent  position,  particularly 
on  traction  schemes.  The  question  of  inserting  resistance 
in  the  d.c.  circuit  to  limit  the  output  of  the  machine 
has  been  discussed  at  great  length  in  the  American 
technical  Press,  but  I  consider  that  its  use  on  our  systems 
will  not  be  justifiable  in  many  cases.  I  should  hke 
to  have  the  author's  opinio  i  upoi  this  question.  The 
electrification  of  main-Hne  railways  offers  a  large  future 
for  the  automatic  substation.  A  typical  scheme  would 
consist  of  a  chain  of  substations  situated  close  to  the 
track  and  fed  from  E.H.T.  mains  running  alongside  the 
permanent  way.  The  d.c.  feeder  cables  to  the  track 
would  be  short,  as  adequate  protection  to  the  machine 
against  flashing-over  troubles  could  be  obtained  bv  the 
use  of  reactance  high-speed  circuit  breakers  of  the  re- 
closirg  type.  Thus  a  gjod  voltage-distribution  would 
be  assured  with  a  minimum  cost  of  operation  and 
capital  expenditure  on  copper. 

Mr.  T.  W.  Ross  :  Some  of  the  previous  speakers 
have  referred  to  converter  substations  in  this  country 
running  unattended,  but  there  is  a  decided  difference 
between  such  substations  and  automatic  substations. 
An  automatic  substation  should  do  more  than  simply 
start,  stop  and  parallel  a  rotar\-  converter.  The  properly 
designed  automatic  substation  should,   in  addition,   be 


capable  of  anticipating  any  faults  which  may  arise 
either  inside  or  outside  the  substation,  and  of  dealing 
with  them  more  intelligently  than  the  average  operator. 
It  is  here  that  a  fully  automatic  substation  equipment 
differs  from  a  so-called  automatic  substation,  and 
intending  purchasers  would  be  well  ad\-ised  to  study 
any  scheme  carefully  and  find  out  its  limitations.  The 
automatic  substation  was  first  developed  in  America. 
I  have  had  the  advantage  of  access  to  the  inner  historv 
of  its  evolution  and  I  would  suggest  that  there  is  more 
in  the  design  of  these  equipments  than  would  appear 
at  first  sight.  My  company  decided  first  of  all  to  install 
an  American  equipment  before  launching  out  on  our 
own  designs.  The  experience  gained  has  been  very 
valuable  and  after  exhaustive  tests  and  experiments 
we  now  feel  that  we  have  perfected  our  own  apparatus. 
I  would  strongly  advise  other  manufacturers  to  try 
out  their  gear  thoroughly  before  putting  it  on  the 
market.  To  show  the  e.xtent  to  which  the  automatic 
substation  is  being  developed  in  America,  I  would 
mention  one  equipment  which  is  being  put  into  operation 
by  the  Westinghouse  Company,  in  which  35  000  kW 
of  rotar\'-con\-erter  plant  is  being  controlled  from  a 
central  office  by  means  of  automatic  telephone  relays. 
One  pair  of  telephone  wires  connects  the  central  office 
to  each  substation,  and  by  using  the  ordinary'  telephone 
dial  switch  the  machines  can  be  controlled  as  required. 
This  pair  of  telephone  wires  not  only  starts  and  stops 
the  machines,  but  also  indicates  the  load  on  each 
machine.  The  control  engineer  can  thus  see  at  a  glance 
the  load  condition  on  the  whole  svstem  and  arrange 
to  run  his  plant  to  the  best  advantage.  This  particular 
company  claims  that  the  increased  distributing  efficiency 
obtained  is  worth  the  large  capital  outlay. 

Mr.  A.  T.  Robertson :  Arrangements  are  made 
to  ensure  that  the  converter  has  the  correct  polarity 
when  supplied  with  current  from  the  starting  taps  of 
the  transformer,  but  there  do  net  appear  to  be  any 
provisions  made  to  prevent  the  converter  slipping  a 
pole  and  so  being  unsuitable  for  putting  on  load  during 
the  operation  of  the  relays  between  the  opening  of 
contactor  (6)  and  the  closing  of  contactor  (11).  Does 
the  operation  take  place  so  rapidly  that  there  is  no 
possibility  of  a  pole  being  slipped  ? 

Mr.  P.  J.  Robinson  {in  reply)  :  With  regard  to  Mr. 
Clothier's  remarks,  I  have  not  attempted  to  prove 
that  automatic  switcliing  has  not  been  in  operation 
for  many  years,  for  that  point  is  indisputable,  but  there 
is  a  distinct  difference  between  automatic  control  and 
fully  automatic  control.  In  the  former  the  human 
element  is  the  cause  of  the  operation,  whereas  in  the 
latter  the  human  element  does  not  appear  except  at 
its  inception.  The  20  stations  at  Hull  come  under  the 
former  heading.  It  is  also  indisputable  that  the  fir,st 
fully  automatic  stations  were  developed  in  the  U.S.A., 
however  much  it  hurts  our  pride  to  admit  it.  That  we 
have  engineers  capable  of  improving  on,  and  developing 
what  has  been  produced  is  beyond  doubt.  As  regards 
economy  in  a.c.  distribution  the  paper  deals  with  a 
particular  d.c.  area  which  was  in  existence,  and  does 
not  suggest  its  adoption  for  new  work.  Mr.  Clothier 
refers  to  the  expression  "  almost  perfect  "  ;  in  this 
statement    he    is   correct,   for   to    accept  any    piece    of 
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apparatus  as  "perfect"  is  very  foolhardy,  and  the 
author  admits  most  readily  that  there  is  great  room 
for  improvement  and  a  large  field  for  investigation 
into  the  various  elements  wliich  go  to  comprise  a 
fully  automatic  station. 

In  reply  to  Mr.  Spurr  the  question  of  fuses  as  against 
contactors  received  considerable  attention,  the  contactors 
being  decided  on  in  view  of  the  possibility  of  a  temporary- 
fault  shutting  down  one  section  of  the  network  perman- 
ently if  fuses  were  adopted,  and  only  temporarily  if 
contactors  were  adopted. 

It  is  interesting  to  note  from  Mr.  Dalton's  remarks 
that  Newcastle  contemplated  a  fully  automatic  traction 
station  in  1920  and  it  is  to  be  regretted  that  it  was  found 
impossible  to  carry  the  scheme  through,  as  useful 
information  would  have  been  available  to-day  in  regard 
to  operating  charges.     As    regards    the    heating   of   the 


substation,  the  operating  transformer  being  situated 
j  under  the  high-tension  cubicle  is  sufficient  to  keep  it 
;  free  from  moisture.  With  this  object  in  view,  the 
I    transformer  was  put  in  the  position  stated. 

The  author  appreciates  Mr.  Leeson's  comment  as 
regards  collaboration  between  the  engineer  responsible 
,  for  the  lay-out  of  the  scheme  and  the  designers  of 
the  apparatus  to  be  used.  This  is  essential  to  obtain  the 
best  results,  the  engineer  obviously  not  having  all  the 
sources  of  inforniation  at  his  disposal  that  the  designer 
of  a  large  firm  of  manufacturers  can  command. 

If  Mr.  Robertson  will  refer  to  another  section  of 
my  reply  he  -will  notice  that  the  actual  time  required 
to  correct  the  polarity  is  4  seconds,  i.e.  the  time  of 
starting  up  if  the  polarity  is  correct  is  41  seconds, 
and,  if  the  polarity  is  incorrect  and  has  to  be  corrected, 
45  seconds. 


Mersey  and  North  Wales  (Liverpool)   Centre,  at  Liverpool,  19  February,   1923. 


Mr.  J.  S.  Peck :  As  I  am  not  familiar  with  the  actual 
details  of  construction  of  automatic  substation  appar- 
atus, I  shall  not  attempt  to  discuss  the  paper  in  a  tech- 
nical way.  For  a  long  time  I  have  watched  the 
development  of  the  automatic  substation  in  America. 
Some  18  months  ago  when  I  visited  the  United  States,  I 
took  occasion  to  investigate  the  matter  more  closely.  I 
visited  several  installations  and  discussed  engineering 
features  with  the  designers  and  found  that  both  designers 
and  operators  were  most  enthusiastic  as  to  the  future 
of  the  automatic  substation  and  the  enormous  develop- 
ments which  were  likely  to  follow.  After  returning 
to  this  country  it  was  arranged  that  an  engineer  from 
the  Westinghouse  Company  should  visit  Great  Britain 
in  order  to  advise  us  as  to  the  possible  field  for  automatic 
substations  here,  and  also  to  discuss  the  question  with 
operating  engineers  in  this  country.  This  engineer, 
Mr.  Wensley,  succeeded  in  convincing  many  engineers 
here  that  there  was  a  very  promising  future  for  the 
automatic  substation,  and  I  think  he  confirmed  the 
opinions  previously  formed  by  Messrs.  Dickinson  and 
Robinson  with  regard  to  the  advisability  of  installing 
such  stations  at  Liverpool.  In  entering  a  new  field 
where  the  apparatus  is  as  complicated  as  is  the  case 
with  the  control  for  automatic  substations,  we  deemed 
it  advisable  to  take  the  fullest  advantage  of  the  experi- 
ence gained  by  the  Westinghouse  Company,  and  the 
first  equipments  installed  in  this  country  were  manu- 
factured at  Pittsburgh.  Since  then  we  have  manu- 
factured one  complete  equipment  at  Manchester  and 
are  now  in  a  position  to  produce  such  equipment  on 
commercial  lines.  We  have  thus  been  enabled  to 
avoid  many  of  the  difficulties  which  are  almost  invariably 
encountered  by  any  firm  starting  to  develop  a  line 
of  apparatus  without  having  had  previous  experience 
in  its  operation. 

Mr.  J.  H.  Williams:  I  should  like  to  ask  the 
author  whether  the  method  of  feeder  protection  with 
automatic  reclosing  contactors  arranged  by  means  of 
au.viliary  contacts  to  connect  a  measuring  resistance 
across  the  feeder  circuit  when  the  contactor  is  open, 
is  as  good  as  the  alternative  arrangement  using  a  con- 
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factor  which  closes  on  a  fault  a  definite  number  of 
times  with  a  time-delay  in  between  the  closings  and 
which  is  then  locked  out.  The  first  method  leaves  the 
feeder  always  alive,  a  disadvantage  on  a  traction  system 
as  the  trolley  wire  is  alive.  W^e  are  actually  fitting 
recorders  on  some  of  the  autonaatic  substations  which 
we  are  installing,  to  record  the  operation  of  the  various 
relays,  etc.,  and  we  hope  to  get  some  useful  informa- 
tion thereby.  In  one  corporation  system  where  the 
substations  are  worked  with  standard  rotary  con- 
verters and  switchgear,  the  plant  is  started  up  and  the 
substation  run  without  attendants,  and  there  has  been 
practically  no  trouble.  Automatic  substations  behave 
very  much  better  than  manual  substations  under  fault 
conditions.  Quite  a  number  of  automatic  substations 
are  now  being  manufactured  in  this  countr}^  for  tramway 
and  railway  load,  and  I  do  not  think  that  the  author 
is  correct  in  saying  that  this  is  the  only  three-wire 
station  in  the  world.  I  believe  there  are  very  nearly 
20  in  the  United  States.  We  do  not  like  the  method 
of  starting  up  the  rotary  converter  by  means  of  tappings 
and  a  field-reversing  relay  and  contactor,  but  prefer 
induction-motor  starting  with  a  separate  exciter. 

Mr.  S.  E.  Povey  :  The  use  of  automatic  substations 
is  particularh'  interesting  from  a  railway  traction  point 
of  view,  as  a  means  of  reducing  running  charges. 
They  appear  to  be  applicable  in  certain  instances,  e.g. 
(1)  on  sparsely  loaded  sections  ;  (2)  to  meet  increases 
of  load  on  existing  sections  ;  and  (3)  to  meet  loads 
during  morning  and  evening  rush  hours.  When  used 
as  on  item  (1),  by  shutting  down  the  substation  plant 
between  trains  the  light-running  losses  are  greatly 
reduced.  With  reference  to  items  (2)  and  (3),  par- 
ticularly for  suburban  and  inter-urban  services,  the 
traffic  requirements  demand  almost  twice  the  seating 
accommodation  during  the  two  morning  and  evening 
rush  hours  than  during  the  remaining  hours  of  the 
day.  During  these  rush  hours  it  is  necessary  to  main- 
tain the  schedule  speed  because  of  the  small  headway 
between  trains.  Therefore  in  laying  out  a  section 
due  allowance  must  bo  made  for  the  voltage-drop  on 
the  high-tension  feeders,  and  particularly  on  the  third 
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rail,  produced  by  these  peak  loads,  so  that  the  average 
voltage  at  the  train  is  sufficient  to  enable  the  motors 
to  work  the  train  to  schedule  times.  When  these 
conditions  are  met  it  is  obvious  that  during  the  hght 
hours  of  traffic  the  system  is  under  load.  Again, 
even  during  "  light  traffic  "  hours,  the  large  peak  loads 
taken  when  starting  a  train,  and  not  the  average  hourly 
load,  in  some  cases  govern  the  number  of  rotar>-  con- 
verters which  must  be  on  load  at  a  substation.  The  use 
of  automatic  substations  will  enable  intermediate  sub- 
stations to  be  shut  down  during  the  "  hght  traffic  " 
hours  without  the  average  voltage  at  the  train  being 
too  low  to  maintain  the  schedule,  and  by  concentrating 
the  load  on  a  smaller  number  of  substations  the  Ught 
running  of  all  rotary  converters  wiil  be  greatly  reduced. 
In  the  matter  of  control  the  subject  appears  to  be 
quite  different  on  a  railway  system  than  on  a  hghting 
and  power  system.  On  the  latter  the  load  is  compara- 
tively steady  and  the  voltage  on  the  network  is  not 
rapidly  fluctuating.  The  minimum-voltage  relay  is 
therefore  quite  suitable  for  governing  the  starting  up 
of  the  Walton  or  similar  substations.  However,  on 
a  traction  system  the  hea\'\'  starting  current  causes 
large  fluctuations  of  ^•oltage  on  the  third  rail.  While 
the  operation  of  a  voltage  relay  can  be  set  to  depend 
upon  the  average  voltage,  the  train  ser\-ice  is  not  sj-m- 
metrical,  and  therefore  the  voltage  control  for  starting 
an  automatic  substation  does  not  appear  to  be  fully 
suitable.  The  load  on  an  electric  railway  follows  the 
time  table  and  is  very  definite  and  therefore,  except 
in  the  event  of  the  failure  of  an  adjacent  substation, 
the  control  of  starting  up  and  shutting  do\\Ti  an  auto- 
matic sabstation  should  be  by  time.  Distant  control 
from  an  adjacent  substation  would,  however,  appear  to 
be  advisable  fully  to  cover  the  conditions.  It  is  noted 
that  the  overload  setting  of  the  d.c.  line  circuit  breaker 
is  controlled  b^'  the  "  rate  of  rise  in  current  value."  I 
would  draw  the  attention  of  designers  to  the  heavy 
current  taken  in  starting  a  main-line  electric  train, 
and  would  point  out  that  the  current  taken  on  the 
first  series  or  parallel  notch  may  be  from  1  800  to  2  500 
amperes.  The  amount  of  current  passing  to  a  short- 
circuit  vnll  in  some  cases  be  less  than  these  values. 
Again,  I  do  not  agree  that  the  proposed  method  of 
measuring  the  resistance  of  the  track  before  reclosing 
the  d.c.  feeder  circuit  breaker  is  satisfacton,'.  The 
current  taken  by  the  brake  pump  motor,  the  heating 
and  lighting  of  trains  and  stations,  and  the  resistance 
of  the  fault,  will  have  to  be  taken  care  of.  It  is  not 
advisable  to  have  any  voltage  on  the  track  in  such 
cases,  as  a  motorman  might  have  to  carry  out 
emergency  repairs  or  adjustments  near  the  third- 
rail  shoes,  etc.  Also,  the  reclosing  of  a  d.c.  feeder 
circuit  breaker  three  times  before  finally  leaving 
it  out  is  not  to  be  recommended  for  a  railway 
system.  It  would  appear  that  because  of  im- 
portant junctions,  and  when  the  train  loads  require 
the  installation  of  three  or  four  rotar>'  converters, 
some  substations  will  still  require  to  be  manually 
operated,  and  the  d.c.  feeder  circuit  breaker  in  adjacent 
automatic  substations  should  be  reclosed  only  when 
the  voltage  has  been  restored  to  the  section  by  the 
manually  operated  substation.     Automatic  control  of  a 


substation  equipped  with  two  or  possibly  tliree  machines 
would  appear  to  be  economical,  but  when  four  machines 
are  installed  manual  operation  is  more  economical.  The 
possible  economies  by  the  use  of  automatic  substations 
are  to  be  welcomed  as  an  item  on  the  right  side  of  the 
balance  sheet  when  considering  railway  electrification. 

Mr.  J.  H.  Collie  :  Is  it  possible  to  use  automatic 
substations  on  a  railway  system  emplojong  regenerative 
control  ?  If  so,  what  arrangements  are  made  to  keep 
the  line  open  to  receive  the  current  generated  by  the 
motors  during  braking,  which  in  some  cases  amounts, 
I  understand,  to  10  per  cent  of  the  power  supphed, 
seeing  that  the  substations  would  automatically  shut 
down  on  the  load  being  removed  ? 

Mr.  G.  E.  Swift  :  The  paper  disarms  criticism  in 
that  it  is  purely  a  description  of  a  fully  automatic 
substation,  and  the  fortunate  circumstance  of  the  sub- 
station being  required  on  the  route  of  the  E.H.T.  main 
no  doubt  went  a  long  way  towards  the  decision  to 
erect  a  substation  in  preference  to  la\T.ng  down  more 
copper.  As  the  substation  has  only  recently  been  put 
into  operation  it  is  perhaps  too  early  to  describe  and 
criticize  it,  but  the  fact  that  the  installation  operates 
with  the  discrimination  described  is  most  important. 
The  substation  has  only  one  rotary  converter  installed, 
and  ha\dng  regard  to  the  number  of  automatic  appar- 
atus it  would  appear  essential  to  have  dupUcation.  If  a 
second  rotary  converter  were  installed,  and  both  were 
running  on  load,  in  the  event  of  the  load  being  reduced 
would  one  cut  out  or  would  both  continue  to  run  on 
divided  load  ?  If  the  substation  has  rendered  idle 
a  low-tension  feeder,  to  what  use  will  this  be  put  ? 
This  would  appear  to  have  some  effect  on  any  bcisis 
of  comparison.  A  comparison  of  the  advantages  to 
be  gained  by  the  use  of  automatic  installations  as  against 
the  la\-ing  down  of  additional  copper  would  be  welcome. 
It  would  appear  that  the  conditions  that  a  fully  auto- 
matic substation  has  to  fuffil  do  not  obtain  in  many 
districts,  and  in  many  cases  the  consumers'  habits  are 
such  that  their  requirements  can  be  anticipated  and 
met  by  a  non-automatic  substation  with  the  usual 
protective  devices,  left  to  run  wthout  attention.  Two 
such  substations,  each  of  500  kW  capacity,  are  in  opera- 
tion in  Chester.  They  are  installed  adjacent  to  engineer- 
ing works,  the  electricians  of  which  start  up  and  shut 
down  the  rotary  converters  when  instructions  are 
received  by  telephone  from  the  generating  station. 
These  substations  have  been  in  daily  use  for  over 
12  months  and  have  successfully  met  faults  on  both 
the  a.c.  and  d.c.  sides,  while  the  operating  costs  for 
both  do  not  exceed  £50  per  annum. 

Mr.  P.  J.  Robinson  {in  reply)  :  It  is  very  encouraging 
to  learn  from  Mr.  Peck  that  in  future  the  apparatus 
required  for  automatic  stations  can  be  entirely  produced 
commercially  in  this  country'  and  not  have  to  be  pur- 
chased abroad. 

In  reply  to  jMr.  ^^'ilIiams,  for  the  particular  work 
required  of  the  feeder  contactors  I  think  that  the 
rela\'  which  discriminates  bet^veen  a  bad  fault  and  a 
high-resistance  fault  is  to  be  desired.  The  fact  that 
the  feeder  is  alive  is  immaterial,  as,  of  course,  if  the 
feeder  fault  has  a  low  resistance  the  voltage  on  the  feeder 
will  be  verj'  small.     If  the  voltage  rises,  then  the  fault 
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has  been  removed  and  the  contactor  will  close  without 
delay  and  so  restore  the  supply.  If  it  is  desired  to  work 
on  the  feeder,  the  control  switch  in  the  automatic  station 
is  opened  and  so  makes  the  line  dead.  Stations  which 
are  started  by  hand  and  left  on  load  must,  of  necessity, 
be  very  inefficient,  owing  to  the  light-load  periods,  and 
also  it  must  be  borne  in  mind  that  a  large  city  may  have 
many  stations  dotted  about  over  large  areas,  which 
would  make  it  very  expensive  to  keep  a  staff  for  starting 
up  and  shutting  down.  I  have  referred  elsewhere  in 
my  reply  to  the  relative  merits  of  tap-starting  as 
against  other  methods  of  starting. 

The  majority  of  the  comments  made  by  Mr.  Povey 
are  outside  the  scope  of  the  paper,  but  at  the  same  time 
they  are  very  interesting  and  instructive,  and  I  have 
no  doubt  that  all  the  points  could  be  satisfactorilj' 
met  in  practice.  It  is  distinctly  worth  noting  that 
railway  engineers  regard  automatic  stations  so  favour- 
ably, both  in  this  country  and  abroad,  and  I  feel  sure 
that  in  the  near  future  there  will  be  many  operating 
on  that  class  of  work. 

In  reply  to  Mr.  Collie,  the  station  under  discussion 
does  not,  of  course,  meet  the  case  of  regenerative  control,    j 


but   there   appears   to   be  no  insuperable   difficulty   in 
meeting  the  case  if  it  arises  on  railway  work. 

Mr.  Swift  is  correct  in  his  surmise  that  the  E.H.T. 
supply  being  so  near  the  centre  of  the  load  did  help 
in  the  decision  to  erect  a  substation  in  the  particular 
position  chosen,  but  it  did  not  materially  influence 
the  decision  to  erect  a  substation,  as  it  would  be  a 
cheaper  proposition  to  lay  high-tension  as  against  low- 
tension  cables,  which  latter  would  meet  the  require- 
ments only  for  the  time  being.  The  station  is  at 
present  equipped  with  only  one  converter  with  auto- 
matic gear,  but  arrangements  have  been  made  for 
extensions  in  the  future.  The  automatic  gear  will 
operate  to  cut  in  the  second  converter  when  the  first 
is  loaded  up,  and  to  cut  it  out  again  when  one  converter 
can  deal  with  the  load  satisfactorily.  The  author  has 
dealt  with  the  question  of  stations  started  up  and  left 
to  run.  The  two  cases  mentioned  by  Mr.  Swift  are  not 
relevant  to  the  point  under  review  ;  obviously  if  one 
can  get  someone  else  to  start  one's  station  it  is  the 
cheapest  method  to  adopt  ;  also,  the  supply  to,  and 
the  protection  for,  a  bulk  load  must  be  dealt  with  in 
a  different  way  from  a  general  supply. 


South  Midland  Centre,  at  Birmingham,  21  February,  1923. 


Mr.  R.  A.  Chattock  :  The  author  has  described 
the  difficulties  that  have  to  be  met  when  a  d.c.  dis- 
tributing network  fed  from  a  central  station  or  sub- 
station becomes  heavily  loaded.  I  agree  with  him 
generally  in  the  principle  that  has  been  applied  at 
Liverpool  to  solve  the  problem.  I  should,  however, 
like  to  suggest  some  other  points  of  view  which  I  think 
would  tend  to  simplify  and  cheapen  the  proposition. 
The  author  states  that  only  from  30  to  40  per  cent  of 
the  copper  in  the  long  low-tension  feeders  is  available, 
owing  to  the  voltage-drop.  He  has  surely  overlooked 
the  possibility  of  boosting  at  times  of  heavy  load  on 
the  long  feeders  ;  by  this  means  such  feeders  can  be 
run  up  to  70  to  80  per  cent  of  their  capacity  of  1  000 
amperes  per  sq.  in.  I  quite  agree  that  a.c.  four-wire 
distribution  is  simpler  and  cheaper  to  install  from  a 
distribution  point  of  view  ;  it  is,  however,  not  so  good 
from  the  consumer's  point  of  view.  There  is  no  stand-by 
possible,  as  there  is  with  a  storage  battery  in  the  case 
of  direct  current,  and  this  is  a  most  serious  limitation 
in  a  densely  populated  and  business  centre.  Again, 
alternating  current  is  not  nearly  so  useful  for  the  small 
domestic  motors,  such  as  vacuum  cleaners,  washers, 
fans,  etc.  I  quite  agree,  therefore,  that  Liverpool  was 
wise  to  discard  that  way  of  overcoming  its  difficulties. 
Of  the  other  three  methods  suggested,  the  laying  of 
further  d.c.  feeders  from  the  old  or  new  centres  is  not 
justified  when  compared  with  automatically  controlled 
substations.  Where  manual  control  is  used,  the  high 
labour  costs  necessitate  the  installation  of  plant  of 
large  capacity.  Automatic  operation,  however,  allows 
the  efficient  use  of  plant  in  small  units.  The  smaller 
the  better,  down  to  50  or  100  kW,  and  this  is  where  I 
join  issue  with  the  author.  By  adopting  rotary  con- 
verters for  this  purpose  he  has  introduced  what,  in 
my    opinion,    are    unnecessary    complications.     He    is 


obliged  to  use  units  of  plant  of  not  less  than  300  kW, 
owing  to  the  high  cost  of  the  discriminating  and  pro- 
tective gear,  and  this  means  that  he  must  employ  a 
certain  number  of  d.c.  feeders  to  get  the  output  dis- 
tributed in  the  network.  In  other  words,  he  cannot 
quite  approach  the  simplicity  and  cheapness  of  the 
a.c.  system.  I  think  that  if  he  had  adopted  the  plain 
induction  motor-generator  he  would  have  greatly 
simplified  the  control  though  the  efficiency  would  not 
have  been  so  good.  I  think  that  this,  however,  would 
have  been  justified  as  such  plant  would  cut  in  only 
at  times  of  heavy  load,  and  this  effect  would  not  be 
felt  to  any  great  extent.  In  order  to  approach  the  a.c. 
system,  smaller  units  of  plant  are  required,  which  can 
be  installed  at  more  frequent  intervals  and  fed  straight 
into  the  d.c.  network.  With  a  view  to  meeting  this  con- 
dition I  have  been  experimenting  with  the  mercury- 
arc  rectifier.  A  225  kW  rectifier  of  the  Brown-Boveri 
steel  cylinder  type  has  been  installed  across  the  outers 
of  a  d.c.  network  in  the  Harbome  substation  for  about 
18  months,  and  for  the  past  12  months  has  been  working 
absolutely  automatically,  the  substation  being  visited 
only  about  once  a  week  when  the  apparatus  is  working 
alone  in  parallel  with  a  storage  battery.  I  should 
like  to  assure  the  author  that  there  are  other  British 
engineers,  notably  in  Birmingham,  who  are  not  afraid 
of  automatic  control.  I  am  so  satisfied  with  the 
behaviour  of  the  mercury-arc  rectifier  that  I  have  now 
installed  two  25  kW  automatic  glass-bulb  rectifiers  of 
the  Hewittic  Electric  Co.'s  make  across  the  two  sides 
of  another  d.c.  network.  These  are  now  functioning 
quite  satisfactorily,  and  I  am  proposing  to  develop 
the  supply  to  the  outlying  thinly  populated  districts 
in  Birmingham  by  means  of  this  t>-pe  of  apparatus 
arranged  for  automatic  operation,  i.e.  it  will  cut  out 
if  the  extra-high-tension  supply  fails,  and  cut  in  again 


436     ROBINSON  :   MAINTENANCE   OF  VOLTAGE  ON  A   D.C.   DISTRIBUTION    SYSTEM 


when  it  is  restored,  faults  on  the  d.c.  network  being 
controlled  by  fuses  or  circuit  brealcers.  Such  a  system 
is  directly  comparable  with  an  a.c.  system,  with  the 
exception  of  the  cost  of  the  rectifier  itself  and  a  slightly 
larger  substation  building.  Small  substations  can  be 
installed  wherever  required  to  maintain  the  pressure 
over  the  network,  and  at  times  of  light  load  certain  of 
the  substations  can  be  arranged  to  cut  out  automatically. 
The  necessary  controls  are  quite  simple,  and  are  far 
less  in  number  than  the  formidable  list  of  41  controls 
set  out  by  the  author  in  Appendix  A  as  being  necessary 
to  control  a  rotary  converter.  I  hope  to  be  in  a  position 
shortly  to  describe  in  detail  the  controls  that  we  have 
installed  on  our  rectifier  at  Harbome. 

Mr.  F.  Forrest  :  The  author  has  not  referred  to 
the  running  hours  of  the  automatic  substation,  nor  the 
average  load  factor,  so  that  we  are  unable  to  judge 
whether  the  choice  of  a  rotarj'  converter  for  use  in  this 
substation  was  justified.  The  rotary  converter  is  the 
most  difficult  of  all  substation  converting  units  to  adapt 
for  automatic  control,  but  it  is  a  highly  efficient  machine. 
If,  however,  the  running  hours  are  short,  a  less  efficient 
machine  which  would  require  a  cheaper  automatic 
equipment  for  controlling  it  would  be  preferable.  I 
presume  that  the  rotary  converter  is  a  reactance- 
controlled  machine,  the  voltage  being  varied  by  altering 
the  field  current.  If  this  is  so  the  question  of  power 
factor  will  become  rather  serious,  as  the  author  states 
that  the  machine  is  put  into  service  when  the  voltage 
of  the  d.c.  network  is  low,  and  tliis  may  coincide  with 
a  time  when  the  voltage  of  the  a.c.  supply  to  the  sub- 
station is  higher  than  normal.  Under  such  conditions 
the  field  current  of  the  rotary  converter  would  be 
reduced  verj^  considerably,  and  also  the  power  factor. 
In  fact  the  rotary  converter  working  under  such  con- 
ditions may  have  a  much  worse  power  factor  than  the 
ordinary  induction  motor.  The  schematic  diagram 
does  not  indicate  how  the  change-over  to  traction 
supply  is  efiected,  but  I  presume  that  this  is  done  by 
means  of  a  tapping  on  the  high-tension  side  of  the 
transformer,  which  in  turn  will  require  a  second  extra- 
high-tension  oil  switch.  The  paper  describes  a  highly 
ingenious  arrangement  of  automatic  relays  which, 
however,  because  of  their  complexity  will  induce 
engineers  to  turn  their  attention  to  types  of  substation 
plant  for  automatic  working  which  will  necessitate 
fewer  and  simpler  pieces  of  control  apparatus,  such  as 
the  induction  motor-generator  or  the  mercury-vapour 
rectifier. 

Mr.  G.  Rogers  :  It  is  certain  that  with  any  type 
o"f  automatic  substation  plant  some  risks  have  to  be 
taken.  The  engineer  who  purposes  to  equip  such 
substations  must  face  these  risks  and  assess  them  at 
their  proper  value.  The  failure  of  a  fuse  (of  wliich 
I  imagine  there  must  be  many  to  protect  the  various 
automatic  relays)  renders  the  plant  inoperative  and 
may  involve  a  serious  failure  of  supply.  In  cases  where 
the  substation  is  designed  to  feed  into  an  existing 
network  (such  as  in  the  case  described  by  the  author) 
or  where  there  is  a  battery  stand-by,  the  risks  are 
minimized  and  can  be  faced  with  a  greater  degree  of 
confidence.  No  engineer  will  install  automatic  con- 
verter substations  for  the  sake  of  doing  so  ;    there  must 


be  a  distinct  saving  of  costs.  In  the  case  in  point  the 
author  claims  a  distinct  saving  in  the  running  costs, 
but  it  must  be  pointed  out  that  in  the  case  of  the  manually 
operated  substation  the  total  running  charges  of  £1  305 
given  on  page  422  could  be  reduced.  In  the  case  of  a 
boosting  substation  of  tliis  tj-pe  the  machine  would  come 
into  service  only  for  the  duration  of  the  peak,  which 
may  be,  if  it  is  an  industrial  load,  between  the  hours 
of  8  a.m.  and  6  p.m.,  or,  if  purely  a  domestic  load,  on 
the  evening  peak  only.  In  the  latter  case  one  shift 
only  would  be  sufficient  to  operate  the  station,  or,  if 
the  former,  two  shifts  per  day  would  meet  the  case. 
I  should  be  glad  if  the  author  would  give  the  total 
capital  cost  of  this  substation.  I  estimate  that  the  cost 
of  the  rotary  converter  and  the  automatic  switchgear 
was  approximately  £13-4  per  kW.  Automatic  con- 
verting plant  of  the  mercury-arc  rectifier  type  could  be 
installed  for  much  less  than  this  figure,  i.e.  about  £8-9 
per  kW.  I  beUeve  that  there  is  a  big  scope  for  automatic 
substations  for  boosting  purposes  and  for  supplying 
outljang  districts,  but  it  will  not  pay  to  install  them 
in  cases  where  the  supply  can  be  given  by  means  of 
new  feeders  run  only  from  existing  stations.  Within 
a  radius  of  1  000  j^ards  d.c.  feeders  could  be  laid  to 
supply  500  kW  at  a  total  cost,  including  the  boosters 
to  enable  full  use  to  be  made  of  the  copper,  less  than  that 
of  installing  an  automatic  converter  substation  such  as 
described  in  the  paper.  I  shall  be  glad  if  the  author, 
in  his  reply,  will  give  the  following  infomaation  :  (1)  The 
number  of  times  per  week  it  has  been  found  necessary 
to  visit  the  substation  for  inspection  purposes  ;  (2)  the 
average  daily  machine  load  factor  over  24  hours ; 
(3)  whether  the  converter  can  be  started  up  by  manual 
operation  in  the  event  of  the  failure  of  any  part  of  the 
automatic  switchgear  ;  (4)  whether  there  is  any  means 
provided  to  indicate  outside  the  substation  that  the 
machine  is  in  or  out  of  service  ;  (5)  how  the  output 
from  the  station  is  measured,  and  what  records  are 
kept.  Referring  to  I\Ir.  Chattock's  remarks  and  de- 
scription of  the  automatic  mercury-arc  rectifier  sub- 
station which  we  have  had  in  operation  for  the  past 
12  months,  I  propose  to  describe  the  operation  of  this 
gear  by  means  of  a  lantern  slide,  from  which  it  viall 
be  seen  that  the  arrangement  is  comparatively  simple 
and  involves  the  use  of  only  14  relays. 

Mr.  W.  E.  Groves  :  The  ingenuity  of  the  relay 
equipment  of  the  automatic  rotary  converter  substation 
must  be  admired,  and,  as  the  author  testifies  to  its 
satisfactory  operation,  there  is  only  left  the  question 
as  to  whether  other  means  to  the  same  end,  involving 
less  complex  control,  are  not  available.  Such  alterna- 
tives have  been  mentioned  by  previous  speakers  in  the 
discussion.  The  smaller  the  amount  of  auxihary 
apparatus  necessary,  the  greater  will  be  the  range  of 
apphcation  of  the  automatic  substation  from  considera- 
tions of  reliability  as  well  as  cost.  It  is  certain  that 
there  is  a  very  useful  field  for  automatic  substations 
to  assist  existing  d.c.  networks  such  as  are  dealt  with 
by  the  author.  \Vliether  it  will  pay  to  employ  them, 
as  against  la3dng  do\v7i  additional  copper  and  feeders, 
is  not  difficult  to  determine.  The  author,  however, 
neglects  cable  losses  in  making  his  comparison.  This 
is  hardly  fair  to  the  automatic  substation,  as  these  losses 
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must  var\r  inversely  with  the  money  spent  in  copper. 
It  must  therefore  be  assumed  that  he  has  made  suffi- 
ciently  liberal    allowance   in    his    estimates    to    justify 
such  losses  being  ignored.     The  alternative  of  boosting 
has    to    be    considered.     This    would    be    inadmissible 
except  for  deahng  with  peaks  of  short  duration,   and 
would  not  therefore  apply  to   the    12-hour  runs  men- 
tioned, but  it  is  bound  up  with  the  question  of  cable 
losses.     The   author   seems   to   suggest   that   he   would 
have  preferred  to  deal  with  the  situation  by  substituting 
alternating  for  direct  current,  and  liis  reasons  for  not 
doing  so  are  convincing.  •   In  most  large  towns  there  is  a 
zone  where  direct  current  is  the  right  system  because 
the  loads  are  concentrated  and  direct  current  has  certain 
advantages  both  from  the  consumers'  and  the  distri- 
butors'   points   of   view.     Alternating-current   distribu- 
tion  finds  favour  with  the  mains  engineer  because  it 
reduces    the    liabihty    to    faults,    and    its    adaptability 
to   transformation   must   alwa)'S   commend   it,    but   the 
development    of    automatic    converting    or    rectifying 
substations  will  enable  d.c.  distribution  to  be  extended 
into  areas  where  this  system  would  otherwise  be  imprac- 
ticable, and  the  homogeneity  of  the  supply  system  as 
a  whole  will  be  increased. 

Dr.  C.  C.  Garrard  :  I  think  that  the  author  has 
made  a  very  good  case  for  the  use  of  automatic  sub- 
stations for  the  purpose  in  view.  I  have  inspected 
the  installation  at  Liverpool,  and  I  should  like  to  con- 
gratulate him  on  the  scheme  and  lay-out  wliich  he  has 
adopted.  It  would  be  interesting  to  have  a  little 
further  information  regarding  the  grid.  Could  the 
author  state  the  voltage-drop  across  this  grid  resistance 
with  the  full  current  passing  through  it  ?  As  far  as  I  can 
judge  from  the  paper,  the  grid  resistance  is  of  very  low 
ohmic  value ;  such  being  the  case,  I  fail  to  see  how  it  limits 
the  current  from  the  substation  in  the  event  of  a  dead 
short-circuit.  Of  recent  years  the  use  of  economy  resist- 
ances in  contactor  design  has  been  as  far  as  possible 
obviated,  and  as  the  contactors  used  are  operated  by 
alternating  current  I  should  have  thought  economy 
resistances  unnecessary.  Their  use  seems  rather  a  retro- 
grade step.  With  reference  to  the  extra  cost  of  the 
automatic  gear,  which  is  given  as  £1  795,  may  one  take 
this  as  being  the  minimum  extra  cost  for  the  smallest 
possible  automatic  station  ?  I  should  also  like  to  raise 
the  question  of  the  use  of  a  tap-started  rotary  converter. 
I  cannot  understand  why  the  latter  has  been  adopted. 
The  motor-started  rotary  converter  seems  very  much 
more  suitable  for  automatic  operation.  With  the 
motor-started  machine  neither  brush-lifting  gear  nor 
a  pole-slipping  device  is  required,  as  one  can  always 
rely  on  its  synchronizing  with  correct  polarity  if  auxiMary 
chokers  are  used.  Its  adoption  would  result  in  con- 
siderable simphfication  of  the  automatic  switchgear. 
I  should  be  glad  if  the  author  would  state  if  there  is 
any  particular  reason  why  a  tap-started  machine  has 
been  adopted.  Also,  it  would  be  interesting  to  know 
whether  the  addition  of  a  second  or  third  rotary  con- 
verter in  the  substation  is  contemplated  when  the  load 
warrants  it,  and  whether  the  automatic  gear  will  deal 
with  the  problem  of  starting  up  one  machine  after 
another,  according  to  the  load  demand,  and  shutting  them 
down  in  a  corresponding  manner.     In  the  upper  portion 


of  column  1,  on  page  421,  the  author  states  that  the 
sequence  of  operations  seldom  occupies  a  time  greater 
than  55  seconds,  plus  the  time-lag  on  the  relay,  and 
that  this  is  a  great  advance  compared  with  manual 
operation,  which  necessitates  synchronizing  by  hand. 
According  to  my  experience,  however,  a  self-syn- 
chronizing hand-operated  rotary  converter  of  tliis  size 
starts  up  in  less  than  half  of  55  seconds.  I  do  not  mean 
by  this,  of  course,  to  argue  against  the  use  of  automatic 
gear  under  such  circumstances  as  set  forth  by  the 
author.  The  great  point  about  the  automatic  gear, 
in  my  opinion,  is  that  it  saves  labour  charges,  and 
renders  the  installation  of  substations  economically 
possible  in  cases  where  it  otherwise  would  not  be. 

Mr.  J.  A.  Cooper  :  At  a  recent  discussion  before 
the  South  Midland  Students'  Section  I  was  impressed 
by  the  number  of  members  who  had  had  experience  of 
faults  on  protective  devices.  I  should  like  to  ask, 
therefore,  if  the  author  has  experienced  any  faults  on 
the  relay  apparatus,  and,  if  so,  how  many.  With 
reference  to  the  Harborne  substation,  I  suggest  that 
it  would  be  an  improvement  to  fit  a  relay  to  the  vacuum 
pump  so  that  the  rectifier  vacuum  might  be  kept  always 
at  its  working  value  and  no  time  be  lost  by  pumping 
up  before  switching  in. 

Mr.  P.  J.  Robinson  (in  reply)  :  In  reply  to  Mr. 
Chattock,  direct  current  certainlj'  seems  preferable 
to  alternating  current  from  the  consumer's  point  of 
view,  but  for  outlying  residential  districts,  thinly 
populated,  there  appears  to  be  no  case  for  the  former 
from  the  supply  undertaking's  point  of  view  ;  these 
districts  if  formerly  supplied  with  direct  current  are 
changed  over  to  a.c.  supply  and  extended  as  such.  With 
reference  to  the  use  of  boosters,  as  the  feeders  in  question 
supply  a  network  at  a  comparatively  short  distance 
from  the  existing  manually  operated  stations,  the 
pressure  at  the  feeding  point  would  have  been  exces- 
sive, also  extra  converting  plant  and  boosters  would 
have  had  to  be  installed  at  the  manually  operated 
stations.  The  relative  advantages  of  motor-generators 
or  mercury-arc  rectifiers,  as  against  rotary  converters, 
are  rather  outside  the- scope  of  the  paper,  but  it  must 
be  borne  in  mind  that  a  rectifier  has  a  drooping  charac- 
teristic, the  voltage  dropping  considerably  as  the  load 
increases,  viz.  6-4  per  cent  from  25  kW  to  300  kW, 
which  is  unsatisfactory  ;  also,  as  the  vacuum  pump 
has  either  to  be  kept  running  continuously  or  operated 
by  remote  control,  the  station  is  obviously  not  fully 
automatic. 

Referring  to  Mr.  Forrest's  remarks,  the  converter 
is  reactance-controlled,  and  no  difficulty  has  been 
experienced  with  the  power  factor,  which  is  as  follows  : — 


200  amperes 

400 

600 

800 


unity 

0-998  leading 

0-995 

0-995 


This  is  certainly  higher  than  we  should  get  from  an 
ordinary  induction  motor.  The  transformer  is  pro- 
vided with  tappings  on  the  high-tension  side.  For 
lighting  or  traction  pressures  these  tappings  are  con- 
trolled by  a  throw-over  switch,  which  is  interlocked  w  ith 
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the  high-tension  oil  switch,  any  attempt  to  alter  the 
position  on  load  resulting  in  the  latter  switch  being 
opened  first. 

In  reply  to  Mr.  Rogers,  fuses  are  reduced  to  a  minimum, 
and  only  the  main  fuses  in  the  operating  transformer 
circuit  are  in  series  with  any  of  the  operating  relays. 
There  is  no  battery  as  stand-by  but  the  manually 
operated  stations  would  act  as  stand-by  in  the  case 
put  forward.  As  regards  the  relative  cost  of  a  rotary 
converter  with  automatic  switchgear  and  a  mercury- 
arc  rectifier  with  automatic  switchgear,  it  is  not  clear 
on  what  amount  of  plant  the  figures  given  are  based, 
as  obviously  both  stations  must  be  of  the  same  capacity 
and  provided  with  the  same  facilities  ;  also  the  main- 
tenance of  one  will  greatly  exceed  that  of  the  other, 
especially  when  the  rectifier  is  of  the  glass-bulb  pattern. 
The  converter  does  its  own  balancing,  whereas  in  a 
rectifier  either  a  balancer  or  battery  must  be  used,  or 
else  low-tension  rectifiers  in  series,  the  latter,  of  course, 
being  very  inefficient. 

In  reply  to  Mr.  Rogers's  queries  :  (1)  One  visit  a 
week  is  quite  sufficient  for  inspection  purposes,  though 
more  attention  is  being  paid  at  present,  until  the  inspec- 
tors are  thoroughly  conversant  with  the  plant.  (2)  The 
average  daily  machine  load  factor,  over  24  hours,  is 
about  30  per  cent.  (3)  The  station  cannot  be  started 
other  than  by  the  automatic  gear,  but  in  the  event 
of  any  particular  piece  of  apparatus  failing  this  can  be 
cut  out  and  the  station  will  still  function  automatically. 
(4)  The  "  lock-out  "  relay  is  provided  with  special 
contacts  for  indicating  externally  that  it  has  operated. 
These  can  be  coupled  to  a  red  lamp  outside  the  station, 
and  instructions  given  to  the  police  to  notify  the  Elec- 
tricity Department,  or  the  contacts  can  be  coupled 
to  the  private  telephone  wires,  and  give  indication  to 
the  telephone  operator.  It  has  not  been  found  necessary 
to  adopt  either  of  the  above,  as  it  is  clear  that  the 
manually  operated  stations  will  be  aware,  owing  to 
their  increased  load,  that  there  is  trouble.  (5)  The 
station  is  equipped  with  a  recording  ammeter  and  volt- 


meter,  which  are   also   an   indication   of  the   times   of 
operating. 

Mr.  Groves  mentions  the  use  of  boosters  ;  this  has 
been  dealt  with  elsewhere.  Cable  losses  were  purposely 
ignored,  as  the  case  for  the  substation  as  against  new 
feeders  was  strong  enough  without  taking  them  into 
account. 

Dr.  Garrard  refers  to  the  use  of  economy  resistances. 
These  are  only  used  on  the  main  contactors  (12)  and 
(16)  and  the  feeder  contactors  (40)  and  (41),  which 
are  across  the  d.c.  bars  ;  in  no  case  are  economy  re- 
sistances used  on  the  a.c.  contactors.  £1  795  represents 
the  extra  cost  for  a  500  k\V  converter  and  this  amount 
would,  of  course,  be  reduced  considerably  with  a  reduced 
output,  as  obviously  all  main  contactors,  grid  resistances, 
busbars,  etc.,  would  be  smaller  in  comparison.  The 
question  of  the  relative  merits  of  tap-starting  as  against 
other  methods  of  starting,  and  also  the  starting-up  of 
a  second  converter  if  installed  at  a  later  date,  have  been 
dealt  with  elsewhere  in  the  reply.  The  grid  resistance 
is  provided  as  a  safeguard  to  the  station  plant,  the 
feeder  protection  taking  care  of  a  faulty  feeder.  If  the 
manually  operated  stations  faOed,  the  load  would 
become  too  heavy  for  the  automatic  station  plant  to 
deal  with,  and  the  grid  resistance  would  cut  in  to  limit 
the  output.  As  it  takes  about  8  minutes  for  the  grids 
to  arrive  at  the  requisite  temperature  to  shut  the  plant 
down,  the  manually  operated  stations  have  a  margin 
of  time  to  get  going  again.  The  actual  time  required 
to  put  the  converter  on  load  is  41  seconds  if  the  polarity 
is  correct,  and  45  seconds  if  the  polarity  has  to  be 
corrected. 

In  reply  to  Mr.  Cooper,  so  far  there  have  been  no 
faults  on  any  of  the  relays,  nor  does  there  appear  to  be 
any  reason  why  they  should  occur.  The  relays  are 
all  of  sound  construction  and  very  robust.  Regarding 
the  suggestion  to  fit  a  relay  on  the  vacuum  pump  of 
a  mercury  arc  rectifier,  unfortunately  this  is  a  difiicult 
matter  which  has  not  yet  been  overcome  ;  it  is,  how- 
ever, receiving  very  considerable  attention. 
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SOME    PROBLEMS    IN    HIGH-SPEED    ALTERNATORS,    AND    THEIR 

SOLUTION. 

By  J.  Rosen,  Member. 

(Paper  first  received  lOlh  October,  and  in  final  form  15th  December,  1922 ;  read  before  The  Institution  \oth  February, 
before  the  Western  Centre  5th  February,  before  the  Scottish  Centre  13</i  February,  before  the  North  Midland 
Centre  20th  February,  before  the  North-Eastern  Centre  26th  February,  before  the  North-Western  Cenjre 
6th  March,  before  the  East  Midland  Sub-Centre  lOth  April,  and  before  the  South  Midland  Centre  25th  April,  1923.) 


Summary. 

It  is  the  author's  purpose  to  present  concisely  some  of 
the  more  interesting  problems  encountered,  and  the  methods 
adopted  to  solve  them.  The  problems,  although  encountered 
in  high-speed  alternators,  will  be  found  to  be  of  interest  to 
engineers  engaged  in  other  branches  of  the  electrical  engi- 
neering industry. 

The  following  subjects  are  considered  : — 

(1)  The  history  and  failures  of  turbo-alternators. 

(2)  Mechanical  construction  of  rotors  and  caps  supporting 

the  coil  ends. 

(3)  Stator  windings  and  insulation. 

(4)  Stator  slots. 

(5)  Alternator  ventilation,  water  cooling  and  the  necessity 

for  clean  air  supply. 

(6)  Exciter  instability. 

(7)  Eddy  currents  in  rotors. 

(8)  Oscillograph  tests,  in  explanation  of  exciter  instability, 

showing  the  necessity  for  precautions  when  breaking 
the  main  field  by  means  of  a  quick-break  switch 
without  any  discharge  resistance. 


(1)  The  History  and  Failures  of  Turbo- 
alternators. 

During  the  past  ten  years  the  development  of  large 
alternators  running  at  high  speeds  has  greatly  advanced, 
and  has  brought  out  many  interesting  problems  of  design, 
construction,  and  operation. 

Since  the  first  steam-turbine-driven  dynamo*  (10 
e.h.p.,  100  volts,  75  amperes,  running  at  18  000  r.p.m.) 
was  designed  and  constructed  in  1884  by  Sir  Charles 
Parsons,  engineers  have  recognized  that  high  speeds  of 
rotation  are  essential  to  direct-coupled,  steam-turbine- 
driven  machinery.  i 

The  velocity  attained  by  a  fluid  when  forced  out  of 
an  orifice  in  the  form  of  a  jet  is  inversely  proportional 
to  the  square  root  of  the  density,  so  that  low  density 
of  working  fluid  implies  high  velocity  of  efflux  from  a 
nozzle.  Also,  theory  and  experiment  prove  that,  to 
obtain  good  efficiency,  the  peripheral  speed  in  a  turbine 
must  be  comparable  with  the  jet  speed  ;  so  that,  in 
turbines  driven  by  steam,  which  has  comparatively 
low  density  (only  1/140  of  that  of  water  at  liigh  pressure 
and  1/40  000  at  29  in.  vacuum),  the  peripheral  speed 
must  be  sufficiently  high  to  obtain  good  steam  economy. 
In  practice,  this  means  high  speeds  of  rotation  for  the 
turbine  and  for  the  alternator,  where  the  latter  is  direct 
coupled  to  the  turbine  shaft,  f 

The    fre(|ucncy   for   most   electrification   schemes   in 

this  country,  however,  is  50  periods  per  second,  which 

limits  the  alternator  speed  to  3  000  r.p.m. 

•  British  Patent,  Nos.  6734/1884  and  U723/1884. 
P  t  The  terra    "high  speeds"  is  used  in  a  relative  sense,  i.e.  in 
comparison  with  reciprocating-piston  engine  practice. 


Whilst  this  speed  has  been  found  suitable  for 
moderate  outputs,  it  is  not  sufficiently  high  to  enable 
the  best  economy  to  be  realized  in  small  commercial 
turbines  of  1  000  kW  and  below,  a  circumstance  which 

Table  1. 
Parsons  Alternators. 


Vear  of  iustallation 

Output 

Power  factor 

Speed 

kVA 

r.p.m. 

1909 

1  250 

0-8 

3  000 

1910 

1  875 

0-8 

3  000 

1913 

2  060 

0-8 

3  000 

1914 

2  500 

0-8 

3  000 

1917 

3  750 

0-8 

3  000 

1918 

6  475 

0-85 

3  000 

1919 

7  500 

0-8 

3  000 

1921 

10  000 

0-8 

3  000 

1922 

12  500 

0-8 

3  000 

1922 

15  600 

0-8 

3  000 

1922 

18  750 

.    0-8 

3  000 

Under     con- 

struction 

25  000 

0.8 

3  000 

1911 

2  140 

0-7 

2  000 

1911 

2  500 

0-8 

2  400 

1911 

3  200 

0-75 

2  400 

1915 

3  750 

0-8 

2  400 

1916 

14  700 

0-75 

2  400 

1921 

17  650 

0-85 

2  400 

1909 

2  860 

0-7 

1500 

1910 

8  575 

0-7 

1  000 

1913 

13  150 

0-95 

1500 

1913 

25  000 

10 

750 

1915 

19  000 

0-95 

1000 

1918 

14  750 

0-95 

1  500 

1920 

18  750 

0-8 

1  500 

1922 

25  000 

0-8 

1  500 

Under     con- 

struction 

47  50(1 

0-8 

1  800 

has  led  to  the  development  of  geared  turbo-alternators 
for  these  outputs. 

About  1887,  do  La\al  had  developed  a  satisfactory 
form  of  doubls  helical  reduction  gearing  for  use  with 
his  simple  impulse  turbine,  and  showed  that  single- 
reduction  gears  with  a  ratio  of  10  to  1  could  be  success- 
fully constructed  for  transmitting  small  powers. 

About  1912,  however,  Sir  Charles  Parsons  further 
developed  this  form  of  gearing  for  coupling  to  electrical 
machinery  turbines  of  much  greater  output ;    and,  by 
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the  use  of  modern  single-reduction  gears,  a  turbine  can 
be  run  up  to  some  5  000-0  000  r.p.m.  ;  the  speed  of  the 
alternator,  now  being  optional,  is  made  low  (500-750 
r.p.m.),  so  that  ordinary  materials  and  low-speed  con- 
struction may  be  adopted,  with  a  view  to  reduced  cost. 

\\'ith  regard  to  large  units,  it  is  only  within  the  last 
few  years  that  alternators  of  very  large  output  at  high 
speeds  of  rotation  have  been  built. 

Table  1  gives  the  sizes  of  the  largest  Parsons 
alternators,  of  different  speeds,  manufactured  each 
year,  and  demonstrates,  on  the  whole,  a  gradual  increase 


proved  satisfactory  after  several  years'  trial.  Credit 
is  also  due  to  the  Newcastle-upon-Tyne  Electric  Supply 
Company,  and  their  consulting  engineers,  Messrs.  Merz 
and  I\]cLcllan,  for  their  courage  and  initiative  in  in- 
stalling a  pioneer  plant  which  was  such  a  notable  advance 
on  any  existing  practice. 

In  1915,  3  750  kVA  was  considered  to  be  a  large 
output  at  3  000  r.p.m.,  whereas,  to-day,  alternators  of 
20  000  kVA  continuous  maximum  rating  have  been 
manufactured  in  this  country.  In  America  at  present, 
9  375  kVA  continuous  maximum  rating  is   the  largest 
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1911        1312       1313       1314       1915       1316      1917        1318       1919       1320      1921 
Fig.  4. — Number  and  output  of  Metropolitan-Vickers  turbo-alternators  in  service. 


in  capacity  of  individual  machines.  The  curves  in 
Fig.  1  perhaps  illustrate  this  more  clearly.  During  the 
period  of  the  late  war,  the  size  of  plant  at  3  000  r.p.m. 
remained  comparatively  steady.  The  curves  are  of 
great  interest,  as  it  will  be  seen  that  the  14  700-kVA 
alternators,  again  referred  to  later  in  the  paper,  were 
a  great  advance  upon  machines  running  at  the  time. 
From  the  data  obtained  from  the  five  14  700-kVA 
alternators,  experience  was  gained  which  enabled 
Messrs.  Parsons  to  design  and  manufacture  alternators 
of  even  greater  outputs  at  3  000  r.p.m.,  without  exceeding 
the  electrical  and  mechanical  limits  which  had  been 


output  at  3  600  r.p.m.  From  the  author's  discussions 
with  engineers  and  designers  in  America,  he  found  that 
the  difficulty  in  designing  at  the  higher  speeds  lay  in 
the  alternator  and  not  in  the  turbine,  and  that  ventila- 
tion appeared  to  be  a  limiting  factor. 

With  the  improved  materials  and  methods  of  ventila- 
tion, combined  with  more  accurate  proportioning,  large 
alternators  at  high  speeds  are  certainly  no  less  rehable 
than  the  earlier  and  smaller  machines.  The  accom- 
panying curves,  Fig.  2,  indicate  all  the  breakdowns  of 
Parsons  alternator  stators  in  the  British  Isles  during 
the  past  ten  years.     The  total  output  and  the  number 
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of  maciiines  installed  during  this  period  are  also 
given. 

During  the  period  1916-1917  there  were  several 
failures,  due  to  reasons  which  are  now  clear,  the  faults 
being  at  the  alternator  terminals  and  on  the  end 
windings,  due  to  overheating,  insufficient  supports 
against  sudden  short-circuits,  and  to  station  conditions 
such  as  moisture  in  air  ducts.  The  two  breakdowns 
for  1922  (Fig.  2)  were  of  alternators  built  20  years 
ago.  One  involved  a  minor  repair,  and  the  second 
machine  had  to  be  rewound.  Only  the  failures  of  stators 
are  included,  as  the  failures  of  rotors  of  which  the 
author  has  experience  have  been  few  during  this  period, 
and  the  difficulties  have  been  mechanical  and  readily 
overcome.  This  record  speaks  for  itself,  especially 
when  it  is  remembered  that  during  a  large  portion  of 
this  period  the  plants  were  run  at  maximum  output 
night  and  day,  owing  to  war  conditions.  Although  the 
number  of  machines  in  commission  has  increased,  the 
number  of  breakdowns  has  diminished.  The  improve- 
ment is  still  more  striking  when  it  is  considered  that 
the  conditions  of  operation  in  a  modern  power  station 
have  become  more  severe  with  the  advance  of  time. 

To  achieve  these  results,  advantage  has  been  taken 
of  ever}'  opportunity  of  incorporating  later  improvements 
into  alternators  already  in  operation.  The  results  would 
have  been  even  better  had  it  not  been  that,  because  of 
the  circumstances  previously  mentioned,  it  was  not 
possible  to  shut  down  some  of  the  plants  even  for  a 
short  time  in  order  to  make  the  necessarv  improvements. 

In  one  plant  some  of  the  stator  conductor  insulating- 
tubes  were  found  to  be  eroded.  The  ground  near  to 
the  air-duct  entrance  to  the  alternator  foundations 
was  being  excavated,  and  fine  grit  and  dust  were  drawn 
into  tlie  alternator  air-duct  and  air-gap,  being  thrown 
out  by  the  rotor  at  a  velocity  corresponding  approxi- 
mately to  its  peripheral  speed,  causing  a  sand-blast 
action,  wliich  was  sufficient  to  cut  into  the  portions  of 
the  insulating  tubes  exposed  between  the  core  sections. 

The  remainder  of  the  tubes  were  protected  by  tlie 
core,  as  the  slot  was  of  the  tunnel  formation.  A  photo- 
graph of  two  of  the  conductor  tubes  is  sho\\-n  in  Fig.  3. 
It  is  of  interest  to  record  tliat,  altliough  at  least  seven 
conductor  bars  were  damaged,  being  bared  to  the 
copper,  the  alternator  did  not  break  down.  Protection 
is  now  provided  bj^  means  of  teak-wood  packing  at 
the  top  of  tlie  slots,  driven  in  along  the  whole  length 
of  the  core. 

The  fault  mentioned  above  was  found  during  the 
annual  overhaul,  and  emphasizes  the  advisabihty  for 
periodic  examination  and  testing  in  order  to  avoid 
mishaps  which  are  beyond  the  control  of  both  power 
station  engineers  and  manufacturers. 

Fig.  4  gives  the  curves  for  maciiines  of  the  Metro- 
politan-Vickers  Electrical  Company's  manufacture,  wliich 
also  show  a  downward  tendency  in  the  percentage  of 
breakdowns.* 

(2)  Mechanical  Construction  ok  Rotor. 

The  principal  mechanical  problems  are  encountered 

in   the  construction   of  the  rotor.     Improved   methods 

of   manufacture,    and   more   systematic  inspection   and 

•  Journal  I.E.E.,  1921,  vol.  59,  p.  299. 


testing,  have  ehminated  troubles  due  to  flaws  in  the 
material. 

The  barrel  formation  of  rotor,  in  which  the  exciting 
windings  are  embedded  in  radial  slots  formed  between 
the  poles,  has  proved  itself  eminently  suitable  for 
liigh-speed  design.  The  details  of  the  rotor  construc- 
tion depend  upon  experience,  and  upon  the  design  of 
the  remaining  parts  of  the  alternator. 

When  the  first  14  700-kVA  alternators  running  at 
2  400  r.p.m.  were  under  consideration  in  1914,  the 
problem  of  the  best  construction  of  rotor  was  thoroughly 
thrashed  out.  The  merits  of  the  plate  rotor  with  a 
through  shaft,  of  the  plate  rotor  with  bolted-on  shaft 
ends,  of  the  rotor  built  with  tliin  laminations  on  a 
through  shaft,  and  of  the  single-forging  rotor,  were 
given  careful  consideration  by  Sir  Charles  Parsons  and 
the  author.  The  simple  sohd  forging  was  finally  chosen, 
and  experience  has  shown  that  it  is  the  most  suitable 
construction. 

After  careful  consideration  of  the  peripheral  speeds 
of  maciiines  already  running,  it  was  decided  to  adopt 
the  very  conservative  and  safe  figure  of  300  ft.  per 
second,  at  which  peripheral  speed  several  Parsons 
alternators  had  been  running  for  many  years  at  .speeds 
from  1  000  to  3  000  r.p.m.  Obviously  this  meant  a 
long  rotor  body,  and  its  length  was  actually  105  in., 
with  a  diameter  of  29  in.,  giving  a  ratio  of  pole  length 
to  pole  diameter  of  3-62  ;  tliis  ratio  was  more  than 
double  that  of  any  large  alternator,  either  running  or 
under  construction,  at  that  time.  From  careful  calcu- 
lations and  comparison  with  these  earlier  maciiines  it 
^\'as  decided  that  there  might  be  a  critical  speed  at 
1  600  r.p.m.  (On  running  the  rotor  of  the  first  of  these 
machines  later,  it  was  found  to  vibrate  sUghtly  between 
1  200  r.p.m.  and  1  600  r.p.m.,  but  after  the  final 
balancing  no  undue  vibration  could  be  detected  at  or 
below  3  000  r.p.m.,  i.e.  2.5  per  cent  above  the  normal 
speed.) 

It  is  of  interest  to  note  here  that,  in  a  paper  read 
before  this  Institution  in  1908,  the  pioneer  Parsons 
direct-current  armature  was  der^cribed,*  having  a  core 
diameter  of  2j  in.  and  a  core  length  of  8  in.,  giving  a 
ratio  of  core  length  to  core  diameter  of  3|.  This  arma- 
ture ran  at  18  000  r.p.m.  and  had  a  tlirough  shaft. 
Most  of  the  earher  rotors  and  armatures  successfully 
ran  through  two  or  more  critical  speeds  before  reaching 
the  running  speed. 

In  addition  to  other  novel  features,  the  rotors  of  the 
14  700-kVA  alternators  were  water-cooled,  and  details 
are  given  in  Section  (5).  It  was  reahzed  that  there 
might  be  difficulty  in  dissipating  heat  from  such  a 
long  rotor  by  the  usual  methods  of  air  ventilation,  so 
that  water-cooling  was  introduced  to  give  confidence 
upon  this  question,  leaving  the  designers  a  free  hand 
to  deal  with  the  mechanical  problems. 

Rotor  caps. — The  caps  for  supporting  the  rotor  end 
windings  are  one  of  the  hmiting  factors  in  any  design, 
and  it  is  liere  that  the  advantages  of  comparatively  low 
peripheral  speeds  become  apparent.  The  material  now 
obtainable  for  the  caps  has  an  ultimate  strength  of 
65  tons  per  sq.  in.,  with  a  yield  point  of  not  less  than 
48  tons  per  sq.  in.  The  material  is  also  ductile,  as 
♦  Jouritai  I.E.E.,  1908,  vol.  i\,  p.  286. 
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shown  by  the  elongation  on  a  test  piece  O-SGl  in. 
diameter  (area  =  0-25  sq.  in.),  of  15  per  cent  on  2  in., 
with  a  reduction  of  area  of  50  per  cent. 

With  the  comparatively  low  peripheral  speed  the 
stress  in  the  caps  is  kept  below  12  tonb  per  sq.  in.  at 
the  normal  speed  ;  in  the  14  700-kVA  alternators 
before  mentioned  the  mean  hoop  stress  in  the  caps 
was  less  than  9  tons  per  sq.  in. 

The  rotor  end  windings  are  not  evenly  distributed 
under  the  caps,  a  circumstance  that  leads  to  a  draw- 
back, which  is  more  apparent  in  the  2-pole  rotors, 
namely  that  the  caps,  not  being  uniformly  stressed, 
tend  to  become  oval  in  service.  Moreover,  it  is  possible 
to  deform  a  cap  25  in.  diameter,  1  in.  thick,  by  as  much 
as  -J  in.  on  the  diameter  during  its  assembly  over  the 
windings.  This  phenomenon,  when  first  observed,  gave 
much  food  for  thought,  and  it  was  considered  desirable 


ehminatuig  any  side  pull  such  as  that  due  to  a  belt. 
The  oil  clearance  between  the  rotor  journals  and  bearings 
was  a  minimum. 

The  eccentricity  of  the  cap  was  obtained  by  measuring 
the  varying  clearances  between  the  cap  and  a  fixed 
point  or  contact. 


CONTACT    BREAKER 


ROTOP    SHAFT 


Fig.  5. — Experiment  on  rotor  end  cap,  to  determine  the  distortion  when  running  at  3  000  r.p.m.      Plan  of  apparatus 

for  photographing  spark. 


CIRCUIT    THROUGH     SHAFT 


bIer     I 


(HRRRJW^-' 

COIL 


Fig.  6. — Diagram  of  connections  for  experiment  on  rotor  end  cap. 


to  obtain  exact  information  as  to  the  actual  deformation 
of  the  caps  with  the  completed  rotor  running  at  full 
speed.  The  investigations  were  carried  out  early  last 
year  (1921)  and  a  rotor  from  a  15  000-kVA  alternator 
running  at  3  000  r.p.m.  was  selected  for  the  experiments. 
The  rotor  was  adjusted  in  a  special  machine  used  for 
the  dynamic  balancing  of  alternator  rotors,  and  was 
driven  by  a  600-b.h.p.  low-speed  motor,  stepping  up 
through    a    6/1    gearing    and    flexible    coupUng,    thus 


Two    methods    of    obtaining    the    eccentricity    were 
originally  proposed  : 

'1)  Using  a  microphone  to  record  the  loudness  of  the 

note  in  a  telephone  receiver,  or  to  give  a  record 

on  an  oscillograph. 
(2)  Photograpliing    the   length    of   an    electric   spark 

jumping  across  the  gap  between  a  fixed  contact 

and  the  cap. 
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The  microphone  method  is  inadmissible  unless  the 
cap  is  of  magnetic  material,  and  there  is  obvious  diffi- 
culty in  obtaining  accuratel}^  by  this  method,  the  shape 
of  the  cap  while  running ;  the  second  method  was 
therefore  adopted. 

The  maximum  extension  of  the  cap  occurred  adjacent 
to  the  rotor  body.  The  extension  on  the  diameter 
was  O'Ol  in.  between  poles,  and  0-025  in.  at  the  centre 
of    the    poles.     The    cap    was    therefore    only    slightly 


I    0-15 


POLE       45°         SCf       US'      POLE       2Z5°      270°       315°      POLE 
6  POSITIONS    AROUND    END  CAP  EQUAUY    SPACED 

j£0« 


"POLE      45°         90°        135°      POLE      ZZ5°    "270°       315°      POLE 

Fig.  7. — Graphs  showing  distortion  in  rotor  end  cap. 

Table  of  Readings  and  Calculations  from 
Experiment. 


Spark 

Gap  =  0 

-15    IN. 

(1) 

(2) 

(8) 

(4) 

<S) 

Position  on 
rotor 

Length  of 

spark  at 

3  000  r.p.m. 

on  film 

Length  of 
spark  at 
500  r.p.m. 
on  film 

Difference 
(3)  -  (2) 

Actual  distort  on 

pole 

0-99 

1-11 

012 

0-0163 

45° 

1-02 

1-11 

0-09 

00122 

90° 

1-055 

1-09 

0-035 

0-0C475 

135° 

1-035 

1-11 

0-075 

0-0104 

pole 

1-03 

1-09 

0  06 

0-00815 

225° 

1-065 

1-09 

0-025 

0-0034 

270° 

1-05 

1-09 

0-04 

0-0054 

315° 

0-99 

1-07 

0-08 

00109 

pole 

0-99 

1-11 

0-12 

0-0163 

distorted.     The  results  agreed  very  closely  with  calcu- 
lation. 

It  will  perhaps  be  of  interest  to  give  here  a  very 
short  description  of  the  experiment.  The  sparking 
contact,  Figs.  5  and  6,  was  supported  from  the  heavy 
baseplate  and  made  adjustable  axially  along  the  cap. 
The  brush  of  the  contact  breaker,  wliich  it  was  found 
more  convenient  to  fit  to  the  driving  motor  shaft, 
could  be  moved  round  to  make  the  spark  at  any  desired 
circumferential  position  on  the  cap.  Fig.  7  gives  in 
grapliical  and  tabular  form  the  results  of  one  set  of 
readings   taken    at    500   r.p.m.    and    3  000   r.p.m.     The 


procedure  in   calculation   is   given   at   the  head   of   the 
table  following  Fig.  7. 

At  the  former  speed  it  was  assumed  that  there  was 
no  appreciable  distortion  of  the  cap — the  difference 
in  the  readings  will  therefore  give  the  distortion  due  to 
the  rotation  at  3  000  r.p.m.  The  illustrations  are 
diagrammatic,  but  some  idea  of  the  difficulties  in 
running,  and  due  to  windage,  may  be  gauged  from 
them,  when  it  is  remembered  that  the  maximum 
peripheral  speed  of  the  rotor,  wliich  weighed  15  tons, 
was  nearly  400  ft.  per  second. 
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LONGITUDINAL     VIEW 

SHOWING       HELICAL 
STRANDED  CONDUCTOR 

50  ~ 


OVAL  CONDUCTOR 
14700  kVA 


OVAL  CONDUCTOR 
SHOWING    TUBE    FOR    THERMO  COUPLE 
6750    VOLTS  4-0'^ 


OVAL     CONDUCTOR 
REPLACING       LAMINATED     BAR     OF   ANOTHER     MANUFACTURE 

21430  kVA  5500  VOLTS       50'-^ 


SQUARE    AND      D-SHAPED    CONDUCTOR    ASSEHBLED 
25000  kVA        12000  VOLTS      Zb'-^ 

Fig.  8. — Sections  of  insulated  conductors  made  from  Parsons 
helically  stranded  coreless  cable,  without  crushing. 

Figs.  9  and  10. — Special  cable-making  machine. 
(These  were  shown  as  lantern  slides.) 

(3)  Stator  Windings  and  Insul.\tion. 

Early  alternator  stators  were  hand  wound,  with  a 
continuous  length  of  cable  of  the  same  cross-section 
throughout.  The  insulating  tubes  in  the  slots  were 
moulded  separately,  usually  of  tape  and  fibrous  material 
such  as  press-spahn  or  leatheroid.  They  were  placed  in 
position  in  the  slots,  and  the  cable  was  wound  or  pulled 
through  them.  The  cable  was  insulated  by  hand 
during  the  process  of  winding.  This  construction, 
although  of  proved  reUability,  was  laborious  and  expen- 
sive, and  became  more  difficult  with  the  increasing  size 
of  alternators.  The  winding  space  was  not  used 
effectively  ;  the  output  was  limited  and  the  cost  unduly 
high. 

To  overcome  these  difficulties,  the  conductors  in  the 

core  are  now  made  separate  from  the  end  connectors. 

The  former  are  made  by  Messrs.  C.  A.  Parsons  &  Co., 

of   their  stranded   coreless  cable,*  shown  in  Fig.   8,  in 

•  British  Patent,  Nos.  16  620/08  and  184  574. 
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wliich  the  individual  strands  are  insulated  and  spiralled 
in  a  definite  lay,  to  eliminate  eddy-cunent  losses  in 
the  cable.  The  end  connectors  are  made  of  copper 
straps,  wliich  form  a  good  mechanical  construction  for 
bracing  against  the  forces  set  up  in  the  winding  at  the 
moment  of  sudden  short-circuits. 

The  cable  employed  is  constructed  on  a  special  cable- 
making  machine,*  and  is  built  up  of  copper  strands 
separately  insulated  ;  it  can  be  manufactured  in  any 
desired  shape  without  a  central  core  and  without 
crusliing.  There  is  therefore  no  necessity  to  deform 
the  cable  after  it  leaves  the  c?ible-making  macliine. 
By  this  means  the  danger  of  short-circuits  developing 
between  individual  strands  is  eUniinated.  Some  ex- 
amples  are   given   in   Figs.    9   and    10,   illustrating   the 


construction  of  transformers  and  alternators  by  other 
manufacturing  firms  in  tlhs  country  and  on  the  Conti- 
nent ;  in  America  its  use  is  now  under  consideration. 
Later  still,  multiple  joints  *  were  adopted  for  connecting 
the  cables  forming  the  core  conductors  to  the  end  con- 
nectors. Tliis  improvement  is  successful  in  minimizing 
the  loss  due  to  eddy  currents  induced  in  the  joints. 
An  example  of  a  conductor  with  three  separate  joints 
at  each  end  is  given  in  Fig.   11. 

With  the  improved  winding  construction,  mica 
became,  and  still  remains,  the  principal  component 
in  the  material  of  the  insulating  tubes.  Instead  of 
the  tube  being  form.ed  and  the  conductors  wound 
separately,  the  slot  insulation  is  moulded  round  the 
conductors,    forming    one    bar    ready    for    placing   into 


^ 


Fig.   11. — Multiple  joints  for  stator  end  connections. 


accurate    forming    of     the     cable,    wliich     leaves     the 
macliine  in  its  final  form  without  crushing. 

There  appears  to  be  some  misunderstanding  in  the 
minds  of  engineers  as  to  the  properties  of  the  Parsons 
stranded  cable.  In  the  early  daj's,  when  armatures 
were  wound  with  round  stranded  cable,  there  was  no 
difficulty  in  obtaining  a  good  construction.  However, 
later,  with  oval  cables,  cable  makers  would  only  supply 
round  cable  crushed  to  the  desired  shape,  or  a  cable 
with  a  paper  core.  The  former  was  undesirable,  as  the 
insulation  on  the  individual  strands  of  the  conductor 
was  broken  in  the  process  of  crushing.  As  a  result, 
excessive  heating  occurred  due  to  the  induced  eddy 
currents.  The  paper-core  cable  had  the  obvious  dis- 
advantage of  a  low  space  factor,  witli  the  result  that  it 
was  impossible  to  design  an  economical  machine,  and 
limits  were  placed  on  the  output.  Tins  type  of  cable 
was  also  very  difficult  to  handle  and  to  bend  into 
suitable  shape  for  winding.  The  Parsons  patented 
cable  overcomes  these  difficulties,  and  to-day  is  gradually 
obtaining  recognition,  so  that  it  is  being  used  in  the 
*  British  Patent,  No.  10  020/08. 


the  slot.  The  insulation  is  applied  by  the  Parsons 
Company  by  a  special  machine,  the  design  of  which  is 
based  on  the  principle  of  the  familiar  hand  cigarette- 
making  macliine.  The  insulation  passes  over  a  hot 
table  and  is  carried  round  by  a  taut  canvas  band,  being 
thus  tightly  wrapped  round  the  stator  conductor  bar. 
The  macliine  in  question  is  sufficiently  flexible  to  be 
able  to  insulate  a  small  bar  weighing  a  few  pounds,  up  to 
bars  weighing  3  cwts.  The  end  connectors  are  also  insu- 
lated separately  before  assembly  in  the  stator;  after 
assembly,  it  is  only  necessary  to  insulate  the  joints  con- 
necting the  end  windings  with  the  slot  conductors.  With 
these  new  methods  employed  in  winding,  it  has  become 
possible  to  use  improved  insulating  materials,  and  to 
supervise  more  strictly  this  important  part  of  the  work. 
In  earlier  practice,  methods  of  manufacture  had 
been  developed  in  which  the  insulation  moulded  round 
the  conductors  formed  a  compact  mass  with  the  copper, 
and  had  almost  a  metallic  ring  when  knocked  with  a 
hammer  ;  conductors  insulated  in  this  way  made  a  great 
appeal  to  engineers,  owing  to  their  resemblance  to  a 
•  British  Patent,  No.  126  124. 
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metallic  structure.     The  disadvantages  of  tliis  method 
of  insulation  did  not  appear  until  later. 

During  1913,  on  drying  out  the  stator  windings  of 
a  2  500-kVA,  6  600-volt  alternator,  cracks  developed 
in  the  hard  insulating  tubes,  which  broke  down  to  earth 
under  the  high-pressure  insulation  test.  The  reason 
for  this  failure  was  not  appreciated  until  a  similar 
fault  developed  on  another  stator,  and  the  whole  position 
was  investigated.  The  explanation  is  a  simple  one. 
When  the  alternator  gets  hot,  the  conductors  and 
insulating  tubes  expand  and  lengthen.  The  copper 
conductor,  having  the  higher  coefficient  of  expansion, 
lengthens  more  than  the  tube  and,  as  both  form  a  sohd 
mass,  one  has  to  give  way.  It  is  always  the  tube. 
This  illustration  shows  clearly  how  a  modification, 
although  apparently  an  improvement,  may  have  dis- 
advantages which  only  develop  on  trial  under  operating 
conditions.  It  shows  also  the  necessity  for  caution  in 
departing  from  proved  methods  of  construction. 

Yet,  on  looking  into  other  spheres  of  electrical  work, 
it  is  not  imreasonable  to  reflect  that  the  difiiculties 
might  have  been  foreseen.  Take  one  example — an 
ordinary  electric  glow  lamp.  The  metal  "  leads  "  to 
the  filament  must  have  the  same  coefficient  of  expansion 
as  that  of  the  glass  through  which  they  pass,  otherwise, 
when  the  lamp  is  switched  on,  and  becomes  heated, 
the  glass  and  wires  expand  unequally  and  the  glass 
cracks. 

To  remove  the  expansion  difiiculty,  and  to  retain 
the  insulating  tube  moulded  directly  on  to  the  con- 
ductors, it  is  necessaiy  to  use  an  insulation  having 
the  same  coefficient  of  expansion  as  that  of  copper,  or, 
alternatively,  to  make  the  insulation  sufficiently  flexible 
to  take  up  the  difference  in  expansion.  The  former 
solution  is  not  yet  obtainable.  A  flexible  mica  insula- 
tion had  therefore  to  be  devised.  This  insulation,  after 
a  great  deal  of  investigation,  was  finally  obtained  and, 
when  the  spirit  has  been  evaporated  from  the  varnish 
binding  the  mica  flakes  together,  the  remaining  oils 
ensure  that  the  insulation  retains  sufficiently  elastic 
properties  at  the  operating  temperatures  of  the  alter- 
nator. It  must  be  remembered  that  the  sides  of  the 
conductor  slots  also  grip  the  insulating  tube  ;  just  as 
between  the  copper  conductor  and  the  tube  there  is 
relative  movement,  so  is  there  also  between  the  tube 
and  the  iron  core.  Flexible  insulation  has  provided  a 
satisfactory  solution  of  both  difficulties. 

As  an  alternative,  if  a  hard  moulded  insulation  is 
used,  the  following  precautions  should  be  taken.  A  thin 
layer  of  flexible  insulation  should  be  appUed  between 
the  conductor  and  the  hard  tube,  and  also  outside 
the  latter.  This  outer  layer  of  elastic  material  might 
be  applied  to  the  sides  of  the  slots  so  as  to  present 
a  smooth  surface  to  the  insulating  tube.  A  suitable 
bituminous  compound,  becoming  elastic  at  the  operating 
temperatures,  would  serve  the  purpose. 

It  must  be  borne  in  mind  that  whatever  insulation 
is  employed  must  not  be  brittle.  If  brittle  insulation 
is  used,  cracks  will  also  develop  when  the  windings  are 
subject  to  the  forces  occurring  on  short-circuits.  The 
insulation  must  not  pulverize.  Too  much  stress  cannot 
be  laid  upon  these  quaHties. 

Experience  has   proved   that   movement  of  the   end 


windings  as  a  whole  cannot  entirely  be  prevented.  On 
one  occasion  a  dead  short-circuit  occurred  across  the 
terminals  of  one  of  the  largest  alternators  while^on 
full  load.  Careful  examination  showed  that,''.owing  to 
the  shrinkage  of  insulation  and  packings  reheving  the 
pressure  of  the  clamps,  the  stator  end  windings  in  one 
place  had  moved  i  in.,  but  had  afterwards  sprung  back 
to  their  normal  position. 

(4)  Stator  Slots. 

In  the  author's  opinion,  the  tunnel  formation  of  slot 
for  receiving  the  stator  conductor  bars  has  many 
advantages  over  the  open  slot  formation.  The  con- 
struction may  be  a  little  more  expensive  to  manufac- 
ture, but,  when  correctly  designed,  the  windings  are 
more  accessible  for  examination  and  withdrawal,  if 
necessary,  than  former-wound  coils  in  completely  open 
slots.  This  advantage  is  more  noticeable  in  turbo- 
alternators,  as  the  number  of  poles  rarely  exceeds  two 


Fig.   12.— Oscillograph  curves  for  18  750-kVA  6  500-V 

alternator  on  open  circuit. 

(a)  Between  phases.        (&)  Between  phase  and  earth. 

or  four,  giving  a  long  winding-pitch.  The  advantages 
are  also  still  more  apparent  in  the  largest  turbo-alter- 
nators, since  the  number  of  conductors  per  slot  is 
small. 

The  slot  is  punched  with  a  full  radius  top  and  bottom, 
giving  a  sound  mechanical  construction  of  core,  and  the 
insulating  tube,  of  the  oval  cross-section  required  to 
fill  the  slot,  is  readily  moulded  around  the  conductor 
bar. 

With  the  tunnel  slot  construction  the  flux  pulsations 
are  minimized,  and,  as  the  stator  bore  has  an  uninter- 
rupted contour,  the  circulating  currents  induced  in  the 
rotor  body  are  reduced  to  a  minimum  and  the  efficiency 
of  the  alternator  is  improved.  In  the  closed  slot 
construction  the  leakage  of  flux  across  the  iron  bridge 
enables  a  high  inherent  reactance  to  be  obtained  without 
resorting  to  abnormal  proportions  of  the  slot. 

Again,  by  the  use  of  the  tunnel  slot  it  is  possible  to 
obtain  an  alternator  voltage  wave-form  entirely  free 
from  ripples.  With  the  open  type  of  slot  it  is  difficult 
to  remove  the  ripple  at  the  peak  of  the  voltage  wave- 
form. Fig.  12  gives  the  oscOlograms  of  the  open-circuit 
voltage  of  a  Parsons  18  750-kVA  alternator  with  tunnel 
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slots.  Fig.  13  gives  the  oscillograms  with  a  load  of 
8  000  kVA  and  a  power  factor  of  0  ■  95.  Both  sets  of 
oscillograms  give  the  voltage  between  phase  terminals, 
and  between  the  phase  terminal  and  the  star  point. 
There  are  no  pronounced  harmonics,  and  on  load  the 
maximum  deviation  from  a  sine  wave  of  the  pressure 
between  the  line  terminal  and  earth  is  2-1  per  cent. 
This  improvement  in  wave-form  is  most  desirable, 
especially  where  the  supply  of  power  is  given  through 
transformers  or  through  converting  apparatus  such  as 
rotary  converters.  It  avoids  disturbance  in  telephone 
operation  and  difficulties  with  parallel  running,  since 
it  eliminates  circulating  currents,  and  it  gives  the 
supply  engineer  opportunities  to  earth  without  antici- 
pating trouble. 

If  tooth  ripples  are  present  in  the  voltage  wave- 
form, there  is  the  danger  of  resonance  in  the  distribution 
system  causing  breakdowns  of  the  cable  insulation. 
Such  a  series  of  failures  was  recentlv  brought  to  the 


Fig.    13.— Oscillograph    curves    for    18  750-kVA    6  500-V 

alternator  on  load  of  8  000  kVA  at  0-95  power  factor. 

(a)  Between  phases.         (6)  Between  phase  and  earth. 

Fig.  14. — Stator  tooth  supports  of  different  dates. 

Fig.    15. — The   effect   of  the  vibration   of  spacers  and  core 
plates  in  a  particular  case. 

[Figs.  14  and  15  were  shown  as  lantern  slides.) 

author's  notice ;  they  were  finally  ascribed  to  the 
above  cause,  and  were  overcome  by  connecting  in 
circuit  another  feeder  to  alter  the  impedance  of  the 
external  circuit. 

Some  years  ago,  two  power  stations  about  one  mile 
apart  were  running  in  parallel,  and  it  was  found  that 
the  electrical  instruments  in  one  station  were  indi- 
cating more  load  than  the  alternators  could  possibly 
give,  whereas  the  recorded  output  at  the  second  station 
was  too  low.  Tliis  error  in  the  reading  of  the  instru- 
ment was  finally  traced  to  the  high-frequency  circulating 
currents  through  tlie  alternator  star-points,  which  were 
earthed  in  both  stations. 

Stator  tooth  supports. — The  supports  to  the  teeth 
between  the  slots  have  in  the  past  been  a  source  of 
difficulty.  Views  of  the  supports  used  at  different 
dates  are  given  in  Fig.  14.  The  H-section  .spacer  shown 
at  A  has  proved  to  be  the  most  suitable  support.  The 
U-shaped    spacer   shown    at    B    gave    trouble    due    to 


insufficient  bearing  surface.  In  one  alternator  the 
vibration  of  the  spacers  and  core  plates  was  sufficient 
to  taper  away  the  spacer  to  less  than  half  its  original 
height,  and  to  cut  through  the  adjacent  thick  plates 
supporting  the  core,  as  illustrated  in  Fig.  15.  Some 
of  the  spacers  broke  away  at  the  shoulder  and  were 
pulled  on  to  the  periphery  of  the  rotor.  At  the  time 
the  fault  was  found,  it  was  impossible  to  shut  the 
machine  do\\'n  and  provide  a  remedy,  as  there  was  no 
other  plant  available  to  take  the  load. 

(5)  Ventilation. 

With  the  larger  sizes  and  longer  lengths  of  alternators 
(necessitated  by  comparatively  low  peripheral  speeds) 
it  becomes  more  difficult  to  ensure  uniform  cooling. 
In  the  usually  accepted  schemes  of  ventilation,  air  is 
drawn  or  forced  in  from  the  ends  of  the  alternator 
only.  The  available  area  for  the  passage  of  air  is 
hmited,  and  the  air  is  heated  before  getting  to  the 
centre  of  the  alternator,  which  is  consequently  the 
hottest  part.  Such  local  liigh  temperatures  limit  the 
output. 

To  obtain  a  scheme  of  ventilation  in  which  the  alter- 
nator shall  be  cooled  uniformly  throughout  its  entire 
length  should  be  the  aim  of  all  designers,  and  it  is 
necessary  that  the  construction  should  be  simple  and 
easy  to  manufacture.  Such  a  method  is  described  in 
British  Patent  No.  15  585/1914,  and,  so  far  as  the  author 
is  aware,  the  practical  application  of  tliis  scheme  of 
ventilation  is  unique.  The  alternator,  for  ventilation 
purposes,  is  divided  into  separate  air  circuits  in  parallel, 
each  with  low  resistance  to  the  passage  of  the  air.  By 
this  subdivision  the  alternator  can  be  designed  to 
have  any  desired  length,  and  still  be  uniformly  cooled. 
Fans  attached  to  the  rotor,  or  separately-driven  fans,  can 
be  used.  From  Fig.  16  it  will  be  seen  that  the  air  is 
forced  into  the  separate  pressure  belts  or  compart- 
ments A,  which  are  cast  into  the  stator  casing,  alter- 
nating with  the  exhaust  compartments  B  throughout 
the  length  of  the  alternator.  From  each  pressure 
compartment  the  air  passes  through  radial  ducts  into 
the  body  of  the  core.  A  portion  of  the  air  then  passes 
between  the  stator  teeth  K  round  the  conductors  into 
the  air-gap,  where  it  divides  and  passes  axially  in  both 
directions,  and  back  radially  into  the  adjacent  com- 
partments B.  Only  a  portion  of  the  air  passes  between 
the  stator  teeth  K,  the  remainder  being'%hort-circuited 
through  axial  holes  M,  formed  in  the  core  immediately 
behind  the  conductor  slots  ;  this  air  joins  the  stream 
passing  from  the  air-gap  back  into  the  exhaust  compart- 
ments. The  quantities  of  air  short-circuited  behind 
the  conductors  and  passing  tlirough  the  air-gap  are  so 
proportioned  as  to  obtain  uniform  coohng  of  all  parts 
of  the  stator  and  rotor. 

The  stator  end  windings  are  ventilated  from  the  end 
pressure  compartments  Al,  from  wliich  the  air  is  forced 
through  suitably  designed  holes  C  in  the  end  walls  of 
the  casing  on  to  the  end  windings.  Baffles  are  provided 
to  direct  the  air  round  these  windings  before  leaving 
at  the  outlet  D  in  the  end-winding  protective  shields  P. 
These  baffles  (Fig.  17)  are  so  designed  and  arranged 
that  the  cool  air  impinges  on  each  section  of  the  end 
windings,  eliminating  hot  spots. 
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The  rotor  is  mainly  surface  cooled,  but,  in  addition, 
air  is  also  drawn  in  under  the  balancing  discs  E.  A 
portion  of  this  air  is  forced  through  the  holes  F  in  the 
rotor  end  caps,  and  the  remainder  is  dra^vn  into  the 
axial  slots  G  machined  along  the  rotor  poles.  Gaps  H 
are  left  between  the  keys  in  these  ventilating  slots, 
so  that  air  is  thrown  out  opposite  the  exhaust  com- 
partments in   the  stator  casing. 

With  the  scheme  of  ventilation  described,  a  sepa- 
rately-driven fan  is  recommended.  It  is  impracticable 
to  construct  a  highly  efficient  fan  for  fitting  on  the 
ends  of  the  alternator  rotor.     When  integral  fans  are 


within  its  maximum  rating.  The  motor-driven  fan  can 
be  designed  with  the  maximum  efiiciency,  and  it  has 
been  proved  that  a  consequent  gain  of  as  much  as  1  per 
cent  in  the  efficiency  of  the  alternator  is  possible. 

Air  cleaning. — A  large  quantity  of  air  is  used  to  cool 
an  alternator,  and  its  weight  may  actually  exceed 
that  of  the  steam  passing  through  the  turbine  per 
unit  time  ;  it  is  therefore  essential  that  the  air  should 
be  clean.  A  10  000-kW  turbine,  with  a  steam  con- 
sumption of  10-0  lb.  per  Idlowatt-hour,  passes  1  670  lb. 
of  steam  per  minute,  whereas  the  weight  of  the  venti- 
lating air  passing  through  the  alternator  is  2  740  lb.. 
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FjG.  16. — Parsons  ventilation  system  of  an  alternator. 


Fig.  17. — Design  and  arrangement  of  air  baffles. 
(This  was  shown  as  a  lantern  slide.) 


used,  sufficient  air  is  passed  only  at  the  expense  of 
unnecessary  power  and  consequent  loss  of  efficiency. 
It  is  also  impracticable,  without  increasing  the  length 
of  the  plant  unduly,  to  obtain  a  suitably  designed 
vortex  chamber  in  the  end  shields,  owing  to  the  restricted 
space  available  and  to  the  baffiing  effect  of  the  stator 
end  windings.  The  author  has  had  considerable  ex- 
perience of  separate  motor-driven  fans  on  alternators  of 
all  sizes,  and  on  none  of  these  plants  has  a  breakdown 
occurred  on  either  fan  or  motor.  It  is  needless  to 
point  out  that  it  is  essential  to  obtain  a  good  design 
of  fan  and  motor,  and  to  see  that  the  latter  runs  well 
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i.e.  45  per  cent  more  during  the  same  period,  assuming 
a  flow  of  36  000  cubic  ft.  per  minute. 

Until  comparatively  recently,  it  was  the  universal 
practice  to  ventilate  the  alternator  by  means  of  a 
continuous  stream  of  fresh  air  forced  through  it,  either 
by  separately-driven  fans  or  by  fans  integral  with  the 
alternator  rotor.  In  this  system  the  heated  air  may 
be  either  thrown  away  outside  the  engine  room,  or 
utihzed  in  the  boiler  stokeholds  for  the  combustion 
of  the  fuel.  If  efficient  means  of  cleaning  the  air  were 
not  adopted,  the  passage  of  the  very  large  quantities 
of  fresh  air  necessary  would  quickly  result  in  the  silting 
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up    with    dust    of    the    ventilating   ducts    through    the 
alternator  windings  and  core. 

In  the  early  days  the  cleaning  apparatus  consisted 
of  filter  cloths,  presenting  a  considerable  surface  to  the 
passage  of  the  air.  The  principal  disadvantages  of  this 
apparatus  are  : — 

(1)  The  large  space  occupied. 

(2)  The  necessity  for  periodic  removal  of  accumulated 

dust,   some  of  which   reaches   the  windings   in 
spite  of  all  precautions. 

(3)  The  danger  of  lire,  due  to  the  inflammable  nature 

of  the  filter  cloth. 

(4)  The  length  of  external  ducts  for  conveying  the  air. 

As  a  result  of  the  first  three  disadvantages  mentioned, 
the  dry  air-filter  was  generally  superseded  by  the  wet 
air-filter,  in  which  the  air  was  brought  into  intimate 
contact  with  water. 

In  this  type  of  filter  it  is  possible  not  only  to  clean 
the  air,  but  also  to  lower  the  temperature  of  the  air 
entering  the  machine  below  that  of  the  surrounding 
atmosphere.  The  great  disadvantage  of  the  wet  air- 
filter  is  that  there  is  always  a  danger  of  free  moisture 
being  carried  over  into  the  alternator  and  collecting  on 
the  windings.  This  danger  cannot  be  altogether 
eliminated  even  with  long  air  ducts,  large  settling 
chambers,  and  fans  between  the  filter  and  the  alter- 
nator. 

In  1913,  few  reliable  data  were  available  as  to  the 
conditions  under  which  wet  air-filters  were  operating. 
Messrs.  C.  A.  Parsons  and  Co.  decided  to  investigate 
thoroughly  the  whole  position,  and  tests  were  carried 
out  on  a  number  of  filters  of  various  makes  installed 
in  different  parts  of  the  countrj'.  These  tests  showed 
that  in  a  great  many  plants  free  moisture  was  present 
in  the  filtered  air  entering  the  alternator.  In  some 
machines  the  insulation  resistance  of  the  stator  windings 
was  reduced  to  a  dangerous  figure.  The  fault  was  not 
only  in  the  filter,  but  also  in  the  lay-out  of  the  ducts 
between  the  filter  and  the  alternator.  The  circulation 
of  air  through  the  filter  was  not  uniform.  As  the 
danger  due  to  free  moisture  was  so  great,  a  number  of 
wet  air-filters  were  put  out  of  commission,  and  in  other 
plants  the  water  was  periodically  shut  off  from  the  filters 
so  as  to  give  the  alternator  insulation  resistance  time 
to  rise. 

A  wet  air-filter  of  a  capacity  of  25  000  cubic  ft.  of 
air  per  minute  was  installed  at  the  Heaton  works,  and 
exhaustive  tests  were  made  on  it.  The  results  clearly 
indicated  that  the  design  of  filter  under  test  was  wrong. 
A  new  type  of  wet  air-filter  resulted.  Although  more 
reliable  wet  air-filters  are  now  available,  great  care 
must  be  taken  in  the  lay-out  of  the  filters  in  relation 
to  the  alternator,  and  precautions  must  be  taken  in 
their  operation.  The  filters  are  sometimes  put  out  of 
commission  during  frosty  weather  owing  to  the  danger 
of  the  water  freezing.  Steam  heaters  have  been  used  to 
overcome  this  difficulty. 

It  was  felt,  however,  by  IMessrs.  Parsons  that  the 
time  had  come  to  attempt  to  eliminate  the  difficulties 
due  to  the  air  coming  into  contact  with  water.  It 
was  suggested  that  some  form  of  apparatus  which 
cooled  the  air  circulating  round  a  closed  system  of  ducts 
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might  be  an  improvement ;  the  same  air  would  be 
repeatedly  circulated,  and  it  would  therefore  not  be 
necessary  to  clean,  but  only  to  cool  it.  In  addition, 
it  was  decided  that  the  air  must  not  come  into  contact 
with  the  cooling  fluid.  Some  years  previously  this 
same  question  had  been  discussed,  but  at  that  time 
it  was  considered  inadvisable  to  proceed  with  such  a 
cooler  which,  with  the  data  then  available,  was  found 
to  be  both  cumbersome  and  expensive  to  manufacture. 

Renewed  tests  were  now  started  on  a  design  of  air 
cooler  which  was  in  fact  a  motor-car  radiator  in  reverse 
operation,  its  function  being  to  absorb  heat  from  the 
air  instead  of  to  dissipate  it.  The  cooler  under  test 
had  copper  tubes  with  sheet-iron  gills,  and  was  in. 
reality  a  radiator  taken  from  a  4-ton  lorrj-.  As  a 
result  of  only  a  few  experiments,  it  was  found  that 
such  an  air  cooler  was  a  commercial  proposition. 
Elaborate  experiments  were  carried  out  with  an  enclosed 
system  of  ducts,  with  the  same  air  repeatedly  circulated. 
An  electric  heater  was  used  in  the  ducts  for  heating 
the  air,  the  heat  being  subsequently  extracted  by  the 
cooler. 

Credit  should  be  given  to  the  staff  of  the  Battersea 
Corporation  Electricity  Works  who,  in  1912,  took  out 
a  patent  for  a  cooler  using  water  from  the  condensate, 
and  proved  the  advantages  of  the  enclosed  air  system. 
They  installed  their  first  cooler  at  Battersea  power 
station,  using  plain  tubes.  The  whole  question  was 
discussed  with  Messrs.  Merz  and  McLellan,  and  an 
alternator  air-cooler,  to  deal  with  18  000  cubic  ft.  of 
air  per  minute,  was  installed  in  1919  by  IMessrs.  Parsons, 
on  a  3  000-k\V  plant  in  the  Blaydon  power  station  of 
the  Newcastle-upon-Tyne  Electric  Supply  Co.,  to  whom 
credit  should  also  be  given  for  placing  an  order  for  ex- 
perimental plant  for  commercial  use.  This  alternator 
air-cooler  which,  since  its  installation,  has  run  without 
any  fault  developing,  was  the  first  design  with  gilled 
tubes  to  be  installed  and  put  into  commercial  operation 
in  this  countrj'.  The  Parsons  Company  has  a  number 
of  coolers  for  alternators,  with  a  total  capacity'  of  a 
quarter  of  a  million  kVA,  either  in  operation  or  under 
construction,  for  this  country  or  abroad.  At  the  time 
the  above-mentioned  cooler  was  installed,  the  General 
Electric  Co.  of  America  was  apparently  experimenting 
on  the  same  Hues,  and  some  of  their  results  were  pub- 
lished.* 

There  are  several  advantages  attached  to  the  closed- 
circuit  system  of  ventilation.  It  is  generally  possible 
for  the  cooler  to  be  installed  inside  the  alternator 
foundation  block,  the  only  external  plant  being  the  fan 
with  its  short  connecting  air  ducts.  Tlie  system  is 
therefore  very  compact.  Little  or  no  dirt  can  collect 
in  the  alternator,  since  practically  the  same  air  is 
continuously  circulated  round  the  system.  Owing  to 
slight  unavoidable  air  leakages  (which  have  to  be  made 
up)  it  is  true  that  the  circulated  air  is  very  gradually 
replaced,  but  the  ducts  can  be  so  arranged  that  the 
leakage  occurs  at  one  point  only,  the  incoming  air 
being  previously  cleaned  and  dried.  In  the  author's 
experience,  however,  this  complication  has  pn.ved 
unnecessarw 

Another'  advantage     of     the    closed-circuit    system 
*  General  Electric  Review,  1920,  vol.  23,  p.  99. 
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lies  in  the  fact  that  it  reduces  the  fire  risk,  as  the  actual 
weight  of  air  available  to  feed  an  internal  fire  in  the 
machine  is  small  and  the  oxygen  therein  would  be  rapidlv 
consumed.  The  weight  of  air  in  the  system  of  a 
10  000-kW  alternator  would  be  only  80  lb. 

The  designers  of  the  Gennevilliers  power  station, 
Paris,  where  coolers  are  installed,  have  planned  a  system 
for  increasing  the  nitrogen  content  in  the  air  to  such 
an  extent  that  it  will  not  support  combustion.  This, 
in  the  author's  opinion,  is  an  unnecessary'  procedure. 

Fig.   18  illustrates   a   simple    lay-out   of   the   closed- 


to  fit  into  guides  in  the  floor  and  ceihng  of  the  air- 
cooler  chamber.  Valves  V  (Fig.  18)  in  the  water  ser\dce 
enable  a  secrion  to  be  isolated,  and  facilitate  the  with- 
drawal of  individual  sections.  The  handling  of  the 
latter,  after  being  withdrawn,  is  effected  by  the  means 
ordinarily  available  in  the  power  station.  Doors  F 
and  G  (Fig.  18)  are  provided  in  the  foundation  air 
conduits  to  give  access  for  inspection  purposes,  and  to 
enable  external  air  to  be  passed  through  the  alternator 
when  required.  In  the  latter  event,  door  G  would  be 
swung   round   so   as   to    prevent  further  circulation   of 
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Fig.  18. 


circuit  air  system  of  ventilation.  The  air  is  forced 
from  the  outlet  of  the  fan  D,  through  the  alternator, 
into  the  foundation  block  in  which  is  embodied  the 
cooler  C.  On  leaving  the  cooler,  an  air  conduit  E 
leads  the  cool  air  back  to  the  suction  side  of  the  fan  D. 

Usually  the  cast-iron  water  boxes  of  the  air  cooler 
are  placed  vertically,  so  that  the  water  tubes  are 
horizontal,  the  passage  of  the  water  being  two-flow. 
By  the  provision  of  special  ferrules  on  the  w-ater  tubes 
of  the  coolers,  single  tubes  can  be  readily  withdrawn 
for  inspection  and  replacement. 

The  coolers  are  built  in  two  or  more  sections,  each 
section  being  mounted  on  wheels  or  rollers  and  arranged 


air  through  the  cooler  via  the  alternator  when  the 
latter  is  out  of  commission. 

The  water-box  covers  can  be  removed  for  cleaning 
the  tubes  without  removing  the  cooler  sections.  The 
arrangement  of  the  coolers  in  two  or  more  sections 
enables  any  one  section  to  be  opened  for  cleaning,  or 
to  be  removed  for  overhaul,  while  the  alternator  is  in 
commission  ;  the  plant  is  operated  meanwhile  with 
the  remaining  sections,  with  somewhat  increased  air 
temperatures. 

To  prevent  the  possibUity  of  the  circulating  water 
entering  the  air  passages  of  the  cooler,  it  is  desirable 
that,  wherever  possible,  the  water  tubes  of  the  cooler 
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should  be  arranged  on  the  suction  side  of  the  circulating 
water  pump,  so  that  the  water  pressure  in  them  would 
be  less  than  that  of  the  circulating  air,  which  would 
be  drawn  into  a  puncture  or  leaky  joint,  instead  of  the 
water  being  ejected  into  the  air.  The  cooler  can  be 
tested  periodically  for  possible  leakages  when  the  alter- 
nator is  out  of  commission. 

A   knowledge   of  the   quantity   and   temperature-riso 
of  the  water  passing  through  the  coder  affords  a  ready 


of  water  cooling  used  at  present  is  illustrated  in  I'"ig.  19  ; 
the  rotor  is  cooled  by  water  which  enters  and  leaves 
at  the  same  end,  giving  uniform  cooling  throughout 
and  avoiding  tlie  complication  of  having  water  con- 
nections at  the  couphng  end  of  the  rotor. 

Thus,  in  Fig.  19,  the  water  enters  through  the  small 
stationary  inlet  pipe  A,  into  the  rotating  tube  B  fixed 
to  the  rotor  shaft.  It  passes  along  the  central  axis 
of   the   rotor   radially   outwards   through   the   holes   F, 


Fig.   19. — Longitudinal  section  through  water-cooled  rotor. 


and  accurate  method  of  checking  the  heat  losses  of  the 
alternator  and  fan. 

Water  cooling. — The  use  of  a  liquid  coohng  agent  has 
always  appealed  to  the  designer  of  dynamo-electric 
plant.  It  was  first  appUed  to  electrical  machinery  by 
Sir  Charles  Parsons  in  his  original  very  liigh-speed 
dynamos,  built  during  the  period  1884  to  1889.  The 
armature  shafts  of  these  dynamos  were  hollow,  and 
cool   oil    was    continuously    pumped    through    to    the 


and  returns  through  the  longitudinal  weldless  steel 
tubes  G  placed  immediately  under  the  rotor  windings, 
and  so  radially  inwards,  through  the  radial  holes  H, 
to  the  annular  space  J  between  the  pipe  B  and  the 
rotor  body,  exhausting  through  the  perforated  cap  C 
mto  the  water  box  formed  in  the  end  pedestal.  The 
whole  design  is  simple  and   free  from  danger. 

The  joints   to   the   pipes  G   are   made   externally   to 
the  stator  end  shields,  so  that  any  leakage  developing 


Fig.  20. — 18  000-kVA,  5  750-V,  40-period,  2  400-r.p.m.  three-phase  alternator,  0-85  power  factor. 


outboard    bearing.     The   innovation   was  subsequently 
discarded   as  relatively  ineffective. 

In  1904  or  1905,  an  alternator  was  built  in  which, 
as  an  experiment,  water  pipes  were  fitted  in  the  radial 
ducts  of  the  stator  core,  the  dimensions  of  the  ducts 
being  similar  to  those  of  the  customary  air  passages. 
Later,  in  1905,  the  stator  core  of  another  alternator 
was  cooled  by  a  group  of  longitudinal  water  pipes, 
which  passed  through  specially  provided  tunnels  and 
were  connected  to  water  boxes  forming  the  supports 
for  the  ends  of  the  core.  The  most  modern  scheme  * 
•  British  Patent,  No.  10  980/ 19U. 


would  be  immediately  apparent,  and  not  dangerous  to 
the  alternator  stator.  The  tubes  are  expanded  into 
holes  in  the  collars  K  macliincd  from  the  rotor  shaft, 
and  the  holes  plugged.  Any  leakage  along  the  tubes 
from  the  joints  is  thrown  off  by  centrifugal  force,  and 
there  is  no  danger  of  water  coming  into  contact  with 
either  the  stator  or  rotor  windings. 

The  same  water  is  repeatedly  circulated  through  the 
rotor  and  is  cooled  in  a  separate  surface  cooler.  The 
cooling  water  is  normally  supplied  from  the  condenser 
circulating  water  system.  The  closed  water  system  for 
the  rotor  is  adopted,  since  it  is  found  necessarj'  to  add 
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chemicals  to  the  water  in  order  to  prevent  corrosion 
of  the  water  passages.  Fig.  20  gives  two  views  of  an 
18  000-kVA  alternator  with  a  water-cooled  rotor,  and 
it  will  be  of  interest  to  give  a  few  details  of  this  machine. 
The  output  is  18  000  kVA,  three-phase,  5  500-6  000 
volts,  40  periods,  at  2  400  r.p.m.  The  stator  core  has 
an  internal  diameter  of  35  in.,  and  a  length  of  108^  in. 
There  are  72  slots,  or  12  slots  per  pole  per  phase,  and 
each  slot  contains  one  conductor,  so  that  there  are  24 
conductors  per  phase.  The  stator  flux  (j)  =^  156  500  000 
magnetic  lines  per  pole,  and  the  effective  pole-arc  being 
29  in.  (or  53  per  cent  of  the  pole-pitch)  the  mean  density 
at  the  armature  face  is  50  200  hnes  per  square  inch. 
The  peripheral  speed  of  the  rotor  is  345  ft.  per  second, 
so  that  the  centrifugal  force  of  the  material  at  the 
peripheiy  is  2  700  times  the  force  of  gravity. 


.A.t  the  time  the  water  coohng  of  rotors  was  adopted, 
it  served  a  very  useful  purpose  in  providing  an  addi- 
tional safeguard  in  the  design  of  plant  very  much  more 
advanced  than  any  preceding  it. 

(6)  Inst.\biliiy  of  Exciters. 
Difficulties   have   been   encountered   the   world    over 
with  the  instabihty  of  exciters.     This  instability  shows 
itself  in  two  ways  : 

(1)  The  exciter  voltage  tends  to  creep  when  the 
alternator  is  running  at  no  load,  and  it  is  difficult  to 
steady  the  alternator  voltage  for  synchronizing.  This 
is  due  to  the  absence  of  saturation  in  the  exciter  magnetic 
circuit  at  the  low  exciting  voltage. 

(2)  Reversal  of  the  exciter  shunt-field  current  and 
exciter   polarity.     If   this   occurs   when    the   alternator 
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Fig.  21. — Shunt-wound  exciter.     Normal  condition. 
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Fig.  23. — Compound- wound  exciter.     Xormal  condition. 
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Fig.    22. — Shunt-wound  exciter.      Main    field    acting    as    a 
generator  ;  exciter  field  and  polaiity  reversed. 


Fig.  24. — Compound-wound  exciter.  Momentary  condition 
showing  current  in  series  winding  overcoming  effect 
of  reversed  shunt  field  current,  main  field  acting  as 
generator,  and  exciter  terminal  polarity  reversed. 


E  =  Exciler. 
S  =  Exciter  shunt  field. 
^"l   =  Normal  e.iciter  voUage. 


Figs.  21,  22,  23,  24.— StabiUty  of  exciters. 

L  =  Shunt  field  rheostat. 
K  =  Shunt  field  switch. 
Vt  =  Several  time?  normal  exciter  voltage  on  sudden  short.circuit. 


C  =  E.xciter  series  winding. 
M  =  Rotor  winding. 


The  output  coefficient  rf2/(j-.p.in.)/kVA  of  17  700  is 
lower  than  is  usual  for  this  size  of  plant.  The  increase 
in  output  for  a  given  carcase,  however,  does  not  as  a  rule 
warrant  the  additional  expenditure  entailed  in  the 
manufacture  of  a  water-cooled  rotor.  Only  in  special 
circumstances  can  water  coohng  be  efficientl)'  employed, 
e.g.  in  rotors  where  cooling  water  considerably  below 
atmospheric  temperatures  is  available.  In  using  cold 
water,  everj^  precaution  must  be  taken  to  avoid  surface 
condensation  of  moisture  from  the  air. 

By  the  use  of  water  it  was  possible  to  obtain  a  verj' 
useful  indication  of  the  losses  occurring  in  the  rotor 
body,  including  excitation  losses  and  eddy-current 
losses  under  \'arious  load  conditions.  The  actual  power 
absorbed  in  the  18  000-kVA  design  at  full  output  was 
35  kW,  the  excitation  loss  being  only  42  kW. 


I  is  running  in  parallel  with  otlier  machines,  the  rotor 
I  drops  back  a  pole-pitch  and  continues  to  give  its  load. 
As  a  rule  the  effects  of  instabiUtj'  can  be  overcome 
by  the  provision  of  a  main  field  regulator,  which  enables 
the  exciter  to  work  well  up  on  the  saturation  curve. 
The  introduction  of  the  main  field  regulator  is,  however, 
not  essential,  as  the  regulation  of  an  alternator  can  be 
readily  carried  out  by  means  of  a  well-designed  exciter 
field  rheostat,  with  an  exciter  designed  suitably  for  the 
lower  voltages  required  for  s\^lchronizing  the  alternator. 
The  use  of  a  main  field  regulator  also  involves  carrying 
the  leads  away  from  the  alternator  and  introduces  appa- 
ratus wliich  is  costly,  and  mav  give  trouble  and  cause 
interruptions  of  supply.  If  no  main  field  regulator  is 
used,  the  main  exciter  leads  can  be  carried  straight 
from   the   exciter   to   the   slip-rings   and    a   main   field 
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ammeter  of  the  shunt  type  used.  It  is  advantageous, 
therefore,  to  eliminate  tlie  main  field  regulator  and  to 
design  the  exciter  to  be  stable  over  a  very  wide  range 
of  v<5ltage. 

The  first-mentioned  difficulty,  evidenced  by  the 
creepage  of  voltage,  has  been  overcome  by  introducing 
saturation  gaps  in  the  exciter  magnetic  circuit,  by 
suitable  designs  of  magnet  frame  and,  in  slotted  arma- 
tures, by  working  the  armature  teeth  at  a  high  magnetic 
density. 

So  far  as  the  author  is  aware,  the  phenomenon  of  the 
reversals  of  the  alternator  excitation  current  has  not 
hitherto  been  explained,  so  that  the  following  explana- 
tion may  prove  of  interest. 

In  Fig.  21,  E  is  the  exciter  coupled  to  the  main  field 
winding  M,  its  shunt  field  being  indicated  by  the 
letter  S.  It  will  be  clear  that  if  the  shunt-field  switch  K 
is  opened  suddenly,  the  voltage  generated  by  the  exciter 
at  E  will  rapidly  collapse,  but  since  this  voltage  is 
applied  across  the  magnet  winding  M,  wliich  has  a 
high  self-induction,  the  current  in  the  circuit  EM  does 
not  fall  so  quickly.  Consequently,  the  back  electro- 
motive force  of  the  magnet  M  continues  to  supply 
the  circuit  EM  after  the  field  circuit  S  is  broken,  and 
the  exciter  voltage  has  dropped  away,  but,  referring  to 
Fig.  22,  it  will  be  seen  that  the  polarity  at  the  exciter 
terminals  is  actually  reversed.  With  the  exciter  brushes 
set  in  the  usual  position  in  advance  of  the  neutral, 
the  exciter  armature  current  has  a  demagnetizing  effect 
on  the  exciter  field  and  causes  reversal  of  polarity  ; 
but  if  the  brushes  were  rocked  to  a  position  behind 
the  neutral,  the  current  through  E  would  have  a 
magnetizing  effect  and  would  tend  to  preserve  the 
original  polarity  of  the  field.  Thus  this  type  of  insta- 
bility could  be  remedied  by  rocking  the  brushes  back- 
ward. The  same  remedy  could  be  equally  well  apphed 
by  putting  compounding  turns  on  the  e.xciter  field.  ! 
These  turns  must  be  directly  compounding,  and  not 
demagnetizing  turns.  The  reason  for  tliis  is  apparent, 
as  when  the  field  circuit  S  is  broken  (see  Figs.  23  and  24), 
although  the  polarity  at  the  exciter  terminals  is  reversed 
the  current  in  the  circuit  EM  continues  to  travel  in  the 
original  direction,  due  to  the  back  electromotive  force 
induced  in  the  rotor  windings,  previously  mentioned. 
It  is  found  that  only  a  very  few  turns  of  compounding 
are  necessary  to  prevent  reversal. 

There  is  no  objection  to  the  compounding  turns, 
but  the  rocking  of  the  brushes  backward  is  undesirable, 
shice  it  is  hkely  to  cause  sparking  when  the  exciter  is 
heavily  loaded. 

A  similar  e.xciter  reversal  has  been  repeatedly  pro- 
duced by  the  careless  manipulation  of  the  exciter  field 
rheostat  in  power  station  operation.  Consider  the 
niacliine  to  be  running  preparatory  to  synchronizing. 
Too  much  of  the  resistance  in  the  exciter  field  rheostat 
may  accidentally  be  cut  out,  due  to  the  slow  rise  of  ', 
the  alternator  voltage.  Consequently,  the  exciter 
current  and  alternator  voltage  rise  a  good  deal  above 
the  normal  required  for  synchronizing.  The  exciter 
field  resistance  is  reinserted  to  neutraUze  tliis  effect, 
and  may  cause  the  exciter  voltage  to  collapse  rapidly. 
Tliis  will  have  a  similar  effect  to  that  occurring  when 
the   exciter  field   is   entirely  interrupted,    and   is   even 


more  hkely  to  make  the  e.xciter  field  reverse  its  polarity 
than  a  complete  interruption  in  the  exciter  field  circuit, 
as,  at  the  time,  tlie  back  electromotive  force  of  the 
rotor  windings  INI  predominates,  the  polarity  at  the 
shp-rings  and  exciter  terminals  is  reversed,  and,  as 
the  e.xciter  field  circuit  is  not  broken,  its  current 
reverses  also,  and  assists  to  build  up  the  exciter  polarity 
in  the  opposite  direction.  Fig.  22  illustrates  the  con- 
ditions obtaining. 

Sudden  changes  of  load  and  sudden  short-circuits 
also  cause  reversals  of  the  field  polarity  of  the  shunt- 
wound  exciter.  Under  these  conditions  the  voltage 
induced  in  the  main  field  circuit  is  several  times  the 
normal  exciter  voltage,  and  tlierefore  passes  an  increased 
reverse  current  through  the  shunt  field.  The  compound- 
ing fitted  to  the  exciter  overcomes  the  difficulties 
entirely. 

Experience  has  showm  that  this  explanation  is  the 
correct  one,  and  that  the  remedies  adopted  are  satis- 
factory. The  author  has  since  made  oscillograpli  tests, 
which  entirely  confirm   the  foregoing  remarks. 

(7)  Eddy  Currents  in  Rotors. 

It  has  long  been  recognized  that  in  three-phase 
turbo-alternators  voltages  are  induced  in  the  rotor, 
resulting  in  currents  circulating  in  the  rotor  windings 
and  body — more  especially  near  the  periphery  of  the 
latter.  These  voltages  are  induced  in  normal  operation 
by  flux  pulsations,  set  up  by  variations  in  the  stator 
current,  or  by  periodic  changes  in  the  reluctance  of  the 
magnetic  circuit.  The  resulting  eddy  currents  increase 
the  temperature  of  the  alternator,  lower  its  efficiency, 
and  also,  as  is  now  known,  may  reach  a  magnitude 
sufficient  to  heat  the  metals  to  such  a  high  temperature 
as   to  affect  their  mechanical  properties. 

The  first  indication  of  serious  overheating  was  found 
several  years  ago  when,  in  an  alternator  with  a  barrel 
rotor  having  a  comparatively  small  air-gap  between 
the  stator  and  rotor,  the  coil-securing  keys  at  the 
lagging  edge  of  each  pole  were  found  to  have  been 
unduly  hot.  The  heating  was  traced  to  the  flu.x  pulsa- 
tions caused  by  the  large  ratio  of  width  of  stator  tooth 
to  length  of  air-gap  ;  it  was  more  pronounced  at  the  % 
lagging  edge  of  the  pole,  as  the  flux  of  an  alternator 
on  ordinary  loads  is  distorted  by  the  armature  ampere- 
turns  in  tliis  direction,  reacliing  a  liigli  density,  with 
consequently  increased  local  heating.  Another  diffi- 
culty is  arcing.  It  is  only  comparatively  recently  that 
the  voltages  induced  in  the  rotor  body  have  reached 
such  a  value  as  to  set  up  arcing.  Signs  of  arcing  were 
traced  between  adjacent  sections  of  keys  securing  the 
winding  coils  in  the  slots,  and  between  the  .spacer 
pieces  fitted  in  the  radial  ventilating  ducts  on  the 
plate  type  of  rotor.  The  arcing  was  eliminated  by  the 
use  of  metal  bonding-strips  fitted  under  the  keys, 
the  centrifugal  force  of  tlie  coils  forcing  the  bonding- 
strips  into  intimate  contact  with  the  keys. 

Three  years  ago,  during  the  annual  overhaul  of  a 
large  turbo-alternator,  small  cracks  were  found  on  the 
hps  of  the  rotor  caps  wliere  they  were  spigoted  into 
the  rotor  body.  This  defect  was  found  after  two  years* 
continuous  operation. 
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A  microscopic  examination  of  the  cap  material 
indicated  the  presence  of  small  amounts  of  slag,  which, 
however,  in  themselves,  were  insufficient  to  cause  tlie 
fractures.  The  fault  developed  on  a  water-cooled  rotor. 
At  the  time  it  was  suggested  that,  the  body  having 
been  cooled  to  a  greater  extent  than  the  cap,  the  radial 
clearances  allowed  in  the  standard  construction  of  rotor 
without  water-cooling  were  too  small,  and  thus  heavy 


ROTOR     t^EY 


ROTOR    END  CAP 


Fig.  25. 

stresses  had  been  produced  in  the  spigot  of  the  cap. 
The  clearance  was  therefore  increased.  After  the 
macliine  had  been  used  for  a  further  12  months,  tlie 
rotor  was  again  removed  for  inspection,  and  it  was 
found  that  the  flaws  had  again  appeared,  on  this 
occasion  distinct  signs  of  arcing  on  the  cap  spigot  being 
apparent.     The  cap  material  «as  pitted  and  bore  traces 


ROTOR   KEY 


ROTOR   END  CAP 


Fig.  26. 

of  local  heating  ;  it  had  become  locally  brittle,  and 
the  small  cracks  had  consequently  developed.  After 
careful  investigation  it  seemed  clear  that  the  eddy 
currents  induced  in  the  rotor  during  normal  operation 
were  insufficient  to  cause  the  arcing,  but  that  very 
heavy  currents  might  have  been  induced  by  sudden 
short-circuits  on  the  alternator. 


ROTOR    BODY 


ROTOR    END   CAP 


Fig.  27. 

At  the  time  tliis  question  came  up  for  discussion,  a 
7  500-kVA,  6  600-volt,  3  000-r.p.m.  three-phase  alter- 
nator was  being  subjected  to  special  sudden  short- 
circuit  and  field -breaking  tests  at  the  Heaton  works. 
It  was  decided  to  remove  the  rotor  end  caps,  and  to 
make  a  careful  examination  after  the  tests  had  been 
completed.     The  result  was  very  convincing. 

It  was  found  that  arcing  had  taken  place  between 
the  caps  and  tlie  rotor  body  in  much  the  same  way  as 
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Table  3. 
Rotor  Circuit-breaking  Tests. 


Stator 

Compound 
winding 

Rotor  pressure 

Time  to  zero 

Rotor  c 

urrent 

tiressure 

Remarks 

At  start 

Maximum 

At  sUrt 

Time  to  zero 

volts 

volts 

volts 

seconds 

amperes 

second 

5  000 

In 

23-5 

(OJi  film) 

>l-9 

66 

0-032 

Little  arcing 

5  000 

In 

23-5 

-  245 

>l-6 

66 

0-004 

No  arcing — clean  break 

5  000 

Out 

23-5 

(Off  film) 

>l-5 

64-5 

0-050 

Little  arcing 

5  000 

Out 

24-0 

-  288 

>1.6 

67-5 

0  060 

Little  arcing 

6  600 

In 

37-5 

-  284 

>l-4 

100-5 

0-130 

Considerable  arcing 

6  600 

In 

37-0 

-  387 

>I-7 

99 

0-047 

Little  arcing 

6  600 

Out 

37-5 

(Off  film) 

>l-25 

105-5 

0-052 

Little  arcing 

6  600 

Out 

36-5 

(Off  film.) 

>l-7 

100-5 

0-065 

Little  arcing 

Table  4. 
000-AH'  Alternator.     Exciter  Field-breaking  Tests. 


stator 

Compound 
winding 

Rotor  pressure 

Time  to 
^zero 

Rotor  current 

Time  to  end 

pressure 

At  start 

End  of  film 

At  start 

End  of  film 

volts 

5  000 

5  000 

6  600 
6  600 

/ 

Out 
In 

Out 

In 

volts 

24 
24 

36 
37 

volts 

-  8-0 

+  2-8 

-  5-0 

0 

second 

0-075 

0-11 
0-16 

amperes 

66-6 
66-0 

99 
99 

amperes 
53-5 
52-5 

66 
69 

seconds 

0-54 
105 

10 
0-9 

Table  5. 
5  000-AIF  Alternator,  Short-circuit  Tests.     Voltage  between  Oil-thrower  Rings  on  Rotor  Shaft, 


Staler  pressure  before 
s.c. 

Peak  pressure  across  shaft 
before  s.c. 

First  peak  pressure  across 
shaft  after  s.c. 

volts 

volts 

volts 

2  000 

0-27 

10-6 

3  300 

0-39 

13-4 

3  300 

0-40 

15-5 

5  000 

1-23 

26-2 

5  000 

1-16 

26-2 

6  600 

0-82 

22-6 

6  600 

0-68 

22-6 

had  occurred  in  the  water-cooled  alternator.  The 
principal  arcing  had  occurred  between  the  faucet  on 
the  rotor  body  and  the  cap  spigot,  also,  to  a  smaller 
extent,  between  the  rotor  keys  and  tlie  cap  spigot. 
This  was  ascribed  to — and  later  proved  to  be  due  to — 
tlie  fact  that,  in  the  rotor  under  test,  the  keys  were 
partially  insulated  from  the  caps  by  varnish.  It  was 
clear   tliat   comparatively   high   voltages   were   induced 


in  tlie  rotor  windings  and  body  by  the  variations  in 
the  value  of  the  alternator  main  flux  caused  b)' : — 

[a)  The  variation  of  currents  in  the  stator  when  the 
stator  windings  were  short-circuited. 

(6)  The  interruption  of  the  field  current  effected  by 
a  quick-break  switch  without  a  discharge 
resistance. 
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The  remedy  may  be  applied  to  the  rotor  in  tvvo  ways  : 

(i)  By  short-circuiting,  i.e.  bonding  the  caps  into 
contact  -vath  the  rotor  body,  or  by  pro\iding 
special  short-circuiting  rings  at  the  end  of  the 
body. 

(ii)  By  insulating  the  cap  from  the  body  so  that 
currents  will  not  stray  into  them. 


was  going  through  the  shops  at  the  time  and  all  the 
tests  were  repeated,  with  the  bonding-strips  extended 
from  the  rotor  body  to  the  end-caps. 

After  a  number  of  tests  on  this  second  machine,  the 
rotor  end  caps  were  removed  and  the  bonding-strips 
examined.  A  number  of  the  strips  were  found  to  have 
fused  at  the  points  where  the  caps  join  the  body,  proving 
that   heavy   currents    had    been   passing    between   the 
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Ketam  eventually  to  ongmal 
values  and  polarity 

.by  indie  ating  instruments) 
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Fig.  28  — Rotor  pressure  and  current  under  short-circuit  conditions, 
(a)  Compounding  out.     (b)  Compounding  in. 
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Return  eventually  to  original 

values  and  polarity 
(by  indicating  instruments) 


Fig.  29. — Exciter  pressure  and  field  current  under  short-circuit  conditions, 
(a)  Compounding  out.     (6)  Compounding  in. 


The  latter  remedy  is  the  less  satisfactory^  and, 
moreover,  more  difficult  to  accomplish  without  radical 
departure  from  the  best  mechanical  construction  of  the 
rotor.  The  first  remedy  was  therefore  adopted,  and 
effected  in  a  simple  way  by  extending  the  bonding- 
strips  above-mentioned  from  under  the  rotor  keys  to 
the  caps.  Tlie  modification  was  made  on  the  7  500- 
kVA  alternator  which  had  already-  been  tested,  but,  as 
this  plant  was  urgently  required  for  sliipment  abroad 
and  had  already  been  considerably  delayed  owing  to 
the  earher  extended  tests,  it  was  not  again  placed  on 
the  test  bed.     Fortunately,  an  exactly  similar  macliine 


body  and  the  cap  ;  the  caps  and  rcrtor  body  showed 
no  marking. 

Bonding-strips  of  larger  cross-sectional  area  were 
then  fitted,  and  the  stator  again  subjected  to  severe 
short-circuit  and  field-breaking  tests.  After  the  removal 
of  the  caps,  the  bonding-strips  were  found  to  be  intact, 
and  neither  caps  nor  rotor  body  showed  any  signs  of 
arcing  or  local  heating. 

It  is  interesting  to  record  that  the  two  machines 
satisfactorily  withstood  more  than  100  dead  short- 
circuits  during  these  investigations,  some  of  which  were 
made  at  25  per  cent  above  normal  voltage. 
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The  tests  proved  conclusively  that,  with  suitable 
design,  the  eddy  currents  induced  in  a  rotor  during  the 
worst  conditions  of  short-circuit  and  of  field-breaking 
can  be  readily  carried  by  the  rotor  body,  by  the  keys 
securing  the  exciting  windings  in  position,  and  by  the 
end-caps  which  support  the  ends  of  the  exciting  windings 
projecting  beyond  the  rotor  body. 

Difficulty   is    experienced,    however,    in    transmitting 


on  page  453,  the  metal  of  the  end-cap  where  cracked 
did  not  break  away,  and  the  reason  for  this  will  be  clear 
from  Fig.  26,  which  illustrates  the  standard  construc- 
tion adopted  by  Messrs.  Parsons.  The  small  pieces  of 
metal  which  might  have  been  broken  off  by  the  centri- 
fugal stresses  were  held  by  the  overhanging  lip  or 
faucet  B  of  the  rotor  body.  The  fractures  occurred 
at  A. 


lOOi 


1-54 


1-525 


(/') 


zoo- 


Fig. J  30. — Rotor  pressure  and  current  on  interruption  of  rotor  circuit, 
(a)  Compounding  out,     (6)  Compounding  in. 
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Fig.  31. — Rotor  pressure  and  current  on  interruption  of  e.xciter  field  circuit. 

(a)  Compounding  out.     (6)  Compounding  in. 


these  currents  between  the  cap  and  the  body  unless 
bonding-strips  of  large  cross-sectional  area  are  used. 
Such  thick  bonding-strips  are  objectionable  as  they 
occupy  a  great  deal  of  space  which  would  be  more 
effectively  filled  by  the  exciting  windings.  A  bonding- 
strip  was  therefore  designed,  having  a  locally  increased 
cross-sectional  area  to  fill  the  clearance  space  between 
the  cap  and  the  body  as  illustrated  in  Fig.  25,  the  caps 
and  keys  being  shaped,  if  necessary,  to  take  the  addi- 
tional copper  area. 

Referring   again   to   the   large   alternator   mentioned 


The  author  has  knowledge  of  certain  rotors  designed 
with  the  caps  spigoted  over  the  rotor  bod}-,  where,  in 
addition  to  other  damage,  pieces  from  the  cap,  each 
weighing  approximately  2  oz.,  had  broken  away  and 
caused  damage  to  the  alternators,  necessitating  their 
being  rebuilt.  At  the  time,  various  explanations  were 
put  forward  as  to  the  cause  of  the  failures,  but  the 
author  suggests  that  they  may  have  been  due  to  eddy 
currents.  This  is  rather  confirmed  by  considerations 
referred  to  later  in  the  paper. 

The   rotors  in   question   were  spigoted  as  shown  in 
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Fig.  27,  a  method  which  is  perhaps  more  frequently 
adopted,  both  in  England  and  on  the  Continent,  than 
that  illustrated  in  Fig.  26,  which,  howe\er,  the  author 
considers  to  be  the  best  practice. 

(8)  Oscillograph  Tests. 
Amongst   the    oscillograph   tests    on  the  7  500-kVA, 
3_000-r.p.m.  alternator,  the  following  records  were  made 
to  obtain  exact  data  of  the  instability  of  exciters,  and 
of  the  voltages  induced  in  the  rotor  : — 

(a)  Rotor    voltage    and    current,    exciter    volts    and 

exciter  field  current,  with  the  stator  windings 
suddenly  short-circuited  (sec  Figs.  28(a)  £ind  (fc), 
and  29  (a)  and  (b)). 

(b)  Rotor  voltage  and  current  with  the   main  field 

circuit  opened  by  means  of  a  quick-break 
knife  switch,  mthout  discharge  resistance  (see 
Fig.   30  (a)  and   (b)). 

(c)  Rotor  voltage  and  current  with  the  exciter  field 

circuit  broken  by  means  of  a  quick-break  knife 
switch  (see  Fig.  31  (a)  and  (&)). 

(d)  The  change  in  voltage  induced  in  the  rotor  shaft 

\vith  the  stator  windings  suddenly  short-cir- 
cuited. The  oscillograph  strip  was  connected 
to  an  oil-thrower  ring  at  each  end  of  the  rotor 
shaft  (see  Fig.  32)). 


Fig.  32. — Pressure  across  rotor  body  at  short-circuit. 

The  above  tests  were  made  with  and  without  the 
exciter  compounding  turns  in   circuit. 

Tables  2,  3,  4  and  5  give  a  short  summary  of  the 
above  and  other  tests,  from  which  it  will  be  seen  that 
the  voltages  induced  in  the  rotor  windings  on  breaking 
the  rotor  circuit  are  verj-  much  more  severe  than  those 
which  occur  on  suddenly  short-circuiting  the  stator 
windings. 

It  is  impossible  to  give  here  complete  records  of  the 
whole  series  of  tests,  but  from  them  it  was  made  very 
clear  that  suitably  designed  compounding  turns  fitted 
to  the  exciter  poles  are  effective  in  preventing  a  reversal 
of  the  exciter  magnet  polarity  when  the  alternator  is 
suddenly  short-circuited.  This  is  also  true  when  the 
rotor  main  field  circuit  is  broken,  when  sudden  variations 


are  made  in  the  exciter  field  circuit,  or  when  sudden 
load  variations  on  the  alternator  occur,  as  described 
earlier  in  the  paper. 

The  author  has  been  repeatedly  requested  by 
engineers  to  express  an  opinion  upon  the  use  of  the 
quick-break  field  switch  without  discharge  resistance 
in  the  main  field  circuit.  In  their  view  such  a  switch 
is  essential  in  an  emergency,  in  order  to  reduce  the 
alternator  voltage  to  a  minimum  with  the  least  possible 
delay.  In  order  therefore  to  obtain  complete  informa- 
tion upon  this  question,  a  series  of  tests  were  made  to 
I  ascertain  the  conditions  in  the  alternator  when  this 
switch  is  opened. 

The  voltages  induced  in  the  rotor  windings  and  rotor 

body    when    the    stator    was    suddenly    short-circuited 

were    68-8   volts   and    26-2   volts   respectively.     From 

comparison  with   tests    (a)    and    (6)    above-mentioned, 

:   it  is  reasonable  to  assume  that  the  voltages  induced  in 

;   the  shaft  would  be  even  higher  than  the  latter  figure 

!    under  similar  conditions  on  breaking  the  field  by  means 

of   a    quick-break   switch.     With    this    large    potential 

difference  between  the  shaft  ends,   it  is  obvious  that 

heavy  circulating  currents  must  flow  through  the  keys, 

shaft,  and  rotor  caps. 

As  a  result  of  these  tests,  it  wiU  be  clear  that,  although 
every  precaution  ma}'  be  taken  in  the  design  of  alter- 
nators, heaxy  currents  will  circulate  through  the  rotor 
.  on  breaking  the  field  circuit  by  means  of  a  quick-break 
switch  without  discharge-  resistance.  In  the  author's 
opinion  it  is  inad\dsable  to  subject  the  rotor  repeatedly 
to  these  currents.  It  is  recommended  that  the  quick- 
break  switch  should  be  installed,  but  should  be  made 
to  operate  in  emergenc}'  onlj-,  and  should  not  be  operated 
when  tripping  the  alternators  by  hand  from  the  busbars 
during  normal  operation.  There  will  be  no  difiiculty 
in  arranging  for  this,  and  means  can  also  be  provided 
for  testing  the  switch  when  the  alternator  has  had  its 
voltage  reduced  to  a  low  value,  or  when  it  is  unexcited. 
In  a  paper  such  as  this,  it  is  possible  to  glance  at 
onh'  a  few  of  the  deductions  made  from  experience 
and  tests.  It  will  be  appreciated  that  although  a  great 
deal  of  work  has  been  done  to  obtain  more  exact  know- 
ledge of  what  is  really  taking  place  in  the  operation 
of  turbo-alternators,  there  is  j'et  ample  scope  for 
research  and  greater  improvements. 

In  conclusion,  the  author  would  express  his  thanks 
to  Sir  Cfcarles  Parsons,  K.C.B.,  F.R.S.,  for  his  kindness 
in  giving  permission  to  publish  the  information  con- 
tained in  this  paper,  and  to  his  colleagues  on  the  staff 
.  of  Messrs.  C.  A.  Parsons  &  Co.,  Limited,  Heaton  Works, 
Newcastle-upon-Tyne,  for  their  kindly  criticism  of  the 
paper  during  its  preparation. 


Discussion  before  The  Institution,   15  February,   1923. 


Dr.  S.  p.  Smith  :  One  of  the  first  things  that  strikes 
the  attention  of  a  designer  on  reading  the  paper  is  a 
statement  on  page  441  where  the  author  pays  tribute 
to  the  courage  and  initiative  of  consulting  engineers 
who  have  encouraged  his  firm  to  put  in  a  novel  type 
of  plant  which  resulted  in  a  much  larger  increase  of 
output.     There  is   nothing  more   helpful  to   designers 


than  to  have  such  encouragement  from  consulting 
engineers.  When  a  consulting  engineer  states  that  no 
tender  will  be  considered  unless  the  tenderer  can  show 
plants  of  a  similar  or  larger  size  already  working,  the 
designer  becomes  ver>'  discouraged.  The  first  point 
about  which  I  wish  to  speak  is  in  regard  to  ventilation. 
Designers  of  turbo-alternators  appreciate  that  they  have 


AND   THEIR   SOLUTION:   DISCUSSION. 


459 


feere  a  machine  through  which  it  is  possible  to  pass 
only  a  certain  amount  of  coohng  air.  A  more  skilful 
designer  may  get  perhaps  5  or  10  per  cent  more  air 
tlirough  the  air  channels  than  a  less  skilful  designer 
could,  but  the  amount  is  strictly  limited.  Success  in 
these  large  machines  entails  limitation  of  the  losses. 
The  author  shows  several  ways  in  which  this  can  be  done, 
including  a  very  ingenious  and  useful  arrangement  for 
reducing  to  a  minimum  the  stator  copper  losses.  I 
should  be  glad  if  he  would  indicate  in  his  reply  by  what 
percentage  the  losses  in  the  cable  described  with  alterna- 
ting current  at  50  periods  differ  from  those  with  an 
equivalent  direct  current.  There  is  a  point  which  manu- 
facturers often  overlook  in  the  construction  of  large 
turbo-alternators.  The  weakness  with  the  large  turbo- 
alternator  seems  to  lie  at  the  present  day  more  in  the 
stator  than  in  the  rotor  ;  and  I  do  not  think  that 
sufficient  attention  has  been  paid  to  the  elimination 
of  hot  spots  in  the  machine.  Though  we  try  to  get 
the  factor  of  safety  as  high  as  possible,  I  think  that  if 
more  care  were  taken  in  the  construction  of  the  stator 
core  many  breakdowns  might  be  prevented.  It  is 
impossible  to  handle  the  laminations  too  carefully.  If 
the  shops  take  proper  care  in  constructing  the  stator 
core,  the  iron  losses  in  a  turbo-alternator  can  be  kept 
within  1  per  cent  of  the  output ;  otherwise  they  may 
well  become  2  per  cent.  Large  iron  losses  affect  not 
merely  coal  consumption,  that  is,  running  cost,  but 
also  temperature  guarantees  and  the  life  of  the  machine. 
Now  that  we  use  high-resistance  silicon  steel,  we  have 
to  remember  that  the  tools  will  not  last  so  long  as  they 
did  with  the  softer  steel  that  was  used  years  ago.  It 
is  absolutely  necessary,  therefore,  to  remove  all  rough 
edges  round  both  the  slots  and  the  segments  and  to 
build  a  very  rigid  core.  The  author  prefers  to  use  a 
long  core  and  small  bore,  but  I  think  that  if  a  larger 
diameter  and  shorter  core  were  adopted,  he  might  not 
find  it  necessary  to  use  some  of  the  special  cooling 
devices  mentioned.  With  regard  to  the  rotor,  it  is 
known  that  when  there  is  a  hole  in  the  centre  the 
stresses  are  twice  what  they  are  when  there  is  no  hole. 
Is  it  worth  while  having  a  hole  through  the  centre  of 
the  rotor  in  order  to  test  the  material  and  thereby  get 
•double  the  stresses  /  I  think  it  is,  but  a  test  piece  from 
the  whole  length  of  the  rotor  should  be  taken  by  cutting 
an  annular  ring.  It  is  then  possible  to  examine  very 
carefully  not  only  what  the  inside  of  the  hole  is  like, 
but  also  the  mechanical  properties  of  the  test  piece. 
One  firm  has  used  aluminium  instead  of  copper  for 
the  rotor  winding.  I  doubt  if  a  small  diameter 
rotor  would  be  so  suitable  for  that  purpose.  Although 
the  conductivity  of  aluminium  is  only  60  per  cent  of 
that  of  copper,  the  problem  of  the  rotor  end-covers 
becomes  much  simpler.  In  connection  with  the  shape 
of  the  pressure  wave,  the  author  shows  that  it  is 
possible  to  get  a  very  smooth  curve  both  between 
phase  and  neutral  and  between  phases.  Designers 
have  long  known  that  turbo-alternators  present  the 
best  means  of  obtaining  a  practically  pure  sinusoidal 
voltage  wave.  There  is,  however,  one  danger  which 
should  be  borne  in  mind.  Though  the  tooth  ripple 
may  be  too  small  to  be  seen  in  an  ordinary  oscillogram, 
there  is  a  possibility  of  harmonics  in  the  ripple  which 


may  cause  trouble.  For  example,  with  18  slots  per 
pole-pair  the  principal  harmonics  would  generally  be 
the  17th  and  19th.  There  is,  however,  a  possibility 
that  in  addition  there  maybe  a  15th  and  a  21st  harmonic, 
the  danger  of  which  is  that  they  are  multiples  of  three. 
The  17th  and  19th,  in  a  balanced  system,  have  little 
effect  on  telephone  wires  a  reasonable  distance  away, 
because,  like  the  fundamental,  their  sum  is  zero  at 
every  instant ;  but  whatever  they  are  caused  by,  all 
harmonics,  the  orders  of  which  are  multiples  of  three, 
reach  their  maxima  together  ;  consequentlv  when  the 
neutral  point  is  earthed  the  potential  of  the  three  lines 
is  simultaneously  raised  and  lowered  with  respect  to 
earth,  and  currents  can  flow  to  and  from  earth  at  these 
frequencies.  Therefore,  where  possible,  the  slots  and 
winding  should  be  arranged  so  as  to  avoid  all  trace  of 
slot  ripple  and  of  harmonics,  the  orders  of  which  are 
multiples  of  three.  The  means  available  for  this  are 
well  known  to  designers. 

Mr.  W.  M.  Selvey  :  I  propose  to  consider  a  few  points 
in  the  author's  subject,  mainly  from  the  point  of  view 
of  operation.  First  I  should  like  to  suggest  one  or  two 
details  for  the  author's  consideration.  In  Mr.  A.  B. 
Field's  paper*  which  was  read  in  1915  this  question  of 
output  was  reviewed,  and  the  question  was  then  looked 
at  from  the  point  of  \iew  of  kVA  X  (speed)  2.  Might 
not  that  be  a  better  way  of  viewing  the  subject  ?  A 
comparison  of  that  paper  with  the  one  under  discussion 
shows  what  an  enormous  advance  has  been  made. 
There  are  one  or  two  details  to  which  I  wish  to  refer, 
the  first  being  the  laminated  cable.  This  was  quite  a 
vexed  question  some  years  ago.  The  result  of  splitting 
up  the  formerly  stiff  conductors  was  always  breakages 
of  mica  at  the  edge  of  the  slot  when  a  short-circuit 
occurred.  Probably  the  major  improvement  that  has 
been  introduced  (since  the  benefits  of  laminated  con- 
ductors were  then  well  understood)  is  the  flexible  mica 
insulation,  which  is  very  modestly  announced  in  the 
paper.  The  difficulty  in  connection  with  insulation  is 
the  expulsion  of  the  air.  For  insulation  one  requires 
something  which  will  conduct  heat  but  will  not  conduct 
electricity.  That  in  itself  seems  a  sort  of  contradiction 
in  terms.  Air,  however,  which  is  an  extremely  bad 
conductor  of  heat  for  various  reasons,  becomes  at 
times  a  good  conductor  of  electricity.  I  should  like 
to  hear  whether  there  are  any  possible  developments 
in  this  direction  by  the  use  of  the  newer  types  of  insula- 
tion which  are  being  made,  I  think,  from  solidified 
colloids.  It  seems  as  though  some  of  these  new  t>-pes 
of  insulation  may  entirely  replace  mica.  The  dielectric 
strength  is  quite  good  and  they  certainly  have  a  more 
mechanical  nature.  Curiously  enough,  the  difficulties 
in  operation  arising  to-daj'^  are  generally  due  to  current. 
Anything  which  decreases  current,  whether  in  a  cable 
or  machme,  is  of  assistance.  I  am  surprised  that  more 
use  has  not  been  made  of  the  information  given  by  Mr. 
■Welbourn  in  connection  with  his  visit  to  Italy,  with 
regard  to  the  very  successful  alternators  wliich  have 
been  running  for  four  or  five  years  generating  current  at 
30  000  volts.  That  increase  of  pressure  will,  of  course, 
diminish    very   greatly    the    amount   of   copper    used. 

•   "  Some    Diffinilties   of   Dcsien    of    High-speed    Generators, 
Journal  l.E.i:.,  1915,  vol.  S4,  p.  65. 
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On  page  447  there  is  another  small  point  requiring 
elucidation  with  regard  to  the  two  power  stations  a 
niile  apart.  A  discussion  is  wanted  on  that  subject ; 
it  is  a  question  of  distance  and  earth  resistance.  How 
far  apart  are  linked  power  stations  to  be  put  before 
one  must  earth  both  ?  I  have  that  actual  problem 
before  me  at  the  present  time.  There  must  be  some 
limiting  distance.  If  one  goes  far  enough  the  earth 
resistance  will  be  high.  I  suggest  that  the  solution  in 
some  cases  may  be  the  earthing  of  one  station  through 
a  limiting  resistance  and  arranging  an  automatic 
switch  so  that  any  rise  in  pressure  at  that  station 
which  shows  that  it  has  become  disconnected  from  the 
other  station,  shall  cause  any  limiting  resistance  to  be 
short-circuited.  It  is  news  to  me  that  circulating 
current,  which  is  wattless,  influences  the  ordinary- 
induction  type  of  meter.  One  can  quite  understand 
an  ammeter  giving  a  higher  reading,  but  this  case  is 
stated  as  a  definite  transference  of  "  load,"  and  I 
cannot  understand  the  ordinary  integrating  meters  in 
the  power  station  showing  transference  of  load  due  to 
circulating  currents.  On  page  449  there  is  the  statement : 
In  this  type  of  filter  (wet-air)  it  is  possible  not  only 
to  clean  the  air,  but  also  to  lower  below  that  of  the 
surrounding  atmosphere  the  temperature  of  the  air 
entering  the  machine."  That  is  only  possible  when 
the  air  is  being  drawn  from  the  engine  room  and  the 
water  is  at  the  temperature  of  the  outside  air  ;  but  is 
this  generally  the  case  ?  It  is  quite  a  number  of  years 
since  it  was  considered  good  practice  to  draw  air  from 
inside  the  engine  room,  because  that  air  is  generally 
laden  with  oil  vapour.  The  latter  caused  serious 
trouble  and  the  breakdown  of  a  ver\-  large  machine  in 
the  Xorth  due  to  accumulation  of  oily  mud  on  the 
windings.  I  have  made  many  experiments  on  the  sub- 
ject, and  I  have  been  unable  to  find  any  appreciable 
air-cooling  or  humidity  effect  when  the  air  and  water 
are  at  about  the  same  temperature.  It  is  very  difficult 
to  obtain  any  increase  of  humiditv  by  simply  forcing 
the  air  through  a  spray.  If  humidified  air  is  required, 
steam  must  be  added  to  it.  I  think,  therefore,  that 
the  statement  made  by  the  author  ought  to  be  further 
investigated.  I  have  made  a  large  number  of  experi- 
ments on  the  carrjdng-over  of  water,  and  I  probably 
obtained  hints  from  the  author's  work.  In  an  air- 
filter  with  which  I  experimented,  I  could  alter  the 
quantity  of  air  over  a  large  range.  By  means  of  winding 
a  coil  of  ordinary  double  cotton-covered  wire  on  a 
conductor,  placing  it  in  the  filter  outlet  and  then 
noting  the  insulation  resistance,  it  was  perfectly  easv  to 
see  if  and  when  water  came  over  from  the  filter.  The 
author  has  not  mentioned  the  ven,-  interesting  fact 
that  in  these  large  machines  with  long  rotors  and 
parallel  ducts  the  pressure  necessary  to  force  the  air 
through  the  alternator  has  been  much  increased.  In 
the  early  days  it  was  something  under  I  inch  head  of 
water.  Then  it  increased  to  3  inches  and  6  inches, 
and  I  have  been  informed  that  in  some  cases  it  may  be 
increased  to  15  inches,  so  that  its  provision  becomes  a 
serious  matter.  From  that  point  of  view,  I  am  entirely 
in  agreement  with  the  author  that  it  is  necessan,-  to 
pay  attention  to  the  efficiency  of  pumping  the  air, 
and  that  it  can  only  properly  be  done  by  an  external 


fan.  As  regards  the  water  cooling  and  the  deductions 
made  from  it  as  to  heat  losses  in  the  rotor,  I  feel  that 
only  a  small  proportion  of  the  heat  from  a  rotor  coil 
can  be  removed  by  a  tube  immediately  imdemeath  it, 
and  a  good  deal  of  the  heat  must  in  any  case  be  dissi- 
pated from  the  surface  of  the  rotor.  Although  the  author 
is  guarded  in  his  remarks,  he  commits  himself  to  certain 
figures.  In  any  case  it  must  be  remembered  that  the 
chief  heat  resistance  is  in  the  mica  windings,  and  the 
fact  that  the  bottom  of  the  slot  is  cool  is  no  guarantee 
whatever  as  to  the  copper  temperature.  It  seems  that 
there  is  something  rather  doubtful  in  the  conclusion 
at  which  the  author  has  arrived  wdth  regard  to  the 
field-suppression  switch.  Must  we  suppress  the  field  for 
the  purpose  of  limiting  the  voltage  on  short-circuit, 
and  thereby  injure  the  rotor  ?  It  seems  to  me  unsound 
to  have  an  emergency  sw-itch  which  must  not  be  used 
on  ordinan,'  occasions,  because  its  use  will  produce 
damage.  If  there  is  anj-thing  in  the  apparatus  or 
plant  which  can  be  damaged  at  the  will  of  the  operator 
it  should  be  altered. 

Mr.  G.  W.  Partridge  :  I  should  like  to  know  the 
author's  opinion  regarding  the  limit  of  pressure  on  such 
a  machine  as  he  describes,  running  at  3  000  r.p.m.  with 
an  output  of  25  000  kVA,  which  is  referred  to  in 
Table  1.  Of  what  class  of  metal  are  the  rotor  caps  men- 
tioned at  the  foot  of  page  442  made  ?  In  many  respects 
most  of  the  troubles  enumerated  by  the  author  are  of 
long  standing  and  have  been  overcome  by  contractors  in 
the  present-dav  design  of  such  machines.  The  company 
with  which  I  am  associated  has  supplied  single-phase 
current  to  the  Brighton  Railway  for  the  past  14  or  15 
years,  and  many  of  the  troubles  to  which  the  author 
has  referred,  particularly  those  connected  with  the 
rotors,  were  experienced  by  my  companj-,  but  the 
difficulties  have  been  overcome  by  the  designers  of  the 
generators.  I  think  the  author  will  agree  that  a  single- 
phase  supply  to  a  railway,  accompanied  as  it  is  by  a 
great  number  of  direct  short-circuits,  is  a  ver^^  severe 
test  for  any  a.c.  machine.  It  might  be  desirable  in  the 
future  to  subject  a.c.  generators  to  a  test  of  a  limited 
amount  of  single-phase  current  with  the  object  of  decid- 
ing whether  the  rotor  defects  referred  to  in  the  paper 
actually  take  place.  In  the  design  of  stator  illustrated, 
which  shows  straight  conductors  in  use,  twice  the 
number  of  joints  would  have  to  be  made  in  such  stators- 
as  compared  with  straight  conductors  with  the  bent 
ends  used  by  other  contractors.  With  regard  to  the 
circular  laminations,  I  should  have  thought  that  rect- 
angular bars,  made  up  in  a  certain  way  to  be  practically 
free  from  eddy  currents,  would  have  been  a  ver\-  much 
stronger  proposition.  Referring  to  the  stator  in  Fig.  II, 
it  seems  that  the  overhang  of  the  coils  is  excessive  and 
would  certainly  be  reduced  if  the  design  of  straight  bar 
with  the  bent  end  were  used.  Another  important  point 
in  connection  with  Fig.  11  is  that  the  coils  are  not  sup- 
ported where  they  leave  the  slots.  This  is,  I  think, 
very  important.  \\"ith  regard  to  the  tunnel  formation' 
of  winding,  this  is  really  a  reversion  to  an  old  system 
and  seems  to  possess  certain  disadvantages.  First,  the 
large  number  of  joints  to  which  I  have  ahead}-  referred, 
and  secondly,  the  difficulty  of  getting  a  good  fit  betweeni 
I  these  bars  and  the  stator  so  as  to  overcome  the  diflSculty 
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of  the  air  space  round  the  coil,  which  would  in  turn  cause 
a  brush  discharge  difficult  of  elimination  and  likely  to 
give  trouble.     In  the  construction  shown  the  bars  would 
have  to  be  driven  in  from  one  end  of  the  stator.  Another 
point  is  that  if  any  short-circuit  or  welding  took  place 
between  the  copper  and  the  iron  it  would  be  absolutely 
impossible  to  get  at  the  coils  or  even  to  examine  them 
without  dismantling  the  whole  stator.     I  entirely  agree 
with  the  author  that  it  is  a  very  difficult  matter  to 
design  a  machine  and  make  ample  allowance  for  expan- 
sion of  the  copper  in  both  the  rotor  and  in  the  stator. 
In   fact,   in  a  modern   high-speed  machine  it  is  more 
difficult  to  keep  the  copper  inside  the  insulation  than 
it    is    to   keep   the   current.     In  Fig.    11   there  appear 
to   be   no   through   bolts   for   holding   the   stator   iron. 
From  my  experience  it  is  necessary  that  such  bolts  must 
be  used  if  the  core  is  to  be  held  rigidly.     Of  course 
the  nearer  the  through  bolt  is  to  the  flux  the  more  rigid 
the  stator  can  be  held,  from  a  mechanical  point  of  view. 
On  the  other  hand,  the  nearer  the  through  bolt  is  to  the 
flux  the  greater  the  trouble  due  to  eddy  currents,  from 
an  electrical  point  of  view.     We  have  machines  with 
such  through  bolts  of  non-magnetic  material  insulated 
by  mica  from  the  core  plates,   and   these   have   been 
running   quite   satisfactorily   as   either  single-phase   or 
three-phase  generators  for  about  8  to   10  years.     The 
separate  motor  fans  shown  by  the  author  are,  1  think, 
another  weak  link  in  the  generator  system.     There  are 
enough  weak  links  already,  as  we  know  to  our  cost ; 
and  as  the  fan  will  probably  be  running  at  the  same 
speed  as  the  generator,  i.e.  3  000  r.p.m.,  I  cannot  see 
much  advantage  in  having  a  separate  fan.     I   am  in 
agreement  with  the  author  that  the  closed  air  system 
is  preferable  for  large  machines.     I  should  like  to  ask 
him  if  he  has  ever  considered  two-part  stators,  in  which 
the  joint  might  be  at  right  angles  to  the  path  of  the 
magnetic  flux.     It  seems  that  such  a  machine  would 
possess    some    advantages,    particularly    when,    owing 
to  the  high  speed,  such  machines  are  of  great  length. 
Eddy  currents  in  the  rotor  are  an  old  trouble,  particularly 
in  single-phase  work.     Even  in  three-phase  work  one 
often  meets  with  it  when  a  short-circuit  occurs  between 
any  two  phases.     On  more  than  one  occasion  I  have  seen 
rotors  of  three-phase  generators  broken  down  through 
this    cause.     The    provision    of    bonding    strips    fitted 
under  the  rotor  keys  has  been  more  or  less  in  use  for  a 
great  number  of  years.     In  such  a  construction  it  is, 
of  course,  necessary  to  allow  ample  room  for  expansion. 
As  regards  the  general  design  of  rotors  for  these  high 
speeds,  it  seems  to  me  that  the  manufacturers  have 
studied  the  design  of  the  stators  more  closely  than  that 
of  the  rotors.     In  the  old  days  when  four-pole  and  six- 
pole  machines  were  in  use  the  rotors  very  seldom  went 
wrong,  and  it  was  nearly  always  the  stator  which  de- 
veloped the  fault.     The  following  precautions  should  be 
taken  in  the  design  of  these  high-speed  rotors  :   (1)  The 
movement  of  the  field  coils  should  be  limited  as  much  as 
possible  and  every  precaution  taken  to  prevent  damage 
to    the    insulation    caused    by   movement    either    from 
centrifugal  force  or  expansion  ;    (2)  any  bonding  strips 
or    short-circuiting    rings    should    be    given    room    for 
expansion  ;    and   (3)   the  insulating  blocks  holding  the 
end-coils  in  place  should  be  of  a  material  which  cannot 


shrink  or  warp  due  to  heating.  With  regard  to  the 
author's  remarks  on  page  4.53  as  to  the  reversals  of  field 
polarity  in  exciters  when  the  generator  is  short-circuited, 
about  9  years  ago  I  showed  the  effects  of  a  large  number 
of  short-circuits  on  alternators.  These  effects  were  : 
(1)  The  excitation  voltage  was  reversed  ;  (2)  the  field 
current  was  increased  about  2^  times  ;  (3)  the  presence 
of  alternating  current  in  the  field  ;  (4)  this  alternating 
current  was  of  twice  the  periodicity  of  the  main  current. 
Very  little  trouble  has  been  experienced  due  to  exciter 
instability,  probably  because  special  care  was  taken 
to  saturate  the  pole  shoes  at  low  excitation,  thereby 
giving  to  the  exciter  characteristic  the  proper  shape  and 
curvature. 

Dr.  W.  M.  Thornton  :  One  of  the  most  interesting 
things  in  the  paper  is  the  wave-form  of  the  18  750-kVA 
generator  (see  Figs.  12  and  13).  Those  who  have  had 
experience  in  taking  wave-forms  over  a  wide  range  of 
machines  know  how  difficult  it  is  to  obtain  and  maintain 
a  sine  wave  on  load.  These  are  the  best  I  have  seen  for 
a  large  machine.  The  problem  most  prominent  at  the 
present  time  before  those  responsible  for  large  units 
is  how  best  to  kill  the  rotor  field  after  a  short-circuit. 
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or  for  any  other  purpose.  An  important  paper  by 
Mr.  R.  E.  Doherty  on  "  Exciter  Instability  "  appeared 
in  the  Journal  of  the  American  Institute  of  Electrical 
Engineers  (1922,  vol.  41,  p.  731).  The  best  remedy  so 
far  is  to  compound  the  exciter,  and  the  oscillograms  of 
Figs.  28  to  31  show  how  useful  this  is.  There  is  a  further 
remedy  which  does  not  appear  to  have  been  tried, 
that  is,  to  use  a  small  buffer  resistance  in  series  between 
the  rotor  field  and  exciter.  The  object  of  this  is  to  pre- 
vent the  voltage  induced  in  the  rotor  circuit  by  the  stator 
ampere-turns  from  reaching  the  exciter  terminals  and 
so  reversing  its  field.  If  the  exciter  pressure  is,  say,  25 
volts  and  the  rotor  current  65  amperes,  the  resistance 
of  the  circuit  is  0-38  ohm.  On  short-circuit  the  rotor 
current  rises  to  a  mean  value  of  300  amperes  with  the 
compounding  turns  in  circuit.  The  rotor  voltage  is 
therefore  (300  x  0-  38)  -  25  =  89,  if  the  exciter  terminal 
voltage  does  not  rise.  If  now  a  resistance  of  89/300 
=  0-29  ohm  had  been  in  circuit,  all  the  induced  rotor 
voltage  would  have  been  absorbed  in  that.  There  would 
have  been  no  undue  rise  of  pressure  on  the  exciter 
and  no  tendency  to  reversal.  Such  a  resistance  would 
mean  that  the  normal  voltage  of  the  exciter  would  have 
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to  be  65  (0  •  29  +  0  ■  38)  =  43  •  5  for  the  same  rotor  current. 
There  would  be  a  constant  additional  loss  of  0  •  29  X  65- 
=  1  220  watts  if  the  resistance  has  to  be  kept  permanently 
in  circuit.  Whether  this  is  worth  losing  is  a  question  for 
the  supply  company  and  not  the  designer.  The  author 
discusses  the  effect  of  breaking  the  exciter  field  instead 
of  the  rotor  circuit,  but  there  is  no  need  to  break  it. 
An  old  arrangement  would  seem  to  be  suitable  here 
(see  Fig.  A).  If  the  exciter  field  is  connected  not  to  the 
terminals  directly  but  to  a  change-over  switch,  all  that 
is  necessary  to  kill  the  rotor  field  is  to  short-circuit  the 
exciter  field  by  throwing  the  switch  over  from  a  to  b. 
The  field  then  dies  down  in  about  0-07  to  0-10  second. 
The  non-inductive  resistance  then  provides  an  alterna- 
tive path  to  the  armature  and  lessens  the  vicious  momen- 
tary sparking  which  occurs  at  the  commutator.  In 
this  case,  however,  compoundmg  turns  on  the  exciter 
would  prolong  the  effect.  I  should  like  to  emphasize 
the  great  improvement  that  has  been  made  of  late  years 
in  the  mode  of  bringing  out  the  end  connections  on  the 
stator  so  that  a  machine  of  the  largest  size  can  be 
short-circuited  without  any  ill.  effects.  I  recently  had 
occasion  to  take  part  in  the  preliminary  tests  on  the 
short-circuit  behaviour  of  a  6  000  kVA  Parsons  genera- 
tor. We  made  nearly  100  dead  short-circuits  at  all 
excitations  with  the  sole  effect  of  clearing  the  machine 
of  dust.  This  led  me  to  make  the  suggestion  in  the 
discussion  on  Mr.  Kuyser's  paper  that  the  best  way 
to  free  modem  generators  from  dust  in  the  ventilation 
ducts  is  to  short-circuit  the  machine  deliberately  at 
reduced  excitation.  Instructions  might  be  given  to 
short-circuit  each  machine  on  some  Saturday  once  a 
month,  say  No.  1  machine  at  12.30  when  the  load  comes 
off.  No.  2  at  12.45,  and  so  on.  I  think  that  the  time  is 
not  far  off  when  this  will  be  a  serious  proposition  at 
any  excitation.  It  could  be  safely  done  with  any  recent 
Parsons  machine  of  the  same  construction,  and  the 
author's  100  short-circuit  tests  on  two  7  500  kVA 
machines  show  that  the  machine  on  which  we  experi- 
mented was  not  at  all  unusual. 

Mr.  H.  W.  Taylor  :  In  regard  to  machines  made  by 
the  firm  with  which  I  am  associated,  developments 
have  been  in  some  cases  almost  parallel  with,  and 
in  other  directions  divergent  from,  those  of  the  author. 
Almost  parallel  development  has  resulted  from  our 
both  adopting  an  ideal  of  using  the  best  materials, 
but  at  as  low  a  stress  as  possible.  This  has  led  at 
higher  speeds  to  machines  with  relatively  small  diameters 
and  long  lengths.  This  again  has  given  rise  to  problems 
of  ventilation  ;  on  rotors  water  coohng  has  been  tried 
and  in  stators  radial  ventilation  in  compartments  has 
been  adopted.  The  arrangement  for  water  coohng  has, 
however,  been  slightly  different  from  that  shown  in 
Fig.  19.  Fig.  B  shows  how  passages  have  been  pro-- 
vided  by  small  holes  drilled  some  little  distance  below 
the  winding  slots.  In  the  long  rotor  in  which  tins 
scheme  was  tried  the  holes  were  drilled  with  no  difficulty 
by  a  firm  of  experienced  gun  makers.  This  construc- 
tion admits  the  use  of  the  deepest  possible  slot  contain- 
ing the  largest  possible  amount  of  active  material, 
the  holes  being  placed  in  the  central  core  of  the  rotor 
where  the  stress  is  relatively  low.  Fig.  C,  showing 
the  method  of  ventilating  a  large  3  000  r.p.m.  alternator 


when  used  in  conjunction  with  an  air  cooler,  may 
be  compared  with  Figs.  16  and  18  in  the  paper.  In 
machines  of  this  character,  auxiliary  fans  are  necessary. 
Fig.  C  shows  that  the  hot  air  from  the  machine  is- 
conducted  through  ducts  in  the  foundations  to  the  ex- 
ternal fan,  which,  because  of  its  inefficiency,  adds  further 
heat  to  it.  The  cooler  is  placed  between  the  fan  and 
the  air  opening  to  the  tuirbo-alternator,  so  that  the 
air  enters  the  alternator  at  a  temperature  as  low  as  is 
consistent  with  the  temperature  of  the  water  in  the 
cooler.  A  feature  in  which  development  has  been 
divergent  from  that  of  the  author  is  in  regard  to  the 
form  of  the  stator  windings.  The  type  sometimes 
described  as  the  two-layer  basket  form  of  winding  has 
been  developed  and  used  continuously  since  the  building 
of  turbo-alternators  was  commenced  many  years  ago. 
It  is  felt  that  in  this  type  of  winding,  diagrammatically 


Fig.  B. 

indicated  in  Fig.  C,  the  shape  and  position  of  the  end 
coils  are  such  that  no  appreciable  stresses  are  produced 
during  short-circuits,  with  the  result  that  these  windings 
require  a  minimum  amount  of  supports  and  clamps.  In 
regard  to  switching  on  the  rotor  circuit,  the  following 
points  seem  to  me  briefly  to  sum  up  the  situation  : 
(1)  If  the  rotor  field  circuit  is  opened  while  the  machine 
is  under  normal  operation,  there  is  undoubtedly  a 
high  voltage-rise  in  the  windings.  (2)  Normal  service 
does  not  require  the  rotor  circuit  to  be  thus  suddenly 
opened,  and  can  be  met  by  withdrawing  the  source 
of  supply  in  other  ways.  (3)  When  the  stator  windings 
are  short-circuited,  it  is  possible  to  open  the  field  circuit 
suddenly  without  an  increase  in  voltage  in  the  rotor 
windings,  because  the  short-circuited  stator  windings 
are  in  good  mutual  induction  with  the  rotor  windings. 
(4)  Under  these  circumstances,  although  the  rotor 
current  quickly  disappears,  the  current  in  the  stator 
winding   fault   is   not   immediately   suppressed,   as   the 
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flux  of  the  machine  is  maintained  until  the  stored  energy 
represented  by  it  has  been  absorbed  in  the  short- 
circuited  stator  windings.  The  opening  of  the  rotor 
circuit,  therefore,  does  not  simultaneously  suppress 
the  fault.  (5)  This  being  so,  a  scheme  which  with- 
draws the  source  of  supply  from  the  rotor  circuit 
without  opening  it  would  seem  to  meet  the  conditions 
for  both  normal  and  emergency  operation.  A  switch 
which  effects  this  by  short-circuiting  the  slip-rings 
has  been  developed  and  has  already  been  described 
and  illustrated  in  the  Journal  (1922,  vol.  60,  p.  773). 


can  flow  in  the  rotor  are  those  tending  to  maintain  the 
alternator  flux,  and  it  may  be  an  advantage  to  consider 
these  from  the  point  of  view  of  the  energy  available. 
If  the  field  switch  is  opened  without  a  discharge 
resistance  (really  an  infinite  discharge  resistance) 
the  whole  of  the  stored  energj'  of  the  magnetic  field 
is  dissipated  as  heat  in  the  rotor  body,  the  amount 
of  energy-  available  .  in  the  case  of  a  15  000  kVA 
3  000  r.p.m.  machine  being  sufficient  to  melt  about  4  or 
5  cm'^  of  copper  originally  at  the  worldng  tempera- 
ture of  the  machine.     When  using  a  discharge  resist- 


^r^m 


Fig.  C. 


Mr.  N.  B.  Hill  (communicated)  :  In  Section  4  the 
author  suggests  that  there  is  a  marked  increase  in 
inherent  reactance  to  be  expected  from  the  use  of 
closed  stator  slots.  This  is  probably  correct  while 
considering  the  reactance  at  the  normal  current  of  the 
machine,  but  as  tlie  iron  bridge  would  become  saturated 
with  a  stator  current  much  lower  than  the  instantaneous 
short-circuit  current  of  the  machine,  the  maximum 
advantage  of  a  closed  slot  over  an  open  slot  appears 
to  be  that  represented  by  the  extra  leakage  flux  corre- 
sponding to  the  saturation  value  of  the  iron.  In  one 
or  two  cases  that  I  have  calculated,  this  has  meant  that 
the  increase  to  be  looked  for  in  the  reactance  on  instan- 
taneous short-circuit  due  to  the  use  of  a  completely 
closed  slot  is  only  of  the  order  of  ^  per  cent.  When 
using  a  quick-break  field  switch,  the  author  anticipates 
(see  Section  8)  the  production  of  a  voltage  between 
shaft  ends  similar  to  that  shown  in  Fig.  32.  If  the 
outboard  pedestal  is  insulated  the  only  currents  which 


ance  the  energy  is  dissipated  as  heat  in  two  circuits 
in  parallel,  the  rotor  winding  and  discharge  resistance 
forming  one  circuit,  and  the  rotor  body,  wedges  and 
end  caps  the  other.  The  energy  will  divide  between 
the  circuits  inversely  as  their  resistance.  Mr.  Kuyser  * 
gives  the  equivalent  resistance  of  the  rotor  body  circuits 
as  five  times  that  of  the  field  winding,  and  I  have  con- 
firmed this  figure  by  a  different  method  of  measurement. 
If  we  therefore  short-circuit  the  slip-rings  (zero  discharge 
resistance)  it  would  appear  that  only  one-sixth  of  the 
stored  energy-  of  the  field  would  have  to  be  dissipated 
in  the  rotor  body  circuits.  Although  the  question  is 
not  so  much  one  of  total  loss,  due  to  the  circulating 
currents,  as  of  the  local  loss  at  the  junction  of  the 
rotor  body  and  wedges  with  the  end  caps,  I  think  it  is 
well  to  keep  the  total  loss  in  mind,  and  I  agree  with  the 
author  that  it  is  good  policy  to  use  the  quick-break 

•  "  Protective  ."Vpparatus  for  Turbo-Generators."  Journal  I.E.E., 
1922,  vol.  60,  p.  761. 
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svritch  without  discharge  resistance  in  cases  of  emergency 
only.  If  this  switch  operates  only  when  the  protective 
gear  operates,  and  the  alternator  field  is  normally 
destroyed  by  opening  the  exciter  field  switch,  we  ensure 
the  quickest  possible  destruction  of  the  field  under 
fault  conditions  without  normally  subjecting  the  rotor 
to  more  severe  conditions  than  would  be  obtained  by 
short-circuiting  the  slip-rings. 

Mr.  J.  H.  Shaw  (comimmicaied)  :  On  pages  449 
and  4.50  some  useful  information  is  given  regarding  the 
use  of  closed-circuit  coolers,  and  the  author  refers  to  the 
pioneer  installation  at  the  Battersea  Electricity-  ^^'orks. 
I  do  not  think,  however,  that  sufficient  credit  has  been 
given  to  the  patentee,  Mr.  Thompson,  of  the  Battersea 
Electricity  Works,  for  this  achievement,  and  I  think  that 
few  engineers  know  how  successful  this  plant  is  in  opera- 
tion. It  was  designed  early  in  1918,  before  the  plant  at 
Blaydon,  and  has  to-day  many  advantages  o\"er  similar 
systems  with  which  I  have  compared  it.  Some  years 
ago  I  inspected  the  plant  at  Battersea  and  was  informed 
that  when  planning  the  installation  of  their  5  000-k\\' 
alternators  they  could  not  find  space  for  dry  air-filters, 
and  were  not  kindly  disposed  towards  the  wet  tvpe 
on  account  of  the  risk  to  the  insulation  of  the  machine. 
The  chief  engineer,  together  with  his  chief  assistant, 
Mr.  Thompson,  set  to  work  to  devise  some  alternati\e 
system  of  cooling,  and  they  conceived  the  idea  of 
continually  circulating  the  enclosed  air,  thus  avoiding 
any  filtering  whatever,  and  using  the  condensate  as 
the  cooling  medium,  thus  eliminating  any  necessity 
for  cleaning  the  tubes.  Several  large  makers  of  alterna- 
tors to  whom  this  sj'stem  was  explained  considered  it 
was  not  practicable,  and  as  the  necessary  data  for 
designing  the  apparatus  were  not  available  Mr.  Thompson 
constructed  experimental  plant  for  the  purpose  of 
ascertaining  the  air  and  water  velocities,  tube  spacing, 
etc.  The  Battersea  design,  as  regards  construction, 
compactness  and  efficiency,  has  justified  the  trouble 
taken,  and  is  protected  by  letters  patent.  Practically 
all  the  cooling  is  effected  by  the  condensate,  the  cold 
"  make-up  "  water  only  being  introduced  on  heavj' 
loads  or  when  the  vacuum  is  poor.  The  cooler  has  been 
in  service  continuously  for  about  four  years  and  has  not 
yet  had  to  be  cleaned  ;  this  would  not  have  been  possible 
with  circulating  water  as  the  cooling  medium.  The 
working  of  the  plant  has  not  been  interrupted,  and  the 
cooler  efficiency  has  been  maintained.  Apart  from  this, 
the  heat  is  recovered  from  the  ^-entilating  air,  resulting 
in  the  condensate  temperature  being  raised  about  11 
degrees  F.,  which  amounts  to  nearly  1  per  cent  of  the 
total  heat  in  the  steam.  The  cooler  was  constructed  to 
the  Battersea  design  by  :Messrs.  Babcock  and  Wilcox  with 
plain  tubes  expanded  into  headers,  sectionalized  so  as 
to  reduce  cost  of  manufacture  and  for  ease  of  tra.nsit 
and  erection,  and  mounted  on  rollers  to  facilitate 
removal  if  required  ;  it  has  remained  perfectly  water- 
tight since  erection,  thus  dispelling  any  fears  as  regards 
water  leakage  into  the  air  space.  Another  good  feature 
of  this  system  which  will  appeal  to  the  operating  engineer 
is  the  provision  of  thermostatically-operated  air  doors 
which  permit  of  the  alternator  being  cooled  from  the 
outside  air  should  the  enclosed  air  reach  a  predetermined 
temperature    due   to    any   cause   other   than    electrical 


faults  in  the  machine,  in  which  latter  case  these  air 
doors  will  remain  closed.  In  the  description  of  other 
systems  it  is  stated  that  a  horn  or  whistle  will  be  blown 
and  coloured  lights  displayed,  but  it  is  better  to  do  this 
work  automatically  and  remo\e  the  human  element, 
especially  as  one  knows  that  when  things  go  wrong  there 
is  plenty  of  work  for  the  operatives  to  attend  to,  and 
one  does  not  wish  to  add  further  noise  and  coloured 
lights.  It  is  of  interest  to  note  that  the  five  40  000  kW 
sets  at  Gennevilliers  are  cooled  on  the  same  system  as 
that  used  at  Battersea,  and  with  coolers  of  similar 
design,  and  on  account  of  its  economy  and  efficiency 
this  system  is  being  adopted  in  connection  with  many 
other  large  plants.  It  is  ver\-  pleasing  to  note  the 
absence  of  noise  due  to  the  alternators  being  entirely 
enclosed,  and  the  temperature  of  the  engine  room  is 
more  comfortable  for  the  operatives,  particularly  during 
the  summer  time.  I  understand  that  the  letters  patent 
referred  to  cover  the  use  of  gases  which  will  not  support 
combustion  and  which  at  the  same  time  improve  the 
efficiency  of  the  heat  transmission,  and  I  believe  that 
experiments  are  being  made  with  carbon-die  xide  gas. 
I  feel  that  Mr.  Bond  and  Mr.  Thompson  are  to  be 
congratulated  on  their  courage  in  designing  and  installing 
this  cooler,  and  that  due  publicity  should  be  given  to 
their  pioneer  efforts. 

Mr.  J.  Shepherd  (communicated)  :  The  paper  gives 
a  clear  statement  of  the  difficulties  with  which  designers 
have  to  contend,  and  a  brief  review  of  many  different 
attempts  to  overcome  them.  All  credit  must  be  given 
to  the  earnest  desire  of  manufacturers  to  produce 
sound  and  satisfactory  machines,  but  when  all  these 
efforts  have  been  made  the  fact  remains  that  turbo- 
alternators  are  not  as  satisfactory-  as  either  makers  or 
users  desire.  Messrs.  Parsons  and  Co.  are  the  pioneers 
of  water-cooling  applied  direct  to  the  body  of  the  rotor, 
and  the  British  Thomson-Houston  Co.  are  now  manu- 
facturing rotors  similarly  cooled.  Indirect  water-cooling 
of  the  ventilating  air  is  becoming  universal.  If  water- 
cooling  is  to  be  accepted  as  necessary,  the  general 
design  of  turbo-alternators  should  be  considered  from  a 
new  view-point,  as  other  inherent  difficulties  can  then 
be  solved  at  the  same  time.  With  air-cooling,  thestator 
and  rotor  cores  must  be  constructed  with  numerous 
air-passage  wavs,  and  these  of  necessity  result  in  a  weak 
structure  with  weakly  supported  stator  teeth  and  coils. 
Let  any  engineer  examine  and  consider  the  deplorable 
mechanical  weakness  of  a  thoroughly  laminated  stator 
coil  as  now  constructed,  various  examples  of  which  are 
shown  in  Fig.  8  of  the  paper.  The  component  parts 
are  held  together  only  by  the  insulation  surrounding 
them,  and,  due  tj  the  method  of  stranding,  there  must  be 
slackness  between  the  parts,  with  continuous  vibration 
due  to  the  alternations  of  current,  resulting  in  the 
gradual  disintegration  of  the  insulation.  Further, 
all  the  mechanical  forces  from  the  turbine  must  be 
transmitted  by  the  insulation,  which  must  also  with- 
stand the  tremendous  hammer-hke  blows  on  short- 
circuits.  The  same  remarks  apply,  of  course,  to  ail 
laminated  bars.  As  strength  cannot  be  obtained  within 
the  coil  it  must  be  applied  without,  and  the  logical  solution 
is  a  winding  slot  continuous  throughout  the  entire 
length    of    stator    windings  including  the  end  connec- 
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tions,  and  this  positive  and  continuous  support  can  be 
given  if  the  water-cooHng  be  applied  directly  instead 
of  indirectly.  When  this  is  done  the  stator  structure 
can  be  solidly  constructed  with  the  equivalent  of  solid 
rotor  teeth,  thus  eliminating  the  trouble  which  the  author 
and  other  designers  have  experienced  from  cut  and 
broken  teeth.  Adequately  strong  supports,  in  the  shape 
of  cooling  devices  with  separate  and  adjustable  water 
Supplies  to  each,  give  a  ready  and  definite  means,  which 
at  present  we  hardly  possess,  of  detecting  local  heat- 
ing. On  the  other  hand,  we  require  most  positive 
assurance  that  we  possess  means  of  constructing  the 
water-cooling  devices  without  risk  of  water  leakage. 
The  internal  water  pressures  in  the  rotors  are  usually 
approximately  800  lb.  per  sq.  in.  and  upwards,  and  both 
Messrs.  Parsons  and  the  B.T.H.  Co.  successfully  con- 
structed water-cooled  rotors  for  these  pressures.  The 
cooling  devices  in  the  stator  would  be  subject  to  internal 
water  pressures  under  100  lb.  per  sq.  in.,  and  we  possess 
methods  of  welding  and  electrical  deposition  of  metals 
which  would  allow  any  desired  thickness  of  metal  to 
be  built  up  at  the  joints,  the  only  parts  which  need  give 
anxiety.  All  the  present  papers  by  turbo-alternator 
designers  lay  stress  upon  the  difficulties  with  which 
they  must  contend,  and  to  me  they  clearly  demonstrate 
the  limitations  of  air-cooled  machines  and  the  need 
of  an  entire  change  of  design  to  allow  mechanically 
strong  machines  to  be  constructed.  The  problem  is  by 
no  means  one  of  air-cooling  versus  water-cooling,  but 
the  ever-pressing  necessity  of  building  robust  and  more 
reliable   alternators. 

Mr.  J.  Rosen  {in  reply)  :  I  agree  with  Dr.  Smith 
that  every  attention  should  be  paid  to  limiting  the 
losses  in  turbo-alternators,  and  to  improving  the  venti- 
lation. The  actual  additional  losses  due  to  the  eddy- 
currents  in  the  helically  stranded  conductor  are  ex- 
tremely low,  being  less  than  1  per  cent  of  the  I-R 
loss  for  the  equivalent  direct  current.  As  far  as  the 
core  is  concerned,  makers  are  fully  aware  of  the  pre- 
cautions necessary  in  the  building  of  a  stator  core, 
and  every  practicable  care  is  taken. 

I  cannot  agree  that  short  rotors  with  larger  diameters 
and  therefore  higher  peripheral  speeds  are  preferable 
to  long  rotors  running  at  well-tried  peripheral  speeds, 
as  the  stresses  in  the  former  are  increased  beyond  those 
which  experience  has  proved  safe. 

In  the  past,  axial  holes  have  been  trepanned  through- 
out the  whole  length  of  the  central  axis  of  alternator 
rotors  for  the  purpose  of  testing  the  material,  and  in 
some  machines  the  metal  removed  was  weighed  to 
make  sure  that  no  blow-hole  or  clink  was  present. 
In  every  rotor  where  such  a  hole  is  drilled,  the  surface 
of  the  bore  is  carefully  inspected  for  flaws,  by  means  of 
special  optical  arrangements. 

Theoretical  investigation  of  the  simplest  case  of 
rotational  stress — namely,  in  a  thin,  flat  disc — indicates 
that  a  pinhole  at  the  centre  makes  the  hoop  stress  at 
the  periphery  of  the  hole  double  what  it  would  be  at 
that  point  if  there  were  no  hole.  In  practice,  however, 
there  is  evidence  that  a  small  hole  through  the  centre 
of  a  rotor  shaft  has  no  such  extreme  effect  upon  stress 
distribution,  but  modifies  it  to  a  much  less  extent  than 
is    indicated    by    purely    theoretical    consideration.     It 
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can  be  taken  for  granted  that  the  material  will  yield 
to  some  extent  and  ensure  that  the  stresses  become 
more  uniformly  distributed,  so  that  the  final  maximum 
stress  {in  the  neighbourhood  of  the  hole)  will  not  be 
actually  very  much  greater  than  that  in  a  shaft  without 
the  hole.  In  fact,  in  view  of  the  difficulties  which 
have  recently  been  experienced  on  alternators  in  this 
direction,  engineers  are  now  asking  for  holes  to  be  drilled 
in  the  centre  of  the  high-speed  shafts  for  the  reasons 
above  mentioned.  I  have  recommended  tliis  pro- 
cedure for  large  shafts  since  1914,  and  it  has  been 
adopted  in  Parsons  alternator  rotor  shafts  intended 
for  peripheral  speeds  in  excess  of  about  3.50  ft.  per 
second. 

The  slides  shown  by  Dr.  Smith  are  interesting,  but 
a  parallel  cap  for  supporting  the  rotor  windings  can 
be  obtained  with  a  rotor  running  at  a  lower  peripheral 
speed  without  having  to  resort  to  aluminium  for  the 
windings  ;  in  such  a  design  there  is  no  necessity  to 
have  the  steep  taper  on  the  cap.  The  use  of  aluminium 
for  the  rotor  windings  has  been  a  subject  of  peculiar 
interest  to  designers  of  high-speed  alternators,  but  up 
to  the  present  time  its  use  has  not  proved  a  commercial 
proposition.  The  difficulties  due  to  harmonics  in 
the  wave-form  are  appreciated,  and,  as  indicated  by 
the  typical  examples  in  the  paper,  this  question  has 
been  thoroughly  investigated. 

In  reply  to  Mr.  Selvey,  the  flexible  insulation  has 
been  used  now  for  the  past  10  years  with  unqualified 
success,  but  investigations  are  continually  going  for- 
ward to  improve  this  insulation  and  to  provide  an  even 
better  solution  of  the  insulation  problem.  A  description 
of  the  investigations  into  the  quaUties  necessary  for 
insulation  suitable  for  high  voltages  and  for  use  in 
turbo-alternators  would  provide  sufficient  material  for 
a  separate  paper,  and  could  not  be  dealt  with  as 
fully  as  I  should  have  liked  in  this  paper.  I  have 
experienced  no  difficulties  with  the  breaking  of  the 
mica  at  the  edge  of  the  slots  when  short-circuits  occur  ; 
and  with  the  design  in  question  there  is  no  tendency 
for  the  conductors  to  separate  on  a  heavy  short-circuit 
and  burst  the  tube.  1  have  dealt  with  the  other 
questions  on  insulation  in  reply  to  Mr.  Partridge. 

Mr.  Selvey  appears  to  be  under  some  misapprehension 
on  the  question  of  the  cooling  of  the  air  passing  through 
wet  air-filters.  As  a  rule  in  this  country  the  air  before 
entering  the  filter  is  not  saturated,  the  humidity  being 
generally  in  the  neighbourhood  of  70  per  cent  to 
80  per  cent.  After  passing  the  air  filter  the  humidity 
is  increased  to  from  90  to  94  per  cent,  which  means 
that  the  air  in  passing  through  the  filter  absorbs 
moisture.  The  temperature  of  the  remaining  water 
in  the  filter  is  reduced  by  the  partial  evaporation,  and, 
as  the  unevaporated  water  is  recirculated,  its  tempera- 
ture would  continue  to  diminish  and  is  only  prevented 
from  doing  so  by  the  heat  abstracted  from  the  incoming 
streams  of  fresli  air.  For  given  conditions,  a  state  of 
equilibrium  is  soon  reached.  This  was  demonstrated 
repeatedly  on  tests  carried  out  over  a  period  of  three 
or  four  years  on  filters  .situated  in  different  parts  of 
the  country.  In  the  example  mentioned,  the  air  was 
drawn  from  outside  the  engine  room. 

With  regard  to  high-voltage  alternators.  I  am  aware 
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of  the  30  000-volt  machines  which  are  in  operation 
in  Italy,  but  I  understand  that  some  difficulty  has  been 
experienced  in  their  operation.  High  voltages  have 
already  received  consideration  in  this  country,  and  I 
think  that  if  power  engineers  wish  to  have  machines 
wliich  generate  direct  at  the  higher  voltages,  and  are 
prepared  to  submit  their  proposals  and  to  accept  some 
portion  of  the  responsibility,  manufacturers  would  be 
prepared  to  undertake  construction  in  tliis  direction,  at 
any  rate  in  the  case  of  machines  of  the  largest  output. 

I  did  not  propose  to  deal  in  the  paper  with  the  question 
of  eartliing  alternators.  As  Mr.  Selvey  states,  tliis  is  a 
question  for  very  lengthy  treatment,  but  the  example 
was  given  to  illustrate  the  injurious  effects  of  the 
harmonics  in  the  wave-form  setting  up  high-frequency 
currents  through  the  star  point. 

With  the  scheme  of  ventilation  as  described  in  the 
paper,  the  air  pressure  has  been  reduced  to  4  inches 
(water  gauge),  and  tliis  figure  includes  the  drop  in 
a  normal  length  of  duct  and  in  the  air  cooler. 

Mr.  Selvey  appears  to  be  uncertain  as  to  my  conclu- 
sions on  the  breaking  of  the  alternator  main  field.  I 
should  explain  that  it  is  proposed  to  operate  the  main 
field  switch  (without  discharge  resistance)  in  emergency 
only,  that  is,  in  case  of  a  breakdown  on  the  alternator 
or  for  any  other  similar  reason.  It  is  therefore  opened 
only  when  the  protective  relays  operate,  and  not  when 
the  main  alternator  switch  is  opened  by  hand.  Manu- 
facturers are  now  prepared  to  provide  the  protective 
apparatus  to  function  in  this  manner.  There  is  no 
necessity  to  open  the  main  field  switch  during  the  normal 
operation  of  the  plant,  wliile  the  alternator  is  fully 
excited. 

In  reply  to  Mr.  Partridge,  the  limit  of  pressure 
for  alternators  of  which  there  is  experience  available 
in  this  country  is  13  000  volts.  Several  machines 
have  been  in  operation  (some  for  over  12  years)  with 
satisfactory  results,  so  that  with  the  25  000  kVA 
macliine  at  3  000  r.p.m.  there  would  be  no  difficulty 
in  dealing  with  such  voltages.  The  end  caps  for  support- 
ing the  rotor  end-windings  are  made  of  nickel  chrome 
steel,  which  has  been  in  use  since  1912,  and  its  quah- 
ties  have  been  gradually  improved.  The  percentage 
of  nickel  is  3|,  and  the  percentage  of  chromium  less 
than    1. 

The  sketch  of  the  stator  windings  in  Fig.  11  in  the 
paper  is  simply  a  diagram  for  illustrating  the  type  of 
joint ;  the  packings  for  the  support  of  the  windings 
have  been  purposely  left  out  for  clearness.  In  the 
designs  described,  packings  are  provided  in  the  windings, 
and  supports  are  provided  for  the  conductors  where 
they  leave  the  slots.  Such  windings  have  been  subject 
to  the  most  severe  short-circuits  and  have  withstood 
them  without  being  disturbed. 

The  multiple  joint  avoids  the  use  of  several  parallel 
paths  through  the  alternator  where  a  heavy  current 
has  to  be  carried.  Where  two  joints  are  used  on  one 
core  conductor  to  connect  to  the  end  connectors,  it 
would  probably  be  necessary  on  other  types  of  windings 
to  use  four  or  more  parallel  paths  completely  insulated 
one  from  the  other,  with  a  correspondingly  increased 
number  of  joints.  The  round  strand  is  preferred  as 
being    the    most    suitable    construction.     With    round 


wires  the  danger  of  the  primary  insulation  on  the 
individual  wires  being  damaged  is  reduced  to  a  minimum. 
With  the  use  of  rectangular  strip  in  the  laminated 
construction  of  conductor,  there  are  inherent  difficulties 
wliich  have  been  dealt  with  in  earlier  papers.*  Apart 
from  the  mechanical  difficulties,  the  losses  in  such 
a  design  of  conductor,  due  to  the  unequal  distribution 
of  current,  are  not  eliminated.  The  completely  stranded 
cable  described  in  the  paper  provides  the  complete 
solution  of  this  difficulty. 

The  windings  wdth  tunnel  slots,  in  practice,  have 
proved  equally  or  more  accessible  than  with  open 
slots.  In  the  design  adopted  with  the  tunnel  con- 
struction, where  a  fault  has  occurred  it  has  been  found 
possible  to  replace  the  windings  and  repair  the  damaged 
core  without  disturbing  the  other  parts  of  the  stator. 
No  difficulty  has  been  experienced  in  getting  rid  of 
the  air  space  round  the  conductors,  and  in  preventing 
the  brush  discharge.  This  question  has  been  given 
careful    consideration,    with    most    satisfactory    results. 

Mr.  J.  S.  Highfield  made  reference  to  these  difficulties 
in  a  short  contribution  to  the  Electrician  ■]  in  1905.  The 
remedies  which  were  then  suggested  have  been  found 
to  be  equally  applicable  to  present-day  machines.  The 
sides  of  the  slots  are  made  as  smooth  as  practicable 
and  are  coated  with  insulating  varnish.  Protection  is 
given  to  the  conductors,  when  being  drawn  into  position, 
by  special  insulating  hners.  With  the  flexible  insulation 
there  are  a  few  simple  workshop  precautions  to  be 
taken  in  the  assembly  of  the  conductors  in  the  slots, 
but  any  one  bar  can  be  readily  replaced  without  dis- 
turbing the  remainder  of  the  windings  or  the  insulation. 
The  flexible  insulation,  besides  having  advantages  in 
other  directions,  allows  for  the  necessary  expansion 
and  contraction,  without  danger  of  rupture.  As 
regards  through  bolts  for  holding  the  stator  core, 
experience  has  proved  that  tight  cores  can  be  built 
without  them. 

Mr.  Partridge  suggests  that  the  stator  should  be 
spht  transversely,  in  order  to  shorten  the  length  of 
core  supported  by  such  bolts.  Presumably,  there 
would  still  be  only  one  rotor,  otherwise  it  would  be 
equivalent  to  putting  two  alternators  in  tandem.  The 
idea  naturally  arises  in  the  mind  of  designers  when 
having  to  contend  with  difficulties  of  the  long  machine, 
but  such  comphcation  has  not  up  to  the  present  proved 
necessary.  Mr.  Partridge  raises  objections  to  the  use 
of  the  separately  driven  fan.  This  can  be  readily 
fitted  to  an  extension  of  an  auxiliary  pump  motor, 
an  arrangement  which  would  eliminate  the  necessity' 
for  an  additional  motor.  Fig.  D  shows  the  fan  fitted 
on  an  extension  of  the  extraction  pump  motor  shaft  on 
a  12  500  kW  set,  running  at  3  000  r.p.m.  It  will  be 
seen  that  the  lay-out  is  very  simple.  The  speed  of  the 
fan,  as  a  rule,  does  not  exceed  750  r.p.m.,  and  is  lower 
on  the  larger  machines.  I  have  had  very  wide  experi- 
ence with  the  use  of  the  separate  fans,  and  no  serious 
difficulties  have  arisen  on  any  of  the  plants  on  which 
they  have  been  installed.  With  the  separate  fan  there 
is  an  improvement  of  1  per  cent  in  the  efficiency  of 
the  alternator,  over  that  of  the  alternator  fitted  with 

•  See,  for  instance.  Journal  I.E.E.,  1920,  vol.  68,  p.   128. 
t  Electrician,  1905,  vol.  54,  p.  573. 
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fans  on  the  rotor.  This  figure  allows  for  the  power 
taken  by  the  fan  motor. 

The  difficulties  of  supporting  the  rotor  end-windings, 
those  due  to  e.xpansion,  and  the  danger  of  side  slip, 
have  all  been  investigated.  Special  packings  of  asbestos 
cloth  and  synthetic  resin  are  now  manufactured,  which 
have  proved  satisfactory  for  the  comparatively  low 
voltages  at  which  the  rotors  are  operated. 

Dr.  Thornton's  remarks  are  of  interest.  The  tests 
on  stability  which  I  have  given  in  the  paper  have 
extended  over  several  years,  but  I  have  only  recently 
been  able  to  put  together  the  results  in  a  complete 
form,  The  use  of  a  permanent  resistance  in  the  rotor 
circuit   will  increase   the   main   field   losses,   so   that   it 


be  made  to  improve  the  mechanical  construction  of 
alternators.  It  is  a  natural  desire  on  the  part  of 
designers  that  the  mechanical  construction  of  high- 
speed alternators  should  be  improved.  Present-day 
design  has  proved  itself  to  be  a  robust  construction, 
and  Mr.  Shepherd's  doubts  cast  upon  the  design  of  con- 
ductor have  not  proved  in  practice  to  have  any  founda- 
tion, as  the  conductors  after  many  years  of  operation 
have  upon  removal  been  found  to  be  in  an  excellent 
state  of  preservation  vdih  the  insulation  undisturbed. 
The  designs  illustrated  have  withstood  the  most  severe 
short-circuits,  and  have  proved  that  both  conductors 
and  insulation  will  withstand  "  the  tremendous  hammer- 
like  blows   on    short-circuits."     I   realize   that   the   en- 
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would  have  the  same  effect  as  the  main  field  regulator, 
and  is  subject  to  the  same  objections. 

I  am  pleased  that  ]\Ir.  Taylor  agrees  with  me  on  the 
question  of  the  running  of  the  rotors  at  comparatively 
low  peripheral  speed,  and  that  his  designs  have  in 
some  directions  run  parallel  with  my  own.  I  notice 
that  in  Fig.  C  he  has  now  adopted  my  suggestion  to  fit 
a  second  motor. 

I  agree  with  Mr.  Shaw  that  great  credit  is  due  to 
both  Mr.  Bond  and  Mr.  Thompson  for  the  early  work 
done  on  alternator  air  coolers.  The  cooler  question 
was  discussed  with  them,  I  believe,  as  early  as  1912. 
So  far  as  the  use  of  inert  gases  in  the  closed  circuit 
is  concerned,  I  do  not  think  this  is  necessary.  It  is 
a  complication  and  I  tliink  that  JMr.  Shaw  will  agree, 
from  his  experience  of  station  plant,  that  it  would 
be  somewhat  of  a  nuisance. 

I  agree  with  Mr.  Shepherd  that  every  effort  should 


closing  of  the  whole  of  the  windings  in  metal,  concrete 
or  similar  material,  has  great  attractions,  but  again 
Mr.  Shepherd  must  not  forget  that  there  are  many 
difficulties  which  prevent  this  being  done,  amongst 
which  the  first  that  occurs  to  me  being  the  expansion 
trouble.  I  do  not  think  that  we  have  been  backward 
in  considering  the  liquid  coohng  of  alternators,  as  this 
problem  has  long  been  one  of  many  subjects  for  research 
by  manufacturers. 

Mr.  Taylor's  and  Mr.  Hill's  views  upon  the  question 
of  field-breaking  on  the  whole  confirm  the  conclusions 
in  the  paper,  but  the  tests  show  that  with  the  main 
field  circuit  opened  suddenly  by  a  simple  (quick-break) 
switch,  the  alternator  voltage  falls  more  rapidly  than 
under  any  other  condition.  The  increase  in  the 
value  of  the  alternator  reactance  due  to  the  tunnel 
slot  is  actually  greater  than  the  estimate  given  by 
Mr.   Hill. 
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Scottish  Centre,   at  Glasgow,   13  February,    1923. 


Mr.  C.  W.  Marshall  :  Some  figures  of  alternator 
failures  which  have  occurred  in  Glasgow  mav  prove 
of  interest.  Out  of  a  total  of  21  turbo-alternators 
installed,  16,  or  76  per  cent,  have  failed.  Considering 
machines  of  modern  construction  only,  the  failures 
allocated  to  the  different  firms  which  have  supplied 
the  machines  are  shown  in  the  following  table. 


Firm 

Capacity  of  sets, 
in  kVV 

No.  of  sets 

No.  of 
failures 

Percentage  of 
failures 

A 
B 
C 

r          6  000 

''l^     18  750 

r     6  000 

\     18-750 
r       6  000 
\       3  000 

4 
3 
2 
2 
2 
1 

1 

3 
1 
0 
•~> 

1 

25 
100 

50 

0 

100 

100 

Only  serious  failures  are  included  in  the  table,  and 
the  figures  appear  to  indicate  that  alternators  are  very 
unrehable,  but  this  is,  of  course,  not  the  case.  The 
troubles  which  have  occurred  are  due  to  the  following 
causes  ;  (1)  Inability  of  windings  to  withstand  short- 
circuits  on  the  external  system  ;  (2)  slack  cores  due  to 
fiimsv  end  plates  ;  (3)  defective  arrangement  of  out-going 
leads  between  alternator  and  cable-sealing  bells ; 
(4)  magnetic-circuit  failures ;  and  (5)  rotor-winding 
failures.  Tlie  last-named  have  all  occurred  in  rotors 
of  the  laminated  type,  and  have  not  been  of  a  very 
serious  nature.  I  shall  be  glad  if  the  autlior  will  deal 
with  the  following  questions  in  his  reply.  Are  the 
percentages  of  breakdowns  (Fig.  2)  based  on  the  total 
number  of  alternators  installed  since  1912  ?  On  page  442' 
the  author  emphasizes  the  necessity  for  examination 
and  testing.  \\'hat  tests  are  recommended,  and  how 
often  should  they  be  applied  ?  What  increase  in 
efficiency  results  from  the  use  of  tunnel  slots  ?  Referring 
to  the  integral  and  separately  driven  fans  mentioned 
on  page  448,  can  the  author  give  the  quantitative 
figures  in  regard  to  these  two  types  ?  What  are  the 
relative  costs  of  the  ordinary  wet  air-filter  and  closed 
systems  of  ventilation  ?  Is  the  quantity  of  oxygen 
in  a  closed  system  not  sufficient  to  cause  combustion 
of  all  the  insulation  in  the  machine  in  case  of  fire  ? 

Mr.  D.  T.  Powell  :  The  author  considers  that  it  is 
advantageous  to  ha\'e  a  soft  wrapping  round  stator 
bars  instead  of  insulating  them  with  a  hard  material, 
and  I  recently  saw  a  case  in  which  this  preference  seemed 
justified.  Several  large  alternators  were  built  for  a 
6  600  volt  supply  and  the  engineer  considered  that  it 
might  be  an  advantage  to  wind  the  machines  for  only 
about  2  500  volts  and  to  put  transformers  in  series 
■with  them.  In  practice  this  did  not  prove  a  good 
arrangement  because  the  insulation  of  the  stator  bars 
broke  down,  the  very  contingency  that  he  was  trying 
to  provide  against.  These  stator  bars  were,  of  course, 
carrying  a  verv  heavy  current,  as  the  machines  were 
of  about  8  000  kW'  capacity,  and  naturally  the  copper 
expanded    a    great    deal.     The   result    was    seen    when 


some  of  the  bars  were  taken  out  for  examination.  Not 
only  bars  which  had  broken  down  were  removed,  but 
also  some  which  had  not  failed.  At  first  sight  there 
appeared  to  be  no  defect  at  all,  but  when  the  bar  had 
been  cut  into  sections  one  could  see  that  the  mica 
inside  the  outer  covering  was  entirely  pulverized, 
showing  the  extent  of  the  relative  movement  between  the 
hard  mica  tube  and  the  copper.  This  continued  in  the 
machine  until  finally  the  insulation  broke  down  at 
the  corners  of  the  mica  tubes.  There  is,  I  think,  no 
doubt  why  this  insulation  failed.  The  only  remedy 
suggested  at  the  time  was  to  rewind  the  stator  bars 
and  apply  harder  insulation.  I  am  unable  to  state 
whether  these  re-insulated  bars  have  been  more  satis- 
factory. I  think  that  a  flexible  virapping  would  have 
been  better  and  would  have  allowed  the  copper  to 
expand  without  damaging  the  insulation.  In  that  con- 
nection I  would  also  suggest  that  the  drying-out  of 
alternators  may  do  a  considerable  amount  of  harm, 
especially  if  carried  out,  as  it  is  sometimes,  with  direct 
current.  The  current  simply  heats  the  winding  without 
heating  the  core,  and  then  relative  movement  between 
the  copper  and  the  insulation  takes  place  and  very 
probably  causes  permanent  damage.  Other  people 
dry-out  by  short-circuiting  an  alternator  and  running 
it  at  something  approaching  full-load  current.  This  is 
probably  a  better  method  but  may  also  lead  to  trouble, 
as  the  excitation  is  very  small  and  the  heat  is  largely 
carried  by  the  copper.  In  most  cases  it  should  be 
sufficient  to  run  the  machine  unexcited  for  a  good  many 
hours  and  allow  the  windage  to  start  the  drying  of 
the  machine,  and  thereafter,  if  a  reasonable  insulation 
resistance  be  obtained,  gradually  to  excite  the  machine, 
taking  a  considerable  number  of  hours  to  bring  it  up 
to  full  voltage. 

Mr.  F.  H.  Whysall  :  My  own  experience  bears 
out  the  evidence  gi\-en  in  Fig.  2,  which  illustrates  the 
very  low  percentage  of  failures  of  Parsons  alter- 
nator stators  in  the  British  Isles  during  the  past  10 
years.  It  appears  that  all  the  failure  percentages 
given  are  less  than  1  per  cent.  In  the  list  of  Parsons 
alternators  (Table  I)  I  note  that  the  largest  size  actually 
installed  for  a  speed  of  3  000  r.p.m.  is  18  750  kVA, 
and  it  is  gratifying  to  note  that,  as  the  author  points 
out  on  page  441,  in  this  country  we  are  ahead  of 
America  as  regards  size  and  speed  rating,  although  quite 
recently  an  argument  for  using  units  of  not  more  than 
10  000  kW  capacity  was  that  this  size  represented  the 
limit  for  a  speed  of  3  000  r.p.m.  On  page  439  the 
author  very  properly  gives  credit  to  de  Laval  for 
developing  a  satisfactory  form  of  double  helical  reduc- 
tion gearing  for  use  with  his  simple  impulse  turbine, 
and  I  have  seen  early  forms  of  this  in  collieries  in  South 
Yorkshire  doing  very  heavy  work  through  shafts  no 
thicker  than  a  lead  pencil.  While  there  appears  to  be 
no  real  difficulty  about  gearing  in  connection  with 
turbine  drives  in  practice,  there  is  no  doubt  that  much 
trouble  has  been  experienced,  in  my  opinion  due  more 
to  inexperience  or  faulty  workmanship  of  engineers 
responsible    than    to    any    other    cause.     There    is    no 
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cioubt,  however,  that  gearing  is  a  complication  which 
anyone  would  wish  to  avoid,  if  the  object  could  be 
accomplished  by  other  and  better  means.  Reverting 
to  the  question  of  breakdowns  in  alternator  stator 
windings,  the  author  does  not  refer  to  the  valuable 
help  which  manufacturers  have  received  in  the  pre- 
vention of  serious  breakdowns  by  the  use  of  extremely 
sensitive  and  efficient  modern  systems  of  protection. 
Many  faults  which  under  previous  conditions  might 
have  resulted  in  complete  burn-outs,  are  so  quickly 
dealt  with  that  no  serious  damage  is  done,  and  it  is 
only  in  an  exceptional  case  that  a  fault  occurs  of 
such  a  nature  as  to  do  serious  damage.  I  am  in  agree- 
ment with  the  author's  views  in  regard  to  ventilation. 
In  the  case  of  a  continuous  stream  of  fresh  air  it  has 
been  my  experience  that  large  quantities  of  dust  accumu- 
late in  ventilating  ducts,  no  matter  what  kind  of  filter 
is  used.  I  have  also  heard  of  a  case  where  with  a 
wet  air-filter  the  supply  of  air  was  completely  cut  off 
owing  to  low-temperature  conditions  which  caused 
the  filter  to  freeze  up  and  shut  off  the  air  supply  entirely. 
I  am  glad  that  the  author  holds  the  opinion  that  the 
introduction  of  a  main-field  regulator  for  exciters  is  not 
essential,  because  I  think  that  no  power  station  engineer 
was  ever  in  favour  of  the  complication.  The  author 
makes  no  reference  to  instability  of  excitation  due 
to  the  low  voltage  of  the  exciter.  I  refer  to  the  possi- 
bility of  interruption  owing  to  defective  brush  contact. 
I  have  known  the  mere  contact  of  an  attendant's  oily 
finger  on  slip-rings  or  commutator  to  cause  a  serious 
interruption  of  the  field  circuit. 

Mr.  A.  E.  McCoU  :  I  am  particularly  interested 
in  the  latter  portion  of  the  paper  in  which  the  author 
gives  the  voltages  in  the  rotor  under  short-circuit 
conditions.  In  1910  similar  trouble  was  experienced 
with  an  alternator  in  this  district.  Prof.  Bliles  Walker's 
paper  "■  on  the  short-circuiting  of  alternators  pointed 
the  way  to  a  solution.  The  rotor  end-caps  when  taken 
off  showed  signs  of  arcing  and  pitting  on  the  portions 
adjacent  to  the  core.  I  believe  that  the  actual  separation 
distance  was  about  J  mm.  It  was  thought  that  the 
arcing  was  probably  caused  by  current  surges  set  up 
by  large  reciprocating-engine-driven  alternators  running 
in  parallel  with  the  turbo-alternator.  Tests  were 
made,  but  the  results  did  not  indicate  that  such  was  the 
case.  Ultimately,  however,  the  cause  of  the  trouble  was 
traced  to  external  short-circuits  to  which  the  alternator 
had  been  subjected.  The  obvious  solution,  in  view 
of  Prof.  Miles  Walker's  paper,  was  to  bond  the  rotor 
end-shields  rigidly  to  the  core.  The  author  strongly 
advocates  the  separately  driven  fan.  With  large 
turbo-alternator  installations  one  is  prepared  to  sacrifice 
efficiency  to  a  small  extent  in  order  to  obtain  a  reliable 
and  secure  drive  for  auxiliary  plant.  I  think  it  prefer- 
able to  have  a  direct-driven  fan  even  at  the  sacrifice 
of  ^  per  cent  in  efficiency,  merely  in  order  to  reduce 
the  number  of  parts  which  may  fail.  It  is  most  unsatis- 
factory to  have  a  large  unit  temporarily  out  of  com- 
mission due  to  the  failure  of  some  small  auxiliary  part. 
The  author  condemns  dry-cloth  filters  and  I  am  sure 
that  we  are  all  in  agreement  with  him  on  this  point. 
Applied  to  small  machines  they  are  not  very  satisfactory 
*  Journal  J.E.E.,   1910,  vol.  45,  p.   295. 


and  in  certain  locations  and  under  certain  atmospheric 
conditions  a  cleaning  staff  in  constant  attendance  is 
practically  necessary.  In  large  machines  the  dimen- 
sions of  a  dry-cloth  filter  are  so  considerable  that 
the  arrangement  becomes  impracticable.  The  author 
condemns  wet  filters  on  the  score  that  free  moisture 
is  apparently  carried  through.  The  detection  and 
measuring  of  this  free  moisture  is  not  at  all  a  simple 
matter  and  I  should  like  the  author  to  give  some  informa- 
tion on  his  method  of  research  in  this  direction.  Some 
time  ago  I  had  a  number  of  tests  made  in  order  to 
arrive  at  a  figure  for  the  free  moisture,  the  test  procedure 
being  to  insert  in  the  incoming  air  a  search  coil  cali- 
brated for  percentage  humidity  against  insulation 
resistance.  If  the  insulation  resistance  for  a  corre- 
sponding percentage  humidity  in  the  incoming  air 
fell  below  the  calibrated  curve,  the  assumption  was 
made  that  free  moisture  was  present.  It  was  not 
possible  to  say,  however,  to  what  extent  moisture 
in  excess  of  natural  humidity  was  present.  The  water 
cooling  of  rotors  is  advocated,  but  what  is  its  advan- 
tage ?  Rotor  excitation  forms  a  very  small  proportion 
of  the  total  loss  and  if  there  is  any  gain  it  appears 
to  be  in  the  quantity  of  air  used.  As  this  is  only  a 
matter  of  7  to  8  per  cent,  the  small  gain  obtained  does 
not  seem  to  justify  the  additional  complications  entailed 
in  water  cooling.  It  would  be  interesting  if  the  author 
would  give  his  opinion  regarding  the  highest  permissible 
voltage  allowable  for  turbo-alternators.  Mr.  B.  G.  Lamme 
when  discussing  a  paper  before  the  American  Institute  of 
Electrical  Engineers  some  time  ago  laid  great  stress  on 
the  fact  that  11  000 -volt  alternators  were  successfully 
running  with  one  phase  earthed  on  single-phase  railway 
service.  This,  he  maintained,  was  equivalent  to  a 
19  000-volt  three-phase  alternator  running  with  its 
neutral  point  solidly  earthed.  If  the  generating  pressure 
can  be  raised  to  19  000  volts  three-phase,  as  ^Mr.  Lamme's 
statement  seems  to  implj',  the  range  of  direct  transmission 
can  be  increased  without  the  use  of  transformers.  Can 
the  author  say  if  such  a  proposition  is  feasible  ? 

Mr.  E.  Seddon  :  The  subject  is  of  special  interest 
to  central  station  engineers,  as  weU  as  to  designers. 
High-speed  alternators  with  rotors  of  small  diameter 
entail  longer  cores  and  a  correspondingly  increased 
length  of  shaft  between  the  alternator  bearings.  Such 
design  calls  for  greater  refinement  in  balancing  the 
rotors  dynamically.  Up  to  the  critical  speed  the  rotor 
revolves  about  the  centre  of  the  shaft,  and  at  higher 
speeds  tends  to  revolve  around  its  own  centre  of  gravity. 
Information  on  methods  of  balancing  is  lacking.  I  have 
obtained  good  results  by  placing  weights  120"  behind 
the  mid-point  of  the  shaft  marldngs.  I  should  like 
the  author  to  express  his  views  on  this  point.  Until 
some  genius  evolves  a  design  for  mo\ing  a  balance 
weight  in  the  rotor  whilst  running  at  high  speed  the 
balancing  of  these  machines  wUl  remain  a  laborious 
operation.  The  author  refers  to  the  overheating  of 
end  caps.  I  have  had  experience  of  this  trouble  where 
the  insulation  below  the  caps  was  almost  totally  de- 
stroyed, and  it  was  found  that  the  only  remedy  was  to 
make  the  caps  a  thoroughly  good  fit  on  the  rotor  core. 
I  disagree  entirely  with  the  author  in  regard  to  the 
question  of  separately  driven  fans  for  supplying  cooling 


470 


ROSEN  :    SOME    PROBLEMS    IN    HIGH-SPEED   ALTERNATORS, 


air  to  the  alternators.  In  my  opinion  we  have  far 
too  many  accessories  attached  to  these  large  units.  It 
is  a  very  serious  matter  for  a  large  machine  to  be  put 
out  of  service  owing  to  the  failure  of  the  fan  motor 
or  its  wiring.  I  know  of  two  cases  where  a  turbo  set  had 
to  be  shut  down  owing  to  the  failure  of  the  fan  motor. 
I  think  that  most  central  station  engineers  will  agree 
that  it  is  preferable  to  make  each  unit  as  completely 
self-contained  as  possible.  The  author's  explanation 
of  reverse  polarity  on  exciters,  and  the  method  proposed 
for  overcoming  this  difficulty,  are  of  great  interest. 

Mr.  M.  Pitt :  In  order  to  reduce  excessive  eddy- 
current  losses  in  stator  slot  conductors  the  author 
advocates  the  use  of  a  special  standard  conductor. 
While  this  may  occasionally  seem  necessary,  my  experi- 
ence shows  that  machines  likely  to  be  subjected  to 
heavy  short-circuits  require  windings  to  be  as  strong 
as  possible.  In  any  but  small  machines  the  stator 
winding  can  usually  be  arranged  to  have  1,  2  or  4  bars 
per  slot,  and  it  is  quite  possible  to  design  a  suitable 
solid  or  composite  slot  conductor  in  which  the  eddy- 
current  losses  are  comparatively  low,  even  on-  low- 
voltage  machines  where  the  stator  current  is  heavy. 
It  would  have  added  to  the  value  of  the  paper  if  the 
author  had  given  some  particulars  of  his  experience 
with  modern  fireproof  insulated  rotors.  On  large 
machines  the  problem  of  providing  even  cooling  and  elim- 
inating hot  spots  is  a  difficult  one.  The  stator  is  less 
difficult  to  ventilate  than  the  rotor,  especially  as  the 
dimensions  are  not  so  restricted,  and  if  the  stator  be 
cooled  properly  the  cooling  of  a  fireproof  rotor  is  not 
of  special  consequence.  The  limiting  factor  to  the 
output  of  large  2-pole  machines  is  then  likely  to  be 
the  magnetic  loading — probably  the  saturation  of  the 
rotor  core.  Mr.  Marshall  asked  for  definite  figures 
regarding  separate  ventilating  fans.  On  a  5  000  kW 
3  000  r.p.m.  turbo-alternator  the  friction,  windage 
and  fan  losses  are  approximately  100  kW.  The  actual 
rotor  windage  and  friction  losses  are  only  a  small  pro- 
portion of  this,  so  that  if  the  external  fan  is  considered 
desirable — and  it  might  be  coupled  to  one  of  the  motor- 
driven  auxiliaries — there  is  a  possible  saving  of  40  kW, 
as  the  efficiency  of  a  high-speed  rotor  fan  is  seldom 
higher  than  25  per  cent.  Eddy  currents  in  the  rotor 
and  arcing  to  the  end  bells  are  likelv  to  occur  unless 
special  care  is  taken  in  fitting  the  caps  and  keys  to 
ensure  a  good  metallic  contact.  The  author  gives 
an  instance  of  excessive  rotor  heating  caused  by  flux 
pulsations  as  the  result  of  bad  tooth  spacing.  Load 
flux  waves,  especially  with  good  power  factors,  are 
distorted  and  vary  considerably.  A  steady  stator 
M.M.F.  wave-form  would  reduce  flux  variation  and 
also  the  rotor  heating.  Has  the  author  ever  experi- 
mented with  chorded  windings,  with  a  view  to  eliminating 
the  wide  variations  of  the  resultant  stator  M.M.F.  wave  ? 

Mr.  A.  P.  Robertson  :  Regarding  the  air-cooling 
system,  I  think  that  we  shall  ultimately  adopt  a  closed 
t\-pe.  There  is  a  definite  amount  of  oxygen  in  the 
air,  and  in  the  closed  circuit  there  may  not  be  enough 
oxygen  to  burn  even  the  insulation,  but  if  the  insulation 
were  burned  the  copper  and  other  metal  parts  might 
be  saved.  When  a  burn-out  takes  place  in  an  alternator, 
the  fanning  action  of  the  rotor  is  similar  to  that  of  the 


fan  in  a  smith's  fire,  and  the  rush  of  oxygen  burns  up 
the  metal.  I  am  not  sure  what  effect  the  rush  of  inert 
gas  would  have  on  the  metal,  but  I  should  imagine 
that  it  would  not  be  so  serious  as  oxygen.  I  have  had 
some  experience  of  exciter  instability.  In  the  ordinary 
shunt-wound  exciter  the  time-lag  between  the  move- 
ment of  the  rheostat  handle  and  the  building  up  of  the 
voltage  is  quite  appreciable.  On  page  453  the  author 
mentions  that  the  voltage  on  the  e.xciter  has  been 
built  up  by  means  of  the  rheostat  preparatory  to  syn- 
chronizing. Owing  to  the  time-lag  the  voltage  is  still 
building  up,  and  resistance  has  then  to  be  inserted 
for  the  purpose  of  steadying  the  voltage.  It  is  very 
difficult  at  this  juncture  to  keep  the  voltage  constant. 
In  order  to  overcome  this  difficulty  it  has  been  a  common 
practice  to  energize  the  exciter  field  by  means  of  a 
battery.  The  exciter  voltage  then  responds  very  quickly 
to  any  movement  of  the  rheostat  and  no  trouble  has 
been  found  due  to  the  variation  in  voltage  of  the  battery 
when  charging.  We  ha\-e  used  this  method  for  many 
years  in  Glasgow  and  are  still  doing  so,  but  there  is  no 
doubt  that  it  would  bean  advantage  if  an  exciter  could 
be  produced  which  would  be  stable  and  would  also 
respond  quickly  to  any  movement  of  the  rheostat. 
This  would  be  very  much  better  than  having  resistance 
in  the  main  field  circuit,  and  would  also  eliminate  the 
battery,  which  is  undoubtedly  a  weak  link  in  the  chain. 

Professor  G.  W.  O.  Howe  :  With  reference  to  the 
curves  shown  in  Fig.  1,  I  should  like  to  know  why,  in 
plotting  the  ordinates,  the  power  of  the  machines  has 
been  multiplied  by  their  speed.  If  the  object  is  to 
represent  the  size  of  the  machines,  one  would  expect 
to  find  the  quotient  and  not  the  product.  The  author 
has  shown  oscillograph  records  of  the  wave-form  of 
the  voltage.  I  presume  that  tests  were  made  to  ensure 
that  the  damping  of  the  oscillograph  was  correct.  It 
would  be  interesting  to  learn  whether  any  attempt  was 
made  to  detect  the  presence  of  the  tooth  ripple  by 
methods  of  resonance.  Although  one  feels  a  certain 
amount  of  pride  in  the  success  of  British  electrical 
engineering  firms  in  making  such  very  large  alternators, 
I  do  not  know  whether  the  policy  of  installing  a  small 
number  of  these  very  large  units,  instead  of  a  large 
number  of  small  units,  is  a  wise  one.  I  am  afraid  that 
those  in  charge  of  power  stations  are  rather  tempted 
to  emulate  one  another  in  putting  into  their  stations 
a  few  of  these  huge  machines,  thus  greatly  reducing 
the  real  factor  of  safety  of  the  station.  I  have  grave 
doubts  as  to  whether  the  gain  in  efficiency,  in  cost 
or  in  space,  obtained  by  installing,  say,  4  or  5  huge  alter- 
nators instead  of  a  dozen  or  more  generators  of  one-half 
or  one-third  the  size,  is  sufficient  to  justify  the  increased 
risk  of  a  serious  breakdown  imperilling  the  continuity 
of  supply,  especially  where  the  whole  industrial  activity 
of  a  large  district  is  dependent  upon  the  electrical 
supply. 

Mr.  W.  Ross  :  In  describing  the  patented  method 
of  cooling  an  alternator,  the  author  recommends  a 
separate  fan  for  supplying  the  cooling  air,  basing  his 
recommendation  on  the  score  of  economy.  To  my 
mind  the  use  of  a  separate  fan  is  a  retrograde  step,  as 
it  only  secures  increased  economy  at  the  expense  of 
reliability,   and  in  any  case  the  increase  in  economy 
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must  be  very  small.  The  majority  of  engineers  will, 
I  think,  agree  that  a  self-contained  machine  of  average 
efficiency  is  to  be  preferred.  I  am  interested  in  the 
author's  description  of  the  closed  system  of  cooling, 
and  should  like  to  have  his  opinion  regarding  the  use 
of  spray  coolers  in  place  of  surface  coolers,  which  seem 
to  have  some  favour  in  America.  The  connection 
of  the  cooler  to  the  suction  side  of  the  pump  seems 
rather  dangerous,  as,  in  the  event  of  a  tube  splitting, 
the  pump  might  lose  the  water  and  serious  damage 
result  before  this  was  noticed.  The  reduction  of  fire 
risk  seems  to  me  to  be  very  clear,  as  in  addition  to  the 
restricted  amount  of  air  there  are  also  the  products  of 
combustion  to  dilute  the  already  small  quantity  of 
oxygen  present.  It  was  stated  recently  in  an  American 
paper,  as  the  result  of  some  tests  with  CO2  for  fire 
e.xtinction,  that  air  diluted  with  10  per  cent  of  CO2 
would  not  support  combustion.  I  should  also  like 
to  know  the  author's  opinion  with  regard  to  the  best 
methods  of  extinguishing  alternator  fires. 

Mr.  J.  Rosen  (in  reply)  :  The  information  given  by 
Mr.  Marshall,  based  upon  his  experience  of  alternator 
breakdowns,  is  instructive.  In  Fig.  2  the  percentage 
of  breakdowns  is  based  on  the  total  number  of  rotating- 
field  alternators  installed  and  includes  breakdowns  on 
all  the  early  machines  as  well  as  the  more  modern 
ones.  In  reply  to  Mr.  Marshall's  question  on  the  tests 
to  be  applied  in  the  periodic  examination  of  the  plant, 
I  would  suggest  the  following  : — 

Preliminary. — (1)  After  the  plant  has  been  in 
commission  for  about  two  months,  the  alternator 
stator  end  shields  should  be  removed  and  the  stater 
end  windings  examined  for  possible  movement  due 
to  short-circuits.  The  winding  stud  nuts  should  be 
tightened.  (2)  After  the  first  heavy  short-circuit  on 
the  alternator  the  stator  windings  should  be  examined 
at  the  first  opportunity. 

General. — (1)  The  alternator  should  be  opened  out 
once  every  12  months  and  the  stator  end  shields 
and  rotor  removed.  The  stator  core,  conductors,  and 
end  windings  should  be  examined  thoroughly  for 
movement  and  abrasion  of  the  insulation.  The 
winding  stud  nuts  should  be  tightened,  if  necessary. 
(2)  The  complete  stator  windings  should  be  pressure- 
tested  to  50  per  cent  above  working  pressure,  between 
phases  and  to  earth  for  one  minute ;  the  stator 
windings  during  this  test  should  be  dry.  Such  an 
examination  should  be  carried  out  at  the  same  time 
as  the  annual  overhaul  of  the  turbine  is  made. 

It  is  difficult  to  give  the  exact  improvement  in  effi- 
ciency resulting  from  the  use  of  the  tunnel  slot,  but  this 
improvement  is  quite  appreciable,  as  not  only  is  the 
flux  in  the  air-gap  and  stator  teeth  more  uniformly 
distributed,  but  the  pole-face  losses  are  reduced  to  a 
minimum.  It  has,  however,  been  possible  to  obtain 
exact  figures  for  the  improvement  in  efficiency  when 
using  a  separately  driven  fan.  For  example,  a  5  000 
kW  alternator  requiring  20  000  cub.  ft.  of  air  per  minute 
for  its  ventilation  would,  if  ventilated  by  fans  on  the 
rotor,  absorb  90  kW,  or  1  •  8  per  cent  of  the  output.  From 
this  figure  would  be  deducted  10  kW  for  the  loss  due 
to  the  windage  of  the  rotor  body,  leaving  80  kW  as 


the  actual  loss  in  the  fan.  This  is  a  conservative 
figure  and  compares  with  the  power  of  20  kW  absorbed 
bj'  a  motor  driving  a  separate  fan.  The  actual  gain  by 
using  a  motor-driven  fan  is  therefore  1  per  cent  of  the 
output.  This  gain  remains  approximately  constant  for 
turbo-alternators  up  to  the  largest  sizes. 

Concerning  the  relative  costs  of  the  wet  air-filter  arid 
the  closed  system  of  ventilation,  the  air  coolers  are 
little  or  no  more  expensive  than  a  good  design  of  wet- 
air  filter.  The  enclosed  system  of  ventilation  has 
the  further  advantage  that  there  are  no  long  external 
ducts,  so  that  the  total  cost  in  most  installations  would 
probably  be  less  than  when  using  the  ordinary  wet  air- 
filter.  The  volume  of  air  in  the  enclosed  circuit  of  a  10  000 
kVA  alternator  is  approximately  1  100  cub.  ft.,  con- 
taining 20  lb.  of  oxygen.  This  quantity  of  oxygen  could 
consume  7|  lb.  of  carbon  or  about  20  lb.  of  wood,  but 
as  the  principal  product  of  combustion  is  carbonic  acid 
gas,  and  a  flame  is  extinguished  when  only  4  per  cent 
of  carbonic  acid  gas  is  present,  the  amount  of  wood  con- 
sumed would  only  be  about  1  lb.  The  total  weight  of 
combustible  material  in  the  alternator,  including  wood 
packing  and  insulation,  exceeds  400  lb. 

Mr.  Powell  agrees  that  the  flexible  insulation  is  the 
most  satisfactory  solution  of  the  stator  insulation 
difficulties.  I  am  aware  of  the  machines  to  which  he 
refers,  and  it  will  probably  interest  him  to  know  that 
one  of  these  alternators  has  been  replaced  by  a  Parsons 
alternator,  with  the  flexible  insulation  which  is  now- 
running  direct  on  the  6  600-volt  supply  in  parallel 
with  the  existing  alternators,  coupled  through  the 
transformers.  It  has  now  been  running  for  two  years 
without  difficulties  of  any  kind. 

I  agree  that  unless  precautions  are  taken  in  drying- 
out  alternators  under  short-circuits,  local  heating  must 
take  place.  In  my  opinion,  the  best  way  to  dry  an 
alternator  on  site  is  to  run  it  below  half  speed,  and 
to  pass  the  necessary  current  through  the  stator  windings 
under  short-circuit.  By  this  means,  dangerous  local 
heating  due  to  the  eddy  currents  induced  under  the 
conditions  occurring  when  the  alternator  is  run  short- 
circuited  at  full  speed  is  eUminated. 

Mr.  Whysall  refers  to  difficulties  with  gearing,  and 
I  can  assure  him  that  Messrs.  Parsons  have  had  no 
failures  of  gearing  which  has  been  fitted  in  land  installa- 
tions. I  agree  that  the  present  forms  of  alternator 
protection  are  a  great  safeguard  and  in  many  cases 
have  prevented  a  complete  burn-out  by  tripping  the 
machine  from  the  busbars. 

I  would  refer  Mr.  McColl  and  Mr.  Ross  to  my  reply 
to  l\Ir.  Partridge  (see  page  466)  on  the  question  of 
alternator  ventilation.  I  would  also  refer  to  the  reply 
to  Mr.  Marshall,  from  which  it  will  be  seen  that  the 
improvement  in  efficiency  by  using  a  motor-driven 
fan  is   1  per  cent. 

In  the  original  tests  for  free  moisture,  when  air 
filters  were  used,  air  was  tapped  off  and  the  moisture 
contents  measured  by  means  of  the  ordinary  calcium 
chloride  tubes,  but  later,  in  order  to  obtain  a  more 
practical  method,  moisture  detectors  were  designed, 
and  it  is  now  possible  to  obtain  a  check  upon  the  free 
moisture  present  in  the  cooUng  air,  without  providing 
elaborate  apparatus.     The  moisture  detector  as  originally 
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designed  consisted  of  a  brass  or  copper  cylinder,  around 
whicli  a  sheet  of  press-spahn  0-2  mm  thick  was  bound 
with  Eureka  \vire  spaced  well  apart.  The  insulation 
resistance  of  the  press-spahn  between  the  Eureka  wire 
and  the  tube  was  measured  by  means  of  the  ordinary 
testing  instruments,  such  as  a  "  megger."  In  using 
this  apparatus  two  similar  detectors  are  employed, 
one  of  which  is  screened  by  means  of  a  blanket  to  prevent 
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Fig.    E. — Diagram    of    connections    for     moisture-detecting 
apparatus. 

any  free  moisture  present  from  impinging  on  it,  and 
the  second  one  is  exposed  directly  to  the  cooUng  air. 
By  taking  a  series  of  readings,  a  direct  indication  of 
the  condition  of  the  air  leaving  the  filter  is  obtained. 
The  arrangement  is  shown  diagrammatically  in  Fig.  E 
and  the  curves  are  shown  in  Figs.  F  and  G  with  short 
explanatory  notes.  Fig.  E  also  gives  a  diagram  of 
connections  for  measuring  the  condition  of  the  insulation 
by  means  of  a  miUiammeter,  the  detector  being  coupled 
to  the  d.c.  supply. 
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Fig.    F. — Moisture  -  detecting    apparatus.      Curves    showing 
relation  between  insulation  resistance  of  two  coils. 

The  insulation  resistance  of  each  coil  falls  at  the  same  rate  until  the  water  is 
turned  on  the  filter,  after  which  the  insulation  resistance  of  the  coil  on  the 
filter  side  of  the  screen  falls  more  rapidly.  This  is  due  to  the  presence  of 
free  moisture  in  the  duct,  which  only  affects  this  coil. 

I  would  refer  Mr.  McColl,  on  the  question  of  high 
voltage,  to  my  reply  to  Mr.  Selvey  in  the  London  dis- 
cussion. There  are  difficulties  to  be  surmounted,  but 
I  see  no  reason  why,  if  engineers  desire  them,  three- 
phase  alternators  should  not  eventually  be  designed  for 
generating  direct  at  20  000  volts. 

In  reply  to  Mr.  Seddon,  there  are  naturally  many 
difficulties  in  balancing  electrical  rotors,  but  I  think 
that  the  most  suitable  method  is  to  run  the  rotors 
up  to  speed  to  enable  the  windings  to  take  their  final 
positions.     I  prefer  that  the  rotors  should  be  run   up 


to  overspeed  while  the  windings  are  hot.  On  the  question 
of  separately  driven  fans,  I  would  refer  Mr.  Seddon  to 
my  replies  to  previous  speakers. 

In  reply  to  Mr.  Pitt,  the  modern  rotors  insulated 
^vith  the  special  insulation  to  withstand  high  tempera- 
tures have  proved  satisfactory  after  many  j-ears  of 
operation,  and  no  troubles  have  been  experienced  due 
to  the  qualities  of  the  insulation  used.  The  question 
of  types  of  stator  windings  is  one  for  very  wide  dis- 
cussion and  cannot  be  dealt  with  in  detail  here.  Al- 
though chorded  windings  are  used,  the  wave-forms 
given  in  the  paper  were  obtained  without  their  use. 

In  reply  to  Mr.  Robertson,  I  have  had  experience  of 
only  one  fault  on  an  alternator  fitted  with  the  enclosed- 
circuit  system  of  ventilation,  and  in  this  case  the 
machine  was  tripped  from  the  busbars  by  the  operation 
of  the  self-balanced  protective  relays  ;  one  conductor 
only  was  damaged  and  the  remainder  of  the  windings 
and  insulation  were  untouched.  The  balanced  pro- 
tective gear  locaUzed  the  fault  and  I  think  the  enclosed 
system  of  ventilation   was  instrumental  in   preventing 
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Fig.    G. — Moisture  -  detecting    apparatus.      Curves    showing 
relation  between  insulation  resistance  of  two  coils. 

The  insulation  resistance  of   each  coil  is  faUing  at    the   same   rate,  clearly 
indicating  that  no  free  moisture  is  passing  into  the  air  duct. 

the  burning  of  the  adjacent  insulation,  owng  to  the 
limited  quantity  of  air  available  for  combustion.  This 
question  is  dealt  with  fully  in  my  reply  to  Mr.  Marshall. 
The  separate  excitation  of  exciters  is  not  now  necessary, 
as  with  the  use  of  the  series  turns  on  the  exciter  poles 
the  exciters  can  be  made  stable  at  all  voltages  required 
for  the  operation  of  the  plant. 

In  reply  to  Professor  Howe,  the  product  of  the  power 
of  the  machines  and  the  speeds  has  been  used  in  Fig.  1 
as  it  gives  a  "  Factor  of  Difficulty  "  in  designing  and 
manufacturing  such  plant.  That  the  wave-forms  of 
E.M.F.  of  the  alternators  described  in  the  paper  are 
satisfactory,  is  confirmed  by  the  fact  that  in  no  case  has 
there  been  disturbance  in  telephone  systems  where  such 
alternators  are  used.  It  may  sometimes  be  felt  that 
the  size  of  alternators  is  increasing  too  rapidly,  but  it 
must  be  remembered  that  the  size  of  plant  is  only 
comparative,  that  the  earlier  and  smaller  machines 
were  designed  for  the  loads  then  available  in  one  station 
and  that  the  large  units  now  being  considered  are  very 
necessary,  in  order  to  deal  with  the  very  much  greater 
demands  for  power.  Remembering  that  power  stations 
are  now  interlinked,  there  is  more  available  spare  plant 
than  in   the   earher  days  ;     the  number  of  failures  of 
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supply    due    to    turbo-alternator    breakdowns    may    be 
considered  negligible. 

In  reply  to  Mr,  Ross,  the  only  spray-type  cooler  which 
I  saw  in  America  used  for  the  enclosed  system  of  ventila- 
tion had  been  discarded  for  the  ordinary  filtering  system. 
The  objections  to  such  coolers  are  the  same  as  when 
they  are  used  in  the  normal  way  for  filtering  the  air.  If 
a  fault  is  found  in  a  tube  of  a  surface  cooler  the  section 
of  the  cooler  should  be  put  out  of  commission  and  the 
tube  plugged  immediately.  The  precaution  of  putting 
the  cooler  on  the  suction  side  of  the  pump  is  to  prevent 


water  from  leaking  into  the  air  ducts  through  small 
holes  only.  Several  methods  have  been  described  for 
extinguishing  fires  but  I  think  that  the  enclosed  system 
of  ventilation  is  the  greatest  safeguard.  I  have  had 
steam  sprays  fitted  to  alternators,  but  fortunately  it 
has  not  been  found  necessary  to  use  them.  Chemical 
extinguishers  should  be  avoided,  as  the  chemicals 
harmfully  affect  the  insulation  and  after  their  use  it  is 
advisable  entirely  to  rewind  the  alternator.  There  is 
also  the  possibihty  of  further  breakdown  due  to  the 
action  of  the  chemicals  upon  the  varnish. 


North  Midland  Ckntre,  at  Leeds,  20  February,  1023. 


Mr.  J.  W.  J.  Townley  :  I  note  that  in  Table  1 
reference  is  made  to  a  machine  of  47  500  kVA ;  is 
that  a  single  alternator  or  is  the  output  obtained  from 
two  machines  connected  to  the  shafts  of  a  cross-com- 
pound turbine  ?  The  latter  arrangement  is,  I  believe, 
preferred  by  the  turbine  designer  for  generating  sets 
of  that  size.  The  author  has  dealt  with  high-speed 
turbo-alternators,  but  the  turbine  designer  frequently 
desires  to  run  Iris  low-pressure  end  at  a  somewhat 
lower  speed  than  the  high-pressure  turbine,  which 
means  two  alternators  in  the  case  of  very  large  sets, 
one  running  at  the  highest  practicable  speed  and  the 
other  connected  to  the  low-pressure  turbine  at  a  con- 
siderably lower  speed.  This,  of  course,  greatly  simplifies 
the  problem  for  the  alternator  designer,  and  if  Messrs. 
Parsons  are  now  prepared  to  build  single  alternators 
of  47  500  k\"A,  the  100  000-kVA  machine  of  the  cross- 
compound  design  is  within  sight,  \^'ith  reference 
to  these  very  large  machines,  some  particulars  were 
recently  published  of  a  65  000-kVA  turbo-alternator 
now  being  constructed  in  the  United  States.  If  the 
author  has  any  information  in  regard  to  this  macliine 
(I  understand  that  he  has  recently  returned  from 
America)  I  should  be  glad  if  he  would  give  some  details 
in  his  reply.  The  machine  is,  I  believe,  designed  to 
run  at  1  200  r.p.m.  In  a  recent  issue  of  a  German 
technical  journal  some  particulars  were  given  of  the 
60  000-kVA  turbo-alternators  built  in  that  country 
during  the  war,  and  certain  particulars  were  also  given 
of  a  design  for  a  machine  of  160  000  kVA  running 
at  1  000  r.p.m.  The  rotor  diameters  were  given  as 
2-25  m  for  the  former,  and  2-7  m  for  the  latter.  It 
appears  that  the  peripheral  speeds,  and  therefore 
the  stresses  on  the  rotors,  of  these  and  the  American 
machine  are  very  much  in  excess  of  anything  hitherto 
contemplated  in  this  country,  and  I  should  like  to 
know  the  author's  opinion  of  these  proposals.  Refer- 
ence is  made  in  the  paper  to  the  difficulties  in  obtain- 
ing satisfactory  cooling  in  high-speed  machines.  \M)en 
water  cooling  was  proposed  some  years  ago  and  actually 
carried  into  effect  by  Messrs.  Parsons,  I  came  to  the 
conclusion  that  this  system  of  cooling  would  be  univer- 
sally adopted  for  large  high-speed  machines,  and  I  am 
now  somewhat  surprised  to  find  the  author  of  opinion 
that  water  cooling  is  unnecessary  even  for  large  machines 
running  at  3  000  r.p.m.  One  can  readily  understand 
that  in  the  case  of  a  high-speed  machine  the  relative 
proportions    of    iron    and    air    space    are    considerably 


modified,  the  air  space  requiring  a  very  much  greater 
proportion  of  the  whole,  and  this  naturally  results  in 
a  somewhat  indifferent  mechanical  construction.  The 
author  points  out  that  satisfactory  core  construction 
is  important  in  the  design  of  a  reliable  machine.  Is 
the  stator  core  construction  in  modern  high-speed 
machines  perfectly  satisfactory  when  designed  for  air 
cooling  ?  I  am  disappointed  that  no  reference  is  made 
to  the  maximum  temperatures  reached  in  these  machines, 
as  I  believe  that  manufacturers  have  a  great  deal  of 
data,  obtained  by  the  generous  use  of  embedded  tem- 
perature detectors,  as  to  the  hot  spots  upon  their 
machines,  this  information  not  being  ordinarily  passed 
on  to  the  user.  In  an  American  journal  recently  some 
figures  relating  to  the  temperatures  reached  upon  the 
Niagara  Falls  machines  were  given,  and  in  one  machine 
the  maximum  temperature  was  390°  F.  in  the  stator 
copper,  which  appears  to  be  excessive.  I  do  not,  of 
course,  suggest  that  British  machines  ever  reach  such 
temperatures,  but  I  believe  that  there  are  hot  spots 
in  many  machines  which  reach  temperatures  very  much 
in  excess  of  anything  which  thermometers  can  indicate. 
I  agree  that  rigid  insulation  should  be  avoided,  as  a 
certain  amount  of  movement  of  the  stator  bars  cannot 
be  prevented,  and  for  the  eftectiveness  of  the  Parsons 
method  of  obtaining  this  flexibihty  I  can  vouch,  as  I 
have  seen  some  insulation  taken  off  a  machine  (after 
being  in  use  for  6  or  7  years)  which  was  then  in  a  xery  soft 
flexible  condition  and  would  permit  a  considerable 
amount  of  movement  of  the  stator  bars  without  crack- 
ing. It  may  be  that  with  the  increasing  length  of 
modern  alternators  the  operating  engineer  should  con- 
sider more  carefully  the  question  of  loading  his  machines 
and,  in  order  to  avoid  excessive  movement  of  the  stator 
bars,  should  load  the  machine  up  slowty  so  that  the 
copper  and  iron  will  heat  and  therefore  expand  together. 
The  net  movement  of  the  stator  bars  would  then  be 
merely  the  difference  between  the  expansion  of  the 
two  metals.  The  total  movement,  even  in  the  first 
case,  is  small,  being  about  J  in.  for  a  stator  length  of 
about  8  ft.  and  120  degrees  F.  rise,  but  it  must  have  an 
effect  upon  the  insulation  if  constantly  repeated.  The 
author  refers  to  the  closed-circuit  air  filter.  I  quite 
agree  that  this  is  the  best  method  of  dealing  with  the 
air-cleansing  problem,  and  it  has  the  additional  advan- 
tage of  mitigating  fire  risks.  He  suggests  that  it  is 
inadvisable  to  allow  water  to  come  into  contact  witli 
air,   but  in  a  design   of  closed   air  filter  which   I   have 
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recently  seen,  the  water  trickles  down  a  series  of  plates 
in  the  form  of  a  film.  The  advantage  of  this  type  of 
air  filter  is  that  there  is  no  risk  from  burst  tubes,  which 
might  have  a  serious  effect.  Has  the  author  considered 
the  use  of  fireproof  insulation  for  end  windings  ?  One 
of  the  greatest  dangers  in  a  modern  alternator  is  a 
fault  occurring  at  that  point,  which  usually  sets  fire 
to,  and  results  in  the  complete  destruction  of,  the 
windings.  A  completely  fireproof  construction  would 
almost  entirely  remo\-e  this  risk.  The  most  valuable 
part  of  the  paper  is,  I  think,  that  in  which  the  author 
gives  particulars  of  his  experiments  with  rotor  caps. 
I  feel  that  we  are  on  the  wrong  lines  in  having  solid 
metal  caps,  as  the  stresses  upon  the  cylindrical  cap 
are  very  unequal  and  tend  to  distortion.  The  old 
system  of  steel-wire  or  strip-bands  was  no  doubt  un- 
satisfactory, but  this  form  of  construction  might  be 
developed  and  be  a  more  satisfactory  solution  of  the 
problem  than  the  present  solid  cap.  The  author  refers 
to  the  rather  high  voltages  which  can  be  induced  in 
the  shaft  and  rotor  body  of  high-speed  machines.  I 
have  experienced  tliis  trouble.  In  order  to  pre^•ent 
the  circulation  of  current  in  the  shaft  some  manu- 
facturers insulate  one  of  the  bearing  pedestals,  but  I 
think  it  is  preferable  to  short-circuit  the  shaft  inside 
the  alternator  bearings.  The  latter  device,  of  course, 
involves  brushes  running  upon  the  shaft  at  this  point. 
On  page  458  the  author  calls  attention  to  the  dangers 
of  open-circuiting  the  rotor  winding  with  a  quick- 
l)reak  switch  without  discharge  resistance,  owing  to 
the  excessive  currents  which  may  flow  through  the 
keys,  shaft  and  rotor  caps.  In  a  recent  paper  *  it  was 
suggested  that  to  open-circuit  these  windings  by  means 
of  a  field  switch  without  discharge  resistance  was  a 
perfectly  safe  proceeding  from  the  point  of  view  of 
voltage-rise  in  the  rotor  winding  itself  ;  but  the  present 
author  shows  that  there  is  another  danger  which  must 
be  borne  in  mind. 

Mr.  G.  B.  Melton  :  From  a  constructional  point  of 
view  I  am  ver\-  much  interested  in  the  sand-blast  action 
on  the  conductors.  If  by  digging  a  hole  in  the  ground 
near  the  point  of  air  supply  to  an  alternator  it  be  pos- 
sible to  provide  material  which  will  strip  the  insulation 
in  one  minute,  I  think  that  we  shall  have  to  get  rid 
of  both  dry  and  wet  air-filters.  I  am  also  interested 
in  the  pressure  set  up  in  the  water-cooled  rotors. 
Perhaps  the  author  will  state  the  internal  water  pressure 
corresponding  to  a  speed  of  300  to  400  ft.  per  sec.  The 
rotor  bonding  mentioned  is  a  very  satisfactory'  feature. 
Reversal  of  exciter  polarit)'  under  short-circuit  and  other 
abnormal  conditions  does  occur,  but  I  have  never  found 
it  to  be  ver\-  harmful.  The  instruments  simply  work 
off  the  scale  and  their  connections  have  to  be  reversed. 
Two  machines  of  which  I  have  intimate  knowledge 
used  to  reverse  at  verj'  frequent  intervals  and  no  harm 
was  done.  The  rotor  end  bells  might  be  constructed 
similarly  to  a  wire-wound  gun,  i.e.  wound  with  rectangu- 
lar-section wire,  provided  that  the  ends  can  be  secured. 
I  was  rather  surprised  at  the  low  voltage  found  by  the 
author  in  the  rotor  body  under  short-circuit,  and  I 
should  be  glad  to  know  whether  it  was  a  single-phase 

*  J.  A.  Kuyser:  "  Protective  Apparatus  for  Turbo-Generators," 
Journal  I.E.E.,  1922,  vol.  60,  p.  761. 


or  three-phase  short-circuit.  Instances  are  known  of 
the  breaking  down  of  the  insulation  under  the  exciter 
bearing,  and  on  at  least  one  occasion  a  machine  was 
actually  shut  down  because  an  arc  was  formed  between 
an  oil  vent  pipe  and  the  stator,  under  single-phase 
short-circuit  conditions.  I  believe  that  the  existing 
practice  in  many  American  stations,  particularly  on 
the  Canadian  side,  is  to  connect  lightning  arresters 
to  earth  across  the  rotor  and  across  the  exciter  bearing 
pedestal  in  order  to  protect  the  insulation,  and  I  should 
be  glad  if  the  author  would  deal  with  this  point  in  his 
reply. 

Mr.  J.  F.  Mather  :  I  agree  with  one  or  two  of  the 
previous  speakers  that  the  enclosed  system  of  ventila- 
tion for  alternators  is  now  obtaining  recognition,  and 
that  most  large  machines  in  the  future  will  be  designed 
with  ventilating  systems  of  this  tvpe.  I  also  think 
that  the  Parsons  design  of  ventilating  system  is  the 
most  scientific  and  most  efficient  in  use  at  the  present 
day,  but  the  externally  driven  fan  used  is  a  weak  link 
in  the  chain.  The  fan  is  such  a  vital  piece  of  the  appar- 
atus that  a  faUure  of  the  air  supply  leads  in  a  ■very  short 
time  to  difficulties.  I  believe  that  with  the  Parsons 
machine,  even  if  running  on  no  load,  a  failure  of  the 
air  supply  will  very  soon  result  in  a  dangerous  rise 
in  the  temperature  of  the  rotor  and  stator  if  the  field 
magnets  are  excited.  This  being  so,  I  should  like  to 
suggest  to  the  author  a  compromise  between  the  in- 
efficient fan  mounted  direct  on  the  rotor  shaft  and 
the  fan  driven  by  a  separate  motor,  the  idea  being 
to  drive  the  fan  by  means  of  worm  gears  and  shafting 
from  the  main  shaft  of  the  alternator  in  a  similar  manner 
to  that  in  which  the  governor  is  driven  at  the  steam 
end  of  the  machine.  There  might  be  some  little  diffi- 
culty in  arranging  the  shafting  for  the  fan,  and  there 
would  be  a  fairly  considerable  amount  of  power  to  be 
transmitted.  In  the  case  of  a  15  000  kW  set,  for 
example,  the  ventilating  fan  absorbs  about  170  h.p.  I 
think,  however,  that  the  scheme  would  not  present 
any  insuperable  difficulty,  and  it  would  certainly  have 
much  to  recommend  it  from  the  point  of  view  of  reli- 
ability. It  wiU  probably  be  mentioned  that  such  a 
design  would  entail  an  increase  in  the  length  of  the 
machine,  and  with  Parsons  machines  this  is  a  very 
important  point.  A  comparison  between  Parsons 
machines  and  those  of  equal  output  of  other  types 
will  show  that  the  former  are  usually  somewhat  the 
longer.  From  the  point  of  view  of  calculation  of  steam 
consumption  of  the  set  this  method  of  driving  the 
fan  would  not  be  under  any  disadvantage,  because  it 
is  usually  specified  that  in  calculating  the  consumption 
the  power  delivered  from  the  alternator  terminals  shall 
be  reduced  by  the  power  required  for  ventilating  the 
stator  and  the  exciter  of  the  machine.*  The  question 
of  reactance  is  also  distantly  connected  with  the  venti- 
lation of  the  machine.  At  first  sight  there  may  not 
appear  to  be  any  connection  between  these  two  things, 
but  I  speak  now  from  the  point  of  ^^ew  of  the  general 
lay-out  of  the  plant.  When  external  reactances  are 
to  be  used,  a  very  convenient  place  for  housing  them 
is  the  space  in  the  foundations  directly  beneath  the 

*  With   the   gear-driven   fan   this   power    would  be  deducted 
automatically. 
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alternator.  With  the  enclosed  system  of  ventilation  this 
space  will  be  required  for  the  air  ducts  and  cooler,  and 
the  reactances  will  necessarily  be  placed  elsewhere. 
The  problem  with  which  central  station  engineers  are 
faced  to-day  is  very  often  to  fit  a  comparatively  large- 
sized  machine  into  an  engine  room  that  is  very  much 
too  small  for  it,  an  engine  room  that  was  perhaps 
designed  manv  years  ago  for  plant  of  an  entirely  different 
type.  It  is  not  therefore  always  an  easy  matter  to 
find  a  place  for  the  reactances  and  at  the  same  time  to 
make  a  suitable  arrangement  of  the  main  cables.  From 
this  point  of  view  it  appears  to  be  desirable  that  all 
the  reactance  should  be  contained  in  the  machine 
itself.  I  believe  that  external  reactances  when  installed 
provide  about  30  or  40  per  cent  of  the  total  reactance  in 
circuit.  With  the  tunnel  type  of  slot  which  the  author 
recommends  for  other  reasons,  it  should  not  be  very 
difftcult  to  include  in  the  machine  windings  as  much 
reactance  as  required. 

Mr.  S.  D.  Jones  :  Would  it  not  be  possible  to  design 
an  air  cooler  similar  in  nature  to  an  evaporative  con- 
denser ?  The  air  would  be  circulated  through  the 
cooler  tubes  and  the  circulating  water  would  drip 
over  the  outside  of  these  tubes.  A  steady  stream  of 
air  could  be  directed  against  the  water  to  carry  off 
the  vapour  through  air  ducts  to  the  outside  of  the 
building.  This  would  involve  an  additional  fan  for 
the  outside  air  circulation,  and  possibly  the  cooler 
to  do  the  work  would  take  up  too  much  space.  The 
cooler  tubes  would  always  remain  clean  inside,  as  only 
clean  air  circulates  in  them,  and  they  could  be  designed 
to  give  the  greatest  possible  cooling  surface  between 
the  inside  air  and  the  trickling  water  outside. 

Mr.  S.  E.  Fedden  :  The  author's  remarks  regarding 
the  advantages  of  the  Parsons  stator  winding  are 
justified  in  practice,  and  the  possibility  of  withdrawing 
a  faulty  bar  with  little  or  no  disturbance  to  its  neigh- 
bours is  fully  appreciated  by  those  in  charge  of  the 
operation  of  turbo-alternator  plant.  Our  experiences 
with  wet-air  filters  as  applied  to  high-tension  alternators 
confirm  from  many  points  of  view  the  great  desir- 
ability of  the  closed  air  system.  Water-cooled  rotors 
constitute  a  doubtful  expedient,  as  apart  from  danger 
of  possible  leaks  on  to  the  E.H.T.  stator  winding  there 
is  danger  of  the  circulation  stopping  without  warning 
owing  to  the  passages  becoming  choked.  The  author 
directs  attention  to  the  danger  of  breaking  down  field 
windings  through  the  too  rapid  interruption  of  current. 
As  "  kicking  "  coils  are  now  out  of  date  and  as  the  old 
and  well-tried  shunt  break  is  not  the  latest  practice, 
what  is  to  be  done  ?  Perhaps  a  liquid  starter  con- 
verted to  act  as  an  "  interrupter "  might  meet  the 
case.  With  reference  to  the  loss  of  field  of  shunt  exciters 
on  light  load,  as  we  were  amongst  the  first  to  recommend 
the  trial  of  a  few  turns  of  series  winding  on  the  Parsons 
exciters  we  can  confirm  this  as  a  remedy.  The  design 
and  general  insulation  of  rotor  slip-rings  are  not  referred 
to  ;  the  steel  rings  should  be  not  less  than  2  in.  broad, 
and  a  little  more  creeping  surface  should  be  allowed 
on  the  mica  forming  the  foundation.  The  connection 
from  rotor  winding  to  slip-ring  is  often  a  source  of 
trouble.  The  Parsons  design  has  proved  very  suc- 
cessful owing  to  the  attention  given  to  these  details. 
The  author  does  not  direct  attention  to  the  importance 


of  main-terminal  design  on  alternators.  Possibly 
Messrs.  Parsons  have  not  experienced  trouble  in  this 
respect.  Their  terminal  connectors  consist  of  broad 
laminated  copper  strip  flexibly  insulated  and  yet 
rigidly  clamped  between  broad  slabs  of  insulating 
material  carried  by  gunmetal  brackets.  There  being 
no  porcelains  to  be  broken  by  main  cable  movement, 
this  terminal  has  proved  most  successful. 

Mr.  D.  M.  Buist  :  On  the  whole  I  agree  with  the 
author's  remarks  upon  the  subject  of  insulation,  but 
as  an  additional  security  from  the  user's  point  of  view 
I  would  stipulate  that  all  coils  on  both  stator  and 
rotor,  and  especially  the  end  turns,  after  being  wound 
should  be  subjected  to  a  temperature  and  pressure 
greater  than  will  probably  be  encountered  in  operation. 
I  am  glad  to  note  that  the  author's  firm  seems  to  have 
paid  particular  attention  to  the  question  of  cooling 
the  end  turns,  as  this  is  practicallv  the  only  portion 
of  the  windings  where  the  cool  air  can  be  brought  into 
direct  contact  with  the  source  of  the  heat.  Referring 
to  the  question  of  eddy  currents  in  rotors,  I  am  glad 
to  see  that  the  author  devotes  to  it  the  attention  that 
it  deserves.  I  have  encountered  at  least  two  break- 
downs which  could  only  be  attributed  to  the  eddy 
currents  induced  in  the  rotor  caps.  The  first  of  these 
substantiates  the  author's  opinion  that  to  insulate  the 
cap  from  the  rotor  is  not  a  satisfactory  remedy.  This 
was  the  method  adopted  in  the  case  to  which  I  refer, 
and  distortion  of  the  cap,  combined  with  mechanical 
weakness  of  the  insulation,  resulted  in  heavy  sparking 
between  the  cap  and  the  body  each  time  the  rotor 
circuit  was  opened.  The  second  breakdown  occurred 
on  a  larger  machine  of  different  make,  and  in  this 
instance  a  piece  of  the  cap  weighing  nearly  |  lb.  broke 
off  and  tore  up  the  stator  windings.  When  this  hap- 
pened the  machine  was  on  low  load,  and  so  in  this  case 
it  is  probable  that  centrifugal  force  completed  what 
the  sparking  had  commenced.  In  view  of  the  above, 
therefore,  I  heartily  endorse  the  author's  recommendation 
that  quick-break  switches  without  discharge  resistances 
should  be  employed  to  break  the  main-field  circuit 
only  in  an  emergency. 

Mr.  G.  P.  Henzell  :  I  should  like  to  make  a  few 
remarks  with  reference  to  ventilation.  Most  of  us  will 
agree  that  both  the  wet  and  dry  types  of  air  filter  are, 
generally  speaking,  unsatisfactory  in  practice.  I  think 
that  the  closed  system  of  ventilation  is  undoubtedly 
the  right  thing.  I  recently  saw  an  alternator  having 
a  capacity  of,  I  think,  10  000  kM'^,  that  had  just  been 
opened  out  after  12  months'  running  on  the  closed 
ventilating  system  ;  there  was  not  even  a  speck  cf  dust 
to  be  seen  on  the  windings.  I  am  not  at  all  in  favour  of 
the  separate  fan,  however,  as  it  is  an  additional  auxiliarj-. 
The  author  is  probably  correct  in  saying  that  we  cannot 
design  such  an  efficient  fan  to  run  on  the  rotor  shaft, 
but  I  think  that  we  can  design  a  fan  sufficiently  strong 
mechanically.  Even  though  it  is  less  efficient,  I 
think  it  is  better  than  the  separate  fan  with  all  the 
attendant  risks '  of  breakdown.  I  have  never  been 
able  to  get  to  the  bottom  of  the  question  of  alternator 
temperatures,  as  no  one  seems  to  have  definite  views 
as  to  what  the  limit  is.  The  majority  of  operating 
engineers  are  strongly  inclined  to  keep  on  the  safe 
side.      Personally,  I  think  that  the  factor  determining 
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the  safe  limit  is,  to  a  great  extent,  expansion,  and  not 
the  temperature  that  the  insulating  material  will  with- 
stand. I  have  had  breakdowns  on  alternators,  and  in 
most  Ccises  examination  showed  that  the  conductors 
had  movtd  inside  the  insulation,  which  then  flaked  or 
powdered  off.  I  should  like  to  endorse  the  remarks 
of  a  previous  speaker  on  fireproof  end-winding.  I 
think  this  is  a  most  important  point ;  most  serious 
damage  is  caused  by  end-winding  fires. 

Mr.  J.  Rosen  {in  reply)  :  In  reply  to  Mr.  Towlney, 
47  500  kVA  is  the  output  of  one  alternator  of  the 
50  000  kW  unit,  which  has  a  total  kVA  capacity  of  64  500. 
This  luiit  is  now  being  manufactured  by  Messrs.  Parsons 
for  the  Crawford  Avenue  station  of  the  Commonwealth 
Edison  Company,  Cliicago.  Where  the  load  is  available, 
it  is  not  unreasonable  to  use  100  00-kW  units  with 
cross-compound  turbines,  and  I  am  confident  that  such 
units  will  be  installed  during  the  next  few  years.  The 
47  500  kVA  alternator  mentioned  above  will  run  at 
1  800  r.p.m.  Mr.  Townley  asks  if  the  figure  of  2-7  m 
at  1  000  r.p.m.  is  safe.  I  think  that  this  peripheral 
speed  of  464  ft.  per  sec.  is  the  maximum  at  which 
rotors  should  be  run   with  the  information  at  present 
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Fig.   H. — Curves  showing  temperature-rise  of  end-windings 
and  core  conductors  in  an  18  000-kVA  alternator. 


available.  Personally,  I  prefer  not  to  exceed  a  peri- 
pheral speed  of  400  ft.  per  sec. 

In  reply  to  Mr.  Townley  and  Mr.  Melton,  research  in 
the  direction  of  steel-wire  and  steel-strip  bands  for 
supporting  the  rotor  end-windings  has  been  carried 
out,  but  a  metal  cylinder  of  some  form  must  be  used  on 
which  to  bind  the  wire  ;  otherwise,  the  wire  has  to  be 
applied  directly  to  the  rotor  windings.  Alternator 
rotors  have  been  fitted  with  caps  filled  with  binding 
wire,  owing  to  the  difficulty  in  obtaining  suitable  high- 
tensile  bronze,  and  have  run  quite  satisfactorily.  With 
the  lower  peripheral  speeds,  however,  the  comphcation 
of  binding  wire  is  not  necessary.  There  are  difficulties 
which  prevent  stators  being  entirely  water  cooled,  and 
I  have  dealt  with  this  question  in  reply  to  Mr.  Shepherd 
(see  page  467).  The  stator  core  in  the  present  methods 
of  construction  and  supports  has  proved  to  be  very 
reliable. 

I  agree  with  Mr.  Townley 's  figures  on  the  movement 
between  stator  conductors  and  the  core,  but  the  flexible 
insulation  has  overcome  these  troubles.  On  the  whole, 
I  think  that  we  do  not  run  to  such  high  temperatures 
in  this  country  as  in  the  plants  manufactured  in  America. 
I  attach  a  typical  curve  (Fig.  H)  of  conductor  temper- 
atures   in    an    18  000   kV.\   alternator,  as  measured    by 


embedded  thermo-couples.  With  present  materials  it 
is  impracticable  to  obtain  a  completely  fireproof  con- 
struction of  stator  winding,  but  with  the  enclosed 
system  of  ventilation  the  damage  has  been  limited  to 
the  point  of  breakdown  only  ;  it  has  been  proved  that 
the  damage  does  not  extend  to  other  parts,  owing  to 
the  comparatively  small  quantity  of  air  present.  I 
find  that  the  insulated  pedestal  is  more  satisfactory 
than  the  use  of  short-circuiting  brushes. 

I  have  had  some  e.xperience  of  the  coolers  with  water 
trickling  down  the  plates,  but  tliis  arrangement  is  similar 
to  the  eliminators  in  the  ordinary  wet  air-filter  ;  the 
w-ater  appears  to  collect  at  the  edge  of  the  plates  and 
is  blown  over  in  the  form  of  large  drops. 

In  reply  to  Mr.  ]Melton,  the  pressure  in  the  tubes 
exerted  by  the  water  at  300  ft.  per  sec.  is  about  2|  tons 
per  sq.  in.  In  regard  to  the  voltage  induced  in  the 
rotor  shaft,  this  was  under  a  three-phase  short-circuit. 
I  would  remind  Mr.  Melton  that  even  this  pressure  of  30 
volts  would  circulate  a  very  heavy  current  of  some 
thousands  of  amperes  through  the  rotor  body.  I  have 
heard  of  the  practice  of  connecting  lightning  arresters 
between  one  of  the  rotor  terminals  and  earth,  but  I 
did  not  see  in  America  an  installation  to  which  such  a 
device  was  fitted.  Although  in  this  country  their  use 
was  considered  some  years  ago,  I  do  not  think  that  they 
have  been  adopted. 

Mr.  Mather  proposes  to  use  a  fan  geared  in  some 
way  to  the  alternator  shaft.  I  would  refer  him  and  also 
Mr.  Henzell  to  Fig.  D  on  page  467,  in  which  is  shown  an 
arrangement  used  on  a  10  000  kW  machine  for  driving 
the  fan  from  a  pump  motor.  The  greater  number  of 
Parson  alternators  are  run  without  external  reactances, 
but  if  reactances  are  proposed  I  have  no  doubt  at  all 
that  provision  could  be  made  to  incorporate  them  in 
the  foundation  lay-out  with  the  enclosed  system  of 
ventilation.  Naturally,  their  position  must  be  considered 
before  the  foundation  plans  are  settled. 

It  has  been  found  that  sufficient  coohng  surface  can 
only  be  obtained  by  the  use  of  "  gilled  "  tubes,  and  that 
the  rate  of  heat  transmission  from  the  air  to  the  water 
is  low  and  is  the  limiting  factor  in  the  design.  The 
evaporative  principle  ofiers  no  advantage  in  tliis  respect, 
and  in  addition  entails,  as  pointed  out  by  Mr.  Jones, 
an  additional  fan  and  ducts.  There  is,  therefore,  not 
sufficient  to  be  gained  by  the  use  of  the  evaporative 
principle  to  offset  the  additional  cost. 

I  am  very  pleased  to  hear  that  Mr.  P~edden's  views 
coincide  on  the  whole  with  my  own.  I  do  not  tliink 
that  in  the  normal  operation  of  the  plant  it  is  necessary 
to  utilize  the  special  liquid  "  interrupter,"  as  it  is  only 
necessary  to  open  the  main  field  in  emergency  or  when 
the  alternator  excitation  has  been  reduced  ;  this  can 
then  be  done  by  means  of  the  ordinary  quick-break 
switch. 

Mr.  Buist  is  correct  in  assuming  that  both  the  stator  and 
rotor  \vindings  should  be  subjected  to  pressures  greater 
than  that  which  would  be  encountered  in  operation. 

I  agree  with  Mr.  Henzell  as  to  the  difficulties  due  to 
expansion  and  to  movement  of  the  conductors.  The 
helically  stranded  conductors  with  flexible  insulation 
illustrated  in  Fig.  8  have  replaced  conductors  of  several 
alternators  in  which  the  laminated  conductors  with 
hard  insulation  were  previously  used. 


CRAMP   AND   CALDEKWOOD:    USE   OF   SINGLE-CORE   SHEATHED   CABLES.     477 


THE     USE     OF 


SINGLE-CORE    SHEATHED    CABLES    FOR    ALTERNATING 
CURRENTS.* 


By  Professor  W.  Cramp,  D.Sc,  Member,  and  Nor.\  L  Calderwood,  M.A.,  B.Sc. 

(Paper  first  received  '2nd  September,  1922,  and  in  final  form  8lh  January,  1923.) 


Summary. 

It  is  frequently  a  matter  of  convenience  to  use  single- 
core  lead-covered  cables  for  transmitting  power  by  means 
of  alternating  current,  and  in  such  cases  the  magnitude  of 
the  loss  arising  from  the  eddy  currents  induced  in  the  lead 
sheath  becomes  a  matter  of  importance.  Recently  some 
power-supply  authorities  have  refused  to  connect  to  their 
lines  any  distributing  system  depending  upon  the  use  of 
such  cables. 

The  eddy  losses  in  the  sheaths  of  these  cables  may  be 
divided  into  two  groups,  called  herein  "  sheath  eddies," 
and  "  sheath  circuit  eddies."  The  latter  occur  only  when 
one  or  more  cables  have  their  sheaths  connected  at  more 
than  one  place. 

The  losses  are  analysed  for  a  single  cable,  a  pair  of  single- 
phase  cables,  and  a  set  of  three-phase  cables. 

It  is  shown  that  the  sheath  eddies  are  in  all  cases  negligible, 
and  that  the  sheath  circuit  eddies  may  be  kept  within  reason- 
able limits  by  proper  regulations  regarding  the  spacing  of 
the  cables. 

It  is  suggested  that  the  I.E.E.  Wiring  Rules  should  contain 
such  regulations,  and  that  so  long  as  these  are  adhered  to 
there  is  no  justification  for  refusing  to  connect  single-core 
lead-covered  cables  to  any  ordinary  a.c.  system.  The 
necessary  data  are  given  for  the  framing  of  the  regulations. 

Similar  questions  arise  regarding  armoured  cables.  The 
results  in  this  case  are  awaiting  the  conclusion  of  the  experi- 
ments now  being  carried  on  at  the  University  of  Birmingham. 


The  adoption  of  alternating  currents  for  small  and 
large  distributing  systems  has  resulted  in  an  ever- 
increasing  use  of  cables  provided  with  a  protecting 
metal  sheath,  from  which  it  follows  that  the  effect  of 
eddy  currents  in  the  sheath  is  of  importance,  especially 
in  Great  Britain,  where  underground  lines  are  more 
common  than  in  America  or  on  the  Continent. 

The  subject  is  also  a  matter  of  moment  in  many 
large  works  and  collieries,  especially  in  those  cases 
where  a  change  has  been  made  from  an  old  d.c.  supply 
to  a  new  a.c.  system,  in  which  it  is  desired  to  use  as 
many  of  the  existing  cables  as  possible. 

Again,  paper-insulated  cables  admit  of  large  currents 
for  a  given  section  of  copper  and  a  given  temperature- 
rise,  and  the  use  of  paper  entails  the  use  of  a  protecting 
waterproof  sheath  which  is  usually  made  of  lead. 

It  is  not  always  convenient  to  adopt  a  multi-core 
cable  for  an  a.c.  system.  There  are  many  instances 
where,   on  account  of  special  circumstances,   such   as 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Jounial  without' being  read 
at  a  meeting.  Communications  slioul<l  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 


the  run  to  be  negotiated  or  the  presence  of  existing 
cables,  it  is  economical  or  convenient  to  adopt  cables 
of  the  single-core  type.  In  the  course  of  practice 
extending  over  many  years,  one  of  the  authors  has 
never  hesitated  to  use  long  lengths  of  single-core  lead- 
covered  cable  on  a.c.  circuits,  and  has  never  had  the 
least  trouble  due  to  heating  of  the  sheath.  Notwith- 
standing this  experience,  it  now  appears  that  some 
power-supply  authorities  are  objecting  to  single-core 
a.c.  cables,  and  even  refuse  to  connect  them  to  their 
mains.  The  reason  for  tliis  action  apparently  is  that 
these  authorities  fear  the  heating  effect  of  eddy  currents 
in  the  sheath  which  are  induced  by  the  current  in  the 
core  of  the  cable  itself  and  by  neighbouring  circuits. 

Current  textbooks  contain  little  but  vague  statements 
as  to  the  magnitude  of  such  heating  effects,  though 
several  recent  American  papers  deal  with  other  aspects 
of  the  problem.  It  therefore  seemed  desirable  to 
calculate  and  put  on  record  the  relative  magnitude  of 
this  loss  as  compared  with  that  due  to  the  normal 
resistance  of  the  core  itself.  The  justification  for  this 
comparison  lies  in  the  fact  that  the  heat  due  to  the 
copper  core  as  well  as  that  due  to  the  eddy  currents 
in  the  sheath  must  ultimately  be  dissipated  by  the 
surface  of  the  sheath.  If  then  we  express  both  in  the 
form  of  watts/cm2  of  the  sheath  surface  we  shall  have 
a  measure  of  the  increased  temperature-rise  of  the  cable 
due  to  the  sheath  eddy  currents. 

The  eddy  currents  in  the  sheaths  of  a  pair  of  cables 
laid  side  by  side,  each  carrying  a  known  alternating 
current,  may  be  divided  into  two  main  groups  : — 

(A)  Eddy  currents  whose  outward  and  return  paths 

lie  entirely  in  the  sheath  of  one  cable,  called 
hereinafter  "  sheath  eddies." 

(B)  Eddy  currents  whose  outward  path  is  along  one 

cable,   and  return  path  along  another,  called 
hereinafter  "  sheath  circuit  eddies." 

It  will  be  manifest  that  the  latter  can  never  exist  if 
each  sheath  is  entirely  insulated  from  every  other,  or 
if  there  is  no  metallic  connection  at  more  than  one 
point  of  a  pair  of  cable  sheaths.  Thus,  if  bonding,  or 
switchgear  wiped  joints  exist  at  only  one  end  of  a 
system,  all  currents  of  class  (B)  will  disappear.  But 
the  currents  of  class  (A)  cannot  be  avoided  altogether 
by  any  means  short  of  a  non-metallic  sheath,  which, 
if  it  could  be  devised,  would  eliminate  not  only  these 
but  many  other  troubles.  We  are  of  opinion  that 
cable  makers  would  do  well  to  direct  their  attention 
to  tliis  suggestion,  for  so  long  as  metal  sheaths  are 
used  and  wiring  rules,  particularly  colliery  wiring  rules, 
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are  what  they  are,  bonding  at  both  ends  of  a  circuit  is 
usually  a  matter  of  necessity. 

If  we  can  show  that  eddy  currents  of  class  (A)  are 
negligible  in  magnitude,  then  power-supply  authorities 
will  be  well  advised  not  to  irritate  consumers  by 
refusing  to  connect  single-core  cables  to  their  systems, 
but  to  adopt  such  rules  as  will  keep  the  heating  losses 
due  to  (B)   within  safe  limits. 

To  prove  the  former  and  to  give  data  for  the  latter 
is  our  object  in  the  following  analysis,  and  we  begin 
with  currents  of  class  (A).  As  a  general  case  of  common 
occurrence  and  one  in  which  these  eddy  losses  will  be 
at  their  worst,  we  may  consider  a  single-phase  circuit 
consisting  of  a  pair  of  lead-covered  cables  lying  side 
by  side  along  a  straight  run.  We  assume  the  mean 
radius  of  sheath  to  be  r  cm,  the  centres  of  the  pair  of 
cables  to  be  I  cm  apart  and  the  thickness  of  the  sheath 
to  be  S  cm.  Since  iS  is  small  compared  with  either 
r  or  I,  the  magnetic  field  at  any  point  P  in  the  sheath 
may  be  considered  to  be  uniform  tliroughout  the  thick- 
ness at  that  point.  The  distance  I  must  always  be 
greater  than  2r,  so  that  the  fraction  rjl  =  K  cannot  be 
greater  than  0-5. 

Referring   to   Fig.    1,    and   assuming   that   the   cable 


Fig.   1. 

whose  centre  is  at  A  carries  a  current  /  sin  27t/«  amperes 
away  from  the  observer,  for  which  the  cable  whose 
centre  is  at  B  forms  the  return  circuit,  then  at  the  point 
P  on  the  mean  circumference  of  the  lead  sheath  the 
magnetic  field  due  to  the  current  at  A  is  always  normal 
to  the  radius  AP  and  clockwise  in  direction.  Similarly, 
the  magnetic  field  at  P  due  to  the  current  at  B  is  always 
normal  to  BP  and  counter-clockwise  in  direction. 

This  second  field  may  be  resolved  into  two  com- 
ponents, (1)  along  PA  and  (2)  at  right  angles  thereto. 
The  circumferential  field  through  P  around  A  is  there- 
fore the  sum  of  two  components,  while  the  field  normal 
to  the  sheath  is  due  to  the  current  in  B  only.  We 
thus  have  two  series  of  eddy  currents,  the  first  due  to 
the  sum  of  the  circumferential  fields  and  tending  to 
flow  in  radial  planes,  and  the  second  due  to  the  normal 
fields  and  tending  to  flow  in  tangential  planes.  If  6 
is  the  angle  PAB,  and  a  the  angle  APC  (where  PC  is 
perpendicular  to  PB),  the  circumferential  magnetic 
density  at  P  is 


0-2/sin27r/< 


(- 


»"2  —  rl  cos  ( 


0-2/sin27r/</ 

r  \1  +  K- 


r^  +  fi-  2rl  cos  6  J 
1  -  X  cos  ^       \ 


On  the  above  assumptions,  if  the  cable  has  a  length 
L  cm,  then  through  a  zone  of  the  sheath  of  radial 
thickness  y  (from  the  mean  circumference)  and  length 
L  the  magnetic  flux  is 

,         0-2l'sin27T/f/        l—Kcos6        \ 
^1  =  ; [l  +  K-^-2Kcosen 

which  will  produce  along  an  element  of  the  boundary 
of  the  zone  an  E.M.F. 


2A'  cos  eJ 


8E  =  - 


d<f>i 
dt 
-  0  •  47T//  cos  27r/Y        1  -  A'  cos  6        \ 

\\+K^-  2Kcosd)   -^ 


10«r 


volts 


Since  the  length  of  the  cable  is  great  compared  with 
its  circumference,  the  resistance  of  the  element  of  the 
boundary  is 

pL 


R 


rdddy 


where  p  is  the  specific  resistance  of  the  material  of  the 
sheath. 

The  eddy  current  along  the  element  is 

1    dchi  0-'iTTfl[cos2iTft](l-Kcos9)      . 

"^'^-R-Tt^-  io«/,(n-A2-2A'cos^)  y'^^'^y 

The  power  lost  in  the  element  is 
^Edi 

0  •  1 6772/2/2  cos2  (277ft)       ( 1  -  A'  COS  9)  ^Ly'^     „ 

=  lO^a,,  •  (Ua2-2Acos^)2-^^-^^  -^"^ 

The  power  lost  in  each  element  of  thickness  iS  and 
width  rdO  is 


0-04772/212  cos2  {2TTjt)LS^ 


(1   -a:  cos  0)2 


(1  -f-  A-  -  2Kcose) 


-,dd 


3  X  W^rp 

If  I  be  the  R.M.S.  value  of  the  current,   the  mean 
power  lost  is 


dP  = 


4772/2/2X53 


(1  -A  COS  6)2 


-„d9  watts 


3  X  10i«»-/3    (1  +  A2  -  2A  cos  0)- 
Therefore   the  power   lost   in   the  whole  sheath   due 


to    the    cicumferential  fields  is       dP   and    entails   the 

Jo 
integration  of  the  expression 

[(1  -  K  cos  6)2/(1  +  A2  -  2A  cos  6)2]rf6 
This  may  be  written 
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1      1 
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1  -  A2 


\dd 


4     4(l-f  A2-27vcos6)2^2    l+A2-2Acos6j 


The  second  and  third  of  these  three  integrals  are  not 
found  in  ordinary  textbooks  and  their  solution  is  there- 
fore given  in  some  detail  in  Appendix  I,  from  which 
on  substituting  the  limits  we  find  : — 


r 
\dP= 


4772/2J2L6'3     77(2  -  A2) 

3  X   10"*rp  '     1  -  A2 
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and  the  watts/cm^  of  the  mean  circumference  of  the 
lead  sheath  due  to  this  cause  become 

2772/2/253(2  _  X2) 


3  X  10i8r2p(l  -  A'2)        •     •     •     •     w 

It  will  be  seen  from  this  expression  that  as  the  cables 
are  spaced  further  and  further  apart  the  value  of  K 
becomes  less  and  less,  so  that  ultimately  the  fraction 
(2  —  K-)l[\  —  K'2)  =  2;  and  then  the  eddy  loss  in 
the  sheath  is  that  usually  calculated  for  one  long, 
straight,  independent  cable.  Under  these  circumstances 
also,  expression  (a)  becomes  4:TT-f-I'^S^I{3r"p  x  lOi*). 
This  divided  by  S  gives  the  watts  lost  per  cm^  of  the 
lead  sheath.  For  metal  sheets  this  loss  is  generally 
given  in  terms  of  the  maximum  magnetic  induction  B. 
Upon  substituting  in  the  above  expression  the  obvious 
relationship  I-  =  ;-2B2/o-08  we  find  that  the  eddy  loss 
in  watts/cm3  is  TT-pB-S-fip  X  6  x  10i«),  which  is  the 
ordinary  formula  for  the  eddy  loss  in  thin  sheets.* 
Thus  the  proximity  of  the  second  cable  has  the  effect 
of  increasing  this  loss  in  the  ratio  (2  —  K~)l(2  —  2K~). 

Our  calculation  has  proceeded  thus  far  on  the 
assumption  that  in  each  element  of  the  sheath  the 
distribution  of  the  flux  is  substantially  uniform  through- 
out its  thickness.  This,  as  Sir  J.  J.  Thomson  has 
pointed  out.f  is  true  only  if  the  product  ■nS^{p,f)l\/p 


Fig.  2. 

is  small.  Now  for  lead  /x  =  1,  5  =  0-25  (about),  and 
p  =  20  000  C.G.S.  units  (about).  Thus  in  Thomson's 
sense  this  product  is  always  small,  for  with  a  frequency 
of  50  it  is  of  the  order  0  •  04  ;  whence  we  conclude  that 
for  a  lead  sheath  our  assumption  is  justifiable. 

Radial  field. — Similarly,  considering  the  normal  com- 
ponent of  the  field  in  the  sheath  of  cable  A  due  to  the 
current  in  cable  B,  we  have  (see  Figs.   1  and  2) 

_  0-2/ sin  (27r/<).?  sine 
^2-     ri  +  l^~2rlco^e     '     '     '     '     ^^' 
The  flux  through  an  element  of  length  L  and   width 
rdd  is 

0-2/  sin  (2Trft)  .  KL  sin  9d9 


d(f>2  = 


I  +  K'i  -  2K  cos  e 
and  the  flux  through  an  area  Lr9  of  the  cable  sheath  is 

^.=  ^i!i^[log  (1  +  A'2  -  2A'  cos  e)][ 

when  6  is  measured  from  the  neutral  line  AB  (Fig.  1). 

*  Cf.  Jourtml  I.E.E.,  vol.   33,  p.  951;  also  Steinmetz:  "Alter- 
nating Current  Phenomena,"  3rd  edn.,  rhap.  11. 
t  See  Electrician,  8  April,  1892,  p.  599. 


The  distribution  of  this  radial  field  about  the  cable 
is  a  matter  of  considerable  interest.  In  Fig.  3  the 
sheaths  of  two  cables  having  centres  at  A  and  B  are 
indicated  by  the  full  and  the  dotted  circles  respectively. 
The  full  curve  about  A  having  two  lobes  indicates  the 
distribution  of  radial  flux  about  the  cable  A  due  to  the 
current  in  B.  The  figure  is  so  drawn  that  all  radial 
lengths  such  as  CD  indicate  flux  densities  along  those 
radii.  The  lower  lobe  is  really  of  opposite  sign  to  the 
upper,  but  this  is  not  indicated  in  the  figure.  The  flux 
density  is  a  maximum  at  a  point  on  the  circumference 
depending  upon  the  ratio  K,  and  the  exact  value  of  6 
for  this  maximum  is  ascertained  by  differentiating 
expression  (6)  and  equating  to  zero.     We  thus  find  : — 

B-imaz-  occurs  when  cos  9  =  2A/(A2  +  1) 

For  the  conditions  illustrated  in  Fig.  3  the  angle  9 
at  which  maximum  flux  density  occurs  is  36°  52'  from 
the  horizontal,  the  lead  sheaths  being  then  in  contact. 
As  they  are  separated  further  and  further,  K  becomes 
smaller  and  smaller  and   the  angle  gradually  becomes 


Fig.  3. 

greater  until  A  =  0,  when  the  cables  are  at  an  infinite 
distance  apart  and  9  =  7r/2.  It  is  clear  from  this  figure 
that  the  lines  at  C  and  E  running  along  the  cable  are, 
as  it  were,  the  core  centre-lines  of  the  flux  lobes,  and 
will  stand  in  a  similar  relationship  as  regards  eddy 
currents  set  circulating  in  the  sheath  by  variation  of 
this  flux  ;  whereby  it  is  also  seen  that  these  same  lobes 
might  represent  to  some  suitable  scale  the  magneto- 
motive forces  due  to  the  circulating  currents.  In  this 
manner  they  illustrate  and  enforce  a  principle  which  is 
of  importance  to  us  and  is  expressible  as  follows  : — 

If  a  magnetic  field  oscillate  through  a  uniform 
conducting  sheet,  the  eddy  currents  excited  thereby 
will  so  distribute  themselves  as  to  tend  to  produce  a 
magnetomotive  force  distributed  in  a  manner  similar 
to  the  exciting  flux. 

From  this  principle  we  infer  that  the  eddy-current 
bands  will  run  lengthwise  along  the  sheath  and  be  zero 
at  C  ;  also  that  they  will  be  distributed  in  bands  of 
opposite  sign  on  either  side  of  C  and  of  E,  so  that  between 
C  and  E  about  AB  all  tlie  current  is  of  one  sign   return- 


480 


CRAMP  AND   CALDERVVOOD:    THE    USE   OF   SINGLE-CORE 


ing  along  the  segment  between  E  and   C  on  the  side 
remote  from  AB. 

The  flux  through  a  circuit  made  up  of  two  elementary 
longitudinal  strips  of  the  sheath  lying  in  radial  planes 
displaced  by  angles  6  and  [n  —  6),  respectively,  from 
the  plane  AB  is 


Ll  sin  (2iTft) 


10 


D 


log  (1  +  ifs  _  2K  cos 


.] 


(t-9) 


Ll  sin  (27rft)         I  +  K^  +  2K  cos  ( 
log- 


ic '  "  1  -Jr  K^  —  2Kcose 

The  E.M.F.   acting  around  the  elementary  circuit  is 

„  ^       -  2TTfLt  cos  (277ft)         1  -  A'2  -  2K  cos  9 
oJl'  =   rzrx ^—  log 
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I  +  K-  -  2K  cos  6 


Neglecting  the  resistance  of  the  end  paths,  the  section 
of  an  element  of  the  circuit  is  Srdd,  and  its  length  2L, 
so  that  the  resistance  of  the  elementary  circuit  is 
2pLISrdd. 

Therefore 

—  2TTfLl  cos  {2TTft)Sr        1  +  K^  +  2K  cos  6  ^ 


And 


dP 


2pLl09 


1  +  K'^  -  2K  cos  I 


2-n^pLn  cos  -(2TTft)Sr  f       1  +  A'2  +  2K  cos  d\  - 


1018/) 


V  r,      I  +  K'^  +  2K  ( ,      ^ 

-V°gl+j,2_2A-cosr^^^ 


Then  the  power  loss  due  to  this  cause  in  the  upper 
semi-cylinder  of  the  sheath  is 


1018/, 


■I-2 


2TflpLP  cos2  (2-!Tjt)Sr  if       \  ~  K^  +  2K  cos  d^  - 


V^^IT 


X2-2Acos^ 


dd 


This  expression  when  averaged  over  one  period  and 
divided  by  TTrL  gives  the  loss  in  watts/cm-  as 

■ 

27r/2/2s  fV      1  +  A2  -^  2K  cos  e-\  "-^ 


We  have  not  succeeded  in  obtaining  a  general  solution 
of  this  integral,  and  in  consequence  we  have  been 
compelled  to  evaluate  it  for  each  particular  case  by  a 
method  of  numerical  integration.  The  formula  adopted 
and  our  reasons  for  choosing  it  are  given  in  Appendix  II, 
in  which  is  included  also  a  portion  of  a  table  of  one 
set  of  the  values  calculated. 

The  power  losses  as  thus  deduced  are  somewhat 
greater  than  can  ever  occur  in  practice,  since  we  have 
neglected  the  effect  of  the  reaction  of  the  eddy  currents 
upon  the  exciting  field,  as  well  as  the  resistance  of  the 
cable  ends  and  the  self-induction  of  the  eddv-current 
circuit.  They  are  therefore  to  be  regarded  as  limiting 
values  ;  and  if  we  can  show  that  in  all  ordinary  sizes 
of  cable  the  total  effect  as  calculated  is  inappreciable, 
it  follows  a  fortiori  that  the  cables  will  be  safe  in  all 


cases  so  far  as  this  loss  is  concerned.  In  order  to  arrive 
at  the  worst  possible  case,  we  remark  that  the  presence 
of  a  second  cable  enhances  the  loss  due  to  the  circum- 
ferential field  by  the  multipher  (2  —  K-)l(\  —  K-),  i.e. 
the  loss  increases  as  the  cables  approach  one  another, 
up  to  the  limit  when  their  sheaths  are  in  contact. 
Similarly,  examination  of  the  expression  for  the  radial 
field  shows  that  this  also  increases  up  to  the  same 
hmit — thus  the  eddy  currents  are  worst  when  the  cable 
sheaths  actually  touch. 

As  regards  the  question  of  the  relative  phase  of  the 
currents  in  the  two  cables,  it  is  evident  that  if  there  is 
any  phase  displacement  other  than  tt  (which  is  the  case 
just  considered),  the  resultant  field  in  either  sheath  for 
a  given  current  is  less  than  the  case  where  there  is  no 
phase  displacement.  The  case  of  3-core  cables  is  out- 
side the  scope  of  the  present  inquirv,  and  has  been 
dealt  with  elsewhere.*  From  these  considerations  we 
conclude  that  the  worst  case  for  the  eddy  currents  that 
we  are  considering  occurs  when  a  pair  of  single-phase, 
single-core  sheathed  cables  are  laid  side  by  side  with 
their  sheaths  in  contact,  and  for  this  reason  we  select 
for  K,  for  integrating  purposes,  the  value  J. 

^^'ith  regard  to  the  question  of  size,  it  will  be  evident 
that  the  greater  the  size  of  the  core  and  the  smaller 
the  diameter  of  the  sheath,  the  greater  will  be  the  loss  ; 
thus  low-tension  cables  are  in  a  much  worse  position 
than  high-tension  cables,  and  if  the  losses  in  the  former 
are  small  those  in  the  latter  will  be  negligible. 

For  our  table  of  values  we  therefore  select  standard 
660-volt  paper-insulated  cables  with  standard  thick- 
nesses of  dielectric  and  lead  sheathing,  and  taking  the 
six  largest  of  these  we  calculate  the  following  losses  : — 

(1)  Core  copper  loss,  assuming  the  maximum  current 

allowable  by  the  I.E.E.  Wiring  Rules. 

(2)  Loss    due    to    eddy    currents    produced    by    the 

circumferential  field  in  the  case  of  a  pair  of 
cables  laid  side  by  side  with  their  sheaths  in 
contact. 

(3)  Loss  due  to  eddy  currents  produced  by  the  radial 

field  under  the  same  conditions  as  (2)  above. 

Each  of  the  above  is  then  divided  bv  the  mean 
cylindrical  surface  of  the  lead  covering,  giving  us  the 
watts/cm"-  which  the  lead  must  dissipate  in  the  form  of 
heat  produced  bv  each  of  the  three  causes  ;  from  which 
it  is  immediately  apparent  that  the  loss  due  to  the 
circumferential  field  is  in  every  case  entirely  negligible. 
In  the  last  column  of  Table  1  the  loss  due  to  eddy 
currents  is  shown  as  a  percentage  of  the  core  loss. 
This  figure  is  the  most  valuable  as  it  shows  bv 
how  much  the  power  which  the  lead  has  to  dissipate 
is  increased  by  the  use  of  such  single-core  cables. 

In  the  formulae  as  developed  it  will  be  noted  that  all 
dimensions  are  in  centimetres,  but  for  the  convenience 
of  English  and  American  cable  makers  the  values  in 
the  table  are  in  the  usual  Enghsh  units.  The  standard 
English  frequency  of  50  has  been  adopted,  but  for  any 
other  frequency  the  losses  may  be  easily  deduced  from 
those  given  in  the  table  if  it  is  remembered  that  the 
loss  is  proportional  to  /-. 

*  Journal  I  K.E.,  he.  cit. 
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We  think  that  we  are  justified  in  drawing  the  following 
conclusions  from  this  table  : — 

(1)  The   eddy-current   losses   in   the  lead   sheaths   of 

standard    cables    due    to     causes     under     (A) 
•    (page  477)  are  so  small  that  they  cannot  even 
in  the  worst  case  materially  affect  the  tempera- 
ture-rise of  the  cables. 

(2)  Standard    cables    appear   to    be    so    proportioned 

and  rated  that  the  copper  loss  per  cm^  of  the 
sheath  surface  is  about  constant.  This  is 
to  be  expected  since  the  currents  in  col.  2 
have  been  arrived  at  by  the  Institution  on 
the  basis  of  a  standard  temperature-rise, 
and  the  whole  of  the  heat  has  to  pass  through 
the  surface  of  the  lead  sheath. 

(3)  Of    the    sheath    losses    so    far    considered,    those 

due  to  the  radial  field  are  far  greater  than 
those  due  to  the  circumferential  field.  This 
fact  may  be  of  importance  when  armoured 
cables  are  considered. 


(1)  Case  of  a  Pair  of  Single-phase  Cables. 

Here  again  we  take  r  as  the  mean  radius  of  the  sheath, 
and  I  as  the  distance  between  the  cable  centres,  K  being 
the  ratio  rjl. 

Then,    referring   to   Fig.    4,    the   total   flux    between 


Fig.  4. 

the  sheaths  due  to  the  current  1  sin  (277//)  in  one  cable 
and  —  jf  sin  (27t/'<)  in  the  other,  is 

^  =  0-92/  sin  (277/()  logjo  — — —  (per  cm  length) 


Table  1. 

Sheath  Eddy-current  Losses  in  a  Pair  of  Lead-sheathed  Single-phase  Cables.    Sheaths  in  Contact. 
(p  for  copper  =  1-78/10''  per  cm  cube;   p  for  lead  =  20-8  X   lO"*"  per  cm  cube;    frequency  =  50.) 


Nominal  core  area 

Maximum 

permissible 

current  (I.E.E.) 

Thickness  of  lead 

Mean  radius  of 
lead  sheath 

Copper  loss* 

Loss  due  to 

circumferential 

field 

Loss  due  to 
radial  field 

Ratio  : 
Sheath  loss 
Copper  loss' 
cent 

sq. in. 

1-00 

amps. 

932 

in. 

0-110 

in. 

0-8345 

watt/cm2 

0-018 

watt/cm2 

7-8  X  10-e 

watt/cm2 

579-5  X   10-6 

3-3 

0-75 

738 

0-100 

0-7265 

0-01729 

4-8  X  10-6 

330-5  X  10-6 

1-97 

0-60 

624 

0-100 

0-6615 

0-01696 

4-2  X   10-6 

236-2  X   10-6 

1-44 

0-50 

540 

0-090 

0-6085 

0-01658 

2-7  X  10-6 

159-2  X   10-6 

0-99 

0-40 

464 

0-090 

0-5635 

0-01651 

2-3  X   10-6 

117-5  X  10-6 

0-74 

0-30 

385 

0-080 

0-4905 

0-01743 

1-5  X   10-6 

71-94  X  10-6 

0-43 

*  Per  cm^  of  meaii  sheath  surface. 


(4)  The   percentages   given   in   col.    8,   though   small, 

are  larger  than  could  occur  in  practice,  since 
the  self-induction  of  the  elementary  circuits 
has  been  neglected  (see  page  480). 

(5)  There    is    no    object    in    considering    any    cables 

smaller  than  those  given  in  the  table. 

(6)  When  the  value  of  K  is   <  -|,  the  loss  decreases 

rapidly  and  need  not  be  further  considered. 

We  pass  next  to  a  consideration  of  the  eddy  currents 
under  (B)  (page  477),  on  the  assumption  that  single- 
core  cables  are  again  used  but  that  they  are  now  spaced 
apart  and  have  a  heavy  metal  connection  at  both  ends, 
so  that  each  pair  forms  a  closed  circuit  enclosing  an 
alternating  flux.  There  are  only  two  cases  of  any 
importance  that  are  likely  to  occur  in  practice,  viz. 
when  two  single-phase  cables  are  laid  side  by  side, 
and  when  the  three  cables  of  a  three-phase  system 
are  laid  side  by  side  with  the  distance  between  either 
outside  cable  and  the  middle  equal  to  one-half  the 
distance  between  the  outside  cables. 

Vol.  61. 


so  that  the  E.M.F.  acting  around  the  circuit  composed 
of  the  two  cable  sheaths  and  their  bonding  is 

K 


E  = 


l-847r//cos(27r/«),         1 
— logio- 


108 


K 


(per  cm  run) 


The  corresponding  resistance,  neglecting  that  of  the 
bonding,  is  pjirrS.  Thus  the  mean  loss  per  cm^  of 
mean  sheath  surface  is 


P  = 


^■3SGn^f-I-S/ 


4p  .  1016 

1  -  A'\2 


(^logio— ^— j    \vatts 


=SI-(logio ^— )">^  10-7  watts  (nearly)  for 

50  periods  per  second. 

This  is  on  the  assumption  that  any  llux  due  to  one 
cable  cutting  the  other  sheath  will  add  nothing  to  the 
circulating  current,  on  account  of  the  eddy  currents 
which  it  will  induce  in  the  sheath  of  that  cable.  This, 
although  only  partially  true,  is  sufficiently  near,  as  will 
presently  be  seen. 

34 
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In  Table  2  we  ha\e  taken  the  six  sizes  of  cable  given 
in  Table  1  and  calculated  the  above  loss  for  five  values 
of  K  in  each  size.  We  have  also  given  the  ratio  of 
this  sheath  loss  to  the  copper  loss  as  a  percentage, 
and  the  actual  distance  in  inches  between  the  centres 
of  the  cables,   corresponding  to  each  value  of  K. 

Table  2. 

Circuit  Eddy  Losses  in  a  Pair  of  Standard 
Single-phase  Lcad-sheathed  Cables. 

(p  for  copper  =  1-78  \  10""  per  cm  cube;  p  for  lead 
=  20-8  X  lO-*"  per  cm  cube;   /=  50.) 


Nominal 
area 

E 

Eddy-current 
loss 

Ratio : 

Sheath  loss 

Copper  loss' 

per  cent 

Actual  distance, 
centre  to  centre 

sq.  iu. 

001 

watt/cin2 

0-0966 

537 

ill. 

83-4 

0-1 

0  022 

123 

8-34 

1    < 

0-2 

0-0088 

49 

4-17 

0-3 

0-0028 

16 

2-78 

^ 

0-4 

0-00075 

4-2 

2-OS 

r 

0-01 

0-055 

318 

72-6 

0-1 

0-0126 

73 

7-26 

0-75  < 

0-2 

0-005 

29 

3-63 

0-3 

0-0019 

11 

2-42 

. 

0-4 

0-00043 

2-5 

1-81 

r 

0-01 

0  -  039 

232 

66-0 

0-1 

0-009 

53 

6-6 

0-6     . 

0-2 

0-0036 

21 

3-3 

0-3 

0-00133 

7-8 

2-2 

0-4 

0-000306 

1-8 

1-65 

0-01 

0-0265 

160 

61-0 

01 

0-006 

36-6 

6-1 

0-5     < 

0-2 

0-0024 

14-6 

3-05 

0-3 

0-0009 

5-4 

2-03 

0-4 

0-00021 

1-2 

1-52 

f 

0-01 

0-0196 

105 

56-4 

01 

0-0045 

27 

5-64 

0-4     = 

0-2 

0-OOlS 

11 

2-82 

0-3 

0-00066 

4 

1-88 

0-4 

0-00015 

1 

1-41 

0-01 

0-012 

68-8 

49-0 

01 

0-0027 

16 

4-9 

0-3     < 

0-2 

00011 

6-3 

2-45 

0-3 

0  -  0004 

2-3 

1-63 

0-4 

0-00009 

0-54 

1-22 

It  is  manifest  from  this  table  that  we  have  here  to 
deal  with  a  loss  which  may  produce  a  dangerous  heating 
effect. 

We  shall  postpone  the  general  conclusions  deri\-ed 
from  this  analysis  until  we  have  examined  the  case  of 
three-phase  systems,  to  which  we  now  turn. 


(2)  Case    of    Three    Three-phase     Cables    in    One 
Plane. 

We  confine  ourselves  to  this  case,  because  when 
single-core  cables  are  used  it  is  usually  under  cir- 
cumstances where  this  arrangement  is  by  far  the 
easiest  to  adopt.  Also  it  may  be  remarked  that  the 
only  other  likely  case  is  that  in  which  the  three  cables 
are  arranged  with  their  centres  at  the  points  of  an 
equilateral  triangle,  when  the  eddy  losses  do  not  essen- 
tially differ  from  those  in  the  single-phase  case  already 
examined.  We  therefore  suppose  that  the  three 
cables  are  arranged  as  shown  in  Fig.  4,  and  K, 
I  and  r  have  the  same  values  as  heretofore.  The  flux 
betiveen  the  sheaths  of  A  and  B  (Fig.  4)  will  be  pro- 
duced by  the  currents  in  A  and  B,  plus  so  much  of  the 
flux  due  to  C  as  lies  between  these  two  sheaths  ;  and 
this  sum,  oscillating  at  a  frequency  /,  will  produce  an 
E.M.F.  around  the  circuit  composed  of  A  and  B  and 
their  bonding.  In  this  case,  as  in  the  previous  one, 
we  suppose  that  the  flux  linked  with  only  part  of  the 
sheath  is  producing  eddies  in  the  sheath  as  already 
calculated,  so  that  no  difference  of  potential  exists 
between  A  and  B  on  account  of  it.  This  is  not  strictly 
accurate,  but  it  is  quite  within  the  limits  of  the  errors 
inherent  in  the  calculation. 

The  E.M.F.  arrived  at  in  this  way,  when  squared 
and  divided  by  the  resistance  of  the  two  sheaths  in 
series,  gives  the  watts  lost  due  to  this  cause,  but  there 
will  be  a  further  loss  in  cable  A  due  to  a  similar  current 
flowing  along  it  and  returning  via  cable  C.  This  will 
be  produced  by  the  E.M.F.  due  to  the  flux  common  to 
A  and  C.  If  B  did  not  exist,  there  would  be  no  difficulty 
in  calculating  the  value  of  the  current ;  but  its  presence 
renders  the  result  somewhat  doubtful.  Proceeding, 
however,  on  the  same  assumption  as  before,  viz.  that 
partial  linkages  do  not  contribute  to  the  current  with 
which  we  are  now  dealing,  we  may  estimate  the  losses 
in  either  A  or  C.  The  loss  in  B  is  in  anv  case  smaller, 
having  the  same  value  as  for  a  single-phase  cable  carr\-ing 
a  like  current,  so  that  the  limiting  safe  distance  at 
which  the  cables  can  be  spaced  is  determined  by  the 
losses  in  the  outers. 

Taking  then  the  currents  in  A,  B  and  C  to  be 
/  sin  (27t/;),  /  sin  (27r//  -|-  27r/3)  and  I  sin  (i-nft  -f  47t/3), 
respectively,  we  find  that  the  mean  power  lost  in  either 
A  or  C  due  to  the  current  flowing  between  either  and  B  is 


2-770  .  lOis 


1  -A' 


cos  a    -T  cos 


(r-f)iog. 


where  6'  =  iTTJt. 

Writing   the   R.^M.S.   value   of   the   current   in   either 
of  the  three  cables  as  /,  we  have  : — 

IMean  power  lost  per  cm^  of  mean  sheath  surface  due 
to  this  current 


ATTY-l^SCf,      1  -  A\-        /       2  -  A\-~i 
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Similarly  the  mean  power  lost  per  cm^  due  to  the 
current  common  to  A  and  C  is 


6772/2/25' 
lOiSfl 


Kh  ' 


f       (1  -g)(2-A-)V 
r^      A-(l+A-)      I 


The  total  mean  loss  per  cm^  in  either  outer  is  therefore 
477-2/2/2^  r^/.       1-A'\2        /.      2-A'^'' 


1018 


;{3(,o.l^)%(,os 


1  f  A-y 

/         (1  -  A-)(2- 
+  l-uMog 


K) 


f] 


A(l  +  A) 
Now  the  loss  in  the  middle  cable  may  be  written  : — 


16772/2/25  f       1  _  A^  2 


and  by  taking  a  series  of  values  for  A  we  may  compare 
the  losses  in  either  of  the  outers  with  that  in  the  cable 
B.  This  has  been  done  in  the  following  table,  from 
which  it  will  be  seen  that  the  ratio  of  the  two  is  nearly 
constant,  and  may  for  all  practical  purposes  be  taken 
as  1-4. 

Table  3. 

Ratio  of  Losses  {Outer/Middle)  for  a  Three-phase  Cable. 


E 

Ratio 

0-4 

1-44 

0-3 

1-42 

0-2 

1-37 

0-1 

1-34 

These  values  hold,  whatever  be  the  material  of  the 
sheath. 


General  Conclusions  for  Lead-sheathed    Cables. 

The  formulae  developed  in  this  paper  are  general 
as  regards  the  material  of  the  sheath,  since  the  specific 
resistance  occurs  as  a  general  value,  but  when  applying 
the  expressions  to  find  safe  limits  for  any  particular 
case  the  corresponding  value  of  p  must  be  inserted, 
as  has  been  done  in  Tables  1  and  2,  and  in  the  summary 
on  page  481.  We  may  now  draw  the  following  con- 
clusions : — 

(1)  In    all    single-core    cables    sheath    eddies    exist. 

The  loss  due  to  them  is  greatest  when  the 
sheaths  are  closest  together,  and  diminishes 
as  the  distance  between  neighbouring  cables  is 
increased. 

(2)  In  the  largest  low-tension  cables  made,  the  sheath 

eddy  loss  never  exceeds  4  per  cent  of  the  copper 
loss  in  the  core,  and  consequently  is  of  little 
importance  as  a  heating  effect. 

(3)  No  sheath  loss  except  that  due  to  sheath  eddies 

can  exist  unless  the  sheaths  are  connected  at 
more  than  one   point   by  conducting   material. 

(4)  With  modern  switchgear  it  is  not  usually  possible 

to  avoid  connecting  at  more  than  one  place. 


(5)  From  the  point  of  view  of  temperature-rise,  the 

question  of  the  length  of  the  run  has  nothing 
to  do  with  the  advisability  of  using  single-core 
cables,  since  so  long  as  they  are  parallel  the 
loss  is  proportional  to  the  length,  as  is  also 
the   cooling   surface. 

(6)  The  sheath  circuit  eddy  loss  is  a  far  more  serious 

matter  than  the  sheath  eddy  loss.  It  is 
greatest  in  the  outer  cables  of  a  parallel  three- 
phase  main,  and  has  in  that  case  a  value 
approximately  1-4  times  as  great  as  in  the 
case  of  a  single-phase  main  carrj-ing  the  same 
current. 

(7)  Assuming  that  it  is  not  desirable  that  the  sum 

of  the  sheath  and  sheath-circuit  losses  should 
exceed  10  per  cent  of  the  copper  loss  in  the 
cable,  then  in  laying  such  cables  either  metallic 
connection  at  more  than  one  place  between 
the  sheaths  must  be  avoided,  or  the  distance 
from  centre  to  centre  of  standard  cables  as 
compared  with  the  mean  diameter  of  the  lead 
sheath  should  not  exceed  the  following  limits  : — 


Safe  distance,  centre  to  centre 

Nominal  core  area 

Single-phase 

Three-phase 

sq.  iji. 

10 

in. 

2-2 

in. 

20 

0-75 

2-2 

20 

0-6 

2-2 

2-0 

0-5 

2-3 

21 

0-4 

2-6 

2-25 

0-3 

31 

2-6 

These  are  the  most  important  sizes,  and  all 
the  figures  refer  to  standard  low-tension  lead- 
sheathed  paper  cables.  For  smaller  areas  the 
safe  distance  rapidly  increases,  but  for  any 
special  case  the  safe  distance  can  easily  be 
calculated  from  the  formute  given.  It  will 
be  noted  that  in  all  cases,  except  the  three 
largest,  the  allowable  spacing  falls  within 
the  dimensions  of  standard  porcelain  cleats 
in  racks,  so  that  the  following  recommendation 
may  also  be  added  : — 
(8)  For  all  cases,  both  high  and  low  tension,  it  is 
safe  to  use  standard  porcelain  cleat  racks  for 
single-core  lead-sheathed  cables,  provided  that 
the  core  area  does  not  exceed  0-5  sq.  in. 

It  should  be  noticed  that  the  cases  specifically 
considered  in  the  paper  are  the  worst  that  can 
occur  in  practice,  our  object  being  to  discover  safe 
limits  rather  than  to  tabulate  exact  losses.  In  the 
case  of  high-tension  cables,  for  example,  where  the 
mean  radius  of  the  sheath  is  so  much  larger  as  com- 
pared with  the  core  diameter,  there  is  no  likelihood 
of  serious  heating  due  to  sheath  losses,  unless  the  spacing 
of  the  cables  is  quite  unreasonably  large.  We  should 
regard  3  inches  to  3 J  inches  as  being  perfectly  safe 
for  all  ordinarj-  cases. 
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On  the  other  hand,  to  reduce  dielectric  stresses  it 
is  now  not  unusual  to  construct  high-tension  cables 
with  a  jute  core.  In  this  case  the  ratio  [(mean  radius 
of  sheath)/(core  diameter)]  is  reduced  again,  but  so 
also  is  the  current-carrying  capacity  of  the  core.  On 
the  whole  these  two  effects  leave  the  general  conclusions 
at  which  we  have  arrived  unchanged,  but  special  cases 
must  be  specially  treated.  This  matter  has  been  fully 
considered  elsewhere,*  as  well  as  the  sheath  circuit 
eddies  produced  in  a  three-phase  single-core-cable  system 
with  symmetrical  spacing. 

The  chief  sources  of  error  in  our  calculations  are  those 
due  to  neglect  of  (a)  bonding  resistances,  and  (b)  self- 
induction.  The  former  is  indeterminate,  dependent 
upon  circumstances,  and  reducible  by  care  to  a  negligible 
quantity.  The  latter  is  by  no  means  negligible,  and 
its  values  have  been  calculated  in  the  paper  already 
quoted.  Its  effect  is  always  to  reduce  the  sheath 
circuit  eddy,  and  thus  provide  a  margin  to  the  limits 
we  have  assigned.  This  margin,  however,  becomes 
of  practical  importance  only  in  high-tension  cables 
where  the  dielectric  thickness  is  considerable. 

There  is  one  other  matter  for  precaution  to  which 
we  should  direct  attention.  If  to  avoid  sheath  circuit 
eddies  the  sheaths  are  not  bonded,  a  considerable 
E.M.F.  may  exist  between  a  pair  of  sheaths,  which  in 
the  case  of  high-tension  cables  may  be  really  dangerous 
both  to  the  cables  and  to  those  handling  them.  This 
voltage  is  easily  calculated  from  the  formuke  already 
given,  and  its  magnitude  as  well  as  various  methods  of 
earthing  to  avoid  its  etf^ects  without  actually  closing 
the  sheath  circuit  have  been  discussed  by  Clark  and 
Shanldin  in  the  paper  already  referred  to.  It  will  be 
noted  that  the  analysis  always  points  to  the  desirability 
of  laying  the  cables  as  close  to  one  another  as  possible. 
Nevertheless,  we  do  not  recommend  placing  them  with 
their  sheaths  in  contact.  We  think  that  the  best  plan 
is 'to  cover  the  lead  with  a  serving  of  jute,  tape  or 
braid,  in  which  case  the  cables  may  lie  in  actual 
contact.  Without  this  precaution  it  is  possible  that  at 
the  points  where  lead  actually  touches  lead,  pitting 
may  occur  and  ultimately  lead  to  a  breakdown  of  the 
sheath.  Therefore,  if  such  a  serving  be  not  adopted,  the 
cables  should  be  definitely  spaced  by  cleats. 

Armoured  Cables. 

We  have  not  yet  considered  any  case  in  which  the 
sheath  is  of  magnetic  material,  for  the  simple  reason 
that  such  sheaths  almost  always  take  the  form  of  wire 
or  tape  armouring.  The  determination  of  the  resist- 
ance to  eddy  currents  of  such  a  sheath  is  almost  impos- 
sible e.xcept  by  means  of  experiment,  and  a  series  of  tests 
has  been  instituted  at  the  Birmingham  University 
to  discover  the  limits  in  such  cases  and  to  supplement 
the  work  of  Whitehead  and  Fisher. f  These  will  be 
published  later.  In  the  meantime  it  seems  reasonable 
to  ask,  as  a  result  of  this  investigation,  that  supply 
undertakings  should  withdraw  the  embargo  that  in  some 
cases  has  been  laid  upon  the  use  of  single-core  cables 

•  Journal  of  the  American  InstUute  of  Electrical  Engineers,  1919, 
vol.  38,  pt.  1,  p.  917. 

t  Journal  of  the  American  Institute  of  Electrical  Engineers,  1909, 
vol.  28,  pt.  2,  pp.  737  and  747. 


for  low-tension  a.c.  systems,  and  substitute  therefor  a 
permission  subject  to  the  limitations  here  set  forth. 
We  further  think  that  such  limitations  might  well 
receive  the  attention  of  the  I.E.E.  Wiring  Rules  Com- 
mittee, with  a  view  to  including  them  in  the  Wiring 
Rules;  and  we  wish  to  thank  Mr.  Julius  Frith,  a 
member  of  that  Committee,  for  drawing  our  attention 
to  this  matter  and  for  suggesting  the  investigation. 
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de 


T,    [(1  -^  X2)  being 


2K  cos  ey- 

positive   and    —  (2/i)   numerically  less  than   (1  -\-  K^), 
and  K  being  not  greater  than  0-5.] 

(1  -f  K2)  cos  e  -  2K 


Substitute      cos  y  = 


\+K^  -2K  cos  e 


(1) 


-  sin  ^1  -  /v2)2rf^ 

Then  -  sm  ydy  =   -—^ ^^„  ...     (2) 

"  ^       (1  +  K^--2K cos,  0)"  ^  ' 

Also  cos  2/(1  -f  K-  -  2K  cos^)  =  (1  +  A'2)  cos  6  -  2/i. 

(I  -A'2)sin  (/ 


Therefore         sin  a  = 


I  +  IC^  +  2K  cos  y 


(3) 


From  (1),  as  9  varies  from  0  to  27t,  y  varies  also  from 
0  to  277,   whence 

dd 


[\  +  K^-  2Kcose)- 


-  sin  ydy{\  +  K^  -  2K  cos  e)2 
sin  6(1  -  A'2)2(l  -f-  /v2  -  2A'  cos  d) 


5   •     (4) 


Substituting   for  dd  from    (2),   and   for  sin  6  from  (3), 
we  have 


(4) 


(1  -  A2)3 


^;^  (1  +  A2  +  2K  COS  y)dy 


27r(l  +A2) 


(1  -  A2)3 


Case  (b). 


1  -  A'2 


1  4-  A2  —  2A  cos  I 


,dd 


See  Todhunter's  "  Integral  Calculus"  (1880),  p.  278. 

APPENDIX    II. 
Method  of  evaluating  the  expression 


''f        1  +  A2  +  2A'cosgy 
I  °^  1  -f  A2  -  2A-  cos  ej 


The  value  of  this  integral  was  obtained  by  a  method 
derived  from  Newton's  interpolation  formula. 
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The  general  expression  is 
-     /{x)rf.r=|/o+A+/o  +   . 

-  A(8-/r-l  +  §-/l) 

-  JM^^fr-i  -  83/.; 


-    +/r-l  +  i/. 


—  etc. 

Here  /_3,  /_o,  /_i,  /q,  /i,  Z^,  /s.  •  •  •■  are  the  suc- 
cessive calculated  values  of  the  function  J(x)  correspond- 
ing to  definite  constant  increments  w  of  the  variable  x. 
Also 

8/-!  =h-h. 

8/i  =  /i  —  /o.  and  similarly 

8-/i  =  S/j  -  S/j,  etc. 

The  most  convenient  way  of  arriving  at  the  integral 
is  to  tabulate  the  successive  values  of  the  function 
and  the  successive  differences  in  a  series  of  parallel 
vertical  columns,   from  which  the  required  values  are 


is  assumed  that  the  function  and  its  differential  coeffi- 
cients up  to  the  order  of  differences  employed  are 
continuous,  which  in  the  present  case  is  obviously  true. 

It  will  be  seen  that  the  value  of  the  integral  can  by 
these  means  be  obtained  to  any  desired  degree  of 
accuracy,  which  is  our  reason  for  preferring  it  to  any 
of  the  simpler  and  more  ordinary  methods,  such  as 
Simpson's  or  Weddle's  rule. 

In  the  case  under  consideration,  the  values  of  the 
function  were  calculated  for  every  10^  increase  in  d, 
giving  10  values  in  all  for  /o,  /j,  f.^.  fs,  etc.,  so  that 
w  =  7T/18  radians.  The  differences  were  taken  as 
far  as  the  ninth  order,  the  final  differences  being  of 
the  order  of  1/125  of  the  value  of /g.  It  will  be  seen, 
therefore,  that  the  convergence  is  sufficiently  rapid 
for  the  accuracy  required.  Since  K  is  taken  as  0-5 
the  integral  required  is 


,       1  •  25  +  cos  e^  2 
log  :^—^ -^^^^  K.    dO 


1-25  -  cos  61 


and  the  following  table  is  a  small  portion  of  the  actual 
calculation,  inserted  here  to  illustrate  the  method 
of  setting  out  the  values.  The  figures  are  logarithms 
to  the  base  10. 


e 

/(«) 

A 

A2 

A3 

aJ 

0° 

0-91056 

-  0-05366 

10° 

0-85690 

-  0-13680 

-  0-08314 

0-04925 

20° 

0-72010 

-  0-17069 

-  0-03389 

0-03917 

-  0-01008 

30° 

0-54941 

-  0-16541 

0- 00528 

40° 

0-38400 

etc. 

etc. 

etc. 

etc. 

ascertained  and  then  inserted  in  the  formula,  in  accord- 
ance with  the  general  expression.  The  order  of  differ- 
ences up  to  which  the  calculation  is  carried  must  of 
course  depend  entirely  upon  the  rapidity  with  which 
the  differences  decrease  as  their  order  increases,  and 
the  process  is  useless  unless  the  series  converges.     It 


Completing  the  table  in  this  way  and  substituting 
the  values  derived  from  it  in  the  formula,  together 
with  their  appropriate  coefficients,  the  final  value 
of  the  integral  was  found  to  be  3-16385,  from  which 
the  values  in  col.  7  of  Table  1  in  the  paper  have  been 
calculated. 
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I.    DEFINITIONS   AND   TERMINOLOGY. 

(a)  Definition   of  Pressboard. 

The  term  "  Pressboard  "  denotes  all  materials  mar- 
keted as  Pressboard,  Presspahn,  or  Fullerboard,  which 
materials  are  made  by  a  paper-making  process  from 
vegetable  fibres,  but  differ  from  papers  in  that  they 
are  made  on  a  "  Board  "  machine,  and  are  afterwards 
subjected  to  great  pressure  in  order  to  remove  excess 
of  water  and  to  "  close  up  "  the  sheet,  thus  producing 
a  soUd  board.  The  boards  are  afterwards  dried, 
and,  if  specified,  are  glazed  by  calendering  and 
planishing. 

Note. — Strawboard  is  not  included,  as  its  use  is 
considered  undesirable  for  electrical  work. 

(b)  Terminology. 

(i)  The  term  "  Longitudinal  "  denotes  the  direction 
parallel  to  that  in  which  the  material  travelled 
during  manufacture, 
(ii)  The  term   "  Transverse  "   denotes  the   direction 
at    right    angles     to     that    described     in     (i) 
above, 
(iii)  The  term  "  Perpendicular  "  denotes  the  direction 
at  right  angles  to  the  thickness  of  the  material. 
Note. — When  the  material  is  built  up  of  superposed 
layers  having  the  "  grain  "  at  right  angles,  there  is  no 
definite  longitudinal  or  transverse  direction. 


(c)  Classification  of  Pressboard. 

Three  classes  of  Pressboard  are  recognized,  as 
follows  : — 

Class  A. — Hard,  non-porous,  untreated  pressboard, 
ha\'ing  a  density  exceeding  1-15  after  18  hours'  drying 
at  80°  C,  and  characterized  by  a  relatively  high  electric 
strength. 

Class  B. — Soft,  untreated  pressboard  ha\'ing  a  density 
less  than  1-1.5,  but  not  lower  than  0-90,  after  18  hours' 
drying  at  80°  C,  and  consequently  havdng  a  relatively 
lower  electric  strength  combined  with  greater  absorption 
than  Class  A  pressboard. 

Class  C. — Pressboard  impregnated  during  manufac- 
ture with  varnish,  oil,  wax,  and  the  hke,  or  otherwise 
treated  to  improve  its  electrical  properties. 

n.  TESTS. 
(1)  Conditioning  of  Specimens  for  Test. 
Before  the  tests  specified  in  Clauses  2,  3,  4,  5,  13,  14, 
and  15  are  carried  out,  the  specimen  shall  be  dried 
at  a  temperature  from  75°  C.  to  80°  C.  for  18  to  24  hours, 
and  the  test  shall  be  conducted  as  soon  as  the  tempera- 
ture of  the  specimen  has  fallen  to  20°  C.   (±5°  C). 

(2)  Tensile  Strength  and  Extension. 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  tests  for  tensile  strength  and 
extension  are  carried  out. 

The  form  and  dimensions  of  the  specimen  for  test 
shall  be  as  shown  in  Fig.  1.  The  thickness  of  the 
specimen  shall  be  the  thickness  of  the  material. 

The  specimen  shall  be  tested  to  ascertain  the  ultimate 
tensile  strength  and  extension  on  a  three-inch  gauge 
length. 

3%      PARALLEL 


H 


Fig.  1. — Specimen  for  Tensile  Strength  and  Extension  Tests. 

The  load  shall  be  increased  steadily  at  such  a  rate 
that  the  specimen  breaks  in  about  two  minutes  from 
the  time  of  the  appUcation  of  the  load. 

The  ultimate  tensile  strength  shall  be  expressed  in 
lb.  per  sq.  in.  (kg  per  cm^).  The  extension  shall  be 
expressed  as  a  percentage  on  the  original  gauge 
length. 

(3)  Compression  Strength. 

The  specimen  shall  be  conditioned  in  accordance 
wdth  Clause  1  before  the  compression  strength  test  is 
carried  out. 
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Fig." 2. — Apparatus  for  measuring  the  Tearing  Strength. 
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The  form  of  the  specimen  for  test  shall  be  either  a 
cylinder  1  inch  long  and  3  inches  diameter,  or  a  prism 
1  inch  long  and  3  inches  square,  the  specimen  being 
built  up  -with  sufficient  layers  of  the  material. 

The  compression  faces  of  the  testing  machine  shall 
be  2  inches  diameter. 

The  .specimen  shall  be  set  up  for  testing  so  that  its 
centre  line  is  co-axial  with  the  centres  of  the  compression 
faces  of  the  testing  machine. 

The  layers  of  the  material  shall  be  bedded  together 
by  the  application  of  an  initial  load  of  100  lb.  per 
sq.  in.,  and  the  first  measurement  of  the  length  of  the 
specimen  shall  be  taken  under  this  load,  which  shall 
be  included  in  the  load  registered  in  each  case. 

A  series  of  tests  shall  then  be  carried  out  by  the 
application  of  increasing  loads,  in  steps  of  1  500  lb. 
per  sq.  in.,  each  of  which  shall  be  maintained  for  one 
minute  ;  and  the  yield  of  the  specimen  shall  be  measured 
at  the  end  of  each  period.  The  tests  shall  be  continued 
until  the  specimen  has  yielded  25  per  cent  of  its  original 
length  when  measured  as  stated  above,  or  the  load 
has  reached  about  6  tons  per  sq.  in. 

(4)  She.\ring  or  Tearing  Strength. 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  test  for  shearing  or  tearing 
strength  is  carried  out. 

(a)  Shearing  Strength. 

Materials  above  1/32  inch  (0-8  mm)  thick  up  to 
and  including  -J-  inch  (3-2  mm)  thick  shall  be  tested 
to  ascertain  the  pressure  required  to  punch  a  hole 
J-  inch  diameter. 

The  load  shall  be  applied  steadily,  and  shall  be 
increased  at  a  rate  of  about  100  lb.  per  minute  for 
each   1/32  inch  thickness  of  the  specimen. 

The  clearance  between  the  punch  and  the  die  shall 
be  negligible,  as  obtained  by  trimming  the  punch  with 
the  die. 

The  pressure  required  to  punch  the  hole  shall  be 
expressed  in  lb.  per  sq.  in.   (kg  per  cm^). 

Materials  above  \  inch  (3-2  mm)  thick  shall  be 
tested  as  follows  : — 

A  specimen,  the  dimensions  of  which  shall  be  5  inches 
(127  mm)  long,  and  '2\  inches  (64  mm)  wide,  shall 
be  clamped  in  a  shear  testing  machine  so  that  both 
ends  of  the  specimen  are  sheared  off  simultaneously. 
The  pressure  required  to  produce  shear  shall  be  com- 
puted on  the  total  area  of  the  sections  sheared,  and 
shall  be  expressed  in  lb.  per  sq.  in.  (kg  per  cm^). 

(b)  Tearing  Strength. 

Materials  up  to  and  including  1/32  inch  (0-8  mm) 
thick  shall  be  tested  for  tearing  strength  as  follows  : — 

The  form  and  dimensions  of  the  specimen  for  test 
shall  be  6  inches  square. 

The  tearing  strength  shall  be  the  load  required  to 
tear  the  specimen  commencing  from  a  hole  3/32  inch 
(2-4  mm)  diameter  punched  out  of  the  specimen. 
The  position  of  the  hole  and  the  application  of  the 
load  shall  be  as  shown  in  Fig.  2. 

Three   longitudinal   and    three   transverse   tear   tests 


shall  be  carried  out  on  each  material  under  test.     The 
maximum,  niean  and  minimum  values  shall  be  stated. 
The   load    required    to    tear   the    specimen    shall    be 
expressed  in  lb.   (grammes). 

(5)  Cohesion  between  L.wers  (Splitting  Test). 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  test  for  cohesion  between 
layers  is  carried  out. 

Cohesion  between  layers  shall  be  tested  by  one  of 
the  following  methods  : — 

(a)  A  specimen  shall  be  cut  to  the  following  dimen- 
sions : — 

Width        =  1  inch. 

Thickness  =  Thickness  of  the  material. 

Length       =  Four  times  the  thickness  plus   |  inch. 

The  specimen  shall  be  supported  on  V  supports 
spaced  apart  at  a  distance  equal  to  four  times  the 
thickness  of  the  material  under  test.  A  load  shall 
be  applied  centrally  on  the  specimen  and  increased 
until  failure  occurs.  The  load  required  to  produce 
failure  and  the  nature  of  the  fracture  shall  be  stated. 

(b)  A  specimen  2  inches  square  shall  be  tested  to 
ascertain  whether  it  is  possible  to  split  the  material 
parallel  to  the  laminations,  when  a  split  has  been 
started  at  one  corner  by  the  insertion  of  a  knife. 

(6)  Flexibility  (Bending  Test). 

Flexibility  Tests  shall  be  carried  out  on  the  material 
as  follows  : — 

(a)    Cold  [before  Baking). 

Each  specimen  of  every  tliickness  up  to  and  including 
0-020  inch  shall  be  bent  longitudinally  and  trans- 
versely flat  on  itself,  and  the  effect  at  the  bend  shall 
be  stated. 

Each  specimen  of  every  thickness  above  0-020  inch 
shall  be  bent  longitudinall)'  and  transversely  through 
an  angle  of  90°,  and  the  effect  at  the  bend  shall  be 
stated.  The  diameter  of  the  pin  round  which  the 
specimen  is  bent  shall  be  in  accordance  with  the 
appropriate  value  given  in  Table   1  below  : — 

Table  1. 


Limits  of  Thickness  of  Specimen,  inch 


Above  0-020  up  to  and  including  1/32 
Above  1/32  up  to  and  including  1/16 
Above  1/16  up  to  and  including  J  . . 


Diameter  of 
Pin,  inch 


(6)  After  Baking. 

The  specimen  shall  be  heated  at  a  temperature  from 
105°  C.  to  110°  C.  for  48  hours,  and  shall  then  be  bent 
longitudinally  and  transversely  through  90°,  and  the 
effect  at  the  bend  shall  be  stated.  The  diameter  of 
the  pin  round  which  the  specimen  is  bent  shall  be  in 
accordance  with  the  appropriate  value  given  in  Table  2 
below. 
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Table  2. 


Limits  of  Thickness  of  Specimen,  inch 

Diameter  of  Pin, 
iQch 

Up  to  and  including  0-010  .  . 
Above  0-010  to  0-020 
Above  0-020  to  1/32 
Above  1/32  to  1/16    .  . 
Above  1/16  to  J 

i 

TTT 

i 
U 

2 

(c)     After  Heating  in  Oil. 

The  specimen  shall  be  heated  in  transformer  oil, 
comply-ing  with  British  Standard  Specification  No.  148 
for  light  grade  oil,  at  a  temperature  from  115"  C.  to 
120°  C.  for  48  hours,  and  shall  then  be  bent  longitudinally 
and  transversely  through  90°.  The  diameter  of  the 
pin  round  which  the  specimen  is  bent  shall  be  in 
accordance  with  the  appropriate  value  given  in  Table  3 
below.     The  effect  on  the  specimen  shall  be  stated. 

Table  3. 


Limits  of  Thickness  of  Specimen,  inch 

Diameter  of  Pin, 
inch 

Up  to  and  including  0-010  . . 
Above  0-010  to  0-020 
Above  0-020  to  1/32 
Above  1/32  to  1/16    .  . 
Above  1/16  to  i 

1 

li 

If 

2 

(ii)  Dry  Condition. — This  is  obtained  by  removing 
from  the  pressboard  as  much  as  possible  of  its 
free  natural  moisture  by  heating  it  at  a  tempera- 
ture between  75°  C.  and  80°  C.  for  18  to  24 
hours. 

(iii)  Damp  Condition. — This  is  obtained  by  exposing 
the  pressboard  to  an  atmosphere  of  100  per 
cent  relative  humidity  at  a  temperature 
between  15°  C.  and  25°  C.  for  18  to  24  hours. 

(iv)  Tropical  Condition  {for  nse  when  required). — 
This  is  obtained  by  exposing  the  pressboard 
to  an  atmosphere  of  100  per  cent  relative 
humidity  at  a  temperature  between  45°  C.  and 
50°  C.  for  18  to  24  hours. 

Note. — If  in   (ii)   or   (iii)  the  pressboard  is  removed 
frona    the    atmosphere    of    specified    humidity    before 


RESEARCH   TESTS. 
(7)  Electric  Strength. 

Note. — The  following  methods  for  the  determination 
of  the  electric  strength  are  recommended  when  the 
characteristics  of  the  pressboard  are  not  known,  and 
when  a  thorough  investigation  is  required  to  ascertain 
the  electric  strength  of  the  material  under  probable 
service  conditions. 

(a)  General. 

It  is  of  primary  importance  that  the  recognized  electric 
strength  be  that  of  the  material  when  hot  and  under 
long  continued  stress. 

It  is  desirable  to  test  pressboard  at  temperatures 
appreciably  above  its  intended  working  temperature. 

(6)   Conditioning  of  Pressboard  previous  to  Test. 

As  the  electric  strength  of  pressboard  is  largely 
influenced  by  the  moisture  content,  the  characteristic 
curves  referred  to  later  shall  be  obtained  for  as  many 
as  possible  of  the  following  conditions  : — - 

(i)  Normal  Condition. — This  is  obtained  by  per- 
mitting the  pressboard  to  absorb  its  normal 
quantity  of  moisture  by  exposing  it  to  an 
atmosphere  of  75  per  cent  relative  humidity 
at  a  temperature  between  15°  C.  and  25°  C. 
for  18  to  24  hours. 


Time  :mmi 

Fig.   3. — Time-voltage  Curves  at  Various  Temperatures. 

testing,  precautions  must  be  taken  to  prevent  appreci- 
able change  in  electric  strength  from  this  cause. 

When  testing  pressboard  at  the  temperatures  given 
in  paragraph  (/),  the  electrodes  should  be  raised  to  the 
high  temperature  before  the  material  is  removed  from 
the  atmosphere  of  specified  humidity. 

(c)   Tests  in  Air  or  Oil. 

The  electric  strength  tests  on  pressboard  shall  be 
carried  out  in  air  unless  the  material  is  intended  for 
use  in  oil-immersed  apparatus  when  tests  under  oil 
are  permissible.  In  the  case  of  pressboard  intended 
for  use  in  air  and  also  in  oil-immersed  apparatus  the 
effect  of  subjection  to  a  damp  atmosphere  (paragraph 
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(6)  (iii))  on  the  electric  strength  shall  be  ascertained  in 
air  and  in  oil. 

(d)  Method  of  Expressing  Electric  Strength. 

A  single  value  for  the  electric  strength  of  pressboard 
is  of  practically  no  use  unless  the  time  of  application 
of  the  voltage,  the  temperature,  and  the  thickness  of 
the  material  are  either  stated  or  clearly  indicated. 

Instantaneous  values  obtained  on  a  rapidly  apphed 
test  are  usually  very  high  and  misleading,  being  out 
of  all  proportion  to  the  electric  strength  obtained  by 
the  sustained  conditions  of  practice. 


Temperature 


Fig.  i. — Temperature-voltage  Curves  for  Various 
Thicknesses. 


The  electric  strength  shall  be  given  in  the  form  of  a 
series  of  curves,  in  which  the  actual  breakdown  voltage, 
R.M.S.  value,  is  plotted  against  time  and  temperature  ; 
as  shown  in  Figs.  3  and  4  respectively,  and  the  volts 
per  mil  against  thickness  as  shown  in  Fig.  5. 

(e)  Time-voltage  Curves. 

(i)  Electric  strength  tests  shall  be  carried  out  so  as 
to  obtain  time-voltage  curves  showing  the 
breakdown  voltage  over  the  time  range  from 
half  a  minute  to  the  time  required  for  the 
breakdown  voltage  to  become  approximately 
independent  of  the  time. 

Note. — When  the  specimen  is  tested  hot  the  time 
required  for  the  breakdown  to  become  approximately 
independent  of  the  time  of  application  of  the  voltage 
may  be  about  10  minutes.     When,  however,  the  tests 


are  carried  out  at  air  temperatures  (about  20°  C.)  the 
time  may  be  considerably  longer. 

(ii)   In  special  cases  transient  voltage  tests  may  be 
desirable. 

(/)   Temperature-voltage  Curves. 

Time-voltage  curves  shall  be  obtained  for  the  following 
temperatures  : — - 

20,   60,   90,  and   120°  C.   (see  Fig.  3). 

For  a  selected  number  of  time  values  on  the  time- 
voltage  curves  a  temperature-voltage  curve  shall  be 
drawn  similar  to  Fig.  4. 


i 


Thick/\/ess 


Fig.   5. — Curves  showing  the  relationship  between  Electric 
Strength  and  Thickness. 


(g)   Thickness-voltage  Curves. 

(i)  When  the  pressboard  is  supplied  in  more  than 
one  thickness  sufficient  temperature-voltage 
curves  (Fig.  4)  shall  be  obtained  to  enable 
the  thickness-voltage  curve  to  be  plotted 
for  definite  time  and  temperature  conditions 
(see  Fig.  5). 

(ii)  One  of  the  thickness-voltage  curves  shall  be 
plotted  from  the  one-minute  values  and  another 
from  the  values  at  which  the  breakdown  voltage 
is  approximately  independent  of  the  time  (x) 
during  which  the  voltage  is  applied  (Fig.  5). 

Note. — For  both  the  above  curves  the  recognized 
standard  temperature  is  90°  C.  for  B.E.S.A.  Class  A 
insulation. 

In  plotting  the  thickness-voltage  curves,  the  values 
on  the  vertical  axis  should  be  expressed  in  volts  per 
mil,  and  not  in  terms  of  breakdown  voltages. 
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(h)  Calculation  of  Electric  Strength. 

(i)  Curves. — For  drawing  the  time-voltage  curves 
sufficient  tests  shall  be  made  to  enable  fair 
curves  to  be  drawn  over  the  time  range  under 
investigation. 

In  order  that  some  indication  may  be  given  of  the 
uniformity  of  the  material,  all  the  experimental  values 
shall  be  shown,  and  when  considerable  variation  is 
found,  this  fact  shall  be  specially  mentioned. 

Note. — As  the  temperature-voltage  curves  are  taken 
from  the  mean  curves  drawn  through  the  values  obtained 
on  the  time-voltage  tests,  the  experimental  points  can- 


Not  to  scale 

Fig.  6. — Electrodes  for  Electric  Strength  Test. 

not  be  indicated  on  these  or  on  the  thickness-voltage 
curve. 

(ii)  Measurement  of  Thickness. — The  thickness  of  the 
pressboard  shall  be  determined,  as  specified 
in  Clause  14,  by  means  of  a  suitable  micro- 
meter. 

(j)  Test  Equipment. 

(i)  Output  of  Testing  Set. — The  output  of  the  testing 
set  shall  be  sufficient  to  maintain  on  the  sample 
under  test  the  necessary  voltage  for  the  maxi- 
mum period  required, 
(ii)  Frequency,  Wave  Shape,  etc. — The  frequency  of  the 
supply  voltage  shall  be  approximately  50  cycles, 
and  if  different  its  value  shall  be  stated.  The 
wave  shape  shall  be  as  near  sinusoidal  as 
possible,  and  the  conditions  of  the  test  such 
as  to  prevent  any  high-frequency  oscilla- 
tions. 

Note. — In  carrying  out  electric  strength  tests  the 
voltage  should  be  increased  smoothly,  preferably  by 
means  of  a  suitable  resistance  in  series  with  the  field  of 
the  alternator.  When  the  voltage  is  varied  by  means 
of  a  resistance  in  series  with  the  primary  of  the  testing 
transformer  the  wave  shape  is  liable  to  be  distorted. 
If  the  wave  shape  is  not  known  to  be  satisfactory,  it 
should  be  checked  whilst  a  sample  is  under  test,  and 


near  the  point  of   breakdown,   by   means   of   either  a 
spark  gap  or  a  crest  voltmeter. 

(A)  Electrodes. 

The  bottom  electrode  shall  consist  of  a  flat  disc  of 
brass  3  inches  diameter  by  |  inch  thick. 

The  top  electrode  shall  consist  of  a  solid  cylinder  of 
brass   H  inches  diameter  by  Ii  inches  long. 

The  sharp  edges  shall  be  removed  from  the  electrodes, 
but  the  radius  at  the  edge  shall  not  exceed  1/32  inch 
(see  Fig.  6). 

Note.— If  the  surface  of  the  pressboard  is  irregular, 
or  any  difficulty  is  experienced  in  obtaining  good 
contact,  tinfoil  should  be  interposed  between  the 
electrodes  and  the  dielectric. 


ABRIDGED    TESTS. 

NoTE.^The  following  methods  for  the  determination 
of  the  electric  strength  of  pressboard  are  recommended 
when  it  is  not  required  to  ascertain  the  characteristics 
of  the  material  under  all  of  the  conditions  provided 
for  above. 

{I)  Conditioning. 

(i)  Prior  to  test  the  materials  shall  be  exposed  to 
the  "  Normal  "  atmosphere  as  described  in 
paragraph  (6)  (i). 
(ii)  If  it  is  claimed  that  the  pressboard  has  special 
non-absorptive  properties,  it  shall  also  be 
tested  after  exposure  to  either  "  Damp  "  or 
"  Tropical  "  conditions,  as  described  in  para- 
graph (6)   (iii)  and  (iv). 

{m)  Method  of  Expressing  Electric  Strength. 

The  recognized  method  of  expressing  the  electric 
strength  of  pressboard  subjected  to  these  abridged  tests 
shall  be  the  voltage  required  to  produce  breakdown  in 
one  minute  when  the  material  is  at  a  temperature  of 
90°  C.  For  ease  of  comparison  the  volts  per  mil,  followed 
by  a  statement  of  the  thickness  to  which  it  refers,  shall 
also  be  given. 

Note. — In  the  past  it  has  usually  been  the  practice 
to  take  the  electric  strength  of  an  insulating  material 
at  air  temperature,  and  by  a  rapid  application  of  the 
voltage.  Until  the  recognized  standard  of  one  minute 
at  90°  C.  has  come  into  general  use,  it  may  occasionally 
be  desirable  for  comparative  purposes  to  determine 
also  the  electric  strength  when  the  voltage  is  rapidly 
applied  at  air  temperature. 

(n)   Time-voltage  Curves. 

In  order  that  the  voltage  required  to  produce  break- 
down in  one  minute  may  be  accurately  determined,  the 
following  procedure  shall  be  adopted  : — 

A  test  shall  be  carried  out  by  increasing  the  voltage 
as  fast  as  is  consistent  with  obtaining  satisfactory 
readings  of  the  measuring  instrument.  The  pressboard 
shall  then  be  subjected  to  two-thirds  of  the  breakdown 
voltage  obtained  on  a  rapidly  applied  test,  and  the 
time  required  to  produce  breakdown  noted. 
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From  the  results  of  this  test  an  approximate  value 
can  be  obtained  of  the  voltage  that  will  produce  break- 
down in  about  one  minute  ;  and  this  estimated  voltage 
shall  then  be  applied  and  the  time  required  to  produce 
breakdown  noted.  From  this  latter  result  a  still  closer 
approximation  can  be  made.  In  addition  to  the  rapidly 
applied  test,  at  least  five  punctures  shall  be  obtained 
on  each  sample  and  the  values  plotted  on  a  time-voltage 
curve,  similar  to  Fig.  3,  but  for  the  time  range  round 
one  minute  only.  From  the  curve  the  voltage  required 
to  produce  breakdown  in  one  minute  can  be  determined. 

(<j)  Other  Factors. 

In  conducting  the  abridged  tests  for  electric  strength, 
the  conditions  specified  for  the  other  factors  entering 
into  electric  strength  tests  are  the  same  as  for  the 
research  tests  dealt  with  above. 

(8)  Shrink.\ge  and  Swelling. 

A  specimen  6  inches  square  shall  be  cut  from  the 
material  as  received,  and  the  length,  width,  and 
thickness  measured. 

The  length  and  width  respectively  of  the  specimen 
shall  be  the  mean  of  ten  measurements  taken  at  points 
equally  spaced  along  each  of  two  edges  at  right  angles. 

The  thickness  of  the  specimen  shall  be  the  mean  of 
ten  measurements  of  thickness  taken  at  points  equally 
spaced  around  the  edges.  The  measurements  shall  be 
made  by  means  of  a  micrometer  or  othersuitable  method. 

Shrinkage  shall  be  determined  by  the  following 
methods  : — 

(a)  The  specimen  shall  be  dried  for  48  hours  by  heating 
unifornily  in  an  oven  at  a  temperature  from  105°  C. 
to  110°  C,  and  the  length,  width,  and  thickness  shall 
then  be  measured  as  above. 

Comparison  shall  be  made  between  the  mean  values 
of  the  dimensions  before  and  after  the  heat  treatment, 
and  the  percentage  difference  computed  on  the  original 
mean  values  respectively  shall  be  stated,  the  original 
mean  values  being  given. 

(b)  The  diameters  of  a  ring  approximately  4  inches 
internal  diameter  and  6  inches  external  diameter  shall 
be  measured  longitudinally  and  transversely.  The  ring 
shall  be  immersed  in  transformer  oil,  complying  with 
British  Standard  Specification  No.  148  for  light  grade 
oil,  at  a  temperature  from  105°  C.  to  110°  C.  for  120 
hours.  The  diameters  shall  then  be  re-measured  as 
before  at  atmospheric  temperature.  Comparison  shall  be 
made  between  the  values  of  the  diameters  before  and 
after  the  immersion  in  oil,  and  the  percentage 
difference  computed  on  the  original  values  shall  be 
stated. 

The  thickness  of  the  ring  shall  be  measured  at  ten 
equidistant  points  around  the  circumference  before  and 
after  the  immersion  in  oil.  Comparison  shall  be  made 
between  the  mean  thicknesses  before  and  after  the 
immersion  in  oil,  and  the  percentage  difference  computed 
on  the  original  mean  thickness  shall  be  stated,  the 
original  mean  thickness  being  given. 

Swelling  shall  be  determined  by  the  following 
method  : — 


The  square  specimen  used  in  the  shrinkage  test  shall 
be  exposed  to  a  jet  of  steam  at  a  temperature  from 
105°  C.  to  110°  C.  for  6  hours  and  the  thickness 
re-measured  as  before. 

Comparison  shall  be  made  between  the  mean  thick- 
nesses before  and  after  the  exposure  to  steam,  and  the 
percentage  difference  computed  on  the  mean  thickness 
after  drying  shall  be  stated. 

(9)  Freedom  from  Chemical  Reaction. 

The  material  shall  be  tested  for  freedom  from  acids 
and  alkalis  in  the  following  manner  : — 

Cut  up  30  to  40  grammes  of  the  dried  material  into 
small  pieces,  care  being  taken  to  separate  the  various 
layers  thoroughly.  Weigh  off  duphcate  samples  of 
10  grammes  each,  introduce  each  into  a  250  cm^  flask 
and  add  200  cm^  of  distilled  water.  Boil  gently  for 
about  one  hour,  allow  the  solution  to  cool,  and  then 
filter  at  the  pump.  Wash  each  sample  of  pulp  twice 
with  75  cm3  of  warm  distilled  water,  then  titrate  the 
filtrates,  using  methyl  orange  as  indicator,  employing 
one  sample  for  the  acidity  test  and  the  other  for  the 
alkalinity  test. 

The  solution  shall  show  no  sign  of  acidity. 

If  the  indicator  shows  the  solution  to  be  alkaline, 
titrate  (neutralize)  it  with  a  standard  centi-normal 
solution  of  hydrochloric  acid  : — 

The  pulp  shall  be  again  similarly  treated  repeatedly 
until  the  filtrate  requires  only  2  or  3  cm^  of — • 


_N_, 
100 


HCl 


to  neutralize  it.     A  "  Blank  Test  "  of  the  water  shall 

be  made  in  a  similar  manner  and  allowed  for  if  necessarj'. 

The   number  of   cm*   of    the  standard   centi-normal 

solution   of   hydrochloric    acid    (tatjHCIJ    required    to 

neutraUze  10  grammes  of  the  material  shall  be  stated. 

Note  I. — The  presence  of  glue  or  albuminous  matter 
may  vitiate  the  result  to  some  extent. 

Note  II. — The  test  specified  above  indicates  mineral 
acids  only.  If  the  total  acidity  of  the  material  is 
required,  including  organic  acids  which  may  be  present, 
the  method  outlined  above  should  be  slightly  modified 
by  boiling  the  material  in  methylated  spirt  instead  of 
in  distilled  water,  and  by  titrating  with  phenolphthalein 
in  place  of  methyl  orange. 


(10)  Freedom  from  Conducting  Particles  and 
Pinholes. 

These    tests    shall    be    carried    out    by    one    of    the 
following  methods  : — 

(a)   Thick  Materials. 

In  the   case  of  materials  thicker  than    1/16  inch,  a 
specimen    6  inches  X  4   inches   shall   be   photographed 
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by    X-rays.     The    number    of    metallic    particles    and 
pinholes  per  square  foot  shall  be  stated. 

(6)   Thin  Materials* 

In  the  case  of  materials  up  to  and  including  1/16  inch 
thick  specimens  not  less  than  12  inches  square  shall  be 
tested  by  the  following  methods  : — 

(i)  The  specimen  shall  be  saturated  with  a  dilute 
solution  of  hydrochloric  acid,  specific   gravity 
approximately   1-1,   and  then  immersed  in  a 
potassium  ferricyanide  solution  to    precipitate 
the    iron    present.     Each    iron    particle    will 
produce  a  blue  spot  on  the  paper. 

The  number  of  deeply  stained  particles  per 
square  foot  of  the  specimen  shall  be  stated, 
(ii)  A  1  per  cent  solution  of  silver  nitrate  shall   be 
applied  to  the  surface  of  the  specimen.     Each 
metalhc  particle  will  produce  a  black  spot  on 
the  specimen. 

The  number  of  black  spots  per  square  foot 
of  the  specimen  shall  be  stated, 
(iii)  The  specimen  shall  be  dipped  into  a  1  per  cent 
solution  (by  volume)  of  acetic  acid,  and  then 
allowed   to   air-dry  for  one   hour   while    lying 
flat  on  a  cloth. 

When    dry   the    specimen   shall    be    dipped 

shall  be  in  accordance  with  the  appropriate  value  given 
in  Table  4  below.     The    effect    on   the  specimen  shall 
be  stated, 

(13)  Water  Absorption. 

The    specimen    shall    be    conditioned    in    accordance 
with  Clause    1  before  the  test  for  water  absorption   is 
carried  out. 

A  specimen  3  inches  square  shall  be  weighed.     The 
specimen   shall   then   be   immersed   in   water   at   room 
temperature.     After   24   hours'   immersion   it   shall   be 
taken  from  the  water  and,  after  removing  the  surface 
moisture  by  wiping,  weighed  again. 

The  specimen  shall  then  be  replaced  in  the  water, 
and  after  six  days'  immersion  re-weighed  with  the  same 
precautions  as  before.     The  weight  shall  be  taken  to 
Ae  nearest  milligramme  in  each  case. 

The  percentage  absorption  of  water  in  each  case  shall 
be  computed  on  the  original  weight  of  the  specimen. 

(14)  Determination  of  Thickness. 

The    specimen    shall    be    conditioned    in    accordance 
with  Clause   1  before  the  thickness  is  measured. 

Table  4. 

again  in  a  solution  containing  0-1  cm^   acetic 
acid  and  0  ■  1  gm  of  potassium  ferricyanide  in 
100  cm^  distilled  water. 

Each  metallic  iron   particle  will  produce  a 
blue  spot  on  the  specimen,  and  each  copper, 
brass,  or  gunmetal  particle  a  red  spot. 

The  number  of  blue  and  red  spots  respec- 
tively per  square  foot  of  the  specimen  shall  be 
stated. 

Limits  of  Thickness  of  Specimen,  inch 

Diameter  of  Pin, 
inch 

Up  to  and  including  0-010  .  . 
Above  0-010  to  0-020 
Above  0-020  to  1/32 
Above  1/32  to  1/16    .  . 
Above  1/16  to  I 

1 

n 
ii 

2 

Note. — The   potassium   ferricyanide   solution   should 
be    tested    before    use    with    some    precipitated    ferric 
hydroxide  dissolved  in  strong  nitric  acid,  and  diluted 
with  water.     The  potassium  ferricyanide  solution  should 
give  no  blue  precipitate  or  coloration. 

(11)  Freedom  from   Superficial  Defects. 

The  surface  of  the  material  shall  be  examined  and 
its   condition   with   regard   to   smoothness,    uniformity, 
freedom  from  cracks,  flaws,  and  other  superficial  defects 
shall  be  stated. 

(12)   Effect  of  Oil. 

A  specimen  shall    be    immersed    in   transformer   oil 
complying  with  British  Standard  Specification  No.   148 
for  light   grade   oil  for  seven   days   continuously   at   a 
temperature  from  100°  C.  to  105°  C,  and  shall  then  be 
bent  longitudinally  and  transversely  through  90°.     The 
diameter  of  the  pin  round  which  the  specimen  is  bent 

•  The  hydrochloric  acid  in  test  (i)  has  a  tendency  to  act  upon 
the  iron  oxides  present,  thus  producing  considerable  discoloration 
of  the  specimen.     Test  (i)  does  not  readily  disclose  the  presence  of 
copper  and  brass  particles. 

Test  (ii)  detects  iron,  copper,  and  brass  particles,  but  it  is  not 
sufficiently  penetrating  especially  when  testing  a   dark   specimen, 
and  metallic  particles  well  inside  the  sample  may  not  be  disclosed. 
Also,  after  a  short  time  the  discoloration  extends   throughout  the 
specimen,  thus  causing  difficulty  in  detecting  the  metallic  particles. 

Measurements  of  thickness  shall  be  made  by  means 
of  a  suitable  micrometer  at  ten  points  equally  spaced 
around  the  sides  of  the  sheet.     The  maximum,  minimum, 
and  mean  values  of  thickness  shall  be  stated. 

(15)  Determination  of  Density. 

The  specimen  shall  be  conditioned  in  accordance  with 
Clause   1  before  the  density  is  determined. 

The  density  expressed  in  terms  of  weight  in  grammes 
per  cm3  shall  be  ascertained    by  weighing  a  specimen 
3  inches  diameter,  or  3  inches  square.     The  usual  pre- 
cautions shall  be  observed  in  Aveighing  the  specimen,  and 
the  weight  shall  be  taken  to  the  nearest  milligramme. 

The  area  of  the  specimen  shall  be  computed,  in  the 
case  of  the  disc,  from  the  mean  of  ten  measurements 
of  the  diameter  at  equidistant  points  around  half  the 
circumference,  and  in  the  case  of  the  sheet  from  the 
mean  of  ten  measurements  of  the  length  and  the  width 
respectively   at    points   equally   spaced    along   each    of 
two    edges    at    right    angles.     The    thickness    shall    be 
determined  by  making  ten  measurements  with  a  suit- 
able micrometer  equally  spaced  around  the  circumference 
in  the  case  of  the  disc,  and  around  the  sides  in  the 
case  of  the  sheet,  and  the  mean  value  shall  be  taken 
in  computing  the  volume  of  the  specimen. 
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m.  APPENDIX. 

Method  of  Ascertaining  the  Electric  Strength 
OF  Pressboard  when  Subjected  to  Long 
Application  of  A.C.  Stress. 

When  in  ser\dce  in  electrical  machinery-  and  apparatus, 
the  pressboard  has  to  withstand  voltage  stresses  for 
long  periods  of  time.  As  the  pressboard  is  usually 
in  contact  with  metal  parts,  which,  on  account  of  the 
energy  losses  in  the  copper  and  the  iron,  are  at  a  higher 
temperature  than  the  insulation,  the  conditions  are 
such  that  any  heat  generated  in  the  pressboard  itself 
cannot  be  readily  dissipated. 

To  investigate  the  internal  heating  produced  in 
pressboard  when  under  A.C.  stress,  and  to  ascertain 
the  highest  A.C.  stress  which  the  material  can  endure 


Microammeter. — For  measurement  of  leakage  current. 
Robert  W.  Paul,  London,  N.K.   1  035. 
Resistance  :    about  900  ohms  at  20°  C. 
Range  :      0-24     microamps,     by     0-2     (120    scale 
divisions) . 

Note. — If  the  A.C.  component  is  large  an  instrument 
of  low  resistance  may  be  desirable. 

Thermocouple. — Eureka — copper. 

6 J  inches  each  of  0-008  inch  covered  wire  and 
hard  soldered  to  form  couple.  At  the  other  end  the 
copper  is  soldered  to  3  feet  8  inches  of  0-027  inch 
covered  copper  wire,  and  the  eureka  to  3  feet  8  inches 
of  0-018  inch  covered  eureka  wire. 

From  here  copper  flexible  leads  are  connected 
to  the  instrument. 


VARIABLE' 

A.C 

SUPPLY 


HIGH 
RESISTANCE 


-@- 


NA/EICHT  6-2  lb. 


SWITC: 
EARTH  ^ 


t® 


^ 


52  VOLT 

Battery 


SPECIMEN 
]-* 5X4>i" 


EUREKA 


THERMOMETER 


COLD    JUNCTION 


XSSco'WSNS 


COPPER 


i=@ 


(a)=  1^2    COARSE    FELT 


THERMO     JUNCTION 


4H    X    4/+ 

Fig.  7. — Connections  for  ascertaining  the  Electric  Strength  of  Pressboard  when  subjected  to  Long  Application  of 

A.C.  Stress. 


without  loss  of  insulating  property  as  the  result  of 
excessive  internal  heating,  the  following  test  is  recom- 
mended : — 

(a)  Apparatus  Suggested. 

In  Fig.  7  is  shown  a  diagram  of  the  connections  of 
the  necessary  apparatus.  Particulars  of  a  set  of  instru- 
ments that  have  been  used  for  this  test  are  given 
below  : — 

A.C.  Voltmeter. — Electrostatic,  reading  to  about   120 

volts,   capable  of  being  connected   across   various 

sections  of  a  suitable  potential  dividing  resistance 

connected  across  the  transformer  secondary. 

Note. — -Any  other   type   of   high-voltage   measuring 

equipment  may  be  used. 

D.C.   Voltmeter. — Reading   up   to    150  volts   in   scale 
divisions  of  1  volt. 


A  thermometer  is  bound  to  the  cold  junction 
with  tape. 

Resistance  =  4-734  ohms  at  20°  C. 

A  eureka  series  resistance  can  be  inserted  to 
increase  the  range,  but  this  is  not  required,  except 
for  readings  in  the  unstable  range. 

Resistance  of  couple  and  series  resistance  =  8-65 
ohms  at  20°  C. 

Thermocouple  Instrument. — Microammeter  by  Robert 
W.  Paul.  London,  N.I.   1  135. 

Resistance  =  5-1  ohms  at  20°  C. 

Range,  0-300  microamps  by  5  (60  scale  divisions). 

Temperature  range  : 

Without  series  resistance  :    0    to  about  65°  C. 


rise. 

With  series  resistance  : 


0  to  about  90°  C.  rise . 
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A  ir  Temperature. — By  thermometer  3  inches  from  edge 
of  specimen,  with  bulb  on  the  same  level. 

Felt  Pads. — Coarse  green  felt,  4£  inches  X  4 J  inches 
X  i  inch. 

Tinfoil. — 4  inches  X  3|  inches  x  0-0015  inch  thick. 

(6)  Arrangement  of  Test. 

The  material  is  cut  into  rectangles,  each  5  inches  x  4j 
inches,  and  exposed  to  "  Normal  "  *  condition  (Clause 
7  (b)  (i)  ).  After  conditioning,  sufficient  of  these  to 
form  a  pad  approximately  30  mils  thick  are  carefully 
laid  and  pressed  together  so  as  to  exclude  entrapped 


microammeter  by  which  unidirectional  leakage  current 
is  measured. 

(c)  Method  of  Test. 

An  A.C.  stress  of  definite  moderate  gradient  (volts 
per  mil  thickness)  is  applied  and  maintained  until 
temperature  and  leakage  current  attain  steady  values. 
The  gradient  is  then  increased,  and  again  held  until 
results  are  steady.  This  procedure  is  repeated  until  a 
gradient  is  reached  at  which  temperature  and  leakage 
current  wiU  not  settle  down  to  steady  values,  but 
rapidly  increase  to  a  destructive  condition.  At  this 
stage,  unless  interrupted,  charring  and  complete  break- 


30 
28 
26 
24 
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NOTE.  a,b,c,d,QAf  represent  the 
A.C.  voltage  stresses  applied  for  the  time 
interval  between  their  respective  arroy/  heads 

A.C,  VOLTS     PER    MIL 


fernperature    Rise 


Fig.  8. — Method  oi  expressing  the  Results  of  the  Test  shown  in  Kg.  7. 


air.  On  each  side  of  the  pad  a  tinfoil  4  inches  x  3J 
inches  is  pressed  into  contact.  The  specimen  with  its 
tinfoils  is  placed  between  two  4j  inch  X  4j  inch 
pads  of  \  inch  coarse  felt,  and  mounted  for  test  as 
sho\vn  in  Fig.  7.  A  thermocouple  in  contact  with  the 
centre  of  the  lower  tinfoil  measures  the  temperature 
attained.  In  series  with  the  source  of  high-voltage 
A.C.  are  a   D.C.   battery  of    (usually)   52  volts    and   a 

*  If  it  is  claimed  that  the  pressboard  has  any  special  non- 
absorptive  properties,  tests  should  also  be  made  on  specimens  that 
have  been  exposed  to  "  Damp  "  or  "Tropical"  conditions  re- 
spectively (clause  7  (6)  (iii)  and  (iv) ). 


down  rapidly  follow.  The  microammeter  should  be 
short-circuited,  or  the  voltage  switched  off  before  break- 
down of  the  specimen  takes  place. 

(d)  Method  of  Expressing  Results  Obtained. 
The  values  obtained  should  be  shown  graphically  as 
illustrated    in    Fig.    8.     The    following   should    also    be 
recorded  : — 

(i)  Maximum  voltage  and  electric  stress  in  volts  per 
mil,    at    which    the    material    is    in    a    stable 
condition, 
(ii)  Maximum  temperature-rise  obtained  in  (i). 
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DISCUSSION    ON 

"THE    INTERCONNECTION   OF   ALTERNATING-CURRENT    POWER    STATIONS."* 

Western  Centre,  at  Cardiff,  6  November,   1922. 


Major  E.  I.  David  :  This  paper  is  particularly 
interesting  to  the  engineers  of  this  district,  where  a 
number  of  interlinking  schemes  between  power  stations 
are  under  consideration.  After  seeing  the  large-scale 
maps  of  the  enormous  distribution  schemes  in  America, 
one  feels  how  trivial  are  local  schemes  in  proportion 
to  these,  but  the  actual  problems  to  be  solved  are 
very  similar,  and  the  paper  is  most  helpful  for  that 
reason.  I  think  that  the  line  between  Britannia  and 
Aberaman  was  the  first  extra-high-tension  line  between 
two  fair-size  power  supply  systems  in  this  country. 
At  present  operating  at  20  000  volts,  it  is  designed  for 
33  000  volts,  and  will  shortly  be  changed  over  to  that 


Under  the  latter  conditions  the  pressure  at  the  receiving 
end  was  10  650  volts,  the  transformer  secondary  ratio 
at  this  end  being  normally  20  000/10  000,  and 
3  000/20  000  at  the  step-up  end.  The  astonishing  fact 
is  that  a  magnetizing  current  as  high  as  395  amperes 
was  required  for  the  line  under  maximum  boost 
conditions.  As  the  energy  losses  were  ver\'  small, 
the  power  factor  meter  of  the  line  was  practically  at 
zero  throughout  the  whole  of  the  test.  The  station 
load  was  approximately  '1  000  kW  and  the  station 
power  factor  varied  in  the  manner  shown  in  the  figure. 
The  only  possible  explanation  which  1  can  give  for  this 
enormous    magnetizing    current    is    saturation    of    the 
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3250  3300  3  350 

Pressure,    including  booster  volts 
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Positive  boost 


Fig.  J. — Open-circuit  currents,  power  factors  and  voltages  on  a  10-mile,  20  000-volt,  three-phase,  .50-period  trans- 
mission line.  Two  3  300-kVA,  3  000/2  000-volt  step-up  transformers  ;  two  3  300-kVA,  20000/10  000-volt  step- 
down  transformers  ;    three  single-phase  boosters  giving  J;   6  per  cent  boost. 


voltage.  It  connects  two  s\-stems,  one  having  six 
power  stations  and  the  other  two,  these  being  inter- 
linked by  their  own  systems.  Power  factor  control 
is  effected  by  means  of  a  booster  available  at  one  end. 
In  connection  with  this  line  an  interesting  series  of 
figures  were  taken,  and  these  are  shown  in  Fig.  J. 
The  line  was  run  with  the  receiving  end  open-circuited, 
but  both  step-up  and  step-down  transformers,  and  also 
the  booster,  were  in  circuit.  The  pressure  at  the 
receiving  end  was  varied  by  altering  the  boost  from 
minus  105  volts  through  zero  to  plus  185  volts,  the 
voltage  at  the  generating  end  varying  from  3  145  volts 
to  3  435  volts  due  to  this  variation  of  boost,  and  the 
busbar  voltage  being  maintained  constant  at  3  250  volts. 

*  Paper  by  Messrs.  L.  Romero  and  J.  B.  Palmer  (see  vol.  60, 
pages  287  and  803). 


iron  in  the  transformers,  as  the  latter  were  running 
at  approximately  15  per  cent  above  their  rated 
voltage.  Perhaps  the  authors  can  give  some  additional 
information.  The  one  fact  clearly  illustrated  by  the 
paper  is  that,  provided  a  station  has  any  means  of 
fixing  its  busbar  voltage,  the  power  factor  of  the 
supply  which  it  takes,  either  from  an  interconnecting 
line  or  from  an  ordinary  supply  company's  main,  is 
entirely  independent  of  the  power  factor  of  its  own 
load,  and  as  the  general  policy  of  station  engineers  is 
to  carry  as  little  wattless  current  as  possible,  the  result 
will  be  to  maintain  such  a  busbar  voltage  that  the 
generating  station  power  factor  will  be  as  near  unity 
as  possible,  and  the  supply  company  w-ill  have  to  deal 
wdth  this.  Unless,  therefore,  the  busbar  voltage  of 
all  interconnected  stations  is  under  the  control  of  the 
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main  load  despatcher,  it  will  be  seen  that,  even  where 
stations  belong  to  the  same  company,  trouble  must 
ensue,  and  where  stations  belong  to  companies  having 
only  interchange  of  current  arrangements  the  difficulties 
will  be  extremely  great.  Table  1  shows  that  under 
certain  conditions  the  receiving  station  has  to  produce 
kilovolt-amperes  corresponding  to  the  kilowatts  of  its 
energy  load  at  a  power  factor  of  0-29,  which  would 
entail  either  abnormal  generators  or  synchronous 
condensers.  The  authors  appear  to  favour  running 
this  particular  interconnecting  line  at  the  normal 
power  factor  of  the  load,  with  boosters  to  correct  the 
busbar  voltage.  In  all  other  cases,  synchronous  con- 
densers would  be  necessary  at  the  receiving  end,  as 
it  is  hardly  likely  that  station  B  could  deal  with 
the  enormous  kVA  loads  at  low  power  factors.  One 
point  which  has  not  been  considered  is  the  question 
of  providing  the  wattless  kVA  by  large  synchronous 
motors  driving  plant  on  the  load  side  of  station  B. 
Under  these  conditions  the  charges  for  wattless  energy 
should  not  be  as  great  as  those  shown  in  Table  2,  and 
transmission  of  power  at  unity  power  factor  might  be 
shown  in  a  more  favourable  light.  There  appears  to 
be  a  considerable  discrepancy  between  the  formula 
produced  in  Stone's  paper  *  and  the  authors'  formula 
for  synchronizing  power.  Stone's  formula  gives  the 
synchronizing  power  in  kW  for  each  degree  deflection 
from  the  normal  phase  angle.  The  essential  factors 
of  the  two  formukc  are  the  same,  i.e.  EiE.tXJZ^,  but 
the  remaining  factor  is  entirely  different  in  the  two 
cases.  Possibly  the  authors  could  give  a  mathematical 
reason  for  the  difference.  At  the  same  time  the  actual 
value  of  this  factor  is  of  small  importance  until  a  value 
is  decided  upon  for  the  synchronizing  power  necessary 
for  two  power  stations.  Stone  gives  values  varying 
from  1  to  1'5  times  the  capacity  of  the  smaller  plant 
to  be  paralleled.  By  a  slight  variation  of  this  factor 
it  appears  that  the  two  formulae  might  be  brought 
into  agreement.  The  factor  has,  of  course,  to  be 
varied  to  suit  the  different  kinds  of  prime  movers, 
as  the  synchronizing  capacity  necessary  with  a  gas 
engine  which  occasionally  misses  an  explosion  must 
be  very  different  from  that  in  the  case  of  a  turbine 
with  its  uniform  turning  moment  and  sensitive  governing 
gear.  In  our  case  we  have  a  gas-engine  station  inter- 
connected with  several  other  stations  and  we  find  no 
difficulty  in  running  in  parallel,  but  we  do  find  that 
there  is  a  great  tendency  for  the  gas  engine  to  be  the 
first  to  trip  out  on  a  surge  caused  by  a  tault  in  any 
part  of  the  system.  At  all  times  the  synchronizing 
currents  passing  in  this  interconnecting  link  are  large 
and  have  a  definite  periodicity  which  corresponds  to 
the  speed  of  the  gas  engines,  and  during  periods  of 
light  load  in  the  interconnecting  link  actual  reversals 
of  power  take  place  during  each  revolution.  Should 
the  synchronizing  power  of  a  line  at  any  time  be  found 
unequal  to  the  task  of  keeping  two  stations  in  parallel, 
a  simple  remedy  is  to  increase  the  pressure  of  the  line, 
as  the  synchronizing  power  increases  practically  as  the 
square  of  the  line  voltage. 

Mr.  I.  Jones  :  Dealing  with  a  few  points  which  are 
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met  with  on  interconnected  systems  I  might  mention  that 
on  the  system  with  which  I  am  associated  there  are  high- 
pressure  and  mixed-pressure  turbo-generators,  together 
with  reciprocating  low-speed  gas-engine  generating 
sets  all  working  in  parallel,  and  no  practical  difficulties 
are  experienced  in  the  satisfactory  load  adjustments 
of  the  different  stations.  Efficient  telephonic  com- 
munication is  maintained  between  them,  so  that 
transfer  of  loads  or  other  changes  of  running  conditions 
can  be  satisfactorily  arranged.  In  dealing  wnth  the 
parallel  operation  ot  the  system  the  question  of  load 
adjustment  depends,  as  the  authors  have  pointed  out, 
on  the  governing  characteristics  of  the  prime  movers, 
but  the  question  of  pressure  adjustment  between  the 
systems  interconnected  is  quite  a  different  problem, 
especially  where  the  interchange  of  power  naay  be  in 
either  direction  and  where  there  are  large  fluctuations 
in  the  load.  The  voltage  adjustment  on  this  system 
is  obtained  as  stated  in  condition  (3)  on  page  288 
(vol.  60),  but  there  are  occasions  when  one  or  other 
of  the  stations  has  to  deal  momentarily  with  a  fair 
amount  of  extra  wattless  current,  due  to  varying  load 
conditions  at  the  consuming  centres.  My  experience 
with  automatic  voltage  regulators  working  with  inter- 
connected stations  has  not  been  very  satisfactory, 
under  conditions  such  as  those  mentioned  above, 
especially  in  cases  where  they  had  to  work  as  ordinary 
voltage  regulators,  but  we  obtained  far  better  opera- 
tion after  they  had  been  fitted  with  a  compensating 
coil,  being  thus  rendered  practically  power-factor 
regulators  for  the  generators  to  which  they  were 
connected.  I  should  like  to  hear  the  authors'  experience 
with  automatic  voltage  regulators  on  such  systems. 
With  reference  to  synchronizing  power,  I  should  like  to 
know  if  the  authors  consider  it  necessary  to  have  a 
tie  line  between  a  reciprocating  or  gas-engine  station 
and  a  turbo-generator  station  of  larger  synchronizing 
power  than  that  between  two  turbo-generator  stations. 
On  a  number  of  occasions  I  have  noticed  that  on  the 
occurrence  of  a  disturbance  due  to  fault  conditions 
the  gas-engine  generators  nearly  always  come  off  the 
busbars  first  although  not  feeding  directly  into  the 
fault.  In  the  case  of  a  tie  line  9  miles  in  length 
connecting  two  of  our  largest  power  stations,  at  the 
point  where  it  is  connected  with  one  of  our  main  con- 
suming centres  we  have  no  difficulty  in  synchronizing, 
speed  and  voltage  adjustments  being  arranged  by 
telephone.  Have  the  authors  met  a  case  where  it 
has  been  impossible  to  synchronize  a  tie  line  at  some 
remote  point  on  an  interconnected  system  due  to  a 
displacement  of  the  phase  voltage  ? 

Mr.  W.  Nairn  :  There  does  not  seem  to  be  much 
scope  for  interconnection  between  modern  power 
stations  in  this  country  where  electricity  is  generated 
from  coal.  Although  at  first  sight  it  would  appear 
to  be  very  comforting  to  have  an  interconnector  of  large 
capacity  between  two  modern  power  stations,  yet  in 
practice  the  advantage  is  very  limited,  the  restricting 
factor  being  the  supply  of  steam.  Take  the  case  of 
two  power  stations,  A  and  B,  equipped  with  10  000-kW 
sets  and  with  a  10  000-kW  interconnector  between 
them,  and  consider  what  happens  when  station  A 
drops  10  000  kW  of  load,  due  to  a  set  suddenly  going 
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out  of  commission.  The  10  000  k\V  is  supposed  to  be 
picked  up  by  the  interconnector  and  carried  by  station 
B,  but  what  really  happens  is  that  as  soon  as  B  takes 
over  the  load  the  steam  pressure  begins  to  drop  and 
B  trips  out  the  interconnector  in  order  to  safeguard 
the  consumers  in  its  own  area.  During  the  failure 
the  supply  undertaking  finds  itself  in  the  position  of 
having  a  10  000-kW  interconnector,  at  the  one  end 
of  which  is  10  000  kW  of  steam  and  no  generating 
plant  and,  at  the  other  end,  10  000  kW  of  generating 
plant  and  no  steam.  Of  course  it  might  be  argued 
that  in  the  event  of  a  serious  defect  such  as  a  "  strip  " 
or  a  "  burn-out  "  in  station  A,  the  interconnector 
would  be  of  substantial  advantage,  but  the  fact  is  that 
the  money  expended  on  the  interconnector  would  be 
very  much  better  spent  in  pro^■iding  additional 
generating  plant  in  station  A.  I  cannot  dismiss  from 
my  mind  the  idea  that  a  power  station  is  essentially 
an  establishment  for  the  generation  and  export  of 
electrical  energy  and  that  it  is  no  part  of  its  business 
to  import  electricity,  and  I  also  feel  that  when  expensive 
distribution  cables  are  laid  it  should  be  into  districts 
where  there  is  no  electricit\-  supply  and  not  into  the 
heart  of  a  generating  station.  From  this  point  of 
view  I  consider  the  paper  to  be  very  valuable,  as  I 
believe  that  in  some  instances  interconnectors  have 
been  installed  without  due  regard  to  the  facts  which 
the  authors  have  so  clearly  set  out. 

Mr.  J.  H.  Thomas  :  There  has  been  a  point  of 
apparent  importance  mentioned  in  the  discussion  in 
connection  with  the  magnetizing  current  of  trans- 
formers and  motors  as  affecting  the  power  factor.  I 
was  associated  with  a  station  generating  at  3  300  volts, 
50  periods,  three-phase,  and  a  number  of  motors  wound 
for  3  000  volts  were  connected  to  the  system.  After 
a  time  the  generating  pressure  was  raised  to  3  500 
volts.  The  result  was  that  the  power  factor  of  the 
station  was  lowered  owing  to  the  greater  magnetizing 
current  of  the  motors  at  the  increased  voltage.  It  was 
found  that  the  power  factor  could  be  increased  from 
0-6  to  0-7  by  lowering  the  voltage  at  the  generating 
station  so  that  the  motors  worked  at  the  pressure 
for  which  they  had  been  designed.  The  same  point 
would  of  course  apply  to  transformers,  and  this  is  of 
particular  interest  in  the  case  of  interconnected  systems, 
as  mentioned  by  the  authors,  who  state  that  the 
voltage  is  widely  varied.  It  seems  to  me  that  it  would 
be  generally  a  question  of  interconnection  between 
systems  in  this  country,  and  that  under  these  con- 
ditions the  best  method  of  operation  would  be  to 
transmit  at  unity  power  factor  irrespective  of  the 
loads,  and  to  obtain  regulation  by  means  of  syn- 
chronous condensers.  These  can,  I  believe,  be  supplied 
with  automatic  regulators  var^ang  the  excitation  so  as 
to  obtain  unity  power  factor  on  interconnecting  lines. 
It  is  of  great  importance  that  motors  and  transformers 
should  work  at  the  pressure  for  which  they  have  been 
designed. 

Mr.  D.  Jenkins  :  Recently  I  met  with  a  case  very 
similar  to  that  mentioned  by  IMajor  David.  I  allude 
to  the  heavy  excess  currents  observed  by  him  when 
the  voltage  was  increased  on  a  line  loaded  only  by 
an   unloaded   transformer.     In   my  case   the  consumer 


took  power  at  33  000  volts  through  a  transformer 
transforming  down  to  3  300  volts,  and  carrying 
almost  exclusively  an  induction  motor  load.  With 
the  transformer  secondary  open  the  33  000-volt  circuit 
breaker  was  switched  in  and  set  to  operate  at  about 
700  kVA.  The  3  300- volt  switch  was  then  closed. 
As  soon  as  an  attempt  was  made  to  start  up  a  100-h.p. 
slip-ring  induction  motor  by  means  of  a  liquid  starter, 
the  high-tension  switch  tripped.  This  occurred  three 
or  four  times  in  succession.  On  looking  into  the  matter 
it  was  found  that  the  high  pressure  was  considerably 
in  excess  of  33  000  volts,  and  it  was  concluded  that 
the  heavy  magnetizing  current  taken  by  the  motor  at 
this  excess  voltage  was  sufficient  to  trip  the  breaker. 
It  will  be  noticed  that  the  disproportion  between  the 
starting  current  of  the  induction  motor  under  normal 
conditions  and  under  these  excess  voltage  conditions 
is  even  more  extraordinary  than  that  observed  by 
Major  David,  It  is  true  that  in  his  case  the  load  was 
an  unloaded  transformer,  whereas  in  mine  it  was  a 
transformer  loaded  only  by  an  induction  motor. 
Essentially,  however,  the  load  conditions  are  the  same, 
in  that  we  both  have  a  pure  induction  load. 
Undoubtedly  an  excess  voltage  greatly  increases  the 
magnetizing  current,  especially  if  the  induction  plant 
is  designed  to  work  well  up  on  the  "  knee  "  of  the 
magnetization  curve.  No  mention  has  been  made  in 
the  paper  about  the  interconnection  of  supply  systems 
of  different  periodicities.  At  the  present  moment  1 
am  interested  in  interconnecting  a  25-period  and  a 
50-period  supply.  The  necessary  frequency  changer 
would,  when  converting  either  way,  have  to  run  in 
parallel  with  other  synchronous  generating  plant.  I 
should  be  glad  to  know  whether  the  authors  have  had 
any  experience  of  such  conditions.  Is  such  a  frequency 
changer  a  satisfactory  and  reliable  proposition  ? 

Mr.  J.  W.  Fidoe  :  The  subject  of  the  paper  is  of 
particular  interest  in  this  district  as  we  have  a  number 
of  interlinked  industrial  power  stations,  and  other 
interconnections  are  under  consideration.  The 
operation  of  two  or  more  power  stations  in  parallel 
has  certain  ad^'antages  as  far  as  continuity  of  supply 
is  concerned,  but  the  maximum  of  economy  would 
appear  to  be  obtained  where  it  is  possible  to  find  other 
undertakings  having  an  inverse  load  curve,  under 
which  condition  stand-by  plant  is  reduced  to  a  minimum. 
Our  colliery  plants  carry  their  maximum  load  between 
7  a.m.  and  3  p.m.,  whereas  during  the  remainder  of 
the  day  the  generators  seldom  carr\'  more  than  J  load. 
It  would  be  very  satisfactory  if  we  were  able  to  sell 
power  to  local  authorities  for  lighting  and  other 
purposes,  the  demand  for  which  would  be  mostly  after 
3  p.m.  For  a  colliery  to  sell  power  instead  of  coal 
means  a  change  of  policy,  but  in  view  of  the  amount 
of  idle  plant  the  matter  is  well  worth  consideration. 
The  power  factor  of  the  supply  is  a  fruitful  cause  of 
dispute,  and  there  is  evident  need  of  a  central  authority 
to  give  definite  orders  as  to  the  running  conditions 
of  the  stations,  otherwise  each  engineer  naturally 
attempts  to  regulate  his  end  of  the  line  so  as  to  carry 
as  little  as  possible  of  the  wattless  current.  In  the 
examples  given  bv  the  authors  the  overhead  inter- 
connector   naturallv    occupies    a    prominent    position. 
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but  in  this  country  we  are  not  favourably  situated 
■either  as  regards  climatic  conditions  or  legal  restrictions. 
In  South  Wales  we  have  a  further  trouble  with  high- 
tension  lines  which  have  frequently  to  be  carried  across 
hilly  country  where  they  are  very  exposed.  The 
south-westerly  gales  carry  saline  matter  which  gradually 
accumulates  on  the  porcelain  insulators  and  occasionally 
causes  breakdowns.  The  use  of  step-up  transformers 
is  not  an  unmixed  blessing,  and  where  possible  it  is 
preferable  to  generate  at  a  pressure  high  enough  to 
render  them  unnecessary  for  the  short  interconnectors 
which  are  the  general  rule  in  this  district. 

Professor  F.  Bacon  :  I  regard  the  paper  as  being 
most  interesting  and  important  from  the  points  of 
view  of  both  theory  and  practice.  1,  too,  cannot  help 
feeling  that  the  magnitude  and  extent  of  the  trans- 
mission svstems  in  America  make  operations  in  this 
country  appear  comparatively  trivial.  One  must 
look  to  such  schemes  as  Major  David  mentioned,  in 
which  electrical  power  generated  in  the  South  Wales 
coalfield  would  be  transmitted  to  London,  to  readjust 
the  balance.  Enterprise  in  the  United  States  must  be 
greatly  aided  by  the  wonderfully  high  overall  annual 
load  factor  obtained.  In  this  connection  the  table  on 
page  297  (vol.  60)  is  most  striking.  I  am  sure  that 
it  would  prove  of  general  interest  if  the  authors  would 
explain  how  it  is  that  load  factors  of  65  per  cent  and 
even  80  per  cent  are  secured  in  America,  whereas  many 
of  the  biggest  stations  in  this  country  have  to  operate 
at  a  load  factor  of  between  20  and  30  per  cent. 

Messrs.  L.  Romero  and  J.  B.  Palmer  {in  reply)  : 
In  reply  to  Major  David  the  excessive  magnetizing 
current,  which  he  observed  at  no  load  and  maximum 
boost  on  the  line  he  describes,  must  have  been  due, 
as  he  says,  to  too  high  a  flux  density  in  the  transformer 
cores,  and  this  would  not  of  course  occur  if  the  trans- 
formers were  designed  for  the  highest  voltage  to  which 
they  would  be  subjected  in  practice.  It  is  fair  to  point 
out,  however,  that  Major  David's  transformers  would 
probably  never  in  ordinary  practice  be  subjected  to 
the  conditions  which  he  mentions,  as  maximum  boost 
would  not  be  required  under  no-load  conditions.  W^e 
believe  that  the  formula  in  Mr.  Stone's  paper  gives  far 
too  high  a  value  for  the  synchronizing  power,  although, 
as  we  have  not  a  copy  of  his  paper  by  us  at  present, 
we  are  unable  to  point  out  exactly  where  we  disagree. 
Our  own  formula  is  worked  out  mathematically  step 
by  step  in  the  Appendix  to  the  paper,  and  its  accuracy 
has  not  been  seriously  challenged. 

In  reply  to  Mr.  Jones,  the  effect  of  automatic  voltage 
regulators  at  the  two  interconnected  stations  is  to 
accentuate  the  power  factor  variations  of  the  current 
in  the  line,  as  the  load  in  the  line  varies.  If  automatic 
regulators  are  not  in  use,  the  arithmetical  difference 
between  the  two  busbar  voltages  will  tend  to  vary 
-with  variations  of  the  load  in  the  interconnecting 
•line  in  such  a  way  as  to  minimize  the  variations  in  the 
power  factor  of  the  line  current.  That  is  to  say,  auto- 
matic voltage  regulators  give  inflexible  voltage  conditions 
under  which  the  line  power  factor  will  depend  solely  on 
the  line  characteristics  and  load,  while  without  such 
regulators  the  voltage  conditions  are  somewhat  more 
flexible.     We    are    certainly    of   opinion    that    a    larger 


line  synchronizing  power  is  needed  between  a  gas- 
engine  station  and  a  turbine  station  than  between  two 
turbine  stations. 

There  is  considerable  force  in  the  point  made  by 
Mr.  Nairn  as  to  what  would  probably  happen  if  one  of 
the  generating  sets  in  one  of  two  interconnected  stations 
were  suddenly  to  go  out  of  commission  ;  but  we  would 
point  out  that  if  a  larger  number  of  power  stations 
were  interconnected,  sufficient  steam  supply  would 
probably  be  available  to  tide  the  system  as  a  whole 
over  such  an  accident.  We  are  in  agreement  with 
Mr.  Nairn  if  his  contention  is  that  the  transmission  of 
large  blocks  of  power  can  only  be  justified  when  there 
is  substantial  economy  to  be  effected  by  it.  Recently 
one  of  the  authors  had  occasion  to  investigate  the 
question  of  how  far  from  the  load  area  it  would  pay 
to  erect  a  projected  power  station  in  order  to  obtain 
greater  generating  economy  by  erecting  it  on  a  tidal 
river,  the  price  of  coal  and  coal-handhng  facihties  being 
equal  in  both  cases.  In  other  words,  the  problem 
resolved  itself  into  a  comparison  of  the  generating 
costs  of  a  station  having  cooling  towers,  and  one  having 
an  unhmited  water  supply,  but  with  the  necessity  for 
transmitting  the  whole  of  its  output.  The  economical 
distance  proved  to  be  remarkably  small,  as  the 
greater  efficiency  of  the  riverside  station  would  be 
offset  by  a  comparatively  small  expenditure  on  trans- 
mission cables  and  the  cost  of  supplying  the  transmission 
losses.  At  the  same  time  it  must  not  be  overlooked 
that  when  deaUng  with  existing  power  stations  the 
ccst  of  an  interconnector  may  be  amply  justified  by 
the  economies  incident  to  the  improvement  of  the 
plant  load  factors  of  one  or  both  stations,  and  the  authors 
believe  tliis  to  be  one  of  the  chief  incentives  which 
have  brought  about  the  interconnections  already  effected 
in  this  country.  We  would  quahfy  Mr.  Nairn's  state- 
ment that  a  power  station  is  essentially  a  plant  estab- 
lished for  the  generation  and  export  of  electrical  energy-. 
In  our  opinion  a  power  company  or  a  municipahty  is 
cliiefly  concerned  with  the  sale  of  electrical  energy, 
and  the  source  from  which  it  derives  the  power  it  sells 
is  a  secondary  consideration.  On  the  assumption  that 
an  interconnection  is  economically  sound,  it  would 
often  happen  that  the  "  heart  of  the  generating  station  " 
of  the  receiver  system  would  be  the  only  point  at  which 
the  bulk  supply  could  be  efficiently  received.  If  it 
were  possible  to  interconnect  through  the  networks  of 
the  respective  systems  it  would  obviously  be  advantage- 
ous to  do  so,  but  the  authors'  experience  is  that  there 
are  many  cases  where  the  only  point  in  a  network  at 
which  it  is  possible  to  receive  a  large  block  of  power 
is  the  power  station  busbars. 

Mr.  Thomas,  and  subsequently  Mr.  Jenkins,  refer 
to  the  variations  in  power  factor  caused  by  varying 
voltage  on  feeders  which  are  not  necessarily  inter- 
connectors. This  is,  as  they  suggest,  caused  by  the 
saturation  of  the  iron  circuits  of  induction  motors 
and  transformers,  and  goes  to  show  that  in  designing 
interconnections  it  is  necessary  that  the  effects  of  voltage 
variation  should  be  carefully  considered  when  deciding 
on  the  system  of  operation  and  fixing  the  constants  of 
the  interconnector.  Mr.  Thomas  is  probably  correct 
in    saying   that    the    best    method   of   operation    would 
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be  to  transmit  at  unity  power  factor  irrespective  of 
the  load,-  and  to  obtain  regulation  by  means  of  syn- 
chronous condensers.  The  question  is,  however,  one  of 
cost  and  quaUty  of  service  required,  and  can  generally 
be  decided  by  balancing  the  cost  of  regulating  apparatus 
to  ensure  the  transmission  at  unity  power  factor  against 
the  disadvantages  of  poor  voltage  regulation  and  cost 
of  increased  transmission  losses  involved  by  transmission 
at  some  power  factor  less  than  unity. 

Mr.  Fidoe  refers  to  the  economy  which  would  be 
obtained  if  it  were  possible  to  find  other  undertakings 
having  inverse  load  curves.  In  this  country  this 
condition  will  be  the  exception  rather  than  the  rule, 
but  with  colhery  plants  carr^dng  their  maximum  loads 
between  7  a.m.  and  3  p.m.  it  should  be  possible  to 
effect  economies  by  suppl>ang  energy  to  a  power 
company  or  local  authority  having  a  heavy  lighting 
load.  We  have  remarked  both  in  the  paper  and  in 
the  discussion  at  other  Local  Centres  on  the  necessity 
for  the  running  conditions  of  interconnected  stations 
being  under  the  control  of  one  person,  otherwise  the 
divergent  ideas  of  individual  station  operators  as  to 
the  power  factors  and  load  factors  at  which  they  should 
operate  would  almost  certainly  result  in  confusion. 
The  question  of  overhead  versus  underground  trans- 
mission lines  does  not  come  within  the  scope  of  the  paper, 
but  after  having  seen  and  noted  the  success  of  overhead 
transmission  and  distribution  in  the  United  States 
and  Canada,  one  cannot  but  feel  that  the  overhead 
system  has  not  yet  been  thoroughly  tried  out  in  this 
country. 

In  reply  to  Professor  Bacon  the  transmission  systems 


and  interconnections  in  the  United  States  are  naturally 
on  a  very  much  larger  scale  than  anything  we  have  in 
this  country,  but  it  would  be  a  mistake  to  think  that 
our  transmission  and  distribution  systems  are  trivial  in 
comparison.  In  our  opinion  the  problems  which  have 
had  to  be  faced  by  British  undertakings,  both  company 
and  municipal,  are  just  as  difficult  both  from  the 
financial  and  tecluiical  standpoints  as  anything  that 
the  American  companies  have  encountered,  excepting, 
of  course,  that  their  operations  have  been  on  a  very 
much  larger  scale  than  ours.  It  is  true  that  the  load 
factors  obtained  by  the  American  concerns  assist  very 
considerably  in  the  finance  of  the  huge  transmission 
systems  which  are  common  in  America.  The  high 
load  factors  are  brought  about  by  a  number  of  reasons. 
The  ven,'  heavy  financial  outlay  required  to  construct 
hydro-electric  plant  and  long  transmission  hnes  can 
only  be  justified  by  a  load  having  a  diversity  factor 
wliich  no  single  city  could  offer  by  itself,  and  this  has 
brought  into  existence  large  power  companies  whose 
interests  cover  very  wide  areas.  Many  of  the  cities 
are  of  comparatively  recent  growth  with  no  strongly 
entrenched  competition  from  gas  and  steam  in  existing 
industrial  plants.  Railways  are  electrically  operated 
in  the  United  States  to  an  extent  we  have  only  just 
begun  to  think  about  in  England,  and,  as  far  as  the 
Pacific  States  are  concerned,  irrigation  offers  a  heavy 
off-peak  load.  Domesric  load  is  most  carefully  fostered 
by  the  power  companies  and  \arious  associations  formed 
for  the  purpose,  and  it  is  apparent  that  the  propaganda 
which  is  most  assiduously  carried  on  has  been  very 
effective. 
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read  before  the  Wireless  Section 


Summary. 

The  first  part  of  the  paper  is  devoted  to  a  discussion  of 
some  of  the  principles  on  which  the  measurement  of  received 
signals  is  based,  and  the  practical  application  of  these 
principles  under  worlcing  conditions  is  considered. 

The  latter  part  describes  a  system  recently  developed  at 
the  National  Physical  Laboratory  which  differs  in  several 
details  from  previous  systems.  Its  operation  is  described 
in  detail,  and  some  of  the  possible  sources  of  error  and  in- 
accuracy are  considered. 


I,  Prinxiples  and  their  Practical  Application. 

Tliis  problem  is  one  of  the  most  fundamental  in  radio- 
telegraphy  and  has  received  attention  from  laige  numbers 
of  e.xperimenters. 

It  is  one  wliich  forces  itself  on  everybody  concerned 
with  radio  operation,  as  well  as  on  these  interested 
in  the  more  scientific  aspect  of  the  subject.  Many 
theories  as  to  the  cause  of  signal-strength  variations 
have  been  suggested,  and  o^^^ng  to  the  complexity  of 
the  circumstances  invclved  it  seems  very  unlikely  that 
these  variations  will  ever  be  expressed  in  a  general 
mathematical  form  covering  all  rases  ;  but  the  work 
of  Austin  has  shown  that,  under  specified  conditions, 
a  workable  expression  can  be  obtained. 

For  this  purpose  the  primary  need  is  a  very  large 
number  of  observations  under  known  conditions,  so 
that  the  first  problem  is  the  production  of  measuring 
apparatus  the  limitations  of  which  are  fairly  definitely 
determined. 

Prior  to  the  introduction  of  the  thermionic  valve  the 
instrumental  difficulties  in  the  way  of  experimentei's 
were  enormous.  Bej'ond  the  small  range  available 
if  direct-reading  instruments  were  used,  the  only 
possibihty  of  measurement  was  by  a  method  involving 
some  form  of  crystal  detector ;  and,  although  the 
sensitivity  of  the  latter  is  fair,  the  uncertainty  and 
difficulty  of  cahbration  are  a  great  handicap. 

Such  a  m.ethod  was  indeed  used  by  Austin  *  in  liis 
investigations  which  led  up  to  the  introduction  of  the 
Austin-Cohen  coefficient ;  but  for  the  longer  ranges, 
which  are  the  most  interesting  from  the  theoretical 
point  of  view,  some  inore  sensitive  form  of  receiver 
is  essential. 

For  measurements  at  very  short  distances  a  direct 

method    is    practicable.     Tliis    usually   consists   of  the 

insertion  of  a  delicate  thermal    instrument,  such  as   a 

Duddell   thermo-galvanometor,   into   a   tuned   aerial  or 

*  Bulletin  of  the  Bureau  of  Standards,  1911,  vol.  7,  p.  295. 


coil    circuit    the    constants    of    which    are    known,    the 
instrument  being  cahbrated  by  direct  current. 

Such  experiments,  which  have  recently  been  con.sider- 
ably  developed  by  Vallauri  *  and  Pession.j  serve  a 
rather  different  purp<jse,  their  object  being  to  determine 
the  effective  or  radiation  height  of  an  aerial.  For  this 
purpose  the  measurements  must  be  made  at  so  short 
a  distance  from  the  aerial  that  the  attenuation  is 
negligible,  with  the  result  that  the  received  signals 
are  comparatively  strong.  In  all  cases  the  problem 
reduces  to  the  determination  of  the  current  induced 
in  an  aenal  system  of  known  constants,  from  which 
either  the  potential  gradient  or  the  magnetic  field  at 
the  receiving  circuit  can  be  calculated.  Before  the  days 
of  continuous  waves  the  problem  was  further  complicated 
by  the  decrement.  In  the  resulting  calculations  the 
decrements  of  both  the  sending  and  receiving  circuits 
are  involved,  and  the  determination  of  these  alone  is 
nearly  as  difficult  as  the  original  problem.  Witii  the 
advent  of  the  thcde  with  its  possibihties  of  amplification 
and  continuous-wave  generation,  the  scope  was  very 
much  enlarged  and  new  methods  became  possible. 
As  soon  as  an  amplifier  has  to  be  used,  however,  it 
becomes  necessary  to  employ  some  form  of  substitution 
method,  because  the  absolute  calibration  of  an  amphfier 
is  not  at  present  practicable.  This  inevitably  increases 
the  chances  of  error,  always  very  numerous,  as  is 
known  by  everyone  who  has  attempted  racho-frequency 
measurements  ;  the  result  is  that  any  method  must 
appeal'  to  be  more  or  less  a  compromise,  and  without 
extended  trials  and  tests  it  is  very  difticult  to  give  a 
decision  as  to  wliich  is  the  most  satisfactory.  In  many 
cases  practical  considerations  are  of  considerable  weight, 
and  from  this  point  of  view  the  following  requirements 
must  be  borne  in  mind,  in  addition  to  all  those  of  a 
tlieoretical  nature  : — • 

(«)  The  actual  operation  should  be  as  rapid  and  simple 

as  possible, 
(i)  Special    transmission    should    be    reduced    to    a 

minimum, 
(c)  The    overall    cahbration    should    be    effected    as 

closely  as  possible  under  working  conditions, 
(rf)  The  set  should  be  moderately  portable  and  capable 

of  adaptation  to  varying  conditions. 

(a)  and  (i)  are  strictly  practical  questions  ;  but  they 

play  a  very  important  part  in  problems  of  tliis  nature, 

for  the  case  is  rather  dilferent  from  that  of  a  purely 

•  Radio  Review,  1921,  vol.  2,  p.  77. 
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scientific  measurement  in  which  the  whole  operation 
is  under  the  immediate  control  of  the  experimenter, 
who  can  repeat  readings  or  vary  his  conditions  as  often 
as  required.  Even  if  the  transmitting  aerial  be  entirely 
devoted  to  the  experiment  its  remoteness  renders 
its  detailed  control  difficult,  and  in  many  cases 
altogether  impossible,  with  the  result  that  the  measure- 
ments must  be  made  either  on  the  routine  transmission 
or  on  a  short,  special  signal  sent  for  the  purpose. 
Observations  seem  to  show  that  the  first  of  these  is  not 
of  much  value  except  for  very  rough  measurement, 
owing  to  the  continual  and  irregular  variations  produced 
by  the  keying  ;  and  even  if  it  be  possible  to  obtain  a 
reading  of  some  sort  at  the  receiving  end,  owing  to  these 
variations  it  is  difficult  to  correlate  it  with  the  reading 
of  the  transmitting-aerial  ammeter.  If  a  special  signal 
be  used,  working  conditions  demand  that  it  should 
cause  as  httle  interference  as  possible  with  the  ordinary 
routine. 

Tliis  is  the  chief  objection  to  a  method  devised  by 
Lieut.  Guierre,*  in  which  a  series  of  timed  signals  are 
required  from  the  transmitting  station,  they  being 
synchronized  with  the  signals  from  the  local  oscillator. 
This  method  certainly  enables  various  other  serious 
difficulties  to  be  overcome  ;  but  the  organization  required 
for  an  extended  series  of  measurements  on  these  hnes 
would  be  very  elaborate. 

For  the  same  reason  it  must  be  possible  to  obtain 
the  readings  rapidly  ;  the  set  must  be  capable  of  being 
adjusted  in  \\'orking  order  before  the  commencement 
of  tiie  special  signal,  and  fine  adjustments  must  be 
reduced  to  a  minimum.  For  instance,  in  the  "  URSI  " 
signals  the  whole  time  available  is  two  minutes,  although 
the  preliminary  tuning-up  of  the  set  in  the  case  of  "  UA  " 
(Nantes)  allows  a  certain  margin  for  adjustments. 

(c)  and  {d)  are  primarily  questions  of  design,  though 
(rf)  involves  pohcv  also.  In  tliis  connection  there  are 
two  alternatives.  F.ither  measurements  of  as  high 
accuracy  as  possible  may  be  made,  involving  a  large 
amoimt  of  apparatus  and  a  very  highly  skilled  operator, 
observation  points  being,  of  course,  very  hmited  in 
number  ;  or  the  apparatus  may  be  in  such  a  form  as  to 
permit  of  miiltiphcation  and  distribution  to  a  larger 
number  of  observers,  in  order  to  obtain  simultaneous, 
though  rather  less  accurate,  readings.  Considering  the 
present  state  of  our  knowledge  of  atmospheric  effects 
at  the  moment  it  appears  that  the  latter  method  is  the 
one  from  which  the  most  useful  information  may  be 
expected,  and  as  it  represents  approximately  the  pohcy 
of  the  Radio  Research  Board,  under  whose  direction  the 
whole  of  this  work  is  being  carried  out,  this  advantage 
has  been  borne  continuoush'  in  mind. 

Technical  ccrtisiderations. — The  following  methods  are 
in  use  : — 

(a)  Telephone  methods. 
(6)  Galvanometer  methods. 

Under  the  former  heading  may  be  included  what  is 
known  as  the  shunted-telephone  method,  in  wliich 
comparative  results  are  obtained  by  shunting  the 
telephones  until  the  signal  just  disappears  ;  but  consider- 
able difference  of  opinion  exists  as  to  the  accuracy  of 
*  Radio  Review,  1921,  vol.  2,  p.  621. 


this  method,  and  in  any  case  it  is  not  high.  In  all 
other  cases  the  received  signal  is  balanced,  either  audibly 
or  visually,  against  a  caUbrated,  local  source  of  oscilla- 
tions, from  the  reading  of  which  the  incoming  intensity 
can  be  calculated  in  the  required  form. 

Telephones  have  the  advantage  of  simplicity  in  use. 
They  can  be  used  in  places  where  a  galvanometer  is 
impracticable  or  undesirable,  and  are  familiar  pieces 
of  apparatus.  Owing  to  their  power  of  audible  selectivity 
they  can  be  used  when  jamming  is  present,  though  the 
accuracy  of  results  obtained  'under  such  conditions 
requires  confirmation.  They  also  allow  of  the  easy 
selection  and  identification  of  the  station,  and  messages 
can  be  read  until  the  last  minute  before  taking  the 
observation. 

On  the  other  hand,  an  audible  method  is  comparatively 
insensitive  to  small  variations  in  intensity.  The  author 
has  shown  *  that  the  minimum  change  in  intensity  which 
can  be  detected  under  favourable  conditions  is  about  2 
per  cent  with  spark  signals.  Experience  tends  to  show 
that  with  continuous  waves  the  figure  is  higher  owing 
to  the  different  quahty  of  the  note  ;  and  it  is  probable 
that  5  per  cent  is  the  lowest  which  can  safely  be  assumed 
for  general  working.  With  an  audible  method  a  hetero- 
djme  is  necessarv',  and  it  has  also  been  found  that 
telephones  have  a  con.siderable  effect  on  the  amplifier. 
This  will  be  referred  to  later. 

Galvanometer  methods  in  general  involve  merely  the 
replacement  of  the  telephones  bv  some  form  of  d.c. 
indicating  instrument.  The  chief  advantage  that  they 
afford  is  greater  sensitivity  to  small  variations  ;  but 
it  has  been  found  from  experience  that  they  offer 
several  other  advantages,  among  which  is  the  possi- 
bihty  of  keeping  tfie  signal  and  its  variations  under 
continuous  observation.  On  the  other  hand,  the 
signal  cannot  be  read  directly  unless  an  Einthoven 
instrument  be  used,  and  the  power  of  audible  selectivity 
is  lost. 

Fundamental  formidee. — Before  proceeding  to  details 
it  will  be  well  to  give  the  simple  theory  and  the  equations 
on  which  all  substitution  methods  depend.  Let  / 
be  the  current  at  the  base  of  the  transmitting  aerial,  A 
the  wave-length,  and  d  the  distance  from  the  receiving 
station,  assuming  propagation  over  a  plane  conducting 
surface  through  a  perfect  dielectric  ;  then  D,  the  vertical 
intensity  of  the  electric  field  at  the  receiving  station  is 
given  by  : — 

Ih 

where  h  is  the  height  of  the  ideal  Hertzian  half-oscillator 
which  would  produce  the  same  effect  as  the  actual 
transmitting  aerial.  It  is  usual  to  call  h  the  effective 
(or  radiation)  height  of  the  aerial.  Its  value  varies 
from  about  50  per  cent  to  75  per  cent  of  the  actual  height 
of  the  aerial,  being  dependent  upon  the  form  of  the 
latter,  the  immediate  surroundings,  and  also  to  a  small 
extent  upon  the  wave-length  and  various  electrical 
factors.  Now,  if  the  potential  gradient  D  be  applied 
to  an  aerial  of  effective  height  hi  and  high-frequency 
resistance  R^,  the  electromotive  force  induced  in  it  is 
Dhi.and  consequently,  if  the  aerial  be  tuned,  the  resulting 
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current  is  DhJRi.     In  the  case  of  a  coil  of  area  a,  and 

number  of  turns  n,  the  corresponding  current  is 

n 

Rv  being  the  high-frequency  resistance  of  the  coil  (these 
results  arc  based  on  the  assumption  that  the  wave  front 
is  vertical,  whereas  experience  seems  to  show  that  tliis 
is  frequently  not  the  case).*  If  the  wave  front  be  tilled, 
coil  reception  will  be  unaffected,  whereas  reception  by 
means  of  an  aerial  will  be  changed  to  an  extent  depend- 
ing on  the  ratio  between  its  horizontal  and  vertical 
dimensions.  If  the  polarization  be  more  complex, 
as  often  occurs  when  night  effects  are  iiresqpt,  the 
intensity  of  reception  in  both  coil  and  aerial  will  be 
varied,  and  in  such  cases  the  intensity  measured  has 
really  the  value  of  the  equivalent,  plane,  polarized  wave, 
rather  than  that  of  anytliing  possessing  an  actual 
physical  existence. 

The  usual  method  of  calibration  is  to  disconnect  the 
aerial  system  at  intervals  and  to  connect  the  receiving 
set  to  a  non-radiating  aerial  which  has  the  same  constants 
as  the  receiving  aerial  and  contains  a  cahbrated  mutual 
inductance  coupled  to  a  calibrated  local  oscillating 
circuit ;  the  latter  is  tlien  adjusted  until  equality  of 
signal  strength  is  obtained. 

The  applied  voltage  is  deduced  from  the  known 
constants  of  the  local  circuit ;  and,  from  the  formula 
given  above,  the  potential  gradient  is  derived.  This 
method  involves  the  equalization  of  the  constants  of 
the  main  and  dummy  aerials,  and  the  accuracy  of  this 
adjustment  will  be  one  of  the  chief  factors  determining 
the  accuracy  of  the  result.  In  addition,  on  switcliing 
over  to  the  dummy  aerial,  any  jam.ming  previously 
present  will  disappear,  thus  introducing  another  uncertain 
factor  into  the  physiological  balancing  process.  The 
question  of  jamming  by  an  extremely  powerful  station 
of  sufficiently  dilferent  wave-length  to  be  outside  the 
limit  of  audibihty  is  one  wliich  requires  experimental 
investigation  ;  but  it  seems  hkely  that  under  such 
circum.stances,  unless  the  characteristic  cui-ve  of  the 
receiver  can  be  taken  as  a  perfectly  straight  line, 
modification  of  the  position  of  balance  will  result. 

Unfortunately,  with  the  multiplication  of  high-power 
intercontinental  stations,  the  above  is  becoming  a  very 
serious  factor  in  working  on  weaker  signals.  These 
difficulties  are  largely  overcome  by  the  method  used 
by  Lieut.  Guierre,  in  which  the  ordinary  aerial  is  used 
for  balancing,  the  distant  transmission  being  so  controlled 
that  its  periods  of  silence  synchronize  with  the  worldng 
period  of  the  local  oscillator.  The  objections  to  this 
svstem  have  been  referred  to  above. 


II.  The  N.P.L.  System. 

N.P.L.  apparatus. — The  following  apparatus  has 
recently  been  constructed  at  the  National  Physical 
Laboratory  with  the  object  of  undertaking  measure- 
ments of  this  kind.  A  galvanometer  method  is  used, 
the  idea  being  to  obtain  greater  sensitivity  than  is 
possible  with  telephones.     In  general  principle  it  fi,illows 
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standard  lines,  but  it  exhibits  several  important  modifica- 
tions.    Its  chief  features  are  : — 

(a)  No  heterodyne  required. 

(b)  No  metallic  screening  necessary. 

(c)  Only  one  oscillating  circuit  in  use  at  a  time. 

The  signal  from  the  tuned  receiving  circuit  is  applied 
in  the  usual  way  to  a  multi-valve  resistance-capacity 
amphfier.  A  galvanometer  is  connected  in  the  anode 
lead  of  the  last  valve  and  is  made  to  give  zero  deflection 
for  the  normal  anode  current,  a  2-volt  cell  and  adjustable 
resistance  across  the  galvanometer  being  used  for  this 
purpo.se.  The  incoming  signal  polarizes  the  grid  of 
the  last  valve  and  in  this  way  reduces  its  anode  current, 
the  reduction  being  indicated  by  the  deflection  of  the 
galvanometer. 

Tliis  is,  of  course,  a  standard  method  adopted  by 
m.any  workers.  For  calibration  purposes  the  tuned 
receiving  circuit  is  broken  and  totally  disconnected  from 
the  amplifier,  wliich  is  then  joined  to  the  local  oscillator 
through  a  cahbrated  untuned  couphng  coil.  The 
oscillator  is  next  adjusted  until  the  same  deflection  is 
obtained  as  with  the  signal. 

The  high-frequency  resistance  of  the  receiving  circuit 
is  also  measured  under  actual  working  conditions  by 
the  movement  of  a  switch.  From  this  stage  the  calcula- 
tion proceeds  as  before.  The  method  differs  from  the 
normal  one  only  in  the  use  of  an  untuned  circuit  for 
calibration  and  in  the  internal  design  of  the  local 
oscillator  ;  but  in  order  to  obtain  rehable  results  great 
attention  must  be  paid  to  a  large  number  of  small 
details. 

General  and  Constructional  Details. 

(A)  The  aerial  system. — The  method  can  be  applied 
equally  well  to  an  ordinary  aerial  or  a  closed  coil. 
For  convenience  and  portabihty  a  closed  coil  has  been 
adopted,  though  this  is  open  to  several  objections, 
chief  among  which  are  the  low  absorption,  especially 
on  long  wave-lengths,  and  the  antenna  effect.  The 
former  is  due  to  the  fact  that  with  a  vertical  potential 
gradient  D  the  E.M.F.  produced  in  an  aerial  is  Dh, 
whereas  with  a  coil  it  is  2TrDiia/X.  On  the  other  hand, 
the  directive  property  of  a  coil  is  often  a  valuable  asset. 

With  regard  to  antenna  effect,  the  behaviour  of  the 
whole  coil  as  an  aerial  with  respect  to  earth  is  an  old 
and  serious  problem.  In  directional  work  it  is  one  of 
the  cliief  objections  to  the  use  of  a  plain  revolving  coil  ; 
but  in  this  case  one  is  working  on  the  minimum  of  the 
coil  E.M.F.,  so  that  the  antenna  effect  is  unmodified. 
In  measurements  where,  of  course,  the  maximum 
position.of  the  coil  is  used,  it  only  appears  in  conjunction 
with  the  coil  E.INI.F.,  but  even  then  it  requires  considera- 
tion. In  theory,  since  it  flows  in  an  untuned  path  it 
should  be  90^  out  of  phase  with  the  true  signal,  provided 
the  latter  be  accurately  tuned.  Actually,  it  may  not 
be  exactly  90"  out  of  phase,  and  in  this  case  it  would  have 
a  component  in  phase  with  the  signal.  Now  the 
characteristic  feature  of  antenna  effect  in  directional 
work  is  the  great  bluutness  of  the  minimum,  no  sharp 
zero  being  discoverable.  Tliis  effect  can  be  caused 
only  by  the  out-of-phase  component,  as  the  effect  of 
the  component  in  phase  with  the  signal  cannot  be  to 
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blunt  the  zero  but  onl}'  to  shift  its  position,  since  the 
antenna  eflect  does  not  change  sign  as  the  coil  passes 
through  its  zero  position,  whereas  the  coil  E.M.F.  does. 
Hence  the  well-known  flat  minimum  proves  that  antenna 
effect  has  at  least  a  considerable  ccmponent  90°  out  of 
phase  with  the  main  signal.  In  the  present  case  it  can 
also  be  shown  that  any  component  in  phase  with  the 
signal  is  small.  Consider  tivo  positions  of  the  coil 
180°  apart  and  not  too  near  the  maximum,  in  which 
case  a  signal  of  fair  intensity  is  obtained.  If  the  antenna 
effect  be  exacth'  90°  out  of  phase  w-ith  the  main  signal 
the  tota?  E.M.F. 's  in  these  two  positions  will  be  equal; 
but  if  the  antenna  effect  have  a  component  in  phase 
with  the  signal  the  total  E.M.F.'s  in  these  two  positions 
will  not  be  equal,  as  the  coil  E.M.I-',  changes  sign  with 
the  rotation  through  180°,  whereas  the  antenna  E.M.F. 
does  not.  Hence  the  equaUtv  of  the  deflections  at  any 
two  points  180°  apart  can  be  taken  as  a  sign  that  any 
antenna  effect  present  is  90°  out  of  pliase  w^th  the  main 
signal. 

To  verify  this,  an  actual  test  was  made  on  the  Nantes 
"  URSI  "  signal.  The  coil  was  set  about  30°  from  its 
maximum  position,  so  that  a  fair  signal  was  obtained, 
but  one  which  at  the  same  time  would  be  appreciably 
affected  by  the  antenna  E.M.F.  A  reading  of  the 
galvanometer  was  taken,  and  the  coil  was  swung  rapidly 
through  180°,  when  it  was  found  that  the  galvanometer 
reading  was  unaltered.  Other  tests  seem  to  indicate 
that  the  value  of  antenna  effect  present  on  Croix  d'Hins 
(23  450  m)  is  about  10  per  cent  of  the  true  signal,  but 
accurate  measurement  on  a  station  is  difficult,  owing 
to  key-ing  variations  ;  and,  of  course,  the  effect  cannot 
be  obtained  from  a  local  continuous-wave  buzzer. 

If  the  above  antenna  effect  be  90°  out  of  phase  with 
the  main  signal,  the  actual  signal  strength  will  be  only 
-\/(1002  -f  10^),  i.e.  1005  approximately,  an  increase 
of  only  half  of  1  per  cent,  wirich  can  be  safely  neglected. 

It  also  seems  likely  that  the  absence  of  an  operator 
and  telephones  tends  to  reduce  the  antenna  E.M.F. 
In  this  connection  the  following  facts  have  been  noted 
repeatedly. 

The  anode  circuit  of  the  last  valve  contains  a  double- 
pole  throw-over  switch,  by  means  of  which  it  can  be 
connected  either  to  the  galvanometer  or  to  the  primary 
of  a  telephone  transformer.  When  listening-in  with 
the  telephones  it  is  often  possible  to  hear,  in  addition 
to  the  station  sought,  several  stations  on  different  wave- 
lengths, tliis  being  effected  by  correct  adjustment  of 
the  heterodyne  only  ;  but,  on  changing  over  to  the 
galvanometer  and  re-tuning,  the  required  signal  comes 
in  with  a  pure  resonance  curve  having  zeros  on  either 
side. 

Also,  when  working  on  the  galvanometer,  the  mere 
touching  of  the  telephones  will  produce  large  variations 
in  the  deflection,  even  though  the  telephones  are  isolated 
from  the  amphfier  both  by  a  transformer  and  by  a  double- 
pole  ebonite-insulated  switch.  Moreover,  the  amplifier 
often  oscillates  violently  when  the  telephones  are  being 
used,  whereas  with  the  same  adjustments  it  is  quite 
stable  on  the  galvanometer.  The  above  results  seem 
to  show  that  if  care  be  taken  with  the  design  and  arrange- 
ment of  the  apparatus  the  effect  of  antenna  E.M.F.  is 
not  serious. 


The  coil  now  in  use  consists  of  a  wooden  box  frame 
5  ft.  square,  wound  with  79  turns  of  7/26  S.W.G.  copper 
wire  spaced  |  in.  apart.  This  is  sectionalized  by  a  three- 
way  switch  so  that  either  29,  50,  or  79  turns  can  be  used, 
the  coils  not  in  use  being  completely  cut  out.  With 
suitable  condensers  the  range  covered  is  from  3  000  to 
25  000  m,  making  allowance  for  the  fact  that  for  work 
of  this  type  it  is  essential  that  a  coil  should  not  be 
worked  near  its  natural  wave-length. 

Probably,  for  the  measurement  of  very  weak  signals, 
a  coil  of  greater  area  would  be  advantageous,  but  of 
course  it  would  be  less  portable. 

(B)  Amplifier. — In  general  this  consists  of  a  multi- 
valve  resistance-capacity  amphfier  of  the  usual  type 
containing,  however,  several  special  arrangements. 

Resistance-capacity  coupling  was  adopted  for  three 
reasons  : — 

(a)  Larger  effective  laave-length  range. — A  transformer 
amphfier,  though  more  efficient  over  a  hmited  range, 
cannot  be  made  to  cover  a  large  one  without  the  use 
of  interchangeable  transformers  ;  and  generally  it  has 
certain  points  at  wliich  it  is  very  liable  to  oscillate. 
As  the  set  is  not  designed  to  work  below  3  500  m,  the 
question  of  the  inefficiency  on  short  waves  of  such  an 
amplifier  does  not  arise. 

There  being  no  heterodyne  effect,  audio-frequency 
amphfication  is  inadmissible. 

(b)  No  screening  required.— In  measurements  such 
as  these  it  would  be  essential  to  screen  all  coils  and 
transformers  thoroughly  in  order  to  avoid  inductive 
effects  from  outside  stations  or  from  other  parts  of 
the  circuit,  as  such  inductive  effects  might  be  completely 
altered  when  the  change-over  was  made  from  outside 
station  to  cahbrating  circuit. 

(c)  Stability. —  In  deahng  with  measurements  it  cannot 
be  too  strongly  emphasized  that  the  prime  necessity 
is  stability  of  the  apparatus.  Sen.sitivity,  amphfication, 
and  even  selectivity  must  all  give  place  to  stabihty. 
The  amphfier  must  be  kept  well  away  from  regeneration, 
instead  of,  as  is  usual,  working  as  near  tliis  point  as 
possible.  Of  the  short  time  available  for  taking  a 
measurement  there  is  none  to  spare  for  fine  amplifier 
adjustments  ;  and,  for  example,  a  six-valve  set  working 
inefficiently,  but  stably,  is  far  preferable  to  a  "  super- 
efficient  "  three-valve  pattern.  (.\  great  deal  of  work 
is  being  done  in  order  to  get  the  most  suitable  arrange- 
ment combining  fair  amphfication  with  rehable  stabihty 
and  ease  of  adjustment,  the  details  of  which  are  rather 
far  from  the  subject  matter  of  the  present  paper.) 

The  above  tliree  reasons  have  led  to  the  selection 
of  a  resistance-capacity  amphfier,  tliough  under  other 
conditions  it  is  possible  that  one  of  another  type  would 
be  more  suitable. 

The  chief  objection  to  an  amphfier  of  tliis  type  is  the 
poor  working  on  low  wave-lengths,  i.e.  with  small  values 
of  the  tuning  condenser.  This  is  a  side  issue  of  the  more 
important  fact  that  every  valve  circuit  possesses  an 
effective  impedance,  which  forms  a  load  on  the  oscillating 
circuit,  and  so  reduces  its  effective  voltage  con.siderabl3'. 

Tliis  has  been  discussed  in  detail  by  the  author  in 
another  paper,*  in  which  it  is  shown  that  if  the  amplifier 
be  considered  as  equivalent  to  a  high  resistance  R^ 
*  Wireless  World  and  Radio  Rcvieiv,  1922.  vol.  10,  p.  331. 
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shunted  across  the  condenser  (tliis  is  not  strictly  accurate, 
but  avoids  considerable  mathematical  complication) 
the  effective  resistance  of  the  equivalent  simple  circuit 
is  iJ  -f  w^LyRi,  R  being  the  ordinary  high-frequency 
resistance  of  the  circuit.  Now,  under  ordinary 
conditions,  with  a  large  inductance  and  small  condenser. 
o}L  is  large,  so  that  it  frequently  happens  that  the  first 
term  is  entirely  swamped  by  the  second  ;  and  as  long 
as  tliis  liolds,  it  actually  pays  to  reduce  the  number  of 
turns  on  the  receiving  coil  and  to  increase  the  condenser 
value,  since  the  loss  of  received  energy  due  to  the 
decreased  area-turns  is  more  than  compensated  for  by 
the  reduction  in  apparent  resistance.  Vox  instance, 
the  actual  deflections  of  the  galvanometer  on  a  fixed 
signal  of  wave-length  9  100  m,  using  the  three  sections 
of  the  coil  in  turn,  were  of  the  same  order  ;  whereas 
the  equivalent  resistances  were  6-5,  36  and  102  ohms, 
the  corresponding  d.c.  coil  resistances  being  ;i-l,  9-0, 
and  12-1  ohms  respectively.  It  appears  from  this 
that  any  measurement  of  high-frequency  resistance 
should  include  the  valve  in  workmg  condition,  especially 
when  the  ordinary  circuit  resistance  is  low. 


Telephones 


H.T.+ve 


From  anode 

of  prevloas 

valve 


Fig.   1. — Connections  of  the  last  valve. 

The  special  circuits  in  the  amphfier  are  confined  to 
the  last  valve  (Fig.l).  Instead  of  the  usual  telephones 
a  sensitive  galvanometer  and  shunt  are  connected  in 
the  anode  circuit,  and  across  them  is  placed  a  2-volt 
accumulator  with  such  an  arrangement  of  resistances 
that  the  normal  anode  current  can  be  balanced  ;  the 
•deflection  is  obtained  by  the  departure  from  the  normal, 
and  the  whole  is  shunted  by  a  5-/xF  condenser.  Under 
these  circumstances  the  efiect  of  atmospherics  appears 
to  be  small  and,  as  a  matter  of  fact,  excellent  results 
have  been  obtained  during  a  thunderstorm. 

The  last  valve  is  also  run  off  a  separate  battery  in 
order  to  minimize  the  creep  of  the  zero  due  to  the  gradual 
fall  of  accumulator  voltage  on  load  ;  and  for  the  same 
reason  the  filament  resistance  is  a  fixed  one  of  the  iron- 
in -hydrogen  pattern.  With  these  precautions,  provided 
that  the  accumulator  be  in  reasonably  good  condition, 
the  creep  of  the  zero  is  negligible  except  when  working 
at  the  extreme  Umit  of  sensitivity  of  the  galvanometer, 
a  proceeding  undesirable  for  many  reasons.  A  double- 
pole  throw-over  switch  is  also  provided  so  as  to  allow 
of  the  use  of  telephones  for  listening-in  purposes. 

In  order  to  obtain  satisfactory  results  with  a  balanced 
system  of  this  type  it  is  essential  to  use  an  accumulator 
and  not  a  primarj'  battery,  and  the  resistances  should 


be  of  a  robust,  stud  pattern.  In  fact,  such  resistances 
should  be  used  every\vhere  for  work  of  this  nature, 
as  the  sUghtly  decreased  elasticity,  as  compared  with  that 
obtained  in  the  ordinary  sliding,  variable  type,  is  more 
than  compensated  for  by  the  increased  steadiness  and 
reliabihty. 

Between  the  coil  and  the  amphfier  is  the  usual 
arrangement  of  tuning  condenser  and  a  throw-over 
switch  (Fig.  2). 

The  latter  connects  the  amplifier  terminals  either  to 
the  tuned  receiving  circuit  or  to  the  untuned  cahbrating 
coil,  and  by  means  of  two  auxiliary  contacts  the 
oscillating  circuit  is  completely  broken  when  the  switch 
is  in  tlie  second  position.  By  a  shght  rearrangement 
of  connections  this  switch  can  be  made  to  introduce  a 
dummy  aerial  when  an  audibility  method  is  being 
used. 

The  calibrated  local  oscillator. — As  has  been  mentioned 
above,  the  local  source  is  connected  to  the  amphfier 
by  an  untuned  coupling  circuit.  In  this  way  it  is 
possible  to  dispense  entirely  with  m.etalhc  screening, 
since  there  is  never  more  than  one  oscillating  circuit 
in  action  at  a  time. 

Screening  involves  bulky  and  inconvenient  apparatus, 
since  the  control  must  be  either  inside  the  screening  box 
or    brought   out   in    a    verj'    careful    manner,    and    the 
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.Tuning 
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j  29  turns 
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Main  receiving  coils 
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Three-way 
selector  switch 


To  amplifier 
Fig.  2.— Tuning  condenser  and  throw-over  switch. 

effectiveness  of  the  operation  is  always  open  to  doubt. 
Smith-Rose  has  shown  *  that  in  the  immediate  neigh- 
bourhood of  a  powerful  amphfier  the  most  elaborate 
screening  precautions  must  be  taken  in  order  to  ensure 
perfect  protection,  and  that  the  difficulty  increases  with 
the  wave-length. 

On  the  other  hand,  tliis  method  involves  the  necessity 
of  actually  measuring  the  effective  high-frequency  re- 
sistance of  the  receiving  system  at  each  observation  ; 
but  the  set  is  so  arranged  that  this  can  easily  be  done, 
and  the  great  advantage  results  that  a  very  severe 
check  on  the  accuracy  and  correct  working  of  the 
apparatus  is  provided. 

In  the  ordinary  systems  a  dummy  aerial,  if  used, 
must  have  the  same  constants  as  the  receiving  s\stem 
so  that  the  liigh-frcquency  resistance  problem,  though 
latent,  is  still  present. 

IMethods  wliich  introduce  the  cahbrating  oscillation 
into  the  receiving  aerial  avoid  this  dilnculty,  but  in 
this  case  the  cahbration  cannot  be  carried  out  until 
the  transmitting  station  has  stopped,  whereas  both 
"  UA  "  and  "  LY  "  carry  on  with  their  routine  work 
after  tlie  special  signal. 

•  Proceedings  o  the  Physical  Society  of  London,  1922,  vol.  34, 
p.  127. 
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The  oscillator  itself  has  several  special  features.  In 
the  ordinary  construction  of  such  oscillators  a  normal 
continuous-wave  generator  is  used  with  a  high-pressure 
supply  of  50  to  60  volts,  so  that  the  oscillating  curient 
is  large  enough  to  he  measured  on  a  direct-reading 
instrument.  A  few  turns  of  the  oscillating  circuit  are 
led  through  the  primary-  of  a  variable  mutual  inductance  ; 
but  this  arrangement  involves  the  screening  of  the  main 
part  of  the  oscillator  from  the  mutual  inductance. 
Also  it  has  been  found  that  with  the  use  of  such  compara- 
tively liigh  voltages  there  is  a  danger  that  an  appreciable 
but  indefinite  amount  of  energ\'  maj-  reach  the  later 
valves  of  the  amplifier  owing  to  capacity  coupUng. 

If,  however,  the  whole  of  the  oscillating  inductance 
be  used  as  the  primary  of  the  mutual,  the  secondary' 
can  be  mounted  some  distance  awav  from  it,  and  this 
increase  in  distance  and  the  reduction  of  the  liigh- 
tension  voltage  minimize  the  risk  of  capacity  couphng. 
This  method  involves  actual  measurement  of  the  mutual 
inductance  under  working  conditions,  but  this  is 
practically  essential  in  anj'  case  and  is  not  difficult, 
whiLst,  with  the  control  which  will  be  described  shortly, 
it  is  not  necessan.'  to  rotate  the  secondary-. 

It  is  impossible  to  lose  sight  of  the  fact  that  in  the 
normal  osciUatmg  circuit  the  current  is  not  the  same 
throughout.  Prof.  Howe  has  proved  tliis  in  the  case 
of  a  simple  circuit  ;  and  experiments  have  shown  that 
in  an  actual  oscillator,  due  to  the  presence  of  the  reaction 
coil  and  other  apparatus,  the  current  distribution  is 
much  modified  from  the  theoretical  form.  It  is  there- 
fore necessary  to  take  a  definite  point  on  the  circuit 
as  the  point  of  reference  and  to  express  everj-thing  in 
terms  of  the  current  at  this  point.  Tliis  mav  involve 
a  variation  of  apparent  mutual  inductance  with  wave- 
length ;  but  as  the  mutual  inductance  must  be 
determined  experimentally  in  ever\-  case,  the  net  result 
is  merely  to  necessitate  a  shght  wave-length  correction 
in  the  apparent  mutual  inductance  when  working  in 
the  neighbourhood  of  the  natural  frequency'  of  the 
oscillator. 

A  thermo-junction  and  galvanometer  are  connected, 
therefore,  at  any  convenient  point  in  the  oscillating 
circuit,  and  all  measurements  are  made  with  reference 
to  this  point.  The  high-tension  voltage  is  controlled 
by  means  of  a  stud  potentiometer  so  far  as  fine  adjust- 
m.ents  are  concerned,  coarse  variations  of  the  secondary 
E.M.F.  being  obtained  by  the  use  of  a  selector  switch 
and  a  set  of  separate  secondare-  coils.  The  instrument 
has  been  so  designed  tliat  it  can  be  fitted  in  a  screened 
box  for  use  with  an  audib:ht\-  measurement,  experiments 
having  showTi  that,  if  the  galvanometer  have  an  iron 
case  and  be  connected  to  the  oscillator  by  screened  leads, 
the  leakage  of  oscillations  is  too  small  to  cause  trouble. 

The  secondar\-  of  the  mutual  inductance  consists  of 
several  coils  containing  various  numbers  of  turns.  As 
tlie  liigh-pressure  control  can  be  arranged  to  give  a 
variation  of  shghtly  over  two  to  one  it  is  possible,  bv 
having  several  separate  secondaries  each  containing 
about  twice  as  many  turns  as  the  last,  to  get  a  verj-  large 
variation  of  secondarj'  E.M.F.  and  to  retain  the  same 
percentage  sensitivitj-  on  each  range,  the  latter  being 
an  equally  important  advantage.  The  present  range 
on  9  000  m  is  approximatelv  from  5-0  mV  to  0-0.5  mV. 


Calibration  of  receiving  set. — The  formula  for  the  results 
is  derived  as  follows  : — 

F'rom  the  second  equation  in  Section  I  above  we  see 
that  the  current  in  an  oscillating  circuit  with  potential 
gradient  D 

D  X  2TTan 

^      M 

Hence,  the  resonance  volts  on  condenser,  i.e.  volts- 
apphed  to  amplifier 

_  73  X  2TTan\/{R-  ~  ufiL"^) 

^  M 

Under    ordinary   conditions   \/(R"  -r  ai-L-)    may    be 

replaced  by  wL. 

InanDioL 
.'.   resonance  volts  =  ,  (I) 

Since  the  local  oscillator  is  tlien  adjusted  so  as  to 
give  the  same  deflection  as  the  incoming  signal,  we- 
must  have  : — 

Resonance  volts  =  volts  applied  to  ampUfier  by  local 
oscillator, 
=  coIqM,  where  Jq  is  the  current  in 
the  local  oscillator,  and  M  the 
mutual  inductance  betiveen  it  and 
the  coupling  coil. 


Hence 


2TTanDcjL 


RX 


loMRX 
2TTanL 


■     -     ■    (2). 


M  being  the  appropriate  value  of  the  mutual  induct- 
ance for  the  particular  wave-length  and  secondary 
coil  employed. 

In  connection  with  the  local  oscillator  the  following 
important  point  has  been  found.  Investigations  on 
an  oscillating  circuit  of  tliis  form  showed  that  the 
oscillating  current  could  be  e.xpressed  in  tlie  form 
I  =  A(X~  B){V  +  C),  where  A  is  the  wave-length, 
and  V  the  high-tension  voltage.  A,  B,  and  C  beings 
constants. 

For  some  time  tliis  law  was  used  to  determine  the 
current  in  order  to  avoid  the  use  of  a  thermal  measuring 
instrument,  but  it  was  found  that  the  ageing  of  the  valve 
was  hable  to  affect  the  values  of  the  constants  shghtly. 
It  is  quite  possible  that  a  valve  could  be  artificiallv 
aged  for  tlus  purpose,  in  which  case  a  simple  and  rapid 
method  of  current  measurement  would  result,  but, 
pending  the  outcome  of  experiments  to  this  end,  a  thermal 
instrument  has  been  adopted.  The  immediate  impor- 
tance of  the  formula  hes  in  the  fact  that  in  all  cases  S 
appears  to  be  small  compared  with  A. 

Hence,  if  7  =^(A  +  B)(F  +  C) 

aj7.17  =  ^(A  --  B}{V  -h  C)M  x  3  x  lO^/A  X  2tt 

i.e.  the  term  involving  A  is  (1  -f-  B/X) 

Now,  for  the  shortest  A  employed,  B/X  was  of  the  order 
of  0-1,  .so  that  even  a  10  per  cent  change  in  the  wave- 
length adjustment  of  the  local  oscillator  only  produces 
a  change  of  about  1  per  cent  in  the  secondary  voltage. 
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Hence,  accurate  timing  of  the  local,  calibrated  oscillator 
is  unnecessary  ;  it  can  be  used  to  heterodyne  and  to 
read  the  incoming  signal,  and  then  be  used  without 
further  adjustment  forcahbration.  Tliis  effects  a  valuable 
saving  of  time  at  a  period  when  every  second  is  of 
importance. 

Determination  of  M. — As  has  been  mentioned  above, 
M  is  not  necessarily  the  mutual  inductance  measured 
by  low-frequency  methods,  but  the  mutual  inductance 
at    working    frequency    referred    to    the    current    at    a 
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Fig.  3. — Diagram  showing  calibration  of  oscillator. 

particular  point  on   the  oscillator.     It  is   measured   as 
follows  :—  • 

The  oscillator  is  connected  as  in  Fig.  3,  the  Duddell 
tliermo-galvanometer  with  an  appropriate  heater  being 
in  the  secondarv  circuit,  and  an  ordinary  thermo- 
i unction  and  galvanometer  in  the  oscillating  circuit. 
The  primary  voltage  must  generally  be  higher  than  the 
usual  value,  in  order  to  give  a  readable  current  in  the 
secondary^  It  is  assumed  that  on  any  given  wave- 
length the  current  distribution  in  the  coil  is  unaltered 
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by  this  increase  in  voltage,  and  this  seems  probable 
as  there  is  no  grid  condenser  to  alter  the  potential  of 
the  reaction  coil.  Also,  the  curve  for  M  (Fig.  4)  shows 
that  that  function  has  a  practically  constant  value  for 
the  higher  wave-lengths,  so  that  the  variation  of  distribu- 
tion must  be  small.  The  resistance  and  impedance  of 
the  secondary  are  measured  by  ordinary  methods, 
since  its  natural  frequency  is  so  high  compared  with 
those  under  consideration  as  to  have  no  measurable 
effect.  In  addition,  the  secondary  is  of  a  form  in  which 
the  increase  of  resistance  with  frequency  is  small,  and 


as  a  high-resistance  heater  is  generally  required  in  the 
thermo-galvanometer  this  variation  can  be  neglected. 

Owing  to  the  use  of  the  untuned  couphng  it  is  necessary 
to  measure  the  high-frequency  resistance  of  the  circuit 
for  each  observation.  While  this  introduces  an  apparent 
complication  into  the  process  of  taking  a  reading  it  has 
several  very  definite  advantages,  these  being  ; — 

(1)  No  assimiptions  of  uncertain  accuracy  are  made. 

(2)  A   very  severe  check  on   the  correct  working  of 

the  apparatus  is  provided  for  each  reading, 
(li)  Owing  to  there  being  no  balancing  circuit  the 
number  of  turns  on  the  coil  can  be  varied  at 
will.  This  is  of  value  if  it  is  required  to  take 
observations  of  stations  on  widely  different 
wave-lengths  with  only  a  short  interval  of  time 
between  them.  In  addition,  it  is  sometimes 
advantageous  to  have  control  of  the  resistance. 

As  before  m.entioned,  the  variable  factor  in  each  case 
is  the  ampUiier  itself,  owing  to  its  power  absorption,  and 
it  seems  Ukely  that  this  property  must  persist  even  if 
filter  circuits  are  used,  as  the  power  to  operate  the 
amphfier  must  be  derived  from  the  receiving  circuit  either 
by  direct  conductivity  or  by  induction.  The  effect  of 
the  amplifier  depends,  of  course,  on  its  adjustment, 
and  it  is  possible  to  make  the  loss  excessively  small  or 
even  negative,   so  obtaining  regeneration. 

For  measurement  purposes,  however,  either  of  the  latter 
conditions  is  liable  to  produce  great  instabiHty  ;  a  shght 
change  in  the  strength  of  the  incoming  signal  m.ay 
completely  alter  the  amplifier  characteristics,  and  where 
accuracy  is  required  it  is  far  safer  to  eliminate  any 
regenerative  possibility. 

In  general,  the  more  stable  the  amphfier  the  higher 
its  power  absorption,  so  that  it  is  necessary  to  consider 
both  of  these  factors  ;  but  it  must  be  borne  in  mind  that 
comparatively^  high  power-absorption  does  not  necessarily 
moan  poor  amphfication,  so  that  the  critical  factor  is 
often  not  sensitivity  but  selectivity,  wliich  brings  back 
the  old  problem  of  interference.  The  absence  of  a 
heterodyne  destroys  the  power  of  audible  selectivity, 
though  the  accuracy  of  results  obtained  when  this  power 
has  to  be  exercised  requires  further  investigation. 

There  is  but  little  difficulty  in  reducing  the  total 
resistance  of  the  circuit  to  about  10  ohms,  which  gives 
a  fair  degree  of  selectivity,  and  the  case  only  becomes 
serious  when  an  attempt  is  made  to  measure  a  weak 
station  \\'ith  a  liigh-power  station  very  much  nearer  to 
the  place  of  measurement.  This  can  be  best  illustrated 
by  drawing  a  tuning  curve. 

Take,  for  instance,  the  case  of  "  GBL  "  which,  with 
180  amperes  in  the  aerial,  at  8  3.50  m  may  be  expected 
to  give  an  E.M.F.  of  400  /xV  in  the  coil  at  Teddington. 
Assuming  the  resistance  of  the  receiving  circuit  to  be 
20  ohms  and  its  inductance  10  500  /xH,  Fig.  5  gives  the 
lower  part  of  the  tuning  curve  neglecting  any  antenna 
effect.  It  will  be  seen,  therefore,  that  for  a  station 
giving  an  E.M.F.  of  40  y.\ ,  if  a  measurement  of  the 
latter  be  required  to  an  accuracy  of  even  20  per  cent, 
the  closed  range  of  wave-length  is  from  7  600  m  to 
9  100  m  approximately.  Now,  suppose  a  similar 
measurement  to  be  made  by  the  audibility  method. 
If   the   heterodyne   note  of   l.caficld   be   just   inaudible 
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the  small  station  would  give  a  good  working  note  if 
its  frequency  differed  from  that  of  Leafield  by  about 
3  000,  i.e.  if  its  wave-length  were  9  120  m.  But  at  this 
wave-length  the  high-frequency  E.M.F.  of  Leafield 
would  be  50  per  cent  of  that  of  the  incoming,  small 
signal,  so  that  unless  it  were  certain  that  the  amplifying 
power  of  the  high-frequency  side  of  the  amplifier  were 
unaltered  by  a  50  per  cent  increase  in  apphed  ]i.M.F. 
an  error  would  be  produced  when  the  circuit  was  changed 
over  to  the  calibrating  source,  in  which  no  such  extra 
E.M.F.  was  present. 

Except  under  such  conditions  it  is  an  advantage  to 
use  a  circuit  of  higher  resistance  as  the  tuning  is  far 
less  critical.  I'ntil  a  galvanometer  be  used  one  does 
not  appreciate  how  critical  is  the  tuning  of  a  circuit 
of  even  moderately  liigh  resistance,  the  reason  for  which 
being,  of  course,  the  comparative  insensitivity  of  the 
telephones  to  small  changes  in  inten.sity.  For  instance, 
in  Fig.  5  a  variation  of  10  per  cent  in  intensity  is  caused 
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ty  a  variation  of  0-25  per  cent,  i.e.  4-5  fxfil\  in  the 
capacity  of  the  condenser.  It  is  also  important  to  know 
■what  error  is  hkelv  to  be  produced  if  accidentally 
the  receixdng  circuit  be  sHghtly  out  of  tune  with  the 
signal  under  measurement.  This  is  most  likely  to 
occur  for  small  values  of  the  tuning  condenser  where 
the  adjustment  is  finer.  Considering,  however,  the 
coil  data  given  above,  it  can  be  sho^v•n  by  calculaticn 
that  an  error  of  1  per  cent  in  the  condenser  value,  though 
it  reduces  the  actual  galvanometer  deflection  to  about 
45  per  cent  of  its  ma.ximum  value,  only  reduces  the 
measured  value  for  the  jjotential  gradient  by  5  per  cent. 
The  actual  measurement  of  resistance  is  made  as 
follows.  The  coil  is  fitted  with  a  five-way  .switch  by 
which  resistances  of  7-46,  18-3,  39-9,  and  78-2  ohms 
can  be  inserted  in  the  oscillating  circuit.  A  signal, 
either  from  a  local  source  or  from  outside,  is  tuned,  and 
readings  of  the  galvanometer  are  taken  for  all  five 
positions  of  the  switch.  The  voltages  corresponding 
to    these    readings    are    then    measured    by    the    local. 


calibrating  circuit,  the  resistance  being  calculated  in 
the  usual  way. 

From  these  results  very  important  information  can 
be  obtained.  Of  course,  if  the  resistance  of  the  circuit 
be  unusually  high  or  exceptionally  low  the  extreme  values 
of  the  inserted  resistance  may  not  give  accurate  results, 
but  the  group  has  been  so  chosen  as  to  be  suitable  for 
average  working.  In  a  particular  case  the  following 
results  have  actually  been  obtained.  By  using  the 
five  steps  and  worldng  out  the  results  of  indi\'idual  pairs 
the  following  series  of  values  for  the  high-frequency 
resistance  of  the  circuit  was  found  :  22-3,  22  •  9, 
22-75,  22-35,  23-8,  23-2,  22-4,  22-3,  21-5,  the  average 
of  these  being  22-6  ohms;  the  above  values  are  as 
consistent  as  may  be  expected  from  measurements  of 
this  nature  under  urdinarv  conditions. 

Their  close  agreement  shows  the  truth  of  the  following 
statements  : — 

{a)  The  effective  resistance  of  the  amphfier  is 
independent  of  the  signal  strength. 

(6)  Since  the  calculation  of  these  results  involves 
the  figures  obtained  for  the  various  mutual 
inductances  of  the  secondary  coils,  these  figures 
must  be  accurate. 

(c)  .A.ny  direct  electrostatic  couphng  to  the  amphfier 
is  negUgible,  since  the  constants  in  (b)  were 
obtained  with  a  thermo-galvanometer  and  not 
by  means  of  the  amphfier. 

In  connection  with  (a)  it  is  interesting  to  note  that 
if  the  amplifier  be  forced,  this  series  breaks  down  abruptly, 
showing  that  at  a  certain  point  self-oscillation  commences. 
Cases  occur  in  which  the  values  obtained  with  the  larger 
resistances  in  series  are  quite  normal,  but  an  abrupt 
variation  occurs  when  the  added  resistance  is  cut  out. 
There  appears  some  evidence  in  support  of  the  idea  that 
the  amphfier  resistance  varies  with  the  signal  strength 
when  close  to  tliis  state. 

A  series  of  this  nature  is  by  no  means  exceptional, 
but,  of  course,  in  order  to  obtain  such  a  one  reasonable 
care  must  be  taken  to  get  everything  into  a  steady 
state.  In  actual  working  on  a  definite  routine  it  is 
seldom  necessary  to  take  the  entire  series,  as  a  single 
reading  is  sufficient  if  it  be  known  that  the  apparatus 
is  working  stabl}'.  It  is  also  possible  in  the  case  of  a 
special  signal  to  measure  the  resistance  by  means  of 
a  local  source  immediately  before  the  transmission 
commences.  Tliis  will  remain  constant  throughout 
the  signal,  if  the  duration  of  the  latter  be  not  too  great, 
so  that  the  whole  time  of  reception  can  be  devoted  to 
watching  and  recording  the  momentary  \'ariations. 

It  appears  from  these  results  that  the  sUght  extra 
comphcation  involved  in  measuring  the  resistance  is 
more  than  compensated  for  by  the  ver\'  severe  test 
applied  to  the  apparatus  in  the  process  ;  and  a  definite 
indication  of  the  accuracy  of  the  result  is  obtained. 

In  fact,  it  appears  from  experiment  that,  pro\'ided 
the  amphfier  be  in  a  stable  state,  its  equivalent  resistance 
on  any  given  wave-length  is  definitely  determined  by 
the  adjustments,  filament  current,  high  pressure,  etc., 
and  that  by  the  measurement  of  these  the  total  resistance 
of  the  coil  can  be  foretold  without  actual  measurement, 
each  time  an  obser^'ation  is  taken.     Of  course,   owing 


INTENSITY   OF   RECEIVED   RADIO   SIGNALS. 


509 


to  possible  slight  changes  in  valves,  and  leaks,  it  would 
not  be  safe  to  dispense  entirety  with  resistance  measure- 
ment after  having  determined  it  once  ;  but  if  in  tlie 
■course  of  a  series  of  observations,  through  unforeseen 
circumstances  a  few  measurements  of  resistance  are 
missed,  the  values  can  be  obtained  from  other  readings 
in  which  the  state  of  the  ampUfier  was  tlie  same. 

Measttremenis  of  the  URSI  Signals  from  Nantes  (UA) 
made  at  the  National  Physical  Laburatorv- 


Date 


Oct.  25 

„  26 

,.  27 

,,  31 

Nov.  1 

2 

„  10 

,.  14 

,,  15 

,,  16 

.,  IV 

„  20 

,.  21 

,,  22 

,.  27 

.,  28 

,,  29 

„  30 


Potential 
gradient 

ESective 
R  of  set 

ohms 

1  100 

10-5 

]  980 

14-0 

2  190 

230 

1  660 

16-6 

2  100 

9-8 

4  260* 

14-7 

2  720 

12-6 

3  270 

19-4 

1  750 

9-3 

2  000 

16-7 

2  250 

19-2 

1  040 

30  0 

1  900 

23-7 

1  795 

42-5 

2  440 

16-0 

1  760 

16-4 

1  420 

21-4 

1  950 

17-6 

Date 


19SZ 
Dec.     1 
4 


r     2  310    \ 

\     2  030     / 


1923 

Jan. 


11 
12 
14 
IS 
20 
21 
22 

3 

4 

5 

8 

10 


Potential 

gratlieut 

,.V/m 

1  670 

3  200 

2  310 

2  030 

2  050 

1  600 

1  800 

1  730 

1  650 

1  010 

1  360 

2  269 

1  720 

2  200 

1  460 

840 

3  100 

EfEective 
iiofset 


ohms 
17-7 
20-8 


21-Ot 

19-4 
21-3 
180 
21-7 
14-8 
10-0 
130 
15-8 

20-0 
21-2 
17-7 
6-3 
28-0 


*  Obviously  an  abnormal  day.  "JISK"  (Moscow)  was  heard 
loudly  on  a  small  set  on  which  it  is  normally  inaudible  during  the 
day.  Daylight  variations  of  bearing  were  also  reported  as 
•excessive. 

t  An  abrupt  change  of  intensity  occurred  in  the  middle  of  the 
-signal. 

Note. — Tliese  figures  are  tlie  actual  readings  obtained 
and  are  not  corrected  to  the  standard  aerial  current  of 
180  A  for  purposes  of  comparison.  The  variations  are 
in  most  cases  not  more  than  2  or  3  per  cent. 

On  the  basis  of  the  Austin-Cohen  formula  the 
theoretical  value  of  tlie  gradient  at  the  N.P.L.  with  180 
amperes  in  the  aerial  sliould  be   1  760  yn-V  per  metre. 

Wave-lengtli  9  000m.    Time  of  transmission  2.15  p.m. 

In  order  to  verify  the  fact  that  the  result  was 
independent  of  the  particular  adjustment  of  ampUfier, 
a  local  oscillator  was  set  up  and  its  intensity  measured. 
The  amplifier  was  then  considerably  altered,  i.e.  the 
number  of  valves,  higli  pressure,  and  filament  current 
were  changed,  and  the  local  source  was  measured  again. 
The  results  differed  by  le.ss  than  1  per  cent.  The  same 
effect  has  also  been  noticed  when  measuring  tlie  "  URSI  " 
signals,  but,  of  course,  in  tliis  case  since  24  hours  have  to 


elapse  between  successive  readings  it  is  impossible  to 
guarantee  that  tlie  incoming  signal  remains  constant 
to  tlus  degree  of  accuracy. 

General  observations. — The  foregoing  is  primarily 
a  description  of  the  development  of  a  system  of  signal- 
strength  measurement.  Time  has  not  j-et  permitted 
of  an  extended  series  of  actual  observations,  nor  of  a 
critical  test  against  atly  other  method.  It  is  hoped  to 
carry  out  both  of  these  in  the  future,  as  until  this  is  done 
it  is  impossible  to  malte  any  very  definite  comparisons 
or  to  indicate  which  system  is  most  suitable  for  any  given 
conditions.  It  is  also  hoped  to  obtain  useful  information 
by  the  incorporation  of  an  Einthoven  string  galvano- 
meter so  as  to  obtain  photographic  records  of  signals, 
wliich  will  assist  in  deciding  another  very  important 
question,  namely,  within  what  limits  of  intensity  and 
frequency  an  average  transmission  is  hable  to  vary. 

Measurement  of  the    URSI  signals  from  Rome   (IDO) 
made  at  the  National  Physical  Laboratory . 


Date 

Potential 

gradient 

y.Vlm 

ESective 
R  of  set 

Date 

Potential 

gradient 

u.Vlm 

ESective 
R  of  set 

1922 

ohms 

1923 

ohms 

Dec.  12 

366 

221 

Jan.   11 

282 

18-8 

,,      13 

455* 

22-0 

„      15 

220 

12-5 

„      14 

210 

18-2 

,,      16 

383 

13-6 

1923 

,,      18 

354 

12-5 

Jan.     4 

257 

5-4 

„      19 

88 

20 

5 

275 

1-7 

,,     22 

270 

11-3 

„       8 

353 

200 

,,     23 

341 

13-5 

„      10 

273 

51 

,,     26 

277 

13-2 

*  Poor  reading. 

Aerial  current  100  A. 

On  the  basis  of  the  Austin-Cohen  formula  the 
theoretical  value  of  the  gradient  at  the  N.P.L.  is 
153yu,V  per  metre. 

Wave-length  10  800  m.     Time  of  transmission  5  p  m. 

Tliese  investigations  were  carried  out  for  tlie  Radio 
Research  Board,  and  tlie  author  has  to  acknowledge 
liis  indebtedness  to  the  members  of  Sub-Committee  A 
of  this  Board,  detailed  below,  for  much  useful  adv-ice  and 
criticism  tliroughout  the  experiments. 

Members  of  Sub-Committee  A  of  the  Radio  Research 
Board. — Dr.  E.  H.  Rayner,  I\I.A.  {Chairman).  .Vdmiral 
of  the  Fleet  Sir  Henry  B.  Jaclison,  G.C.B.,  M.C.V.O., 
F.R.S.  (Chairman  of  the  Board).  Prof.  G.  W.  O. 
Howe,  D.Sc.  Prof.  E.  H.  Barton,  D.Sc,  F.R.S. 
Mr.  D.  W.  Dye,  B.Sc.  Major  J.  Erskine-Murray,  D.Sc. 
Prof.  H.  M.  MacDonald,  F.R.S.  Mr.  F.  E.  Nancarrow. 
Mr.  J.  Holhngworth,  M.A.,  B.Sc. 

Also  he  wishes  to  express  liis  indebtedness  to  liis 
assistant,  Mr.  H.  A.  Thomas,  iM.Sc,  for  his  valuable 
aid  in  all  the  latter  portion  of  tlie  experimental  work. 
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Discussion  before  the  Wireless  Section-,  7  February,  1923. 


Dr.  J.  Erskine  Murray  :  I  am  very  pleased  to  see 
that  tliis  type  of  work  has  advanced  so  far.  It  has  been 
for  a  long  time  among  my  special  interests  but  its 
extreme  difficulty  has  always  beaten  me,  because  I  have 
never  been  able  to  give  sufficient  time  continuouslj-  to 
the  subject.  The  author's  apparatus  is  comparatively 
simple  and  is  evidently  going  to  do  the  work,  and  if  I 
make  one  or  two  small  criticisms  it  is  only  in  the  hope 
of  suggesting  slight  improvements  that  may  not  have 
occurred  to  him,  and  in  the  hope  that  he  will  be  able  to 
carry  the  apparatus  to  a  still  further  stage  where  it  may 
be  useful  to  a  larger  number  of  people.  The  author 
states  that  a  calibrated  amplifier  is  not  possible,  but 
I  do  not  agree,  although  the  present  tvpe  of  amplifier 
is  for  certain  reasons  impossible.  The  first  is  that 
valves  are  not  made  as  accurately  as  engineering  pro- 
ducts ;  manufacturers  have  not  yet  made  a  valve  in 
which  the  conducting  elements  are  as  exact  in  size  and 
in  material  as,  for  instance,  in  an  optical  instrument. 
It  would  then  be  necessary  to  take  the  characteristic 
curves  for  each  valve,  and  to  have  on  each  valve  an 
instrument  to  register  the  emission  and  the  anode 
voltage,  in  order  to  bring  each  valve  to  a  definite  state 
during  use.  But  the  first  thing  to  do  is  to  produce 
valves  which  will  not  vary  if  they  are  shaken.  The 
fundamental  formula  as  given  by  the  author,  D  =  12077 
(Ih/dX),  has  nothing  to  do  with  either  the  instrument 
or  the  measurement  ;  it  is  merely  a  sort  of  basis  for 
the  comparison  of  transmission  measurements.  The 
author  calls  his  coupling  aperiodic,  but  this  is  surely 
not  correct,  because  there  is  some  capacity  in  the 
amplifier,  and  there  is  a  coil  connected  to  that  capacity. 
It  must  therefore  have  a  frequency,  unless  it  is  very 
highly  damped.  As  regards  screening,  if  a  very  strong 
signal  is  being  measured  the  circuit  of  the  local  oscillator 
would  pick  up  a  small  amount  if  it  happened  to  be  in 
the  right  orientation.  In  the  calibration  of  thermo- 
ammeters  by  direct  current,  the  only  type  of  thermo- 
ammeter  that  can  safely  be  used  is  a  single-junction 
one  :  a  multiple-junction  ammeter  will  give  very  un- 
expected results.  The  reason  is  that  the  junctions 
are  not  absolutely  symmetrical.  The  direct-current  cali- 
bration of  even  the  Duddell  thermo-ammeter  may  differ 
very  appreciably,  e.g.  10  per  cent,  from  that  with  alter- 
nating current  at  300  periods  or  higher  frequencie.=-..  It 
is  greatly  to  be  hoped  that  before  long  there  will  be 
a  more  continuous  record  of  signal  strengths,  and  also 
that  it  may  be  possible  to  get  measurements  on  shorter 
wa\es.  The  formute  of  Fuller,  Austin  and  one  or  two 
others  give  good  results  on  comparatively  long  waves, 
say  of  2  000  m  and  upwards,  but  if  they  were  correct 
for  short  waves  it  would  appear  to  be  perfectly  impossible 
for  amateurs  in  London  to  hear  1  kW  stations  in  America. 
There  is  very  little  doubt  in  my  mind  that  these  formulas 
with  their  exponential  coefficients  do  not  cover  waves 
down  to  200  or  300  m,  and  it  would  be  interesting  to 
get  some  real  measurements  with  short  waves  of  con- 
siderable power.  With  short  waves  the  consequent 
absence  of  disturbance  from  atmospherics  would  be 
of  great  advantage:  in  the  Tropics. 


Admiral  of  the  Fleet  Sir  Henry  Jackson  :  In  the 

absence  of  Prof.  Howe,  a  member  of  the  Radio  Research 
Board,  I  will  try  to  take  his  place  and  deal  with  the 
subject  on  their  behalf.  In  the  early  days  of  the  Radich 
Research  Board  we  all  came  to  the  conclusion  that 
some  standard  instrument  was  required  for  measuring 
the  intensity  of  the  fields  at  long  distances  from  trans- 
mitting stations.  Eventually  the  author  agreed  to  take 
up  the  subject  at  the  National  Physical  Laboratory, 
and  this  paper  is  the  result  of  his  work.  We  are,  for 
the  present,  accepting  the  instrument  as  our  standard, 
and  I  think  that  the  tables  shown  justify  us  in 
saying  that  we  want  such  an  instrument.  Four 
have  been  ordered  :  Prof.  Howe  is  going  to  work 
one  of  them  at  Glasgow  University  ;  another  one  is. 
going  to  Aberdeen  University  to  be  worked  under  Prof. 
MacDonald's  auspices  ;  one  is  going  to  Slough,  and  the 
fourth  may  be  at  Teddington,  where  one  already  exists- 
at  present.  NMien  these  instruments  are  erected  in  the 
course  of  the  next  few  months,  we  shall  be  able  to  see 
what  difference  there  is  between  signals  in  the  north 
and  south  of  Scotland  and  in  the  south  of  England  and 
possibly  at  some  other  places  at  the  same  instant. 
This  will  enable  some  idea  to  be  gained  as  to  whether 
the  effects  are  local  or  whether  they  are  really  due  to 
the  Heaviside  layer  or  any  other  cause.  I  hope  also 
that  it  will  be  possible  to  co-ordinate  direction-finding 
results  with  the  measurement  of  these  signals.  It  seems 
to  me  ven.'  important  that  if  there  are  abnormally 
strong  or  weak  signals,  and  the  directional  effects  are 
peculiar,  it  would  be  worth  while  analysing  the  two 
together.  With  two  stations,  such  as  Slough  and 
Teddington,  in  telephonic  communication,  we  might  be 
able  to  measure  the  two  effects  simultaneously  and  see 
if  the  bearing  errors  varied  at  the  same  time  as  the 
abnormal  strength  of  signals  on  this  instrument.  The 
author  mentions  the  fact  that  these  electric  waves  may 
sometimes  not  arrive  absolutely  vertical  on  the  antenna. 
In  some  work  which  I  have  been  doing  for  the  past 
two  years  I  have  tried  to  measure  this  inclination,  if 
any,  by  means  of  a  frame  aerial  which  I  can  rotate  in 
any  plane.  About  a  year  ago  I  described  some  work 
which  I  had  done  with  a  frame  aerial  working  on  two 
axes,  and  I  have  now  one  which  works  on  three  axes. 
I  have  taken  every  precaution  which  has  been  suggested 
to  me  in  discussions  at  the  various  Sub-Committees  of 
the  Radio  Research  Board,  and  I  have  obtained  some 
interesting  results.  It  is  sometimes  possible  to  put  the 
axes  at  such  angles  that  a  rotation  o:i  one  of  them  will 
not  change  the  strength  of  the  signal,  and  a  blind 
band,  a  degree  wide,  will  be  obtained.  The  maximum 
deflection  from  the  vertical  that  I  have  measured  is 
about  20  degrees.  I  hope  that  others  will  carry  out 
this  sort  of  work  and  take  measurements  to  observe  if 
the  waves  are  inclined.  I  have  often  noticed  what  may 
be  called  "  wireless  fogs."  In  one  case  at  sunset  I  was 
observing  a  station  and  tuned  to  a  600  m  wave,  and  I 
could  get  practically  no  directional  effect  at  all  for  some 
minutes,  but  20  minutes  after  sunset  the  bearing  could 
be  accurately  measured.     At  other  times  the  direction 
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of  near  stations  could  be  accurately  taken,  when  distant 
stations  gave  no  directional  effect  at  all.  These  points 
may  be  of  interest,  and  I  hope  that  they  will  be  considered 
in  connection  with  the  future  measurement  of  signal 
strength. 

Dr.  E.  H.  Rayner  :  The  work  described  has  been 
carried  out  under  very  great  disadvantages.  The  fact 
that  only  a  few  minutes  a  day  have  been  available  for 
making  experiments,  and  never  more  than  two  minutes 
together,  is  sufficient  to  show  what  patience  is  required 
in  work  of  this  nature.  It  is  to  be  hoped  that  there 
will  be  a  considerable  increase  in  the  number  of 
URSI  signals  and  in  their  duration.  Comments  and 
suggestions  will  be  most  warmly  welcomed  by  the 
Sub-Committee  of  the  Radio  Research  Board  which 
has  to  deal  with  this  subject.  The  Committee  make 
no  claim  for  credit  for  the  work  which  has  been  done 
by  the  author,  and  on  their  behalf,  as  Chairman  of  the 
Committee,  it  is  a  great  pleasure  to  me  to  offer  him 
their  thanks  and  congratulations.  The  further  work 
on  these  lines  when  we  have  a  number  of  stations  working, 
combined  with  simultaneous  observations  of  the  direction 
of  the  apparent  wave-front,  cannot  fail  to  give  results 
of  the  greatest  value,  especially  on  "  disturbed  "  days. 

Mr.  E.  B.  Moullin  :  Every  detail  of  this  paper  has 
been  of  peculiar  interest  to  me,  for  the  author  and  I 
have  been  working  quite  independently  at  the  same 
problem  during  about  the  same  period  of  time.  I  think 
that  anyone  who  has  used  both  the  audible  and  the 
visual  method  of  comparison,  as  both  the  author  and 
I  have  done,  must  be  convinced  of  the  great  superiority 
of  the  visual  method.  I  think  that,  except  in  very 
special  cases,  the  audible  method  is  a  thing  of  the  past. 
The  author's  reference  to  the  difficulty  of  adjusting  to 
perfect  resonance  even  in  comparatively  high-resist- 
ance circuits  seems  very  familiar  to  me.  I  think  that 
perhaps  the  difficulties  in  preparing  the  apparatus 
have  made  him  slightly  exaggerate  the  necessity  of 
making  measurements  with  great  rapidity.  Surely  signal 
measurements  are  of  great  commercial  importance,  and 
if  this  is  so  the  necessity  merits  plenty  of  special  signals, 
and  the  serious  experimentalist  should  not  have  to  put 
up  with  the  best  that  chance  gives  him.  Large  sums 
of  money  are  being  spent  on  erecting  stations  of  ever- 
increasing  power  so  as  to  ensure  continuous  service. 
This  has  proved  a  successful  though  expensive  method, 
but  now  that  signal  measurements  can  be  made  with 
a  visual  indicator,  with  certainty  and  comparative 
ease  I  think  that  the  solution  of  questions  such  as 
optimum  wave-length  for  a  given  distance,  the  relation 
between  wave-length  and  fading  and  wave-length  and 
atmospherics,  has  become  an  economic  necessity.  If 
special  signals  are  arranged  during  an  interval  of,  rather 
than  before,  regular  service  three  or  four  long  dashes 
of  half-minute  duration  should  be  ample  ;  the  general 
disturbance  caused  thereby  would  be  small.  I  am 
surprised  that  the  author  considers  that  reception  with 
a  loop  is  advisable,  for  it  greatly  enhances  the  difficulties. 
If  an  aerial  is  used,  the  E.M.F.  set  up  by  a  given  field 
strength  will  be  vastly  greater  than  that  in  a  loop,  and 
consequently  the  necessary  number  of  amplification 
•stages  can  be  much  reduced,  with  a  great  gain  in  ease 
of  manipulation.     It   may   be   argued    that   the   aerial 


has  to  be  calibrated,  but  this  can  be  done  by  measuring 
a  strong  signal  both  in  the  aerial  and  in  a  loop.  Also, 
if  signal  measurements  are  required  for  investigating 
fading  effects  and  the  like,  is  it  not  relative  rather 
than  absolute  values  that  are  required  ?  I  think  that 
there  is  a  good  deal  to  be  said  for  replacing  the  loop  by 
a  big  aerial.  Now  if  the  E.M.F.  to  be  measured  is 
fairly  large  and  the  number  of  amplifier  stages  are  few, 
I  do  not  find  that  screening  is  a  very  difficult  matter. 
As  the  author's  method  requires  a  local  generator  to 
calibrate  the  amplifier,  is  there  not  something  to  be 
said  for  introducing  the  local  E.M.F.  straight  into  the 
aerial  circuit  rather  than  working  indirectly  via  the 
aerial  resistance  ?  The  author  tells  us  that  he  does 
this  to  avoid  screening,  but  if  aerials  are  used  instead 
of  loops  is  there  any  point  in  avoiding  screening  ? 
With  audible  comparison  I  think  there  is,  because,  as 
the  author  says,  there  is  always  the  uncomfortable 
feeling  that  perhaps  the  screening  is  not  complete. 
With  visual  indication,  on  the  other  hand,  this  doubt 
need  not  exist.  The  current  in  the  local  generator 
being  kept  constant,  the  E.M.F.  introduced  into  the 
aerial  may  be  varied  by  altering  the  value  of  a  mutual 
inductance  or  of  a  resistance  potentiometer.  If  the 
screening  is  imperfect  the  E.M.F.  introduced  through 
stray  paths  will  remain  constant,  while  the  E.M.F.  that 
it  is  desired  to  introduce  will  vary.  The  galvanometer 
deflection  can  be  plotted  against  the  value  of  the  mutual 
inductance,  and  if  the  result  is  a  straight  line  through 
the  origin,  the  screening  is  shown  to  be  perfect.  If  it 
is  not  perfect  then  the  screening  can  be  improved  until 
the  calibration  line  does  go  through  the  origin.  I  have 
used  this  method  of  measurement  *  and  find  it  to  be 
comparatively  simple.  I  should  like  to  know  the 
author's  views  in  regard  to  the  use  of  aerials  and  with 
regard  to  introducing  the  E.M.F.  directly  in  the  aerial. 
Does  he  consider  that  there  is  some  distinct  advantage 
in  working  via  the  aerial  resistance  ? 

Major  H.  P.  T.  Lefroy  :  On  page  505  the  author  lays 
emphasis  on  the  necessity  for  using  an  accumulator  for 
balancing,  but  he  does  not  state  what  type  of  high- 
tension  battery  he  employs.  If  it  is  an  accumulator 
battery  1  can  see  his  point,  but  if  it  is  a  dry-cell  battery 
would  he  not  get  as  good  results  by  using,  for  balancing, 
one  cell  of  the  same  type  ?  As  the  currents  are  balanced 
to  zero,  it  follows  that  both  batteries  discharge  at  the 
same  rate,  and  so  the  more  uniform  they  are  in  con- 
struction the  steadier  should  be  the  zero.  On  page  504 
the  author  mentions  that  he  has  ^  inch  between  the 
turns  of  his  coil-aerial,  but  this  apparently  does  not 
come  into  his  calculations,  unless  it  is  covered  by 
his  measurement  of  the  effective  resistance  of  the  coil 
aerial.  I  am  doubtful  whether,  in  tlie  case  of  absolute 
measurements,  it  is  safe  to  ignore  the  distance  between 
the  turns  of  such  a  coil  aerial.  It  is  my  experience  that, 
for  a  given  area  and  number  of  turns,  the  wider  the 
spacing  of  such  turns  the  stronger  are  the  signals 
received.  I  presume  that  this  means  that  the  voltage 
on  the  detector  is  greater  the  wider  the  spacing  of  the 
turns.  It  seems  probable  that  the  nearer  the  coil 
turns  are.  the  more  they  tend  to  screen  each  other  fr<  m 
the  incoming  signals.  I  am  doubtful  whether  this 
*  See  Journal  I.E.E.,    1923,  vol.  61,  p.   67. 
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effect  is  completely  allowed  for  by  measuring  the  effec- 
tive resistance  ;  would  it  be  just  as  good  for  the  author's 
purpose  to  have,  for  instance,  yV  inch  between  turns  ? 
On  page  509  the  author  refers  to  the  special  con- 
ditions that  existed  on  the  2nd  February,  1922,  and 
I  should  like  to  ask  him  whether  he  made  a  point  of 
recording  the  meteorological  conditions  on  that  day  ? 
From  the  nature  of  his  investigations  he  is  in  a  position 
to  observe  frequently  the  abnormal  strength  or  weak- 
ness of  standard  signals,  and  a  careful  analysis  of  the 
corresponding  meteorological  reports  might  lead  to 
some  insight  into  what  weather  conditions  accompany 
abnormal  signal  strengths.  I  have  evolved  a  rough 
method  for  the  measurement  of  signal  strength,  which 
may  be  described  as  a  zero  method.  The  receiver  is 
first  balanced  to  zero  for  silence ;  when  the  signal 
arrives  a  certain  deflection  occurs  ;  by  adjustment  of 
the  filament  rheostat,  whilst  the  signal  continues,  this 
deflection  is  again  balanced  to  zero  ;  the  rlieostat  is 
arranged  to  have  an  open  scale  and  a  suitable  pointer, 
and  the  change  in  its  value  between  the  two  positions 
of  balance  indicates  roughly  the  strength  of  signal 
received.  The  change  is  usually  about  |  ohm  to  f  ohm, 
and  the  balances  can  be  easily  and  rapidly  obtained. 

Mr.  T.  L.  Eckersley  :  The  value  of  the  paper  is 
enhanced  perhaps  because,  it  seems  to  me,  the  author 
has  developed  an  instrument  which  differs  in  important 
respects  from  the  ones  that  have  been  in  use  up  to  the 
present,  i.e.  the  method  due  to  Vallauri  and  that 
developed  in  the  Marconi  Company  by  Capt.  Round, 
Mr.  F.  C.  Lunnon,  Mr.  K.  W.  Tremellen  and  myself. 
A  comparison  between  his  apparatus  and  our  own 
should  give  a  valuable  check  on  the  accuracy  of  the 
overall  working  of  each  type  of  instrument.  The  chief 
novelty  of  the  N.P.L.  system  is  in  the  use  of  a  galvano- 
meter for  matching  the  actual  and  local  signal,  and 
very  strong  opinions  have  been  expressed  during  the 
discussion  that  tliis  is  the  only  rehable  or  even  possible 
method,  and,  although  I  fully  recognize  the  insensitivity 
of  the  aural  method  of  matching  signals,  the  galvano- 
meter method  has  the  serious  disadvantage  that  it 
cannot  be  used  on  ordinary  Morse  signals.  I  should 
like  to  know  whether  the  author  has  been  able  to 
measure  with  the  galvanometer  weak  signals  from  the 
American  stations,  e.g.  down  to  4  or  5  microvolts  per 
metre  on  wave-lengths  between  10  and  20  km.  With 
regard  to  the  accuracy  of  matching  audio  signals  I  agree 
with  the  author  that  5  per  cent  is  about  the  hmit  of 
accuracy  in  normal  working,  but  in  exceptional  cases 
where  strong  signals  are  used,  interpolated  by  signals 
from  the  artificial  circuit,  an  accuracy  of  1  per  cent 
has  been  obtained  by  Mr.  Luimon  when  comparing  two 
signal-measuring  instruments.  I  am  inchned  to  feel 
that  the  gain  in  accuracy  on  using  a  galvanometer  is 
outweighed  by  the  disadvantage  consequent  on  loss  of 
audio  selectivity  and  the  impossibihty  of  use  on  ordinary 
Morse  signals.  I  should  also  be  inclined  to  think  that 
the  galvanometer  method  would  fail  in  the  presence  of 
strong  X's  where  it  is  still  possible  to  match  audio 
signals  with  a  fair  degree  of  accuracy.  The  author's 
method  also  involves  the  measurement  of  the  resistance 
of  the  receiving  aerial.  Personally  I  have  always  found 
this   to  be  a  difficult  matter  and  one  that  is  always 


hable    to    some    uncertainty   unless    very  special   pre- 
cautions   are    taken.     Again,    the    mutual    inductance- 
must    be    measured.     All    these    measurements — made 
against  time — appear  to  me  to  introduce  possibilities- 
of  error  which  the  direct  substitution  method  avoids. 
It  has  been  our  practice  for  some  time  past  to  do.  away 
entirely  with  the  dummy  circuit  and  induce  the  local 
signal   direct   into   the   aerial   during   the   intervals   of 
sending.     The  actual  and  local  signals  are  then  under 
the  same  conditions  of  X's  and  jamming,  and  can  be 
matched  without  any  fear  of  the  psychological  effects, 
of  X's  marring  the  results.     I  can  vouch  for  the  fact 
that  this  method  is  possible,  as  I  have  received  many 
thousands  of  observations  from  Mr.   Tremellen  taken 
in  this  manner  on  his  voyage  out  to  New  Zealand.     This 
method  avoids  all  uncertainties  of  resistance  measure- 
ments.    It  is  sometimes  difficult  to  find  intervals  to- 
"  chip  in  "  when  a  station  is  sending  high-speed  auto- 
matic signals  for  long  periods,   but  in  this  case  it  is. 
possible  to  use  a  method  devised  by  Mr.  Beverage  and 
Mr.  Rust  in  which  a  unidirectional  receiver  is  used,  by 
combining  vertical  and  aerial  and  frame,  in  which  the 
intervals  are  artificially  made  by  balancing  the  frame- 
against  the  aerial.     On  page  503  it  is  not  fair  to  say 
that  if  the  wave  be  tilted  the  relation  /  =  inDanliB-jX), 
where  D  is  the  vertical  force  induced,   holds,  for  the 
E.M.F.  induced  in  this  case  also  depends  on  the  hori- 
zontal electric  force  X  in  the  direction  of  propagation 
and  is  na  .  JX/;^Z.    This  quantity  is,  however,  negligible 
in  e\-ery  case  where  the  ground  has  not  a  greater  resis- 
tivity than   about  1  000  ohms   per  ft.  cute,  or   about 
2  X  101'^  units.     With  regard  to  the  effect  of  jamming,, 
it  has  been  our  experience,  so  far,  that  when  using  cur 
types  of  measuring  instruments,  jamming  makes  very 
little  if    any  effect    on  the  measured    strength    of  the- 
signal  received.     The  use  of  a  strong  local  heterodyne 
makes   the   signal   and   the   interference  very   approx- 
imately    hnearly    independent,    but    I    should     doubt 
if  this  was   the  case   when  using   ordinary  rectification 
without    heterodyne.        This    raises    the    point    as    to- 
whether   the   absence   of   a  local  heterodyne   is   reaUy 
an   ad\antage.     It  certainly  is  an  advantage  in  sim- 
phcity,  but  the  point  raised  just  now  may  be  serious  in 
certain    cases,    and    ordinary    square-law    rectification 
makes  weak  signals  difficult  to  measure.     The  author 
must  be  congratulated  on  being  able  to  dispense  with 
shielding,    although    his    method    of    doing    so    is    not 
exactly  clear  to  me.     It  seems  to  me  rather  a  dangerous 
proceeding,    especially   when   dealing   with   very   weak 
signals.     The     capacity    couphng     with     a    resistance- 
amplifier  is  hkely  to  be  of  the  same  order  of  magnitude 
as  the  inductive  coupling,  so  that  the  use  of  a  resistance- 
capacity  amplifier  cannot  facilitate  to  any  great  extent, 
the    problem    of    shielding.     The    fact    that    the    local 
oscillator  mav  be   slightly  mistuned   without    altering 
the  effective  E.M.F.  induced  in  the  amplitier  seems  to. 
be  a  point  in  the  favour  of  the  N.P.L.  system.     With 
the  use  of  a  heterodyne  very  accurate  setting  of  the 
local    oscillator    is    necessary   in    order    to    match    the 
heterodvne   notes.     This   setting   is   often   made   more- 
difficult  by  slight  variations  of  the  signal  wave-length„ 
and  generally  involves  considerable  care  and  time  in 
adjustment. 


INTENSITY   OF   RECEIVED   RADIO   SIGNALS:    DISCUSSION. 


513 


Mr.  F.  J.  Chambers  :  With  reference  to  the  need 
for  a  stable  amplifier,  I  should  like  to  ask  the  author 
if  he  has  tried  substituting  well-insulated  condensers 
for  the  grid-filament  resistances.  The  reaction  of  the 
output  circuits  upon  the  input  circuits,  due  to  "  valve  " 
coupling,  is  then  "counter  feed  back"  and  can  be 
reduced  to  a  negligible  value  by  making  the  condensers 
large  compared  with  the  anode-grid  capacity  of  the 
valve.  The  principal  source  of  trouble  in  a  resistance 
amplifier  is  the  action  at  the  first  stage.  This  might 
be  dealt  with  by  connecting  the  source  of  E.M.F.  to  the 
first  grid  through  a  non-inductive  resistance,  with  a 
further  non-inductive  resistance  between  the  grid  and 
filament  of  the  first  valve.  If  these  resistances  are 
properly  chosen  with  reference  to  the  other  circuit 
constants,  the  anode  reactance  and  the  grid-anode 
capacity,  I  think  that  retro-action  could  be  avoided. 

Mr.  E.  H.  Shaughnessy  :  On  page  502  the  author 
points  out  that  the  measurement  of  signals  can  be  made 
either  on  the  routine  transmission  or  on  a  short,  special 
signal  sent  for  the  purpose.  He  says  :  "  Observations 
seem  to  show  that  the  first  of  these  is  not  of  much  value 
except  for  very  rough  measurement,  owing  to  the 
continual  and  irregular  variations  produced  by  the 
keying."  I  should  like  to  know  precisely  what  he 
means  by  that ;  whether  it  is  simply  the  fact  that  his 
galvanometer  needle  vibrates  too  much  for  him  to  get 
a  reading,  or  whether  the  strength  of  the  field  when 
signals  are  coming  in  differs  appreciably  from  that 
when  a  long  dash  is  being  sent.  From  a  practical 
point  of  view  we  want  to  get  signals  and  not  long  dashes.  ! 
That  is  why  up  to  the  present  the  audibility  method 
has  been  used  for  measurement,  and,  following  the 
Marconi  practice,  we  have  always  applied  it  to  actual 
signals.  The  table  on  page  509  shows  that  the  strength 
of  the  field  as  measured  varies  from  1  040  on  20th 
November  to  2  250  on  17  th  November  and  1  900  on 
21st  November.  I  ana  ignoring  the  abnormal  figures, 
and  I  presume  that  these  measurements  were  taken 
at  the  same  time  every  day.  An  engineer  designing 
a  station  is  very  badly  in  need  of  some  substantial  and 
accurate  figures  of  this  nature.  The  strength  of  the 
signals  on  one  day  was  4  260,  and  someone  may  accept 
this  as  reliable,  whereas  the  figure  that  should  be  taken 
is  that  for  8th  January,  viz.  840.  Measurements  taken 
all  over  the  world  with  apparatus  of  this  or  a  similar 
nature  will  be  very  valuable  to  us  all. 

Professor   E.  W.  Marchant  (coimnimicated)  :    In  a 
paper  read  before  the    Institution  in    February,    1915, 
(see  Journal  I.E.E.,  vol.  53,  p.  329)  I  described  a  method    , 
of  measuring  the  signal  strength  which  had  been  used 
in  the  Liverpool  Laboratories  of  Applied  Electricity  for 
determining  the  variation  in  the  strength  of  the  Paris 
time  signals  and  of  a  station  at  Brussels.     In  these  tests 
we   used    an    Einthoven    galvanometer   in   conjunction 
with  a  crystal  (perikon)  detector  which  was  calibrated 
by  a  buzzer  circuit,  the  current  being  measured  by  a    | 
Duddell  thermo-ammeter.      These  measurements  were 
mainly  relative,  the  absolute  values  of  the  microvolts 
per  metre  on  the  aerial  not  being  estimated.    The  aerial 
was  very  badly  placed  for  this  purpose  as  it  was  attached    ' 
to  a  mast  erected  on  the  top  of  a  steel-frame  building,    I 
and  its  effective  height,  therefore,  would  be  difficult  to 


determine   with   any   degree   of   certainty.     Since   last 
September,    Mr.    Sharpe   in   this   laboratory   has  .been 
I   constructing  an  apparatus  for  measuring  signal  strengths 
I   of  much  longer  wave-length,  the  arrangement  used  being 
somewhat  similar  to  that  described  by  Mr.  Lunnon  in 
I   the  discussion  some  two  years  ago  on  Mr.  Elwell's  paper 
on     "  Long-Distance    Wireless    Transmission."  *     The 
i   arrangement  described   in  the  present  paper,   also,   is 
somewhat    similar    to    our    system,    the    galvanometer 
being  connected  in  the  plate  dircuit  of  the  last  valve, 
a  balance  current,  obtained  from  a  secondary  cell,  com- 
pensating for  the  steady  current  which  flows  through 
the  plate  circuit,  so  that  the  galvanometer  only  records 
variations  in  the  plate  current,   corresponding  to  the 
I   received  signals.     So  far,  no  actual  measurements  have 
been  obtained  of  the  long-distant  stations.    The  greatest 
I   difficulty  in  connection  with  these  tests  has  been  the 
elimination  of  signals  of  similar  wave-length  to  those 
being  measured.     The  method  of  calibrating  the  detector 
described  by  the  author  is  very  similar  to  that  which 
we  used  in  our  tests  in  1914,  but  the  variations  in  signal 
strength  that  the  author  has  obtained  and  described 
on  page  609  are  much  greater  than  those  found  in  most 
of  our  experiments  for  the  daytime.     The  actual  varia- 
tion during  the  day  for  the  Paris  time  signals  in  Liver- 
pool  (which   would   be  roughly   the  same  distance   as 
Nantes  is  from  the  N.P.L.)  is  of  the  average  order  of 
±  25    per    cent,    depending    on    weather    conditions. 
Variations  during  the  night  are,  of  course,  very  much 
greater  and  I  presume  that  the  figures  given  on  page  509 
for  the  signals  from  Nantes  (UA)   must  include  some 
measurements  after  dark.     The  variation  in  the  effective 
resistance     of    his     testing    set     appears     to   be    very 
considerable,  having   a  minimum    value  of  6-3  and    a 
maximum    of  over    42.     It   is    difficult   to  understand 
exactly  why  it  is  necessary  for  the  receiving  set  to  have 
such    a    very    wide    variation    of    effective    resistance. 
Would  it  not  be  better  to  use  for  receiving  a  set  in 
which  the  effective  resistance  was  practically  constant  ? 
Reference  is  made  on  page  508  to  the  variation  in  sensi- 
bility of  the  author's  receiver  with  var\dng  high-fre- 
quency E.M.F.  of  the  received  signal.     Unless  one  is 
going   definitely   beyond    the   saturation    point   of   the 
valve  with  any  of  the  signals,  there  should  not  be  any 
serious  change  of  sensitivity  with  varying  E.M.F.   of 
the  received  signal.     It  is,  I  think,  desirable  to  work 
the  amplif^'ing  valve  as  near  as  possible  to  the  centre 
of  the  straight  part  of  the  characteristic  cur\'e,  so  as  to 
make  sure  that  this  condition  does  not  occur. 

Mr.  J.  E.  Taylor  (communicated)  :  Some  11  or  12 
years  ago  I  had  some  preliminary  tests  made  with  a 
view  to  measurements  of  wave-strengths  at  a  distance 
from  the  transmitting  station.  At  that  date  damped- 
wave  transmission  from  spark  transmitters  was  in 
general  use  and  the  tests  were  confined  to  such  trans- 
mission and  to  relatively  short  waves  not  far  removed 
from  the  natural  wave-length  of  the  aerial  used  and 
of  perhaps  200  ra  to  400  m.  The  distance  from  the 
transmitting  station  at  wliich  the  measurements  were 
made  was  also  quite  small,  i.e.  about  two  or  three  miles. 
The  method  consisted  of  inserting  a  Duddell  thermo- 
galvanometer  into  a  receiving  aerial,  and  an  attempt 
•  Journal  I.E.E.,   1921,  vol.   59,  p.  677. 


514 


HOLLINGWOKTH  :   THE    MEASUREMENT   OF   THE 


was  made  to  obtain  a  resonance  curve  from  the  galvano- 
meter readings  while  varying  the  tuning  of  the  receiver 
through  a  suitable  range.     It  had  been  expected  that 
the  curve  so  obtained  would  bear  some  direct  relation 
to  the  resonance  curves  obtained  at  the  transmitting 
station  by  the  usual  method  of  wave-meter  and  thermo- 
milliammeter.     On  the  contrary,  however,  the  curves 
at    the    receiving   station    had    entirely   different   cha- 
racteristics and   indicated    a    bluntness   of   tuning   not 
accountable   for  by  the  measured    effective  resistance 
of  the  receiving  svstem.     They  also  exhibited  a  double- 
hump  characteristic  in  which  the  humps  bore  no  sort 
of  relation  to  the  coupling  waves  of  the  transmitter. 
The  bluntness  of  tuning  was  such  as  to  swamp  entirely 
any   characteristics   of    the   transmitter,    the    coupling 
waves   of   which   might   be   varied   within   wide   limits 
without  being  detectable.     It  was  also  confirmed  that 
with   ordinary   wireless   crystal  receivers   the   coupling 
waves    were    undetectable,   so    that    the    necessity  for 
legislation  as  regarded  the  permissible  limits  of  coupling 
of    transmitters    was    not    obvious.     Such    legislation 
appears  to  have  been  based  on  erroneous  assumptions 
derived  from  resonance  curves  taken  at  the  transmitting 
station  itself.     Probably  somewhat  similar  tests  have 
been  since  carried  out  by  other  investigators  and  have 
been   carried   to   a   more  definite  conclusion  than  the 
inconiplete  series  to  which   I  refer.     Bearing  in   mind 
the  nature  of  the  results  obtained  with  damped-wave 
transmission  as   above,   I  should   like  to  know  if  the 
author    has    evolved    any   resonance    curves    with    his 
apparatus   on   continuous-wave   reception    and,    if    so, 
whether  he  has  found  that  they  bear  any  direct  relation 
to  resonance  curves  obtained  at  the  transmitting  station. 
If  he  has  not  yet  made  such  tests  I  think  it  would  be 
time  well  spent  to  do  so.     The  author's  method,  sys- 
tematically pursued,  promises  results  of  great  interest, 
more   especially   in   regard   to   comparative   results   as 
between   different  types  and  locations  of  stations,   as 
well  as  seasonal  and  other  variations  of  signal  strength. 
Mr.    J.    Hollingworth    (in    reply)  :     I    quite    agree 
with  Dr.   Erskine-Murray  that  the  problem  of  a  cali- 
brated  amplifier   is   one   of   apparatus   rather   than   of 
principle,    and   it   is    quite   likely   that   with   improve- 
ments in  valve  construction  such  a  thing  will  become 
possible,    though   it   seems   likely   that   even   then   the 
adjustments   might   be   highly  critical.     In   accordance 
with  his  suggestions  the  word   "  aperiodic  "   has  been 
changed    to    "  untuned."     As    to    "  pick-up  "    in    the 
local  oscillator,  if  it  were  suspected,  it  could  be  elimi- 
nated by  slightly  changing  the  wave-length,  as  it  has 
been    shown    that    such    small   changes    do    not    affect 
the   calibration.     There   is   no   doubt   a   great   field   in 
the   extension   of   such   measurements   to   short   waves 
and  it  is  hoped  to  carry  it  out,  but  with  the  reduction 
in    wave-length    the    instrumental    difliculties    increase 
very   rapidly   owing   to   the   increased    effect   of   small 
stray  capacities  at  the  higher  frequencies. 

It  is  hoped  that  further  tests  may  justify  the  use 
of  the  apparatus  as  a  standard  as  suggested  by 
Admiral  Sir  Henry  Jackson,  but  on  work  of  this 
nature  it  is  important  to  define  what  is  meant  by  this 
.expression.  In  ordinary  electrical  measurements  no 
instrument  can  lav  claim  to  be  called  a  standard  unless 


it  can  be  relied  on  to  an  accuracy  of  at  least  one  in 
a  thousand.  In  the  present  state  of  radio  work  of 
this  nature  such  an  achievement  is,  of  course,  impos- 
sible ;  and  the  word  must  be  taken  as  implying  that 
the  limits  of  accuracy  are  definitely  defined  in  each 
case.  The  check  involved  by  the  resistance  measure- 
ment appears  to  provide  this,  and  gives  a  power  of 
separating  good  and  bad  readings  whether  such  are 
due  to  the  set  itself  or  to  transmission  irregularities. 
During  the  Horsea  tests  last  year  some  experiments 
were  made  to  see  if  there  was  any  direct  connection 
between  abnormal  bearings  and  abnormal  signal 
strength.  The  results,  considering  individual  observa- 
tions, appeared  to  be  entirely  negative,  but  from 
results  such  as  that  on  2nd  November  it  appears  that 
a  period  of  abnormal  signal  strength  may  be  accom- 
panied by  directional  variations,  even  if  the  converse 
is  not  true.  When  the  station  at  Slough  starts  working 
regularly  such  simultaneous  observations  would  be 
possible  and  certainlv  of  value. 

The  problem  of  aerial  versus  coil  raised  by  Mr. 
Moullin  is  one  in  which  there  is  a  great  deal  to  be 
said  on  both  sides.  The  fundamental  advantage  of 
the  aerial  is  certainly  the  large  E.M.F.  and,  conse- 
quently, the  decreased  amplification  involved.  The 
primary  reasons  for  the  use  of  a  coil  in  these  experi- 
ments were  portabilitv  and  possibility  of  use  in  places 
where  an  aerial  was  impracticable  ;  also  the  coil  has 
the  advantage  that  its  constants  are  much  more  defi- 
nitely known  than  those  of  an  aerial.  For  pure  com- 
parative purposes  this  does  not  matter,  but  it  affects 
any  attempt  to  obtain  absolute  figures.  The  deter- 
mination of  the  effective  height  of  an  aerial  is  one  on 
which  there  is  much  uncertainty  at  the  present,*  and 
Vallauri  has  shown  t  that  it  may  vary  very  consider- 
ably with  the  orientation  of  the  observing  station. 
It  also  ^'a^ies  with  the  wa\-e-length,  and  possibly  with 
the  surface  conductivity  of  the  ground  in  the  neigh- 
bourhood. The  method  of  injecting  the  calibrating 
E.M.F.  into  the  aerial  is  practically  that  of  Lieut. 
Guierre  and  is  discussed  on  page  502  of  the  paper,  the 
whole  problem  being  the  difficulty  of  ensuring  a 
silence  period  in  which  to  perform  the  injection. 

In  reply  to  Major  Lefroy  the  high-tension  battery 
consists  of  small  Leclanche  wet  cells.  So  far  this 
has  given  no  trouble,  though  admittedly  it  is  fairly 
new.  The  steadiness  of  the  anode  current  (i.e.  the 
filament  emission)  depends  on  two  factors,  the  anode 
voltage  and  the  filament  temperature.  If  the  valve 
be  run  very  bright  on  the  upper  flat  portion  of  the 
temperature/emission  characteristic,  the  latter  of  these 
two  factors  is  negligible  and  the  problem  is  merely  a 
question  of  steadiness  of  anode  voltage.  For  efficient 
working  it  is  usual  to  run  the  filament  less  bright  on 
the  steep  part  of  the  characteristic,  and  in  this  case 
a  much  greater  variation  of  anode  current  is  caused 
by  small  \'ariations  of  filament  voltage  than  by  corre- 
sponding small  variations  of  anode  voltage.  In  this 
case  it  has  been  found  best  to  balance  the  filament 
drop  by  an  accumulator  working  on  a  potentiometer 
of  about  the  same  resistance  as  the  filament. 

*  Eckersley:  Electrician,  1923,  vol.  90,  p.  134. 
t  Radio  Review,  1921,  vol.  2,  p.  186. 
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The  question  of  spacing  is  a  very  interesting  one. 
It  is  equivalent  to  the  consideration  of  the  screening 
effect  of  the  current  in  any  turn  on  adjacent  turns. 
Now  the  occurrence  of  such  an  effect  is  illustrated  by 
the  fact  that  if  the  wire  resistance  of  a  coil  were 
decreased  indefinitely  the  current  in  it  would  tend  to 
a  finite  limit.  This  is  shown  in  the  theoretical  treat- 
ment of  the  coil  by  the  appearance  of  a  quantity 
known  as  the  radiation  resistance,  which  depends  on 
the  dimensions  of  the  coil  and  is  added  to  the  normal 
wire  resistance.  It  appears,  therefore,  that  any  such 
effect  is  allowed  for  by  the  measurement  of  the  resist- 
ance under  working  conditions.  Actually  the  radia- 
tion resistance  of  a  coil  is  usually  very  small  compared 
with  its  wire  resistance.  A  more  likely  reason  for  the 
effect  referred  to  by  Major  Lefroy  is  that  as  the  spacing 
between  the  turns  is  decreased  the  inductance  rises 
fairly  rapidly.  Now  I  have  mentioned  on  page  505 
that  if  there  be  any  power  absorption  by  the  valve, 
or  loss  due  to  poor  insulation  resistance,  the  effective 
resistance  due  to  this  is  nearly  proportional  to  the 
square  of  the  inductance.  It  seems  more  likely  that 
the  behaviour  referred  to  was  due  to  this  cause  than 
to  the  one  previously  discussed.  There  is  also  the 
fact  that  the  actual  high-frequency  resistance  of  the 
wire  composing  the  coil  itself  is  affected  by  the  spacing. 
I  think  that  there  is  no  doubt  that  the  meteorological 
conditions  play  a  considerable  part  in  the  variations, 
although  I  have  not  actually  confirmed  it  in  the  case 
of  2nd  November,  but  it  is  an  effect  I  have  frequently 
suspected  from  the  results  obtained.  It  will  certainly 
be  taken  into  consideration  as  soon  as  systematic 
observations  begin,  .^s  to  the  earlier  remarks  of  Mr. 
Eckersley,  I  agree  that  it  is  too  early  to  give  a  definite 
decision  as  to  the  relative  values  of  galvanometer 
and  telephone  methods,  though  there  appears  to  be  a 
general  tendency  among  the  more  recent  workers  to 
use  the  galvanometer.  Personally  I  am  inclined  to 
think  that,  owing  to  the  large  number  of  different 
conditions  under  which  such  measurements  are  required, 
there  is  room  for  both  types. 

One  object  of  signal  strength  measurements,  and 
indeed  a  very  important  one,  is  the  determination  of 
their  value  under  actual  routine  conditions  of  working. 
These  are  not  invalidated  by  such  factors  as  exces- 
sively weak  signals,  bad  atmospherics  and  unsteady 
transmission,  which  factors  must  be  allowed  for  in 
considering  such  transmissions,  and  even  if  the  results 
obtained  are  not  of  a  very  high  order  of  accu- 
racy their  value  is  considerable.  For  such  work  an 
audibility  measurement  is  probably  most  suitable. 
The  N.P.L.  apparatus  was,  on  the  other  hand, 
designed  more  for  theoretical  observations  on  the 
"URSI  "  signals.  In  this  case  the  limits  of  accuracy  of 
each  individual  observation  must  be  known  and  must 
be  correlated  with  carefully  observed  sending  condi- 
tions. Observations  on  the  dashes  seem  to  suggest 
that  a  transmitting  set  does  not  always  settle  down 
immediately  to  a  steady  condition  when  the  key  is 
pressed,  and  in  this  case  it  is  not  easy  to  specify  the 
exact  transmitting  conditions  when  Morse  signals  are 
being  sent.  This  also  covers  the  point  raised  by  Mr. 
Shaughnessy.     The  consistency  of  the  resistance  series 


obtained  seems  to  show  that,  for  a  coil  at  any  rate,  it 
is  a  fairly  definite  quantity,  though  with  an  aerial  it 
might  not  be  so.  The  mutual  inductance  has  not  to 
be  measured  during  the  observation,  as  it  is  determined 
once  and  for  all  during  the  preliminary  calibration  of 
the  apparatus.  This  and  the  fact  that  accurate  tuning 
of  the  local  oscillator  is  unnecessary  make  the  actual 
measurement  very  rapid.  Readings  have  been  obtained 
with  time  to  spare  in  cases  when  no  preliminary 
signals  were  sent,  but  merely  the  URSI  call  immediately 
followed  by  the  dash.  I  think  that  the  abolition  of  the 
dummy  aerial  in  Mr.  Eckersley's  system  is  a  very 
great  improvement,  though  it  is  only  obtained  rather 
at  the  expense  of  simplicity  of  apparatus.  I  do  not 
quite  follow  his  remarks  as  to  capacity  coupling,  as 
he  does  not  say  between  what  points  he  is  considering 
it ;  the  primary  reason  for  there  being  no  need  of 
screening  is  that  the  coil  and  local  oscillator  are  never 
working  at  the  same  time.  The  capacity  component 
of  the  calibrated  mutual  inductance  is  allowed  for 
by  the  method  of  calibration,  and  stray  capacities 
between  the  oscillator  and  amplifier  are  minimized  by 
mounting  everything  on  porcelain  legs.  It  was  found 
by  experiment  that  the  ratios  of  the  mutual  induct- 
ances of  the  various  secondary  coils  as  measured  by 
the  method  given  in  Fig.  3  agreed  generally  within 
1  per  cent  with  the  same  ratios  obtained  by  vary- 
ing the  current  in  the  calibrated  oscillator  so  as  to 
give  the  same  galvanometer  deflection  on  the 
amplifier  with  different  pairs  of  secondary  coils.  As 
the  amplifier  is  not  used  at  all  in  the  first  method 
this  shows  that  the  effect  of  such  stray  capacities  is 
negligible. 

I  have  not  tried  the  method  suggested  by  Mr. 
Chambers,  but  any  method  of  controlling  rather  than 
abolishing  retro-action  is  to  be  welcomed. 

The  variations  in  resistance  referred  to  [by  Prof. 
Marchant  are  due  to  three  causes.  The  first,  which 
in  general  accounts  for  the  slight  variations,  is  due 
to  slight  changes  in  the  batteries,  etc.,  and  also  at 
times  to  dust  or  damp  on  the  leaks.  The  amplifier 
used  for  these  measurements  was  the  original  model 
constructed  in  the  early  days  of  the  experiments. 
Many  modifications  and  improvements  are  being  incor- 
porated in  the  later  model  which  is  now  under  con- 
struction. The  two  other  causes  were  intentional. 
The  first  of  these  was  that  the  amplifier  adjustments 
were  varied  so  as  always  to  give  a  practically  full- 
scale  deflection  on  the  galvanometer.  For  instance, 
in  a  case  where  the  signal  was  larger  than  usual  and 
the  galvanometer  under  normal  conditions  just  off  the 
scale  it  gave  a  finer  adjustment  to  vary  the  amplifier 
slightly  than  to  use  the  galvanometer  shunt  of  which 
successive  steps  were  in  the  ratio  3:1.  The  extreme 
variations  were  due  to  another  cause.  As  in  this 
method  of  measurement  the  state  of  the  amplifier  is 
directly  involved  in  the  calculations,  it  was  thought 
to  be  of  the  utmost  importance  to  show  that  this  did 
not  affect  the  final  result.  The  amplifier  was  therefore 
varied  by  using  two,  three  or  five  valves  and  widely 
varying  amplifications  on  different  occasions.  _  This  is 
strongly  illustrated  in  the  reading  on  Rome  on 
5th    January    where    the    amplifier    was    deliberately 
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made  almost  reactive,  its  resistance  being  only 
1  •  7  ohms  ;  and  yet  the  reading  was  still  consistent 
with  others,  whereas  the  amplification  was  many  times 
greater.  The  readings  on  Nantes  were  all  taken  at 
2.15  p.m.  (G.M.T.),  this  being  the  time  of  the  special 
signal.     The  variations  are  certainly  large,  but  appear 


in  general  to  be  of  the  same  order  as  those  observed 
at  Meudon  on  similar  transmissions. 

In  reply  to  :\Ir.  Taylor  I  have  not  been  able  to 
determine  any  resonance  curves  such  as  he  refers  to 
but  this  could  easily  be  done  when  the  transmission 
from  Teddington  to  Slough  is  ia  working  order. 
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Cables  laid  direct  in  the  ground. 
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660-volt  concentric 

660-volt  three-core 

2  200-volt  concentric 

2  200-volt  three-core 

3  300-volt  concentric 
3  300-volt  three-core 

5  600-volt  concentric 
.5  500-voIt  three-core 

6  600-voIt  concentric 
6  600-volt  three-core 
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11  000- volt  three-core 


Cables  in  air. 

660-volt 

660-volt 

660-volt 

2  200-volt 

2  200-volt 

3  300-volt 
3  300-volt 
5  500- volt 

5  500-volt 

6  600-volt 
6  600-volt 

11  000-volt 
11  000- volt 


single-core 
concentric 
three-core 
concentric 
three-core 
concentric 
three-core 
concentric 
three-core 
concentric 
three-core 
concentric 
three-core 


Cables  drawn  into  ducts. 

660-volt  single-core 

660-volt  concentric 

660-volt  three-core 

2  200-volt  concentric 

2  200-volt  three-core 

3  300-volt  concentric 
3  300-volt  three-core 
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6  600-volt  three-core 

11  000-volt  concentric 
11  000-volt  three-core 

Theoretical  and  experimental  work  : 

(1)  Power  losses  in  the  cable 

(2)  Thermal  constants  of  impregnated  paper  dielec- 

tric 

*  See  Journal  I.E.E.,   1921,  vol.  59,  p.  181. 
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Synopsis. 

This  Report  describes  the  further  investigations  on 
the  Heating  of  Buried  Cables  and  includes  the  essential 
portions  of  the  PreUminary  Report  {Journal  I.E.E., 
1921,  vol.  59,  p.   181). 

The  theoretical  and  experimental  work  has  been 
carried  to  a  stage  at  which  it  is  possible  to  issue  tables 
of  maximum  permissible  currents  for  all  the  sizes  and 
tj'pes  in  general  use  of  paper-insulated  cables  dealt 
with  in  the  British  Standard  Specification  for  Dimensions 
of  Insulated  Annealed  Copper  Conductors  for  Electric 
Power  and  Light  (B.S.S.  No.  7 — 1922). 

Tables  of  maximum  permissible  currents  (page  521).^ — 
Tables  of  maximum  permissible  currents  for  all  the 
sizes  and  tj'pes  in  general  use  of  impregnated-paper 
lead-covered  cables  dealt  %\ith  in  B.S.S.  No.  7 — 1922, 
have  been  calculated  on  the  basis  of  experimental 
results  obtained  with  a  large  series  of  cables,  both  with 
circular  and  segmental  conductors  and  including  both 
armoured  cables  laid  direct  in  the  ground  and  lead- 
covered  cables  in  ducts. 

Full  notes  are  given  with  the  tables,  explaining  the 
method  and  bases  of  calculation,  and  an  indication  of 
the  effects  of  variations  from  the  assumed  constants. 

Constants  employed  (page  j34). — The  constants  recom- 
mended and  on  which  these  tables  are  based  are  as 
follows,  the  reasons  for  making  this  selection  being 
given  later  : — 

(1)  Thermal  resistivity  of  the  dielectric  (page  S34)  : 
For  cables  up  to  and  including  2  200  volts  =  750. 
For  cables  above  2  200  up  to  and  including  11000 

volts  =  550. 

Higher  values  have  been  adopted  for  cables  with 
conductors  having  sectional  areas  less  than  0-06  sq.  in. 
to  allow  for  the  difficulty  in  manufacturing  small 
cables. 

(2)  Thermal    resistivity    of    armouring    and    protective 

coverings  (page  524)  =  300. 

(3)  Thermal  resistivity  of  the  soil  (page  535). 

Current-loading  tables  are  given  corresponding  to 
the  following  values  of  thermal  resistivity  and  moisture 
content : — 


Thermal 
Resistivity,  g 

Approximate  Moisture  Content 

Sandy  Loam 

Heavy  Clay 

340 

180 

120 

90 

0 

5% 
10% 

15% 

1% 

17% 

In  the  case  of  heavy  clay  soil  with  moisture  content 
greater  than  that  given  above  the  value  of  the  thermal 
resistivity  is  not  reduced  appreciably ;  for  instance, 
with  a  moisture  content  of  25  per  cent  the  thermal 
resistivity  is  approximately  150  (see  Fig.  5). 


(4)  Depth  of  laying  (page  538). 

As  representing  average  practice  the  depth  of  laying 
is  taken  as  18  in.  to  the  cable  axis  for  cables  for  pres- 
sures up  to  and  including  2  200  volts,  and  3  ft.  for 
cables  for  pressures  above  2  200  volts  up  to  and  including 
11  000  volts. 

(5)  Temperature  limits  (page  541). 

The  normal  maximum  temperature  of  the  soil  is 
taken  as  15°  C. 

The  maximum  temperature  to  wliich  the  dielectric 
and  conductor  may  be  exposed  is  taken  as  65°  C.  for 
armoured  cables  laid  direct  in  the  ground,  and  50°  C. 
for  plain  lead-sheathed  cables  drawn  into  ducts. 

The  temperature-rises  on  which  the  tables  are  based 
are  therefore  50  degrees  C.  and  35  degrees  C.  respectively. 

Theoretical  and  experimental  work    (page    533). — The 

report  and  appendixes  together  give  a  detailed  account 

'   of  the  problems  underlying  the  investigation  and  the 

experimental    work    necessary    for    their    elucidation. 

These  may  be  briefly  summarized  here. 

The  evaluation  of  the  temperature-rise  of  the  con- 
ductor of  a  cable  buried  in  the  ground  depends  on  the 
fundamental  relation 

H  =  t/(S  +  G) 

where  H  =  heat  developed  in  the  conductor  per  sec. 
t  =  temperature-rise  of  the  conductor. 
S  =  thermal   resistance   between   the   conductor 

and  the  surface  of  the  cable. 
O  =  thermal  resistance  of  the  ground  surrounding 
the  cable. 

The  consideration  in  detail  of  the  separate  terms  of 
this  equation  is  a  convenient  way  of  reviewing  the 
main  outhnes  of  the  problem. 

The  heat  per  sec.  H  depends  on  the  current  and  the 
resistance  of  the  conductor  or  conductors.  In  the 
report  it  is  expressed  in  watts.  The  introduction  of 
any  conversion  factor  in  the  equation  is  thus  obviated, 
as  the  thermal  resistances  and  resistivities  are  also 
expressed  in  electrical  measure  (i.e.  the  difference  in 
degrees  C.  which  causes  the  transference  of  one  watt, 
or  one  joule  per  second,  of  heat). 

The  dielectric  loss  is  neglected  as  it  is  negUgible 
within  the  hmits  of  65°  C.  and  1 1  000  volts. 

The  temperature-rise  t  of  the  conductor  is  an  arbitrary 
value  which  has  been  adopted  as  the  result  of  existing 
data. 

Existing  information  as  to  the  temperature  to  which 
cables  can  be  subjected  for  long  continued  periods 
without  injury  is  most  conflicting,  and  the  experimental 
work  necessary  to  provide  rehable  values  is  not  complete 
and  will  necessarily  require  a  considerable  time.  All 
pubhshed  results  have  been  fully  examined,  as  have 
also  other  factors  such  as  the  expansion  and  consequent 
mechanical  strains  on  cables  subjected  to  alternate 
heating  and  coohng,  and  after  full  consideration  of  all 
sides  of  the  question,  including  the  rehabihty  expected 
with  underground  mains,  values  of  a  maximum  per- 
missible conductor  temperature  of  65°  C.  for  armoured 
cables  laid  direct  in  the  ground,  and  50°  C.  for  plain 
lead-sheathed  cables  drawn  into  ducts  were  adopted. 
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A  large  amount  of  data  has  been  collected  for  Great 
Britain  and  other  countries,  including  India  and  Aus- 
tralia, of  the  temperature  of  the  ground  at  various 
depths.  The  information  is  given  in  the  form  of  curves 
showing  the  values  for  a  complete  year.  Taking  the 
abnormally  hot  years  of  1911  and  1921,  the  ground 
temperature  in  Britain  from  November  to  April  is 
below  10°  C,  and  it  only  exceeded  15°  C.  during  the 
months  of  June,  July  and  August.  The  value  of  15°  C. 
adopted  by  the  Association  for  the  normal  maximum 
ground  temperature  for  Great  Britain,  therefore,  is 
well  above  the  actual  mean  value  and  is  only  exceeded 
during  the  period  when  the  cables  are  likely  to  be 
lightly  loaded. 

The  thermal  resistance  S  of  the  cable,  which  is 
expressed  in  electrical  measure  per  unit  length  of  cable, 
depends  on  two  factors  : — 

(a)  The  thermal  resistivity  of  the  dielectric. 
(6)   The  lines  of  heat-flow  from  the  conductor  to  the 
surface  of  the  cable. 

Regsirding  the  dielectric,  initial  values  given  in  the 
PreUminary  Report  (Journal  I.E.E.,  1921,  vol.  59, 
p.  181)  showed  variations  of  the  order  of  from  400  to 
1  200  in  the  value  of  the  thermal  constant  K  for  cables 
made  with  apparently  similar  material.  Further  tests 
have  therefore  been  made  with  modem  cables,  and  as 
a  result  of  these  and  of  an  investigation  of  the  method 
of  calculation,  the  values  given  on  page  535  are  recom- 
mended. 

Since  it  is  necessary  to  determine  the  thermal  resist- 
ance of  any  size  or  type  of  cable  from  a  knowledge  of 
the  thermal  resistivity  of  the  material,  the  lines  of 
heat-flow  through  the  dielectric  and  the  extent  to  which 
they  affect  the  value  of  thermal  resistance  are  of 
primary  importance.  In  the  cases  of  single-core  and 
concentric  cables  the  problem  is  simple, '  but  for  multi- 
core  cables  the  lines  of  heat-flow  are  comphcated,  and 
comparison  of  three  existing  formulae  due  to  Russell 
and  to  Mie  made  it  clear  that  none  of  them  was  com- 
pletely satisfactory. 

Experimental  determinations  were  therefore  made, 
and  it  was  found  that  considerable  corrections  were 
required.  Russell's  formula  on  account  of  its  greater 
simplicity  has  been  mainly  used  with  the  corrections 
evolved  as  a  result  of  experiment.  A  curve  of  the 
errors  for  different  sizes  of  cables  is  shown  in  Fig.  36. 
The  errors  range  from  10  per  cent  for  a  cable  as  used 
for  20  000  volts  to  over  30  per  cent  for  a  660-volt  cable. 

The  thermal  resistivity  of  the  armouring  and  pro- 
tective coverings  taken  as  a  whole  has  been  determined 
for  a  number  of  cables  and  the  value  taken  is  based 
on  these  experimental  determinations. 

The  thermal  resistance  O  of  the  soil  (page  535). — • 
Here  again  two  factors  are  involved. 

(a)  The  thermal  resistivity  of  the  soil. 
(6)  The  lines  of  heat-flow  from  the  cable. 

The  thermal  resistivity  of  the  soil  depends  largely 
upon  the  amount  of  moisture  present,  and  partly  upon 
the  type  of  soil.  A  full  series  of  tests  was  made  with 
both  sandy  loam  and  heavy  clay,  in  order  to  determine 
the  effect  of  varying  moisture  contents.     Curves  giving 


the  values  obtained  are  shown  in  Fig.  5.  Sandy  loam 
with  a  moisture  content  of  5  per  cent  has  a  thermal 
resistivity  of  180,  as  compared  \\ath  90  for  the  same 
soil  with  15  per  cent  of  moisture.  With  heavy  clay 
having  about  17  per  cent  moisture — nearly  the  normal 
value  for  such  soil — the  value  is  180. 

As  an  example,  a  particular  three-core  0-1  sq.  in. 
6  600-volt  cable  laid  direct  in  the  ground  at  a  depth 
of  3  ft.  would  have  a  current  rating  of  228  amperes 
for  a  thermal  resistivity  of  90,  and  192  amperes  for  a 
thermal  resistivitj^  of  180  ;  the  effect,  however,  varies 
with  different  sizes  and  types  of  cables,  as  may  be  seen 
by  reference  to  the  tables  (see  pages  524-533). 

A  large  amount  of  data  has  been  collected  from 
various  parts  of  the  country,  and  in  one  case  from 
abroad,  giving  the  actual  amount  of  moisture  present 
in  the  soil  at  different  periods  of  the  year  and  under 
various  climatic  conditions.  As  a  result  it  appeared 
that  a  fair  average  would  be  10  per  cent  for  sandy 
loam  and  20  per  cent  for  clay  soil ;  but  in  view  of  the 
large  differences  possible,  and  especially  in  view  of  the 
opinion  expressed  that  in  some  cases  the  soil  around  a 
continuously  loaded  cable  becomes  quite  dry,  it  was 
decided  to  draw  up  load  tables  for  four  values  of  thermal 
resistivity  corresponding  to  moisture  contents  ranging 
from  0  to  15  per  cent  for  sandy  loam,  and  1  to  about 
20  per  cent  for  heavy  clay. 

The  appearance  of  soil  is  not  a  safe  guide  to  its 
moisture  content,  as  soil  that  is  apparently  quite  drj- 
is  likely  to  contain  5  per  cent  of  moisture. 

The  exact  nature  of  the  process  of  heat  transmission 
through  the  soil  has  been  the  subject  of  much  discussion, 
and  various  assumptions  have  been  made  regEU-ding  it. 
Kennelly  in  America  and  Teichmiiller  in  Germany 
adopted  a  formula  based  on  the  assumption  that  the 
surface  of  the  ground  above  the  cable  was  an  isothermal, 
which  impUes  that  all  the  heat  was  ultimately  trans- 
mitted to  the  surface  of  the  ground,  wliich  being  in 
contact  with  free  air  remains  at  uniform  temperature. 
An  alternative  was  the  assumption  of  Apt  that  the 
cable  was  surrounded  by  a  series  of  concentric  isother- 
mals,  which  imphes  that  the  heat-flow  proceeds  uniformly 
in  all  directions.  The  assumptions  of  Kennelly  and 
Teichmiiller,  although  widely  accepted,  are  not  strictly 
accurate  and  the  subject  required  data  based  on  actual 
experiment.  Special  tests,  in  which  all  the  usual 
variables  were  excluded,  were  therefore  made  to  deter- 
mine the  shape  of  the  isothermals  of  heat-flow  under 
ideal  conditions,  and  it  was  found  that  neither  of  the 
above  assumptions  was  correct  (see  page  643).  Further, 
a  large  number  of  tests  have  been  made  on  cables  of 
different  sizes  laid  direct  in  the  ground,  and  from  these 
results,  corrected  to  a  common  basis,  in  conjunction 
with  the  information  obtained  above  on  heat-flow 
the  Kennelly  formula  was  modified  so  that  it  more 
nearly  fits  the  facts,  and  it  is  on  this  new  basis  that 
the  current  tables  now  submitted  have  been  calculated. 
Depth  of  laying  (page  538).— The  effect  on  the  heating 
of  a  cable  due  to  variation  in  the  depth  of  laying  can 
be  calculated  by  an  adaptation  of  the  formula  mentioned 
above.  Experiments  were  made  with  three  lengths  of 
cable  laid  at  different  depths,  and  the  results  obtained 
are  in    fair   agreement   with   those   calculated.     In   the 
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Distance  between  Axes 
of  Cables  in  Inches 


12 


Ratio  of  Maximum 

Permissible  Currents  for 

Two  Cables 


0-76 
0-82 
0-86 


At  a  distance  apart  of  from  4  ft.  to  6  ft.  the  difference 
becomes  almost  inappreciable. 

Where  two  cables  are  laid  in  the  same  trench  and 
in  the  same  vertical  plane  with  Sin.  between  the  axes 
the  ratios  would  be  approximately  as  follows  : — 

With  the  uppermost  cable  1  ft.  6  in.  below  the  surface. 


For  a  small  cable 
For  a  large  cable 

With  the  uppermost  cable  3  ft.  below  the  surface. 


0-86 

0-78 


For  a  small  cable 
For  a  large  cable 


0-83 
0-75 


specific  case  of  a  cable  laid  at  various  depths,  the 
proportional  values  of  the  currents  required  to  produce 
a  given  temperature-rise  where  all  conditions  were 
equal  were  100,  97  and  92,  at  depths  of  1ft.  6  in., 
2  ft.  6  in.  and  4  ft.  6  in.  respectively.  This,  however, 
must  not  be  taken  as  a  safe  general  rule,  since  it  is 
likely  that  for  a  considerable  part  of  the  year  the 
moisture  content  at  a  depth  of  1  ft.  6  in.  would  be 
less  than  at  4  ft.  6  in.,  and  that  the  ground  temperature 
would  be  liigher. 

Other  factors  affecthig  the  rating. 

(a)  Grouped  cables  laid   direct  in  the  ground   (page 
547). — The  extent  to  which   the   rating   of   a  cable  is 
affected    by    the   proximity   of   other   cables   has    been 
investigated     both    theoretically    and    experimentally, 
and  a  method  has  been  developed  for  the  predetermina- 
tion of  the  mutual  effect  of  two  or  more  cables.     Prac- 
tice as  to  conditions  of  lapng  varies  enormously  and 
no    general    rule    can    be    given.     The    method    must,    > 
therefore,   be  apphed  in   each   particular  case.     As  an    I 
example,    however,    for    two    cables   laid   in    the   same   ' 
horizontal  plane  in  a  trench  the  maximum  permissible 
current  would  have  to  be  reduced  in  the  ratios  shown 
in  the  following  table  (see  Table  37)  : 


(6)  Cables  drawn  into  ducts  (page  552). — The  existing 
information  available  for  cables  drawn  into  ducts  is 
meagre  and  not  capable  of  general  application.  More- 
over, in  view  of  the  lagging  effect  around  the  cable 
due  to  the  air  which  may  or  may  not  be  in  motion,  it 
appeared  to  be  improbable  that  a  general  simple  rule 
could  be  devised.  Experiments  were  therefore  made 
to  determine  the  difference  in  the  rating  of  cables  of 
various  sizes  under  the  following  conditions  : 

(i)  WTien  in  air  free  from  draughts, 
(ii)  When  drawn  into  a  duct. 

The  first  depends  entirely  on   the   constants  of  the   i 
cable,   so   that   comparison   of  the  two   sets  of  values 
should  indicate  the  effect  of  the  duct.     The  tests  made 


showed  that  with  all  sizes  of  cable  from  0-1  sq.  in. 
concentric  (external  diameter  =  1-1  in.)  to  0-5  sq.  in. 
concentric  (external  diameter  ^2-1  in.)  and  0- 15  sq.  in. 
three-core  armoured  (external  diameter  =  2-9  in.)  the 
factor  connecting  the  values  of  current  for  an  equivalent 
rise  of  temperature  in  air  varied  from  0-98  to  0-935, 
the  lower  value  being  due  probably  to  the  armouring, 
which  gave  a  somewhat  different  value  in  air.  This 
made  it  clear  that  the  greater  part  of  the  resistance 
to  the  flow  of  heat  from  the  cable  was  in  the  thin  layer 
of  air  immediately  around  the  latter  and  that  the 
relative  size  of  cable  and  duct  made  little  difference 
to  the  final  result.  It  was  decided,  therefore,  that 
current-loading  tables  for  one  plain  lead-sheathed  cable 
in  a  duct  should  be  drawn  up  on  the  basis  that  the 
current  required  to  produce  the  same  temperature-rise 
in  a  cable  in  a  duct  is  0-95  of  that  for  the  same  cable 
in  air  free  from  draughts. 

(c)  Grouped  cables  drawn  into  ducts  (page  552). — Some 
tests  have  been  made  with  the  six-way  duct  shown  in 
Fig.  20  in  order  to  determine  the  effect  of  grouping, 
but  these  are  not  sufficient  to  allow  of  general  apphca- 
tion.  Further  experimental  work  is  required  on  this 
subject. 

Current-rating  of  cables  in  air  (page  551). — All  the 
cables  used  in  the  investigations  have  been  tested  in 
air  free  from  draughts.  Tests  under  this  condition 
provide  a  satisfactory  basis  from  which  the  behaviour 
under  other  conditions  can  be  deduced  in  the  light  of 
the  information  now  available  as  to  the  effect  of  laying 
direct  in  the  ground  or  drawing  into  ducts.  A  formula 
has  been  developed  wliich  fits  the  experimental  series 
very  well,  and  the  current-loading  tables  for  cables 
drawn  into  ducts  have  been  based  on  this.  The  values 
for  the  air  conditions  depend  on  the  emissivity  constant 
of  the  surface  of  the  cable,  among  other  factors.  This 
constant  varies  with  the  nature  of  the  surface,  but  there 
is  not  a  great  and  consistent  difference  between  the 
black  surface  of  an  armoured  cable  and  a  plain  lead 
sheath.  In  cases  when  the  lead  sheath  is  new  and 
bright  the  value  is  distinctly  lower,  but  in  general  the 
values  for  both  are  of  the  same  order,  and  it  seems 
probable  that  when  the  surface  of  the  lead  has  become 
dull  the  emissivity  constant  is  substantially  the  same 
as  for  a  black  surface. 

Current-rating  of  cables  for  cyclical  intermittent  loading 
(page  554). — It  was  suggested  in  the  discussion  on  the 
Preliminary  Report  that  use  might  be  made  of  the 
thermal  time-constant  of  a  cable  for  the  calculation 
of  the  short-time  rating,  but  it  was  found  that  the 
method  was  not  applicable,  since  a  cable  buried  in  the 
ground  behaves  essentially  differently  from  one  in  air. 
In  order  to  meet  the  case  experiments  were  made  with 
cables  loaded  in  accordance  with  information  given  by 
electric  supply  authorities.  In  general  the  increase  of 
current  loading  for  intermittent  load  conditions  is  not 
large,  varying  from  3  per  cent  to  10  per  cent,  which 
amount  was  thought  to  be  insufficient  to  justify  a 
recommendation  for  increased  rating  for  intermittent 
loading. 

Current-rating  of  cables  for  emergency  loading  (page 
560). — Two  of  the  types  of  short-time  cyclic  loading 
referred  to  above  were  also  designed  to  give  information 


IMPREGNATED    PAPER-INSULATED   ELECTRIC   CABLES. 


521 


on  which  to  base  a  rating  for  one  or  two  hours  only, 
for  use  in  emergency. 

These  figures  show  considerable  increases  over  the 
maximum  continuous  permissible  currents  without 
exceeding  the  specified  maximum  temperature,  and  are 
more  nearly  independent  of  the  method  of  laj-ing. 
On  the  score  of  damage  to  the  dielectric  this  temperature 
might  be  exceeded  on  emergency,  but  the  same  limit 
is  retained  to  obviate  damage  due  to  abnormal  expan- 
sion, especially  differential  expansion  between  conductor 
and  lead. 

As  an  example,  a  0-15  sq.  in.,  three-core,  lead- 
covered  and  armoured  cable  as  used  for  20  000  volts 
laid  direct  in  the  ground,  if  running  continuously  at 
half  its  rated  current,  will  thereafter  carry  for  one 
hour  20  per  cent  or  for  two  hours  13  per  cent  over  and 
above  the  maximum  continuous  rating.  In  general, 
larger  cables  will  carry  a  greater,  and  smaller  cables  a 
less,  increment  than  the  above. 

Comparison  between  the  heating  of  three-core  cable 
with  three-phase  current  and  direct  current  (page  546). — • 
Experiments  were  made  to  determine  whether  there 
was  any  appreciable  increase  of  heating  of  a  three-core 
armoured  cable  when  loaded  with  three-phase  alter- 
nating current  as  compared  with  that  observed  with 
an  equal  direct  current.  Tests  were  made  with  a 
0-15  sq.  in.,  three-core  cable,  lead-covered  and  wire 
armoured,  at  frequencies  of  25  cycles  and  50  cycles 
respectively.  No  measurable  difference  between  these 
results  and  those  obtained  with  direct  current  was 
found,  and  it  seems  clear  that  for  a  cable  of  this  size 
the  skin  effect  and  eddy  currents  in  the  sheath  do  not 
produce  any  appreciable  additional  heating  effect. 

Work  outstanding. — A  statement  is  given  of  the 
work  necessary  to  complete  the  investigation,  dealing 
more  particularly  with  cables  for  pressures  above 
11  000  volts. 

List  of  Symbols. 

The  sjmibols  generally  adopted  throughout  the  report 
are  given  below,  all  dimensions  b^ing  in  centimetres. 
They  include  all  except  a  few  which  have  been  used 
incidentally  and  of  which  the  meanings  are  explained 
in  the  body  of  the  report  as  they  occur. 

a  =  distance  of  the  axis  of  the  conductor  from  the 

cable  axis  in  a  multi-core  cable. 
6  =  maximum    distance    between    conductor    and 

cable  axis  in  three-core  cables  with  segmental 

conductors. 
c  =  minimum  distance  between  conductor  and  cable 

axis    in    three-core    cables    with    segmental 

conductors. 
D  =  thickness  of  dielectric  between  conductors  and 

between   any  conductor  and   lead  sheath  of 

three-core  cables,  centre  point  not  earthed. 
E  =  thickness  of  dielectric  between  any  conductor 

and  lead  sheath  of  three-core  cables,  centre 

point  earthed. 
G  =  thermal    resistance    per    cm    length    of    cable 

between  outer  covering  or  sheath  of  the  cable 

and    surface    of     the    ground    in    electrical 

measure. 


9 
H 

h  : 
I  ■■ 

K  : 


L  = 

n  = 
R  = 

R,= 

r  = 
'■l  = 


'■3  = 

'■4  = 

'•5  = 

'■0  = 

S  = 


h- 

h- 


thermal  resistivity  of  the  soil  surrounding  the 
cable  expressed  in  the  same  units  as  K. 

heat  in  watts  developed  in  a  cm  length  of  each 
conductor. 

emissivity  constant,  i.e.  watts  per  degree  C  for 
1  sq.  cm. 

current  in  each  conductor. 

thermal  resistivity  of  dielectric  in  electrical 
measure,  i.e.  as  a  difference  in  degrees  C. 
between  opposite  faces  of  a  cm  cube,  to  cause 
the  transference  of  1  watt  of  heat. 

thermal  resistivity  (mean)  of  protective  cover- 
ings of  cable. 

depth  of  cable  axis  below  the  surface  of  the 
ground. 

number  of  separate  conductors. 

resistance  per  cm  length  of  each  conductor 
at  15-6= C. 

resistance  per  cm  length  of  each  conductor  at 
the  temperature  of  operation. 

radius  of  the  conductor  of  a  multicore  cable. 

radius  of  the  conductor  in  a  single-core  cable 
or  of  the  inner  conductor  in  a  concentric 
cable. 

inner  radius  of  the  outer  conductor  of  a  concen- 
tric cable. 

outer  radius  of  the  outer  conductor  of  a  con- 
centric cable. 

inner  radius  of  the  lead  sheath. 

outer  radius  of  the  lead  sheath. 

external  radius  of  the  outer  covering  of 
finished  cable. 

thermal  resistance  per  cm  length  of  cable 
between  conductor  and  outer  covering  or 
sheath  in  electrical  measure. 

temperature-rise  of  the  conductor  in  degrees  C. 

temperature-rise  of  the  sheath  in  degrees  C. 

temperature-rise  of  the  outer  conductor  of  a 
concentric  cable  in  degrees  C. 


Tables  of  Maximum  Permissible  Currents  (Con- 
tinuous Loading)  for  Impregnated  Paper-insu- 
lated Cables,  together  with  Notes  giving  the 
Basis  and  Method  of  Calculation. 

The  current-loading  Tables,  3  to  27  inclusive,  refer 
to  the  following  types  of  cable  and  methods  of 
laying  : — 

(i)  Armoured  cables  laid  direct  in  the  ground. 
(ii)  Armoured  and  unarmoured  cables  in  air. 
(iii)  Unarmoured  cables  drawn  into  ducts. 

The  arrangement  of  the  current-loading  tables  corre- 
sponds to  that  adopted  in  B.S.S.  No.  7—1922,  and  the 
numbers  of  the  Tables  in  that  Specification  have  been 
added  for  convenience.  Cross-sections  of  three-core 
cables  are  shown  in  Figs.   1  and  2. 

Explanatory  Notes. 

General. — The  fundamental  relation  connecting  tlie 
quantities  involved  in  the  calculation  of  tlie  current 
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that  will  produce  a  given  temperature-rise  in  a  buried 
cable  is  as  follows  : — 


H  =  tJ(S  +  (?) 


(1) 


H,  the  quantity  of  heat  developed  per  unit  length  of 
the  conductor  (or  conductors),  is  given  b)^  the  equation 


H 


^v/[ 


IhiR{l  +  at{) 

i 
nR{l  +  at){G  +  S). 


] 


(2) 
(3) 


where   /j  =  current  in   amperes  in  each   conductor  to 
produce  a  temperature-rise  of  t  degrees  C. 

a  =  temperature  coefficient  of  the  conductor,  equals 

0-0040  at   15°  C. 
t  =  temperature-rise  in  degrees  C.  above  15-6°  C. 

For  other  symbols  see  List  of  Sjonbols  (page  521). 

Resistance  of  conductor. — In  the  calculation  of  the 
following  current-loading  tables  for  the  specified  cable 
sizes  the  values  of  R  have  in  all  cases  been  derived 
from  B.S.S.  No.  7—1922,  Table  2,  Col.  6,  by  multipHca- 


FiG.  1. — Cross-section  of 
three-core  cable,  centre 
point  not  earthed. 


Fig.  2. — Cross-section  of 
three-core  cable,  centre 
point  earthed. 


tion  of  the  values  there  given,  which  are  the  standard 
resistances  in  ohms  per  1  000  yards  at  15-6°  C,  by  the 
factor  10-94  x  10-6.  The  values  so  obtained  are 
ohms  per  cm  at  15-6°  C. 

The  maximum  temperature-rise  for  armoured  cables 
laid  direct  in  the  ground  being  taken  as  50  degrees  C. 
%vith  a  ground  temperature  of  15°  C.  the  tempera- 
ture of  the  conductor  is  limited  to  65°  C.  as  a  maxi- 
mum, and  the  resistance  per  cm  length  under  these 
conditions  is  obtained  by  multiplj-ing  the  standard 
resistance  R  by 

(1  -f  0-0040  X  49-4)  * 


Tlie  first  term  of  the  formula  for  I^  when  t  =  50  degrees  C. 
is  therefore 

1  0-9129 


(4) 


V[-B(l  +  0-0040  X  49-4)] 

For  cables  in  air  and  drawn  into  ducts  the  ternpera- 
ture-rise  allowed  is  35  deg.  C,  \\ith  an  air  temperature 
of  15°  C,  the  maximum  permissible  temperature  there- 
fore being  50°  C. 

Evaluation  of  O  and  depth  of  laying. — The  term  Q, 

*  The  values  for  the  standard  resistance  BgiveninB.S.S.  No.  7 — 
1922,  aro  jt  15'6°C.  A  temperature-rise  of  50  degrees  C.  above 
15"  C.  therefore  corresponds  to  49 ■  4  degrees  C.  above  15-6°C. 


on  the  Kennelly  assumption,  is  defined  by  the  following 
equation  : — 

g  2L 

''  =  h'°^'V, (^) 

The  depth  L  was  taken  as  18  in.  or  45-7  cm  for 
cables  for  pressures  from  660  up  to  and  including 
2  200  volts,  and  as  3  ft.  or  91  -  4  cm  for  cables  for  pressures 
above  2  200  up  to  and  including  11  000  volts. 

The  tables  have  been  prepared  for  four  values  of 
thermal  resistivity  of  the  soil,  \'iz.  340,  180,  120  and  90. 
It  was  found,  however,  that  the  best  correspondence 
betiveen  theoretical  calculations  and  experimental  results 
was  obtained  if  g  were  fallen  as  having  only  two-thirds 
of  the  value  obtained  by  direct  experimental  determina- 
tion. The  four  values  of  the  thermal  resistance  0, 
corresponding  to  the  four  values  of  the  resistivity  g  men- 
tirned  above,  are  then  given  by  the  formulae  in  Table  1. 

T.^BLE    1. 

Thermal  Resistance  [O)  of  the  Soil  per  cm  Length  of 
Cable,  between  the  Outer  Covering  of  the  Cable  and 
the  Surface  of  the  Ground. 


Limits  of  Working 
Pressure  of  Cable 

Thermal  Resistance  of  Soil 

ff  =  340 

g  =  190 

From  660   up  to' 
and    including  - 
2  200  volts 

Above   2  200    up' 
to  and  includ-  - 
ingll  000 volts 

36-1  log,  — 
'"6 

182-8 
36- Hog, 

19-1  log,  ^i:! 

'"6 

182-8 
19-1  log, 

»  =  120 

J  =  90 

From  660  up   to~| 
and    including  V 
2  200  volts        J 

Above    2  200  up' 
to  and  includ-  - 
ingll  000 volts 

91-4 

12-7  log,  

12-/  log, 

91-4 
9 -55  log, 

''6 

182-8 
9 -55  log,  

''6 

As  an  example  of  the  effect  of  depth  of  laying  on 
the  current  rating,  the  two  values  of  O  for  thermal 
resisti\-ity  120  may  be  considered.  Assuming  rg  as 
2  cm  for  the  lower  pressure  cables,  i.e.  for 


£  =  1  ft.  6  in 


for  the  higher-pressure  cables,  i 


i  =  3  ft.  0 


<?=  48-5; 
.e.  for 

G=  57-3. 


Thus,  if  the  depth  be  doubled  the  term  O  is  increased 
by  about  18  per  cent. 

To  obtain  an  indication  of  the  effect  of  depth  on 
the  current-carrj-ing  capacity  it  may  be  assumed  that 
S  will  be  a  quantity  of  approximately  the  same  order 
as  O.  The  current  will  then  be  inversely  proportional 
to  the  square  root  of  the  sum  of  these  t\vo  quantities, 
whence  it  follows  that  the  effect  in  this  particular 
instance  of  doubling  the  depth  at  which  the  cable  is 
laid  will  be  to  diminish  the  current-carrying  capacity 
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by  some  4  or  5  per  cent.  This  is,  of  course,  on  the 
assumption  that  the  moisture  content  throughout  the  soil 
is  the  same  and  that  the  soil  is  thermally  homogeneous. 

Dimensions  of  conductors. — The  overall  diameters  of 
the  conductors  for  the  sizes  of  cable  dealt  with  in  the 
current-loading  tables  are  given  in  Table  2. 

In  the  case  of  stranded  conductors,  the  overall 
diameter  of  the  conductor  was  derived  from  B.S.S. 
No.  7 — 1922,  Table  2,  Col.  3,  and  was  taken  as  being 
equal  to  the  sum  of  the  diameters  of  the  maximum 
number  of  component  wires  lying  on  any  diameter  of 
the  strand. 

Thermal  resistance  of  cable. — The  thermal  resistance 
S  may    be    conveniently    regarded    in    the    case  of  an 


(b)  Concentric  cables  : 


S, 


27r| 


[iH,(5)  +  .<..,(5)].    .    P) 


The  value  of  rj  is  obtained  from  Table  2  which  gives 
the  diameter  of  the  completed  strand — 


r2=r.^D 


(8) 


where  D  is  the  thickness  of  dielectric  as  specified  in 
B.S.S.  No.  7—1922. 

To  obtain  r^,  the  thickness  U  of  the  outer  conductor 
is  added  to  r.^. 


Table  2. 


Sizes  of  Conductors  dealt  with  in  the  Current-loading  Tables. 

Sectional  Area  of  Conductor 

Number  and  Diameter  (in.)  of 
Wires  comprising  Conductor 

Maximum  Number  of 

Component  Wires  on  a 

Diameter 

Overall  Diameter  of  Complete  Strand 

Nominal  sq.  in. 

Calculated  sq.  in. 

in. 

cm 

0-007 

0-01 

0-0145 

0-007005 

0-01046 

0-01462 

7/ -036 
7/ -044 
7/- 052 

3 
3 
3 

0-108 
0-132 
0-156 

0-274 
0-335 
0-396 

0-0225 

0-03 

0-04 

0-02214 

0-02840 
0-03960 

7/- 064 
19/044 
19/052 

3 

5 
5 

0-192 
0-220 
0-260 

0-487 
0-558 
0-660 

0-06 

0-075 

0-1 

0- 05999 
0- 07592 
0-1009 

19/ -064 
19/072 
19/ -083 

5 
5 
5 

0-320 
0-360 
0-415 

0-812 
0-914 
105 

0-12 
0-15 
0-2 

0-1168 
0-1478 
0-1964 

37/- 064 
37/072 
37/083 

7 
7 

7 

• 

0-448 
0-504 
0-581 

1-14 
1-28 

1-47 

0-25 

0-3 

0-4 

0-2465 
0-3024 
0-4064 

37/093 
37/- 103 
61/093 

7 
7 
9 

0-651 
0-721 
0-837 

1-65 
1-83 
2-12 

0-5 
0-6 
0-75 
1-0 

0-4985 
0-6062 
0-7435 
1-0376 

61/103 

91/ -093 

91/103 

127/103 

9 
11 
11 
13 

0-927 
1-028 
1-133 
1  •  339 

2-35 
2-60 
2-87 
3-38 

armoured  cable  as  made  up  of  two  portions  S^  and  ^'2 
such  that  Si-\-  82  =  S,  and  where  : — 

Si  =  thermal  resistance   between   the   conductor    (or 

conductors)  and  the  sheath  ; 
8-2  =  thermal  resistance  between  the  sheath  and  the 

outer  surface  of  the  cable  (protective  covering). 

The  derivation  of  Si  from  the  thermal  constants 
assumed  and  the  dimensions  given  in  Table  2  above 
and  in  B.S.S.  No.  7 — 1922,  is  as  foUows  : — 

Si  =  resistance  between  conductor(s)  and  sheath 

(a)  Single-core  cables  : 


(6) 


In  order  to  obtain  a  simple  expression  for  U  it  was 
taken  that,  to  a  first  approximation — • 

U  =  sl2iT[ri  +  £))        ....     (9) 

where  s  is  the  nominal  area  of  conductor  cross-section. 

Therefore   j-g  =  ri  -f-  Z»  -|-  s/[2rr(/-i  -{-  D)]      .      .      (10) 
and  r4  =  ri  +  2D  -f-  s/[27r(ri  +  D)]    .      .      (U) 

so  that 

^^=rA^  ^°^^<.-)+'°4r,+Z)  +  ./2(r,  +  i»  Jl    •   ^'^^ 
(c)  Three-core    cables     (circular    conductors  ;     centre 
point  not  earthed)  : 
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In  order  to  derive  the  dimensions  needed  for  the 
calculation  of  the  thermal  resistance  of  a  three-core 
cable  from  the  thickness  of  the  dielectric  and  the 
diameter  of  the  conductor  the  following  geometrical 
relations  are  required  (see  Fig.   1). 

a=  l-154(r+  JD)    .      .      .      .      (13) 
ri=  a  +  r  +  D=  l-o8D  ~  2l5r      .      (14) 

By  Equation  (33)  (Russell's  formula  for  three-core 
cables) 

.Si=^loge[(r«-a6)/34„2^J     •      ■      (15) 

or  substituting  for  o  and  r.^  and  neglecting  a^  in  com- 
parison with  r^ 

r3-93(£)  +  l-37r)3"l     ,,^^ 
6-1  =  K  X  0-  053  log,  [       (^  ^  ,^),^       J     (16) 


(d)  Three-core    cables    (circular    conductors ; 
point  earthed)  : 


centre 


Here  the  thickness  of  the  belt  insulation  E  is  reduced 
(see  Fig.  2)  and  the  formulae  are  modified  as  follows  : — • 

ri  =  a  +  r  +  E=  0-o8D  +  2-\5r  +  E  .  (17) 
and  from  Russell's  formula,  Equation  (33)  neglecting 
a"  in  comparison  with  r^ 


^l=^l"ge 


[ 


0-58i?  -t-  2-15r  +  E 

r(2r  -f  X))2 


] 


(18) 


In  calculating  Sj,  the  thermal  resistivitj'  of  the  dielec- 
tric was  taken  in  general  as  750  for  cables  for  pressiures 
up  to  2  200  volts,  and  as  550  for  cables  for  pressures 
above  2  200  volts  up  to  and  including  1 1  000  volts. 

Higher  values  were  taken  for  cables  with  conductors 
having  sectional  areas  less  than  0-06  sq.  in.,  to  allow 
for  the  difficultj-  in  manufacturing  small  cables. 

The  value  of  jSo  the  thermal  resistance  of  the  pro- 
tective coverings  was  determined  as  follows  : — 

The  outer  radius  of  the  lead  sheath  r^  was  found  by 
adding  the  tliickness  of  the  lead  as  specified  in  Tables  5 
to  10  of  B.S.S.  No.  7 — 1922,  to  the  internal  diameter 
of  the  lead  sheath. 

For  single-core  cables 


For  concentric  cables 


D 


rs=l  +  ri=l  +  rj^  +  2D  +  s/277(ri  +  D) 
For  three-core  cables 


(19) 


(20) 


»-5=  '  + '•4  =  '  +  1-58Z)  4- 2-15r     .      .      (21) 

The  thickness  of  the  armouring  and  protectivecoverings 
and  rg  the  radius  of  the  completed  cable  have  been  derived 
from  the  dimensions  specified  in  Tables  18  and  21  of 
B.S.S.  Xo  7 — 1922,  for  various  sizes  of  cable.  In  order 
to  obtain  a  mean  value  of  cable  covering,  it  has  been 
assumed  that  the  armouring  consists  of  a  single  layer 
of  galvanized  wire.  The  value  of  the  thermal  resis- 
tivity determined  for  the  protective  covering,  taken  as 
a  whole,  i.e.  wire  armouring,  bedding,  braiding  and 
serving,  was  K^  =  300.  Tliis  value  refers  to  new  cables 
only.     The  effect  of  tlie  protective  covering  is  small, 


and  for  the  purpose  of  the  calculations  it  was  convenient 
and  sufficiently  accirrate  to  regard  it  as  being  thermally 
homogeneous,  with  a  mean  value  of  thermal  resistivity, 
JCi  =  300. 

For  <S2'  the  thermal  resistance  of  the  covering,  we 
have 

^^=§'°s«Ci)  •  ■  •  •  (22) 

Three-core  cables  with  segmental  conductors.- — ^The  in- 
creased current-ratings  for  three-core  cables  with 
segmental  conductors  are  suggested  tentatively,  as  they 
are  based  almost  entirely  on  theoretical  considerations 
\vith  the  adoption  of  certain  assumptions  for  dimensions 
and  shapes.  Standard  dimensions  are  required  before 
more  definite  values  can  be  given  for  this  ti.'pe  of  cable. 

"  Skin  effect  "  in  large  cables. — The  current-loading 
tables  make  no  allowance  for  the  additional  heating 
due  to  "  skin  effect  "  when  cables  ha\ing  conductors 
larger  than  0-25  sq.  in.  are  carrving  alternating  current 
at  a  frequency  of  50  cycles  per  second  or  higher.  Such 
cables  are  usually  constructed  with  an  inner  hemp 
core,  and  are  designed  so  as  to  minimize  "  skin  effect." 

Earthed  system. — In  accordance  wth  Clause  35  of 
B.S.S.  No.  7 — 1922  an  earthed  system  is  one  which  is 
permanently  connected  to  earth  in  such  a  manner  that 
the  total  earth  resistance  does  not  exceed  2  ohms,  or 
one  in  which  a  device  is  installed  that  automatically 
and  instantly  cuts  out  any  part  of  the  system  that 
becomes  accidentally  earthed. 

Table  3. 

660-fo/;,    Armoured,    Single-core    Cable,    laid    Direct  in 
the  Ground  (Table   5,   B.S.S.   No.   7—1922). 


Area  of 

Conductor 

Maximum  Permis-sible  Current  (Continuous 
Loading) 

Thermal  Resistivity  of  Soi 

W 

Nominal 

Calculated 

»=340 

ff=  180 

ff=120 

»=90 

sq.  in. 

0-007 

sq.  in. 

0-007005 

amps. 

54 

amps. 

60 

amps. 

63 

amps. 

65 

0-01 

0-01046 

70 

79 

83 

86 

0-0145 

0-01462 

86 

100 

106 

110 

0-0225 

0-02214 

112 

131 

141 

147 

003 

0-02840 

131 

155 

167 

175 

0-04 

0-03960 

160 

190 

207 

218 

0-06 

0-05999 

205 

248 

273 

287 

0-075 

0-07592 

234 

285 

314 

332 

01 

01009 

275 

337 

373 

395 

012 

0-1168 

299 

367 

407 

435 

0-15 

0-1478 

341 

415 

459 

486 

0-2 

0-1964 

401 

492 

547 

580 

0-25 

0-2465 

455 

558 

621 

661 

0-3 

0-3024 

510 

627 

699 

743 

0-4 

0-4064 

602 

745 

831 

886 

0-5 

0-4985 

677 

835 

935 

998 

0-6 

0-6062 

757 

942 

1  056 

1  131 

0-75 

0-7435 

848 

1  055 

1  186 

1  269 

1-0 

1-0376 

1  027 

1282 

1448 

1  556 
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Table  4. 


Table  5. 


,  .       _  ,,       ,   -J     T-i-      J    •      i    660-fo//,    Armoured,    Three-core*    Cable,    laid   Direct   in 
mO-voU,    Armoured,    Concentric    Cable      aid    IHrect   m  ^^^^^^^^      ^^^^^^^  ^^.^^  ^^^^^^^^  ^^  ^^^  ^^^^^^^^^ 

the    Ground;     Earthed   or   Not   Earthed    (Table    5. 


B.S.S.  No.  7—1922). 


Area  of  Conductor 


Nominal 


sq.  in. 

0-007 

0-01 

0-0145 

0-0225 

0-03 

0-04 

0-06 

0-075 

0-1 

0-12 

015 

0-2 

0-25 

0-3 

0-4 

0-5 

0-6 

0-75 

10 


Calculated 


sq.  in. 

0-007005 

0-01046 

001462 

0-02214 

0-02840 

0-03960 

0-05999 

0-07592 

0  1009 

01168 

0-1478 

0-1964 

0-2465 

0-3024 

0-4064 

0-4985 

0-6062 

0-7435 

1-0376 


Maximum  Permissible  Current  (Continuous 
Loading) 


Thermal  Resistivity  of  SoU  {g) 


g=  340 


amps. 

39 

50 
62 
81 
95 
115 
147 
168 
198 
215 
246 
289 
329 
369 
435 
486 
551 
616 
747 


g=  180 


amps. 

44 
57 
72 
94 
111 
136 
176 
202 
239 
260 
299 
353 
400 
453 
534 
605 
687 
765 
936 


ff  =  120   (?  =  90 


amps. 

46 
60 
76 
101 
120 
148 
191 
221 
262 
286 
329 
391 
443 
503 
592 
675 
762 
855 
1  050 


amps. 

47 
62 
79 
105 
126 
155 
201 
233 
277 
302 
346 
413 
470 
535 
630 
718 
813 
910 
1  126 


(Table  5,  B.S.S.  Is'o.  7—1922). 


Area  of  Conductor 


sq.  m. 

0-007 

0-01 

00145 

0-0225 

003 

0-04 

0-06 

0  075 

0-1 

012 

015 

0-2 

0-25 

0-3 


Calculated 


sq.  in. 

0-007005 

001046 

001462 

0-02214 

0-02840 

0-03960 

0-05999 

0-07592 

0-1009 

0-1168 

0-1478 

0-1964 

0-2465 

0-3024 

0-4064 

0-4985 


Maximimi  Pennissible  Current  {Continuous 
Loading) 


Thermal  Resistivity  of  Soil  {g) 


g=  340 


amps. 

35 

45 

55 

71 

82 

100 

127 

145 

170 

185 

211 

248 

283 

318 

373 

420 


g=  180 


amps. 

40 

52 

66 

84 

98 

120 

154 

176 

208 

226 

260 

305 

349 

391 

460 

520 


9=   120 


amps. 

43 

56 

70 

91 

106 

131 

169 

194 

229 

251 

288 

339 

389 

436 

512 

582 


»=  90 


amps. 

44 
58 
73 
95 
111 
138 
179 
205 
244 
267 
306 
361 
413 
465 
547 
621 


*  The  current  values  given  in  this  table  refer  to  cables  with 
circular  conductors  ;  the  rating  may  be  increased  by  4  per  cent  for 
cables  with  segmental  conductors.  When  two  conductors  only 
are  carrying  current  (three-wire  system,  balanced  load),  the  current 
values  given  in  this  table  may  be  increased  by   15  per  cent. 


Table  6. 
2  200-i'o//,  Armoured,   Concentric  Cable,  laid  Direct  in  the   Ground  (Table   6,   B.S.S.   No.   7 — 1922). 


onductor 

Maximum  Pennissible  Cmxent  (Continuous  LoadinR) 

Area  of  C 

Thermal  Resistivity  of  Soil  (g) 

11  = 

340 

C=180 

g"  120 

a  = 

90 

Nominal 

Calculated 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Esrthed 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

102 

0-0225 

0- 02214 

79 

81 

90 

93 

95 

99 

98 

0-03 

0-02840 

92 

94 

106 

109 

113 

117 

117 

121 

004 

0-03960 

112 

114 

130 

134 

139 

145 

145 

150 

0-06 

0- 0.5999 

144 

146 

169 

174 

182 

190 

190 

198 

0-075i 

0- 07 592 

165 

167 

194 

200 

210 

218 

219 

229 

0-1 

0-1009 

194 

196 

230 

236 

249 

258 

260 

272 

0-15 

0-1478 

242 

245 

287 

294 

313 

324 

328 

342 

0-2     ' 

0-1964 

284 

288 

340 

349 

373 

385 

391 

406 

0-25 

0-2465 

324 

328 

391 

399 

430 

442 

454 

468 
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Table  7. 
2  200-volt,  Armoured,  Three-core  *  Cable,  laid  Direct  in  the  Ground  (Table  6,  B.S.S.  No.  7—1922). 


Maximum  Pennissible  Current  (Continuous  Loading) 

Area  of  Conductor 

Thermal  Resistivity  of  Soil  [g) 

Q  =■ 

310 

g=  180 

»=120 

»  =  90 

Centre 

Point 

Centre  Point 

Centre  Point 

Centre  Point 

Calculated 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

0-0225 

sq.  in. 

0-02214 

amps. 

70 

amps. 

71 

amps. 

81 

amps. 

83 

amps. 

88 

amps. 

90 

amps. 

91 

amps. 

93 

003 

0-02840 

81 

82 

95 

97 

103 

105 

107 

110 

0-04 

0-03960 

98 

99 

116 

118 

127 

129 

132 

135 

0-06 

0-05999 

125 

126 

150 

152 

163 

165 

170 

174 

0-075 

0-07592 

143 

144 

172 

174 

188 

191 

198 

202 

01 

0-1009 

168 

169 

203 

205 

222 

226 

235 

239 

0-15 

0-1478 

209 

210 

251 

254 

279 

283 

293 

299 

0-2 

0-1964 

245 

247 

297 

301 

329 

335 

348 

355 

0-25 

0-2465 

279 

281 

340 

345 

376 

384 

399 

408 

*  The  current  values  given  in  this  table  refer  to  cables  with  circular  conductors  ;  the  rating  may  be  increased  by  3  per  cent 
for  cables  with  segmental  conductors. 


Table  8. 
3  300-110//,  Armoured,  Concentric  Cable,  laid  Direct  in  the  Ground  (Table  7,  B.S.S.  No.  7 — 1922). 


"onductor 

Maximum  Permissible  Current  (Continuous  Loadinp) 

.Area  of 

Thermal  Resistivity  of  Soil  (ff) 

11  =  3i0 

17=  ISO 

»-120 

17=90 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Calculated 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

0-0225 

sq.  in. 

002214 

amps. 
79 

amps. 

80 

amps. 

92 

amps. 

95 

amps. 

100 

amps. 

103 

amps. 

104 

amps. 

108 

0-03 

0-02840 

92 

93 

108 

111 

117 

121 

123 

127 

0-04 

0-03960 

111 

113 

132 

135 

143 

148 

150 

156 

0-06 

0-05999 

141 

143 

170 

174 

187 

192 

196 

204 

0-075 

0-07592 

161 

163 

194 

199 

214 

220 

226 

234 

0-1 

0-1009 

189 

191 

229 

234 

253 

260 

268 

276 

015 

0-1478 

233 

236 

285 

291 

316 

325 

335 

345 

0-2 

0-1964 

273 

276 

336 

342 

374 

383 

398 

409 

0-25 

0-2465 

312 

314 

386 

391 

430 

437 

468 

469 

I 
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Tablfi  9. 
3  300-t»o//,  Armoured,  Three-core*  Cable,  laid  Direct  in  the  Ground  (Table  7,  B.S.S.  No.   7 — 1922). 


inductor 

Maximum  Permissible  Currents  (Continuous  Loading) 

Area  of  ( 

Thermal  Resistivity  of  Soil  [g) 

(7  = 

340 

(7=180 

g=  120 

a-90 

Nominal 

Calculated 

Centre 

Point 

Centre  Point 

Centre  Point 

Centre  Point 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

0-0225 

sq.  in. 

0-02214 

amps. 

69 

amps. 
70 

amps. 

82 

amps. 

83 

amps. 

90 

amps. 
92 

amps. 

95 

amps. 

97 

003 

0-02840 

80 

81 

96 

97 

106 

108 

111 

113 

0-04 

0-03960     . 

96 

97 

117 

118 

129 

131 

137 

139 

0-06 

0- 05999 

121 

122 

149 

150 

165 

167 

176 

178 

0-075 

0-07592 

138 

139 

170 

171 

189 

191 

210 

204 

0-1 

0-1009 

162 

163 

200 

201 

223 

225 

238 

241 

0-15 

0-1478 

200 

201 

249 

250 

277 

279 

297 

300 

0-2 

0-1964 

235 

236 

293 

294 

329 

331 

352 

355 

0-25 

0-2465 

266 

267 

333 

334 

374 

376 

402 

405 

*  The  current  values  given  in  this  table  refer  to  cables  with  circular  conductors  ;  the  rating  may  be  increased  by 
for  cables  with  segmental  conductors. 


per  cent 


Table   10. 
5  500-volt,  Armoured,  Concentric  Cable,  liid  Direct  in  the  Ground  (Table  8,  B.S.S.  No.   7 — 1922). 


"onductor 

Ma.ximum  Permissible  Current  (Continuous  Loading) 

Area  of  C 

Thermal  Resistivity  of  Soil  (g) 

g=  340 

17=  180 

(7  =  120 

8=90 

Nominal 

Calculated 

Outer  Conductor 

O'-l'jr  Conductor 

Outer  Conductor 

Outer  Conductor 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

0-0225 

002214 

78 

80 

90 

95 

97 

102 

101 

107 

0-03 

0-02840 

91 

93 

106 

110 

114 

120 

119 

126 

004 

0-03960 

110 

112    - 

130 

135 

140 

147 

147 

155 

0  06 

0-05999 

140 

143 

167 

173 

182 

190 

191 

201 

0-075 

0-07592 

159 

162 

191 

198 

208 

218 

219 

231 

0-1 

0   1009 

186 

190 

225 

233 

247 

258 

260 

274 

0-15 

01478 

231 

235 

280 

289 

309 

321 

327 

342 

0-2 

0-1964 

271 

276 

330 

341 

364 

380 

385 

402 

0-25 

0-2465 

308 

313 

376 

388 

415 

430 

441 

460 
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Table  11. 
5  SOQ-voU,  Armoured,  Three-core*  Cable,  laid  Direct  in  the  Ground  (Table  8,  B.S.S.  No.  7 — 1922). 


Conductor 

Masimum  Permissible  Current  (Continuous  Loading) 

Area  of 

Thennal  Resistivity  of  Soil  (») 

ff  = 

340 

17=180 

g=  120 

»  = 

90 

Centre  Point 

Centre  Point 

Centre  Point 

Centre 

Point 

Calculated 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

0  0225 

sq.  in. 

0-02214 

amps. 

68 

amps. 
69 

amps. 

81 

amps. 

83 

amps. 

89 

amps. 

90 

amps. 

93 

amps. 

95 

003 

0- 02840 

79 

80 

95 

97 

103 

105 

109 

111 

004 

0-03960 

96 

97 

115 

117 

126 

128 

133 

135 

0-06 

0-05999 

121 

122 

147 

149 

163 

165 

173 

175 

0  075 

007592 

138 

139 

168 

170 

187 

189 

198 

201 

01 

0-1009 

161 

162 

198 

200 

220 

223 

234 

237 

015 

01478 

199 

201 

246 

248 

274 

277 

292 

295 

0-2 

0-1964 

233 

235 

289 

292 

323 

326 

344 

348 

0-25 

0-2465 

264 

266 

328 

331 

369 

372 

393 

399 

The  current  values  given  in  this  table  refer  to  cables  with  either  circular  or  segmental  conductors. 


Table  12. 
6  600-t;o//,  Armoured,  Concentric  Cable,  laid  Direct  in  the  Ground  {Table  9,  B.S.S.  No.  7—1922). 


Conductor 

Maximum   Permissible  Current  (Continuous  Loading) 

Area  of 

Thermal  Resistivity  oi  Soil  (9) 

g=  340 

9=180 

»=  120 

9  = 

90 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Calculated 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

00225 

sq.  in. 

002214 

amps. 
78 

amps. 

80 

amps. 

90 

amps. 

94 

amps. 

96 

amps. 

101 

amps. 

100 

amps. 
106 

0-03 

0- 02840 

91 

93 

105 

110 

114 

119 

118 

125 

004 

0- 03960 

109 

112 

129 

134 

139 

145 

145 

153 

006 

0-05999 

139 

142 

166 

172 

180 

188 

188 

199 

0-075 

0-07592 

158 

162 

190 

197 

207 

217 

218 

229 

0-1 

0-1009 

186 

190 

223 

231 

244 

255 

257 

272 

015 

0-1478 

230 

235 

276 

286 

304 

318 

321 

338 

0-2 

0-1964 

270 

275 

327 

339 

360 

375 

382 

400 

0-25 

0-2465 

307 

312 

374 

387 

413 

428 

438 

458 

IMPREGNATED    PAPER-INSULATED   ELECTRIC   CABLES. 

Table  13. 
6  600-yo//    Armoured,   Three-core  Cable*  laid  Direct  in  the  Ground  (Table  9,  B.S.S.  No.  7 — 1922). 
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Maximum  Permissible  Current  {Continuous  Loading) 

Area  of  Conductor 

Thermal  Resistivity  of  Soil  (») 

g  = 

.340 

»  =  180 

ff=  120 

?  =  90 

Calculated 

Centre 

Point 

Centre  Point 

Centre  Point 

Centre  Point 

Not  Earttied 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

0  0225 

002214 

68 

68 

81 

82 

88 

89 

92 

94 

003 

0-02840 

79 

80 

94 

96 

103 

105 

108 

111 

0-04 

0-03960 

95 

96 

114 

116 

125 

128 

133 

136 

0-06 

0-05999 

121 

121 

147 

149 

162 

165 

172 

175 

0075 

0-07592 

137 

138 

168 

169 

185 

188 

196 

200 

01 

0-1009 

161 

162 

197 

199 

219 

221 

232 

235 

015 

0-1478 

199 

200 

245 

247 

273 

276 

290 

295 

0-2 

0-1964 

233 

234 

287 

290 

321 

325 

341 

346 

0-25 

0-2465 

265 

265 

328 

330 

366 

371 

391 

397 

*  The  current  values  given  in  this  table  refer  to  cables  with  either  circular  or  segmental  conductors. 


Table  14. 
11  000-wo//!,  Armoured,  Concentric  Cable,  laid  Direct  in  the  Ground  (Table  10,  B.S.S.  No.  7—1922). 


onductor 

Maximum  Permissible  Current  (Continuous  Loading) 

Area  of  C 

Thermal  Resistivity  of  Soil  {g) 

9  = 

340 

6r=  180 

»=120 

9" 

90 

Nominal 

Calculated 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Outer  Conductor 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

0-0225 

0-02214 

76 

79 

87 

92 

93 

100 

96 

103 

0-03 

0-02840 

88 

92 

102 

108 

108 

117 

112 

122 

0-04 

0-03960 

100 

111 

123 

132 

131 

143 

136 

149 

0-06 

0-05999 

138 

141 

161 

169 

174 

185 

181 

194 

0-075 

0-07592 

156 

160 

183 

192 

198 

211 

206 

221 

0-1 

0-1009 

183 

188 

217 

228 

235 

250 

245 

265 

0-15 

0-1478 

227 

233 

269 

283 

-293 

312 

307 

330 

0-2 

0-1964 

266 

273 

317 

333 

346 

369 

363 

391 

0-25 

0-2465 

302 

310 

362 

380 

395 

422 

416 

447 

530 
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Table   15. 
llOOO-volt,  Armoured  Cable,  Three-core*  laid  Direct  in  the  Ground  (Table  10,  B.S.S.  No.  7 — 1922). 


Maximum  Permissible  Current  (Continuous  Loading) 

Area  o£  Conductor 

Thennal  Resistivity  of  Soil  (y) 

»  = 

3iO 

g=  180 

i?=120 

»=90 

Centre  Point 

Centre  Point 

Centre  Point 

Centre  Point 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

Not  Earthed 

Earthed 

sq.  in. 

0-0225 

sq.  in. 

0-02214 

amps. 

67 

amps. 
70 

amps. 

79 

amps. 

81 

amps. 

85 

amps. 

89 

amps. 

89 

amps. 

93 

0-03 

0-02840 

78 

80 

92 

95 

100 

103 

104 

109 

004 

0-03960 

95 

90 

112 

116 

122 

127 

128 

134 

0-06 

0-05999 

120 

121 

144 

147 

158 

162 

166 

171 

0-075 

0-07592 

137 

138 

165 

168 

181 

186 

191 

196 

01 

0-1009 

160 

162 

193 

198 

213 

219 

225 

232 

015 

0-1478 

197 

199 

240 

245 

265 

271 

279 

287 

0-2 

0-1964 

232 

234 

283 

287 

313 

319 

331 

339 

0-25 

0-2465 

263 

265 

321 

326 

357 

363 

379 

388 

*  The  current  values  given  in  this  table  refer  to  cables  with  either  circular  or  segmental  conductors. 


Table  16. 
660-t;o«  Cables  in  Air  (Table  5,  B.S.S.  No.  7—1922). 


Area  of  Conductor. 

Armoured 

Unannoured 

Nominal. 

Calculated. 

Single 

Concentric 

3-Core  • 

Single 

Concentric 

3-Core« 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

amps. 

amps. 

0-007 

0-007005 

46 

35 

31 

39 

31 

28 

0-01 

001046 

60 

45 

41 

50 

40 

37 

0-0145 

001462 

75 

56 

51 

63 

50 

46 

0-0225 

0-02214 

98 

74 

68 

82 

66 

61 

0-03 

0-02840 

115 

87 

80 

97 

78 

72 

0-04 

0-03960 

141 

109 

99 

120 

98 

90 

0-06 

0-05999 

185 

144 

129 

161 

129 

119 

0-075 

0-07592 

214 

166 

149 

189 

150 

139 

0-1 

01009 

255 

197 

180 

224 

180 

169 

0-12 

0-1168 

280 

216 

197 

249 

198 

186 

0-15 

0-1478 

332 

251 

228 

290 

231 

218 

0-2 

0-1964 

397 

301 

274 

351  . 

281 

265 

0-25 

0-2465 

457 

348 

317 

413 

328 

309 

0-3 

0-3024 

522 

397 

361 

475 

377 

355 

0-4 

0-4064 

628 

478 

435 

583 

461 

433 

0-5 

0-4985 

717 

548 

498 

670 

533 

498 

0-6 

0-6062 

817 

614 



772 

612 

— 

0-75 

0-7435 

933 

712 



886 

702 

— 

1-0 

1-0376 

1  158 

888 



1  120 

888 

— 

•  The  current  values  given  in  this  column  refer  to  cables  with  circular  conductors  ;  the  rating  may  be  increased  by  4  per  cent 
for  cables  with  segrnental  conductors.  When  two  conductors  only  are  carrjTng  current  {three-wire  system,  balanced  load),  the 
current  values  given  in  this  column  may  be  increased  by  15  per  cent. 
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Table  17. 

2  200-i'o//    Cables    in    Air;     Earthed     or    not    Earthed 
(Table  6,  B.S.S.  No.  7—1922). 


Area  of  Conductor 

Armoured 

Unarmoured 

Nominal 

Calculated 

Concentric 

score* 

Concentric 

3-Core* 

sq.  in. 

0-0225 

sq.  in. 

002214 

amps. 

74 

amps. 
68 

amps. 
09 

amps. 

63 

0-03 

0- 02840 

88 

80 

81 

74 

0-04 

0- 03960 

107 

98 

100 

91 

006 

0- 05999 

142 

128 

132 

121 

0  075 

0- 07592 

164 

149 

152 

141     ' 

01 

0-1009 

195 

177 

183 

169 

0-15 

0-1478 

247 

225 

233 

217 

0-2 

01964 

294 

270 

281 

264 

0-25 

0-2465 

342 

312 

327 

305 

*  The  current  values  given  in  these  columns  refer  to  cables  with 
circular  conductors  ;  the  rating  may  be  increased  by  3  per  cent 
for  cables  with  segmental  conductors. 


3  Zm-voU 


Table  18. 

Cables    in    Air:     Earthed    or 
(Table  7,  B.S.S.  No.  7—1922). 


not    Earthed 


Area  of  Conductor 

Armoured 

Unannoured 

Nominal 

Calculated 

Concentric 

score* 

Concentric 

3-Core* 

sq.  in. 

0  0225 

sq.  in. 

0-02214 

amps. 

80 

amps. 
72 

amps. 

74 

amps. 

66 

0-03 

0-02840 

94 

84 

87 

78 

0-04 

0-03960 

115 

104 

107 

97 

0-06 

0- 05999 

160 

135 

140 

127 

0-075 

0-07592 

173 

166 

161 

147 

01 

0-1009 

205 

185 

193 

177 

0-15 

0-1478 

259 

235 

245 

228 

0-2 

0-1964 

309 

283 

295 

275 

0-25 

0-2465 

359 

326 

344 

321 

•  The  current  values  given  in  these  columns  refer  to  cables  with 
circular  conductors  ;  the  rating  may  be  increased  by  2  per  cent 
for  cables  with  segmental  conductors. 


Table  19. 

5bQQ-volt    Cables    in    Air;     Earthed     or    not    Earthed 
(Table  8,  B.S.S.  No.  7—1922). 


Area  of  Conductor 

Armoured 

Unarmoured 

Nominal 

Calculated 

Concentric 

score* 

Concentric 

score* 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amos. 

0  0225 

002214 

79 

72 

75 

68 

003 

0-02840 

93 

84 

88 

79 

0-04 

0-03960 

115 

104 

109 

98 

0-06 

0- 05999 

149 

135 

141 

129 

0-075 

0- 07592 

172 

155 

164 

149 

01 

0-1009 

204 

185 

195 

180 

0-15 

0-1478 

257 

235 

248 

230 

0-2 

0-1964 

307 

280 

297 

276 

0-25 

0-2465 

353 

323 

343 

320 

•  The  current  values  given  in  these  columns  refer  to  cables  with 
either  circular  or  segmental  conductors. 


6  QtQd-volt 


Table  20. 

Cables    in    A  ir ;     Earthed    or    not 
(Table  9,  B.S.S.  No.  7—1922). 


Earthed 


Area  of  Conductor 

Armoured 

Unarmoured 

Nominal 

Calculated 

Concentric 

score* 

Concentric 

3-Core* 

sq.  in. 

sq.  in. 

amps. 

amps. 

amps. 

amps. 

0  0225 

0-02214 

79 

72 

75 

68 

0-03 

0-02840 

93 

84 

89 

80 

0-04 

0-03960 

116 

104 

109 

98 

0-06 

0-05999 

149 

135 

142 

129 

0-075 

0-07592 

172 

156 

164 

150 

0-1 

0-1009 

203 

185 

195 

179 

0-15 

0-1478 

257 

235 

249 

229 

0-2 

0-1964 

306 

279 

297 

276 

0-25 

0-2465 

353 

322 

344 

320 

•  The  current  values  given  in  these  columns  refer  to  cables  with 
either  circular  or  segmental  conductors. 
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Table  21. 

1 1  000-volt    Cables    in    A  ir ;    Earthed    or    not    Earthed 
(Table    10,    B.S.S.   No.  7—1922). 


Area  of  Conductor 

.J^rmoured 

Un  armoured 

Nominal 

Calculated 

Concentric 

3  Core* 

Concentric 

3-Core  • 

sq,  in. 

0  0225 

sq.  in. 

0-02214 

amps. 

78 

amps. 

72 

amps. 

77 

amps. 

70 

003 

0-02840 

92 

84 

90 

82 

004 

0-03960 

112 

104 

109 

101 

0-06 

0-05999 

148 

135 

146 

132 

0-075 

0-07592 

169 

155 

166 

153 

01 

0-1009 

201 

184 

198 

182 

0-15 

0-1478 

254 

232 

250 

231 

0-2 

0-1964 

301 

275 

298 

277 

0-25 

0-2465 

346 

319 

344 

320 

*  The  current  values  given  in  these  columns  refer  to  cables  with 
either  circular  or  segmental  conductors. 


Table  22. 

660-i'o/i    Unarmoured   Cable   in   Duct ;    Earthed    cr   not 
Earthed  (Table  5,  B.S.S.  No.  7—1922). 


Area  of  Conductor 

Single 

Concentric 

Nominal 

Calculated 

sq.  in. 

0  007 

sq.  in. 
0- 007005 

amps. 

37 

amps. 

30 

amps. 

27 

0-010 

0-01046 

48 

39 

35 

0-0145 

0-01462 

60 

48 

44 

0-0225 

002214 

78 

63 

58 

0-03 

0-02840 

92 

74 

68 

0-04 

0-03960 

114 

93 

86 

006 

0- 05999 

153 

122 

113 

0075 

0-07592 

180 

142 

132 

01 

01009 

213 

171 

161 

012 

0-1168 

237 

188 

177 

0-15 

01478 

275 

219 

207 

0-2 

0-1964 

334 

267 

252 

0-25 

0-2465 

393 

311 

294 

0-3 

0-3024 

451 

358 

337 

0-4 

0-4064 

554 

437 

412 

0-5 

0-4985 

636 

507 

474 

0-6 

0-6062 

733 

581 



0-75 

0-7435 

842 

667 

. 

1-0 

10376 

1065 

843 



Table  23. 

2  2QQ-volt    Unarmoured  Cable  in  Duct  ;    Earthed  or  not 
Earthed  (Table  6,  B.S.S.  No.  7 — 1922). 


Area  of  Conductor 

Concentric 

score* 

Nominal 

Calculated 

sq.  in. 

0-0225 

0-03 

0-04 

0-06 

0-075 

0-1 

0-15 

0-2 

0-25 

sq.  in, 

0-02214 

0-02840 

0-03960 

0-05999 

0-07592 

0-1009 

0-1478 

0  1964 

0-2465 

amps. 

65 
77 
95 
125 
144 
174 
221 
267 
311 

amps. 

60 

70 

86 

115 

134 

160 

206 

251 

290 

*  The  current  values  given  in  this  column  refer  to  cables  with 
circular  conductors  ;  the  rating  may  be  increased  by  3  per  cent 
for  cables  with  segmental  conductors. 


T.^BLE    24. 

3  300-110^/   Unarmoured  Cable  in  Duct  ;    Earthed  cr  not 
Earthed   (Table   7,  B.S.S.   No.  7—1922). 


*  The  current  values  given  in  this  column  refer  to  cables  with 
circialar  conductors  ;  the  rating  may  be  increased  by  4  per  cent 
for  cables  with  segmental  conductors.  When  two  conductors 
only  are  carrying  current  (three- wire  system,  balanced  load),  the 
current  values  given  in  this  column  may  be  increased  by  15  per 
cent. 


Area 

3f  Conductor 

Nominal 

Calculated 

sq.  in. 

sq.  in. 

amps. 

amps. 

0-0225 

0-02214 

70 

63 

0-03 

0-02840 

82 

74 

0-4 

0-03960 

102 

92 

0-06 

0-05999 

133 

121 

0-075 

0-07592 

153 

140 

0-1 

0-1009 

183 

168 

0-15 

0-1478 

233 

217 

0-2 

0-1964 

280 

261 

0-25 

0-2465 

327 

305 

•  The  current  values  given  in  this  column  refer  to  cables  with 
circular  conductors  ;  the  rating  may  be  increased  by  2  per  cent 
for  cables  with  segmental  conductors. 
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Table  25. 

5  500-i'o//  Unarmoured  Cable  in  Duct ;   Earthed  or  not 
Earthed  {Table    8,  B.S.S.  No.  7—1922). 


Area  of  Conductor 

Concentric 

3Core* 

Nominal 

Calculated 

sq.  in. 

0  0225 

0-03 

0-04 

0-06 

0-075 

01 

0-15 

0-2 

0-25 

sq.  iu. 

0-02214 

0- 02840 

0-03960 

0-05999 

0-07592 

0-1009 

0-1478 

0-1964 

0-2465 

amps. 
71 
83 
104 
134 
156 
185 
236 
282 
326 

amps. 

65 
75 
93 
123 
141 
171 
219 
262 
304 

Table  26. 

6  600-Do/i   Unarmoured   Cable  in  Duct ;   Earthed   or  not 
Earthed  (Table   9,  B.S.S.   No.  7—1922). 


Area  of  Conductor 

Concentric 

3-Core* 

Nominal 

Calculated 

sq.  in. 

0-0225 

003 

0-04 

0-06 

0-075 

0-1 

015 

0-2 

0-25 

sq.  in. 

0-02214 

0-02840 

0-03960 

0-05999 

0-07592 

01009 

0-1478 

0-1964 

0-2465 

amps. 

71 
84 
104 
135 
156 
185 
237 
282 
327 

amps. 

65 
76 
93 
123 
142 
170 
218 
262 
304 

Table  27. 

11  000-i'o/i  Unarmoured  Cable  in  Duct;   Earthed  or  not 
Earthed  (Table  10,  B.S.S.  No.   7—1922). 


Area  of  Conductor 

Concentric 

3-Core« 

Nominal 

Calculated 

sq.  in. 

0-0225 

003 

0-04 

0-06 

0-075 

0-1 

0-15 

0-2 

0-25 

sq.  in. 

0-02214 

0-02840 

0-03960 

0- 05999 

0-07592 

0-1009 

0-1478 

0-1964 

0-2465 

amps. 

73 
85 
104 
139 
158 
188 
238 
283 
327 

amps. 

66 

78 

96 

125 

145 

173 

220 

263 

304 

•  The  current  values  given  in  this  column  refer  to  cables  with 
either  circular  or  segmental  conductors. 
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THEORETICAL   AND    EXPERIMENTAL   WORK. 

Since  the  issue  of  the  Preliminary  Report,  the  inves- 
tigation has  been  directed  to  obtaining  the  information 
necessary  to  enable  final  current-loading  tables  for 
cables  to  be  drawn  up.  The  factors  regarding  w^ch 
further  information  was  required,  and  also  points  which 
were  raised  in  the  discussion  that  took  place  on  the 
PreUminary  Report,  may  be  included  in  a  brief  re- 
statement of  the  problem. 

Apart  from  the  dielectric  losses,  which  are  negligible 
for  the  cables  dealt  with  in  tliis  report,  the  maximum 
permissible  current-loading  of  cables  depends  on  the 
following  factors  : — 

(a)  The  power  losses  in  the  cable. 

(6)  The  thermal  constants  of  the  dielectric  and  pro- 
tective coverings. 

(c)  The   thermal  constants   of  the   surrounding  soil, 

which  depend  on  such  factors  as  the  moisture 
content  and  the  depth  of  laying. 

(d)  The  temperature  of  the  ground. 

(e)  The  expansion  of  cables. 

(/)  The  maximum  temperature  to  which  it  is  per- 
missible to  expose  the  dielectric  and  conductor. 

(g)  The  mutual  influence  of  neighbouring  cables  when 
two  or  more  are  laid  together  in  the  same 
trench. 

{h)  The  effect  on  the  current-rating  when  cables  are 
drawn  into  ducts  or  laid  "  on  the  soUd  system." 

(;■)  Any  modification  of  the  rating  permissible  when 
a  cable  is  not  loaded  continuously  at  its  maxi- 
mum current  (tliis  is  the  more  usual  case  in 
practice) . 

The  factors  given  above  are  here  considered  in  detail, 
and  various  other  points  relevant  to  the  heating  of 
buried  cables  are  dealt  with. 


(1)  Power  Losses  in  the  C.-^ble. 

Apart  from  losses  occurring  in  the  dielectric,  which 
are  negligible  for  the  cables  dealt  \vith  in  this  report, 
the  power  losses  will  depend  on  the  current  and  the 
resistance  of  the  conductor.  Small  variations  may,  and 
will  be,  found  in  individual  lengths  of  cable,  but  the 
permissible  limits  of  variation  of  conductor  resistances 
are  specified  in  B.S.S.  No.  7—1922.  As  many  as  29 
cables  were  tested,  details  of  which  are  given  in  Appen- 
dix I  ;  and  actual  measurements  showed  that  while 
several  of  the  conductors  were  not  very  close  to  the 
specified  dimensions,  the  resistivity  of  230  samples  of 
copper  taken  from  the  different  cables  varied  only 
from  0-1513  to  0-1588  ohm  per  metre-gramme  at  20°  C, 
the  higher  value  being  probably  the  result  of  war-time 
and  later  difficulties  with  copper  supplies. 

The  resistivity  of  the  copper  in  cables  supphed  prior 
to  1914  rarely  exceeded  0-153  ohm  per  metre-gramme, 
the  usual  value  being  0-152  or  even  less. 

The  average  temperature  coefficient  of  47  of  the 
samples  was  0-00390  at  20°  C,  or  nearly  0-0040 
at  15°  C. 

37 
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(2)  Thermal  Constants  of  Impregnated  Paper 
Dielectric. 

The  results  obtained  ^^•ith  the  cables  first  laid  sug- 
gested that  the  thermal  resistivity  of  the  dielectric 
might  varj'  «dth  different  cables  to  a  larger  extent  than 
had  -hitherto  been  supposed.  Determinations  were 
therefore  made  ^vith  all  cables  then  available,  wliich 
included  a  length  of  six-core  cable  for  spht-conductor 
working  (each  conductor  circular),  and  one  of  tliree- 
core  concentric  split-conductor  cable,  proxaded  by  the 
Glasgow  Corporation.  These  were  supplemented  later 
by  six  lengths  of  three-core  cable  from  different  makers, 
mth  dielectric  as  frequently  used  for  20  000-volt  work- 
ing, supplied  through  the  Cable  JIakers'  Association. 

The  thermal  resistivity  of  the  cables  was  determined 
by  measuring  the  temperature  of  the  conductor  and 
the  lead  sheath  bj'  change  of  resistance,  the  dimensions 
of  the  cable  being  known.  It  was  assumed  that  the 
heat  distribution  throughout  the  conductor  was  uniform, 
and  also  that  there  was  no  appreciable  temperature 
gradient  in  the  lead.  All  the  American  and  German 
authorities  have  neglected  any  gradient  in  the  lead 
sheath,  and  this  is  justified  by  consideration  of  the 
thermal  resistivity  of  the  lead  as  compared  with  that 
of  a  paper  and  oil  dielectric. 

The  thermal  resistivity  of  lead  is  2-9,  as  compared 
vnth  (say)  500  for  the  dielectric  ;  thus,  wdth  a  tempera- 
ture gradient  of  20  degrees  C.  between  the  conductor 
and  the  outside  of  the  lead  sheath,  the  gradient  in  the 
sheath  would  be  of  the  order  of  only  0- 1  degree  C. 

The  thermal  resistivity'  was  calculated  by  means  of 
the  following  formulae  adapted  from  those  given  by 
Dr.  A.  Russell.* 

For  single-core  cables  the  thermal  resistivity 


K  = 


2TT{ti  -  U) 

H  loge  {rjr^} 


(23) 


where  H  =  total  heat  in  watts  developed  in  each  cm 
length  of  conductor. 
j'l  =  radius  of  the  conductor. 
r^  =  inner  radius  of  the  lead  sheath. 
ii  —  t.^  =  temperature    difference    between    the    con- 
ductor and  the  lead  sheath. 


For  a  concentric  cable 


K  = 


27r(<i  —  t.,) 


Hli  log,  {r.^/r^)  +  log,  (rjrs)] 


(24) 


And  for  multi-core  cables 


K 


477(«i  -  t.^) 


r!" 


2h 


H  -  log-  <  


X  r. 


(25) 


<.*  ".Tlieory  of  Electric  Cables,"  p.  217  et  seq. 
t  For  this  purpose  the  heat  developed  in  the  outer  conductor 
is  assumed  to  be  the  same  as  that  in  the  inner  conductor. 


where  H  =  total  heat  in  watts  developed  in  each  cm 
length  of  each  conductor.! 
r^  =  radius  of  the  inner  conductor. 
r-i  =  inner  radius  of  the  outer  conductor. 
r-^  =  outer  radius  of  the  outer  conductor. 
Ti  =  inner  radius  of  the  lead  sheath. 


where     a  =  radius  of  circle  on  which  the  centres  of  the 
conductors  lie. 
H  =  total  heat  in  watts   developed  in  each  cm 

length  of  each  conductor, 
n  =  number  of  separate  conductors  in  the  cable. 
r  =  radius  of  each  conductor. 

The  thermal  resistivity  K  thus  obtained  is  expressed 
in  terms  of  the  difference  of  temperature  in  degrees  C. 
required  to  cause  the  flow  of  one  joule  of  heat  per  second 
between  opposite  faces  of  a  cm  cube.  One  joule  of 
heat  per  second  expressed  in  electrical  measure  is  one 
watt,  and  equals  0-24  gramme-calorie  per  second. 

The  formula  for  multi-core  cables  is  subject  to  con- 
siderable error  except  where  the  size  of  the  conductors 
is  very  small  as  compared  with  the  total  diameter  of 
the  sheath.  Alternative  formulae  by  Mie  *  were 
examined  by  Mr.  S.  Butterworth,  of  the  National 
Physical  Laboratory',  whose  conclusions  are  given  in 
Appendix  II.  The  examination  indicates  that  IVIie's 
formulae  are  subject  to  considerable  error  and,  more- 
over, values  calculated  by  Russell's  formula  are  very 
different  from  those  obtained  by  file's  formula.  It 
was  therefore  considered  advisable  to  make  some  experi- 
mental determinations  to  check  the  formulas  and  to 
evaluate  the  amount  of  the  correction  required. 

Various  methods  were  considered  and  it  was  finally 
decided  to  construct  an  electrostatic  model  of  the  cable  ; 
this  consisted  of  a  large  metal-  tube  corresponding  to 
the  lead  sheath  of  the  cable,  with  three  smaller  tubes 
corresponding  to  the  conductors  placed  inside.  Various 
sets  of  inner  tubes  were  available,  corresponding  to 
different  sizes  of  conductors,  and  the  apparatus  per- 
mitted of  the  arrangement  and  spacing  of  the  inner 
tubes  being  varied.  They  were  carefully  insulated  from 
the  outer  tube  and  the  apparatus  then  formed  a  con- 
denser the  capacity  of  which  could  be  accurately  deter- 
mined by  appropriate  methods. 

The  thermal  resistance  can  then  be  deduced  by 
means  of  the  analog^'  between  electrostatic  capacity 
and  resistance. 

Mr.  D.  W.  Dye  of  the  National  Physical  Laboratory- 
gave  valuable  advice  and  assistance  in  connection  with 
tliis  electrostatic  method. 

The  detailed  account  of  this  portion  of  the  investi- 
gation is  given  in  Appendix  III. 

As  a  result  of  this  investigation  the  error  curve  showai 
in  Fig.  36  was  obtained  for  the  Russell  formula,  which 
on  account  of  its  greater  simphcity  was  preferred  for 
general  xise  (see  Appendix  IV). 

Table  28  gives  the  values  of  thermal  resistivity 
obtained  for  all  the  cables  tested.  In  the  case  of  the 
tlu-ee-core  cables  two  sets  of  values  are  given  :  (1)  those 
evaluated  by  means  of  the  Russell  formula  without 
correction  as  given  in  the  Preliminary  Report ;  and 
(2)  the  values  corrected  in  accordance  with  the  error 
curve. 

The  table  includes  also  some  values  for  bitumen 
filling  and  non-impregnated  paper. 

It  will  be  seen  from  Table  28  that  the  higher  values 
occur  more  generally  with  the  older  660-volt  cables, 
and  the  lower  values  with  the  modern  cables  as  fre- 
•  Ehktrolechnische  Zeilschrift,  1905,  vol.  26,  p.  137. 
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Table  28. 
Thermal  Resistivities  of  the  Dielectrics  of  Cables* 


9 
10 


Paper-insulated  Cable 


Sectional  Area 

of  Conductor, 

sq. in. 


Working 
Pressxxre,  volts 


Mean  Value  of  Thermal 

Resistivity  in  Electrical 

Measure,  K 


As  determined 


Values  as 
Corrected  after 

Jurther 
Investigation 


0-1 
0-2 


0-1 
01 
01 


Single  Cables. 

I  660     I      1  200 

I  660     I         800 

Concentric  Cables. 

660 
660 
660 


660 
660 
660 


660 
660 


Three-core  Cables. 


620 
1060 

1  160 

1  060 

1  000 

870 

(jute 

insulated) 

720 

1090 

11 

0  025 

660 

1050 

1  330 

12 

0-05 

11000 

730 

— - 

13 

01 

6  600 

720 

775 

14 

01 

660 

670 

— • 

15 

01 

6  600 

420 

— 

16 

015 

6  600 

500 

— 

17 

0-15 

20  000 

460 

505 

18 

0-15 

20  000 

550 

600 

19 

015 

20  000 

470 

527 

20 

0-15 

20  000 

550 

618 

21 

0-15 

20  000 

460 

515 

22 

0-15 

20  000 

570 

640 

23 

0-2 

20  000 

600 

648 

24 

0-2 

20  000 

600 

648 

25 

0-2 

3  300 

650 

— 

26t 

0-2 

20  000 

710 

^- 

27 

0-25 

11  000 

580 



28 

015 

3  300 

630 

720 

29 

015 

11  000 

510 

560 

Bitumen  filling 
Paper  (not  impregnated) 
Vulcanized  bitumen    .  . 
Vulcanized   bitumen   cables 

(value  determined  by  Prof. 

Marchant)     .  . 


511 
960 
486 


510 


*  The  dimensions  of  the  cables  are  given  in  Appendix  I. 
t  The  inner  and  outer  conductor  of  each  core  were  in  parallel 
and  treated  as  one  conductor. 


quently  used  for  20  000-volt  working.  Further  investi- 
gation has  been  directed  to  obtaining  values  that  could 
be  considered  representative  of  modern  cables  for 
lower  pressures.  For  this  purpose,  cables  Nos.  28  and 
29  were  obtained,  and  the  thermal  resistivities  of  these 
cables  were  found  to  be  720  and  560  respectively. 
The  manufacturer  of  cable  No.  28  stated  that  he  had 
purposely  made  a  cable  having  a  liigh  value,  since  this 
would,  and  in  fact  did,  provide  an  additional  and  inter- 
esting check  on  the  methods  of  calculation.  As  a 
further  example,  a  length  of  large  three-core  660-volt 
cable  had  a  value  of  approximately  750. 

Examination  of  the  experimental  values  for  different 
types  of  cable  showed  that  generally  the  lower-pressure 
cables  had  a  thermal  resistivity  somewhat  greater  than 
the  higher-pressure  cables  had.  In  view  of  the  cost  of 
manufacture  it  was  considered  unreasonable  to  expect 
that  the  lower-pressure  cables  would  normally  have  a 
value  of  thermal  resistivity  as  low  as  that  of  the  higher- 
pressure  cables,  and  therefore  the  following  figures  were 
adopted  as  representing  fair  values  for  the  different 
types  of  cables.* 

Cables  for  pressures  up  to  and  in- 
cluding 2  200  volts        .  .  .  .     /v  =  750 

Cables  for  pressures  above  2  200 
volts  up  to  and  including 
11  000  volts ii:  =  550 

The  value  of  K  is  obtained  by  means  of  the  corrected 
Russell    formula.     If    calculated    by    the    uncorrecte4 
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Fig.  3. — Diagram  of  apparatus  for  the  determination  of  the 
thermal  resistivity  of  soil. 

formula  as  in   the  Prehminary  Report  tlie  values  are 
more  nearly  700  and  500  respectively. 

(3)   Thermal  Constants  of  the  Surrounding  Soil. 

[a]  Thermal  resistivity. — Dr.  E.  Griffiths  of  the  N.P.L. 
Heat  Department  has  determined  experimentally  the 
thermal  resistivity  of  soil  with  varying  amounts  of 
moisture  content. 

The  apparatus  consists  of  a  flat  central  plate,  elec- 
trically heated  and  surrounded  by  a  guard  ring  (see 
Fig.  3).  The  guard  ring  consists  of  an  outer  plate  in 
the  form  of  a  ring,  in  the  same  plane  with  the  central 
plate  but  separate  from  it.     The  guard  ring  is  main- 

•  Higher  values  liave  been  adopted  for  cables  with  conductors 
having  a  sectional  area  less  than  0-06  sq.  in.  to  allow  for  the  diffi- 
culty in  manufacturing  small  cables. 
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tained  at  the  same  temperature  as  the  central  part, 
but  the  electrical  power  supplied  to  the  central  part 
is  measured  separately  from  that  supplied  to  the  guard 
ring. 

At  a  distance  of  1  in.  from  the  hot  plate  were  two 


faces.  The  frames  were  sandwiched  between  the  hot 
and  cold  plates  and  surrounded  with  granulated  cork. 
The  heat  transmitted  through  the  specimens  was 
determined  from  observations  of  the  watts  dissipated 
in  the  hot  plate.     Before  the  final  observations  were 


Cold'i)late  Hotplate  Cold  plate 

Water  inlet  Water  outlet  Guard  rirg 


Fig.  4. — .Apparatus  for  the  determination  of  the  thermal  resistivity  of  soil. 
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Fig.  5. — Thermal  resistivity  and  moisture  content  of  soil. 


25 


other  plates  cooled  by  water  circulation  and  main- 
tained at  a  constant  temperature. 

Fig.  4  shows  the  apparatus  before  assembly ;  the 
hot  plate  with  the  guard  ring  is  in  the  centre  and  the 
cold  plates  are  on  either  side. 

The  soil  was  packed  in  wooden  frames  with  zinc 
faces  the  size  of  the  hot  plate,  and  these  were  sealed 
in  waxed  paper  envelopes.  Thermo-couples  of  copper 
constantan  were  soldered  to  various  points  on  the  zinc 


taken,  ample  time  was  allowed  for  equihbrium  to  be 
attained,  and  the  observations  extended  over  a  period 
of  several  days. 

The  range  of  temperature  over  which  the  test  was 
made  was  from  15°  C.  to  25°  C.  ;  the  temperature 
interval  was  kept  as  small  as  practicable  in  order  to 
avoid  disturbing  unduly  the  distribution  of  moisture. 

The  resultant  values  are  given  in  the  curve  shown 
in    Fig.    5,    wliich   includes   also   values   deduced    from 
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Shanklin's  results,*  two  values  from  TeichmiUler  and 
a  curve  from  Kennelly's  figures. 

Two  series  f  of  observations  were  made  at  the  N.P.L., 
one  on  the  sandy  loam  soil  of  Teddington,  and  the 
other  on  heavy  clay  soil  from  the  Newcastle  district. 
It  will  be  seen  from  Fig.  5  that  the  values  for  the  two 
t>-pes  of  soil  are  markedly  different ;  the  clay  is  nearly 
the  same  as  the  sandy  loam  when  both  are  dry,  but  it 
is  considerably  higher  than  the  sandy  loam  when  damp. 

The  N.P.L.  values  are  quite  regular,  and  the  Shanklin 
curve  for  light  soil  agrees  only  at  the  extreme  ends,  the 
difference  with  moisture  contents  of  from  1  per  cent  to 
8  per  cent  being  large.  The  two  values  of  Teicluntiller 
are  near  the  point  at  which  the  N.P.L.  and  Shanklin 
curves  cross,  and  are  in  fair  agreement  at  this  point. 
Kennelly's  values  for  sand,  however,  agree  closely  with 
the  N.P.L.  curve  for  stiff  clay. 

(6)  Moisture  content. — The  moisture  content  of  the 
soil  varies  considerably  from  time  to  time  and  place 
to  place.  At  Teddington  in  a  normal  year  the  moisture 
content  varies  from  9  per  cent  to  15  per  cent,  the  latter 
figure  being  more  usual  during  the  winter.  In  the 
abnormal  year  of  1921  the  values  at  2  ft.  depth  taken 
at  the  N.P.L.  are  given  in  Table  29. 

Table  29. 

Moisture  Content  of  Soil  at  Teddington  in  1921 
and  1922. 


8th  July,  1921    .  . 
20th  November,  1921 
12th  January,  1922 
22nd  April,  1922 


Moisture  Content, 
per  cent 


4-5 

8-0 

140 

120 


Observations  taken  by  Mr.  M.  Farrer,  Engineer  and 
Manager  to  the  Twickenham  and  Teddington  Electric 
Supply  Co.,  showed  that  in  the  neighbourhood  of 
Teddington  the  values  were  from  10  per  cent  to  14  per 
cent  up  to  June  1921,  but  that  at  Claygate,  a  few  miles 
away,  where  the  soil  is  clay  and  the  height  above  sea 
level  much  greater  than  at  Teddington,  at  one  place  the 
exceptionally  low  values  of  from  1  •  6  per  cent  to  2  •  8 
per  cent  were  obtained  in  November  1921. 

These  low  values  are  apparently  not  due  to  drying 
of  the  soil  by  the  heat  from  the  cable,  since  in  one  case 
in  which  observations  were  taken  the  moisture  content 
immediately  against  the  cable  was  2  per  cent,  and  at 
18  in.  away  from  it  was  1-9  per  cent. 

In  the  Newcastle-upon-Tyne  district  the  figures  for 
the  latter  part  of  1920  showed  that  the  moisture  content 
varied  from  14  per  cent  to  38  per  cent,  the  more  general 
value  being  about  20  per  cent.  From  April  to  June 
1920  the  values  varied  from  8  per  cent  to  39  per  cent. 
For  1921,  the  values  varied  from  4  per  cent  to  28  per 
cent.  Other  towns  show  differences  of  much  the  same 
order.  The  late  Mr.  G.  L.  Black  obtained  values  at 
Glasgow  in    1920  varying  from    11   per  cent  to  29  per 

•  Journal  of  the  American  Institute  of  Electrical  Engineers  1922, 
vol.  41,   p.   92. 

t  For  values  for  cfialk  see  .^ppendL\  VIII. 


cent,   and   the   values  obtained   by  Mr.   J.   Christie  at 
Brighton  in  1921  varied  from  15  per  cent  to  21  per  cent. 

In  Buenos  Aires,  during  May  and  June  1921,  Mr.  J. 
Wilson  determined  the  moisture  content  at  20  different 
places,  and  the  values  varied  from  16  per  cent  to  28 
per  cent,  the  average  being  21-4  per  cent. 

The  statement  given  above  is  a  short  summary  of 
the  overall  limits  of  the  values  observed.  It  will  be 
appreciated  that  the  moisture  content  will  vary  with 
different  types  of  soil,  and  with  climatic  conditions, 
and  that  where  cables  are  being  run  continuously  at 
approximately  the  maximum  current-loading,  obser- 
vations should  be  made  of  the  moisture  content  with 
a  view  to  ascertaining  the  minimum  to  be  expected 
under  full-load  conditions.  This  is  particularly  neces- 
sary where  cables  are  laid  close  to  the  surface  and 
where  the  moisture  content  would  probably  be  lower 
than  at  a  greater  depth.  A  large  number  of  observa- 
tions has  been  made,  and  while  it  is  clear  that  it  is 
impossible  to  provide  data  capable  of  general  applica- 
tion, the  series  of  observations  taken  in  the  Newcastle- 
upon-Tyne  district  are  given  in  Appendix  V  for  the 
purpose  of  showing  the  order  of  variation  that  might 
be  expected  both  at  different  times  of  year  and  in 
various  t^-pes  of  soil  at  the  same  time. 

Engineers  have  from  time  to  time  drawn  attention  to 
the  dr\ang  action  of  a  heated  cable,  and  have  stated 
that  \vith  a  continuously  loaded  cable  the  soil  in  the 
immediate  vicinity  becomes  quite  dry  ;  but  although 
in  the  course  of  the  investigation  definite  evidence  on 
this  point  has  been  sought,  it  has  not  been  obtained. 

It  is  extremely  rare  for  soil  to  have  a  less  moisture 
content  than  5  per  cent,  even  when  appearing  to  be 
quite  dry.  Moreover,  practical  tests  have  shown  that 
the  soil  immediateh'  surrounding  a  cable  running  con- 
tinuously on  full  load  for  a  week  was  distinctly  wetter 
than  that  at  distances  of  1  and  2  ft.  away  horizontally, 
values  of  moisture  content  of  18,  16  and  14  per  cent 
respectively  being  obtained.  These  values  occurred  in 
open  country'  in  stiff  clay  at  several  points  that  had 
not  been  disturbed  previously  for  12  years.  It  is 
common  experience  to  find  the  cable  trench  many  years 
after  excavation  acting  as  a  drain  to  the  surrounding 
country. 

When  cables  are  required  to  be  loaded  for  long  periods 
at  their  maximum  current,  attention  should  be  paid  to 
the  condition  of  the  soil  in  view  of  the  large  difference 
in  current-carrying  capacity  for  the  extremes  that  may 
be  met  with. 

It  was  decided  :  (1)  To  adopt  the  series  of  values 
connecting  moisture  content  and  thermal  resistivity 
obtained  at  the  N.P.L.,  and  (2)  to  prepare  four  sets 
of  tables  of  maximum  permissible  currents  for  armoured 
cables  laid  direct  in  the  ground,  and  values  for  armoured 
and  unarmoured  cables  in  air,  and  for  unarmoured  cables 
drawn  into  ducts. 

It  was  also  decided  that  the  current-loadings  in  the 
four  sets  of  tables  for  armoured  cables  laid  direct  in  the 
ground  should  correspond  to  the  values  of  moisture 
content  and  thermal  resistivity  of  the  soil  given  in 
Table  30. 

In  the  case  of  heavy  clay  soil  with  moisture  content 
greater  than  that  given  above,  the  value  of  the  thermal 
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resistivity  is  not  reduced  appreciably ;  for  instance, 
with  a  moisture  content  of  25  per  cent  the  thermal 
resistivity  is  approximately  150  (see  Fig.  5). 

(c)  Depth  of  laying. — The  experimental  work  to  deter- 
mine the  effect  of  the  depth  of  laying,  pubUshed  in  the 
Prehminary  Report,  has  been  compared  %vith  theoretical 
formulae.  In  the  experimental  work  tlu^ee  lengths  of 
0-1  sq.  in.  tliree-core  660-volt  cable  were  laid  at  New- 
castle-upon-Tjme  at  depths  of  1  •  5,  2-5  and  4-5  ft. 
respectively,  and  the  heating  was  determined. 

The  general  formula  shows  the  importance  of  the 
term  G,  the  thermal  resistance  of  the  ground.  The 
question  of  the  depth  of  lajang  is  therefore  intermixed 
■wdth  the  question  of  the  vahdity  of  the  assumption 
regarding  the  heat  flow,  but  in  order  to  show  more 
clearly  the  comparison  between  experimental  and  calcu- 
lated results,  the  question  of  the  depth  of  la\-ing  may 
be  considered  here,  comparing  the  values  obtained  with 
those  calculated  by  means  of  the  formula  finall)'  adopted. 

Table  30. 

Values  of  Thermal  Resistivity  and  Moisture  Content  of 
Soil  on  which  the  Current-loading  Tables  are  based. 


ThennaJ  Resistiwty 

Approximate  Moisture  Content  of  Soil 

of  Soil,  g 

Sandy  Loam 

Heavy  Clay 

Chalk 

340 

180 

120 

90 

0 

5% 
10% 
15% 

1% 

17% 

2% 
10% 
16% 
20  % 

The  heating  of  a  buried   cable  is   governed   by   the 
relation — 

H  =  tl(G  +  S)        ....      (26) 

where  H  =  total  heat  in  watts  developed  in  each  cm 
length  of  each  conductor. 
t  =  temperature-rise  of  the  conductor  above  the 

datum  level. 
S  =  thermal  resistance  of  the  dielectric  and  the 
protective  coverings  surrounding  the 
conductor. 
O  =  thermal  resistance  of  the  earth  between  the 
protective  covering  of  the  cable  and  the 
external  isothermal. 

For  a  cable  of  the  type  considered,  S  is  approximately 
35  and  the  three  values  of 


«=4'*ra  ■  • 


(27) 


corresponding  to  the  three  depths  of  laying  specified, 
are  as  follows  : — ■ 

Fori  =  1-5  ft.,  G  =  54-0. 
„  i  =  2-5ft.,  (?=  60-5. 
„     i  =  4-5ft.,  G  =  68-0. 

Comparing  first  the  experimental  results  obtained, 
the  average  increase  in  temperature-rise  in  a  cable  laid 
at  2-5  ft.  below  the  surface  of  the  ground  was  4  per  cent 


(the  mean  of  a  series  of  values  ranging  from  0-7  to 
7-4  per  cent)  over  that  of  a  similar  cable  carrj'ing  the 
same  current  and  laid  at  1-5  ft.  below  the  surface. 

According  to  the  general  formula,  the  ratio  of  tempera- 
ture-rise in  the  two  cases  is  given  to  a  first  approxima- 
tion by  the  equation — 

t       S  +  G'       35 -f  60-5 

?  =  sTg=uT^o='-''     ■    (-«) 

or  the  temperature-rise  at  2-5  ft.  is  7  per  cent  greater 
than  at  1  •  5  ft. 

The  average  increase  of  temperature-rise  in  a  cable 
laid  at  4-5  ft.  below  the  surface  was  15-7  per  cent  over 
that  of  a  similar  cable  carrying  the  same  current  laid 
at  1-5  ft.  This  was  the  mean  of  a  series  of  results 
ranging  from  10-8  to  18-95  per  cent. 

The  calculated  value  for  this  case  is 


35  +  68       103 


35  -f  54 


89 


=  1-16 


In  computing  the  current-loading  tables  it  was 
decided  to  adopt  18  in.  as  the  depth  of  lajdng  for  cables 
for  pressures  up  to  and  including  2  200  volts,  and  3  ft. 
for  cables  for  pressures  above  2  200  volts  up  to  and 
including  11  000  volts,  the  dimension  being  in  each  case 
the  distance  from  the  surface  of  the  ground  to  the  axis 
of  the  cable. 

(4)  Temperature  of  the  Ground. 

A  large  amount  of  information  has  been  collected  on 
the  actual  temperature  of  the  ground  in  different  parts 
of  the  world.  For  Britain,  full  information  is  available 
in  the  reports  of  the  Meteorological  Office,  and  these 
are  sho%\Ti  in  Fig.  6.  The  values  for  Calcutta  and  various 
parts  of  Austraha,  which  have  been  furnished  through 
Mr.  B.  Welbourn,  are  shown  in  Figs.  7,  8,  9,  10  and  11. 

It  will  be  seen  from  Fig.  6  that  even  in  the  abnormal 
year  of  1921  the  maximum  ground  temperature  at  a 
depth  of  2  ft.  was  only  approximately  20°  C.  and  that 
during  the  greater  part  of  the  year  the  value  was  lower 
than  15°  C.  (the  Austrahan  figures  are  not  greatly 
higher  than  these). 

It  was  appreciated  that  the  liighest  ground  temperature 
coincided  with  the  period  when  the  peak  load  would  be 
in  general  a  minimum,  and  it  was  decided  to  adopt  a 
value  of  15°  C.  as  representing  the  average  temperature 
on  which  current-loading  tables  should  be  based. 

(5)  ExPAXSiox  OF  Cables. 

The  extent  to  wliich  the  conductor  and  the  lead 
sheath  of  a  cable  expand  is  a  factor  which  requires  con- 
sideration in  connection  %\-ith  current-rating.  The  total 
expansion  as  a  result  of  heating  may  be  taken  up  in 
various  directions,  but  the  difl'erential  expansion  between 
the  lead  and  the  copper  gives  an  indication  of  the 
internal  stresses  to  which  the  cable  is  subjected. 

The  expansion  that  would  be  expected  can  be  calcu- 
lated from  the  coefficient  of  expansion  of  the  materials 
and  from  knowledge  of  the  temperature.  Taking  the 
following  coefficients  : — 


For  copper 
For  lead 


0-0000168  for  1  degree  C. 
0-0000275 
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and  taking  values  of  temperature  from  actual  observa- 
tions in  wloich  the  rise  of  temperature  of  the  lead  sheath 
is  about  one-half  that  of  the  conductor,  the  expansion 
per  100  yards'  run  after  steady  conditions  have  been 
reached  in  a  cable  as  used  for  20  000  volts  is  as 
follows  : — 

Conductor  ..  0-6  in.  for  10  degrees  C.  temperature- 
rise  of  conductor. 

Lead  sheath.  .  0-47  in.  for  10  degrees  C.  temperature- 
rise  of  conductor. 

For  an  11  000-volt  cable  :— 

Conductor  .  .  0-6  in.  for  10  degrees  C.  temperature- 
rise  of  conductor. 

Lead  sheath..  0-58  in.  for  10  degrees  C.  tempera- 
ture-rise of  conductor. 


the  difference  of  temperature  between  the  conductor  and 
the  sheath  might  be  greater  than  when  the  steady  con- 
dition is  reached.  As  a  further  example,  therefore,  a 
0-15  sq.  in.  11  000-volt  cable  laid  direct  in  the  ground 
was  tested  2  hours  after  the  current  (220  amperes)  had 
been  switched  on,  and  the  results  were  as  follows  : — 

Temperature-rise  of  lead  sheath     .  .     8  degrees  C. 

Temperature-rise  of  conductor       . .      18  degrees  C. 
Under  these  conditions  the  calculated 

Expansion  of  100  yards  of  conductor  would  be 
1-09  in. 

Expansion  of  100  yards  of  sheath  would  be  0-74  in. 

It  is  apparent,  however,  that  with  an  armoured  three- 
core  cable  in  which  the  cores  are  twisted  around  each 
other  the  linear  expansion  is  considerably  less  than  the 
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For  a  3^300-volt  cable  :— 

Conductor  . .  0-  6  in.  for  10  degrees  C.  temperature- 
rise  of  conductor. 

Lead  sheath..  0'56  in.  for  10  degrees  C.  tempera- 
ture-rise of  conductor. 

Thus  in  these  examples  the  differential  expansion  is 
small,  the  difference  of  temperature  between  conductor 
and  sheath  being  compensated  for  by  the  difference  in 
the  coefficient  of  expansion. 

It  appeared  to  be  possible  that  the  conditions  of  con- 
tinuous loading  did  not  necessarily  represent  the  most 
severe  conditions,  since  in  the  early  part  of  the  heating 


above  values  would  indicate.  Some  tests  by  a  large 
firm  of  cable  makers  gave  results  which,  when  re- 
duced to  a  basis  comparable  with  the  above,  are  as 
follows  : — 

For  a  0-15  sq.  in.  three-core  high-voltage  armoured 
cable  laid  out  along  a  floor  : — • 

Temperature-rise  of  conductor       .  .  40  degrees  C. 

Temperature-rise  of  sheath  .  .  20  degrees  C. 

Differential  expansion  between  con- 
ductor and  sheath  ..  ..  0-024  in. 

Differential    expansion     between 

sheath  and  ground  ..  ..  0-9  in. 
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Had  the  lead  and  copper  expanded  freely  the  expan- 
sion would  have  been  : — 

Copper  =   2-35  in. 

Lead  =   2-0  in. 

Armouring     =  0  ■  9  in . 

The  conclusion  drawn  was  that  the  copper  and  lead 
expanded  by  the  amount  of  the  expansion  of  the 
armouring  only,  the  frictional  grip  of  the  paper  around 
the  copper  and  that  of  the  armouring  around  the  lead 
and  the  paper  under  the  lead  being  sufBcient  to  prevent 
any  further  expansion. 

The  lead  and  copper  therefore  will  be  in  a  state  of 
longitudinal  compression  and  the  resultant  expansion 
may  be  radial. 

Apart  from  the  temporary  expansion,  results  of  actual 
measurements  by  Beaver  *  indicate  that  after  a  cable 
has  been  heated  and  cooled  a  permanent  set  is  pro- 
duced, the  amount  and  direction  of  which  varies  in 
different  parts  of  the  cable.  A  result  of  this  kind  may 
apply  only  to  the  exact  condition  under  which  the 
particular  tests  were  made  and  does  not  necessarily 
hold  for  all  conditions  of  laying  ;  at  the  same  time, 
however,  the  values  obtained  are  of  great  interest  and 
significance. 

(6)  Maximum  Permissible  Temperature  for  Paper- 
insulated    Cables  for  Pressures  up  to  and 
INCLUDING  11  000  Volts. 
The  question  as  to  the  maximum  temperature  to  which 
tlie  impregnated  paper  dielectric  can  be  exposed  for  long 
periods  without  fear  of  deterioration,  either  mechanical 
or  electrical,  is  one  on  which  various  authorities  are  some- 
what in  conflict.     The  present  permissible  temperatures 
for  various  countries  are  as  follows  : — 

(1)  American  (I.E.E.)       .  .  .  .      85°  C,   less   1   de- 

gree C.  for  each  1  000  volts  increase. 

(2)  German  (V.D.E.)        ..  ..     50°  C. 

(3)  French  (Laboratoire  Central)       50°  C. 

In  1921  the  following  figures  were  suggested  by 
various  American  investigators  **  : — 


(4)  Del  Mart 

(5)  Elden  + 

(6)  Torcliio  § 

(7)  Fisher  and  Atkinson 

(8)  Roper  f 


85°  C.  to  90°  C. 

85°  C. 
105° C.  to  110°  C. 

85°  C. 
110°  C. 


These  later  values  are  all  based  on  consideration 
of  the  mechanical  properties  of  the  paper  only,  and 
from  this  point  of  view  alone  the  suggested  hmit  of 
80°  C.  to  85°  C.  is  probably  quite  reasonable,  and  is 
confirmed  by  the  prehminary  experiments  at  the 
National  Physical  Laboratory  pubhshed  in  the  Pre- 
liminary Report. 

In    June    1922,    Roper    pubhshed    results  ^    showing 

that    at    the    normal    operating    temperature    a    large 

•  Journal  I.E.E. ,   1915,  vol.  53,  p.  57. 
**  See  Addendum  on  page  561. 

t  Journal  of  the  American  Instiiule  of  Electrical  Engineers,  1921, 
vol.  40,  p.  131. 

X  Ibid.,  1921,  vol.  40,  p.  145. 
§  Ibid.,  1921,  vol.  40,  p.  9fi. 
II  Ibid.,  1921,  vol.  40,  p.  183. 
t  Ibid.,  1921,  vol.  40,  p.  201. 


i   number    of    breakdowns    occurred    on    cable    systems, 
j   apparently  due  mainly  to  heating  in   the  dielectric. 
The  German  values  are  based  on  the  dielectric  losses, 

50°  C.  being  the  point  at  which  according  to  their 
1  earher  investigations  these  losses  become  appreciable. 
j   Considerable  improvement  has  been  effected  in  recent 

years  in  this  respect  and  it  appeared  probable  on  the 

information  available  that  from  the  point  of  view  cf 
I   the  dielectric  only  a  temperature  of  80°  C.   might  be 

adopted,  especially  as  the  dielectric  losses  of  the  cables 
'   dealt  with  in   the  current-loading  tables  are  so   small 

that  they  can  be  neglected. 

After  full  consideration  of  all  the  various  factors 
'  involved  it  was  decided  to  adopt  65°  C.  (that  is  allowing 
I  a  rise  of  temperature  of  50  degrees  C.  above  the  value 
!  of  15°  C.  taken  as  the  normal  temperature  of  the 
I  ground)  for  the  maximum  temperature  of  the  conductor 
;  for  armoured  cables  up  to  and  including  11  000  volts 
I  working  pressure,  laid  direct  in  the  ground.  Here 
[  emphasis  has  been  laid  on  the  heavy  cost  of  replacing 
;  underground  mains  and  the  long  life  and  reUabihty  ol 
i  operation  which  are  required  for  such  cables.  Moreover, 
,   it  was  appreciated  that  :^ 

I  (a)  There  was  danger  of  mechanical  trouble  with  an 
excessive  temperature  owing  to  the  movement 
of  the  cable  relative  to  the  earth  or  duct. 
(6)  For  the  higher-pressure  cables  it  was  desirable  to 
err  on  the  side  of  safety,  while  for  the  lower- 
pressure  cables  it  would  not  be  economical  to 
run  at  high  temperatures,  since  owing  to  the 
operation  of  Kelvin's  law  the  cost  of  the  energy 
losses  would  be  in  excess  of  the  saving  in  copper. 

The  actual  difference  in  permissible  current-loading 
I  between  rises  of  50  degrees  C.  and  65  degrees  C,  corre- 
sponding to  final  temperatures  of  65°  C.  and  80°  C. 
respectively,  is  approximately  12  per  cent. 

In  view  of  the  fact  that  a  cable  drawn  into  a  duct  is 
free  to  move  lengthways  along  the  duct  and  cause 
injury  to  the  lead  by  abrasion,  it  was  considered  that 
the  permissible  temperature  should  be  lower  than  that 
for  cables  laid  direct  in  the  ground.  It  was  decided, 
therefore,  to  adopt  50°  C.  for  the  maximum  temperature 
of  the  conductor  for  plain  lead-sheathed  cables  drawn 
into  ducts,  this  value  corresponding  to  a  temperature- 
rise  of  35  degrees  C. 

(7)  Summary  of  Proposed   British   Constants  and 

THOSE    adopted    BY    OtHER    COUNTRIES. 

In  Table  31  is  given  a  summary  of  the  various  con- 
stants now  proposed,  as  the  result  of  this  investiga- 
tion, for  the  calculation  of  current-loading  tables.  The 
corresponding  constants  adopted  by  the  French,  German 
and  Japanese  authorities  are  given  for  comparison. 

British  :  Values  refer  to  one  cable.     It  is  recommended 
that  where  two  cables  are  laid  in  the  same  trench  and 
in   the   same   horizontal   plane   the   current   should    be 
reduced  in  the  following  ratios  (see  Table  37,  page  549)  : 
Four  inches  between  axes  ..   0-76 

Eight  inches  between  axes  ..   0-82 

Twelve  inches  between  axes  ..   0-86 

French  :  Values  refer  to  one  cable.  It  is  recom- 
mended that  where  more  than  one  cable  is  laid  in  the 
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same    trench    the    current    should    be    reduced    in    the 
following  ratios  : — 

Two  cables  .  .  . .  . .  .  .   0  •  84 

Three  cables  ..  ..  ..0-76 

Larger  number        .  .  .  .  . .   0  •  55 

German  :   Values  refer  to  two  cables  laid  in  the  same 
trench. 

(8)  Representation  by  General  Formula. 
The  calculation  of  the  temperature-rise  of   a   buried 
cable  is  based  upon  the  relation  : — 

H=tl{S  +  G) (29) 

The  calculation  of  the  thermal  resistance  S  in  the  case 
of  a  single  conductor  is 

--£'°«.{r:)-  ■  ■  ■ 


(30) 


Russell's  formula  for  the  thermal  resistance  of  unit 
length  of  a  multi-core  cable  is  : — 


-  «2n 


o2n) 


2TTn       '  nr'la'^-'^r 


(33) 


Various  suppositions  have  been  made  regarding 
a  suitable  expression  for  O,  the  thermal  resistance  of 
the  soil  svirrounding  the  cable.  Kennelly  *  supposed 
that  the  surface  of  the  ground  above  the  cable  might 
be  regarded  for  practical  purposes  as  a  plane  isothermal. 
On  this  supposition,  applying  the  method  of  electrical 
images  as  in  Foster  and  Lodge's  paper  {Philosophical 
Magazine,   1875)  it  can  be  shown  that 


Table  31. 
Summary  of  Proposed  British  Constants  and  those  Adopted  in  the  Calculation  of   Foreign  Current-loading  Tables. 


British  (now  proposed) 

French 

German 

Constants 

Japanese 

Laid  Direct  In  the 
Ground 

Drawn  into  Ducts 

Permissible  temperature-rise  of 

50  deg.  C. 

35  deg.  C. 

40  deg.  C. 

25  deg.  C. 

85  deg.  C. 

conductor 

Maximum  permissible  tempera- 

65° C. 

50°  C. 

50°  C. 

50°  C. 

100°  C. 

ture 

Temperature  of  soil 

15°  C. 

15°  C. 

10°  C. 

25°  C. 

15°  C. 

K  of  soil 

340,  180,  120 
and  90 

'—~ 

200 

100 

324{ 

K  of  cable           

550  and  750 

550  and  750 

230* 

500t 

636 

Depth  of  laying 

1  ft.  6  in. 
and  3  ft. 

Not  specified 

2  ft.  3  in. 

3  ft. 

*  The  very  low  value  here  is  not  the  result  of  experiment,  but  appears  to  have  been  adopted  after  examination  of  the  values 
given  by  various  investigators.  It  would  seem  probable  that  there  is  an  error  in  the  French  values  due  to  a  misunderstanding 
as  to  the  units  in  which  the  thermal  resistivity  is  expressed. 

t  This  corresponds  to  the  British  value  of  550.  t  Dry  sand. 


The  same  formula  applies  to  the  external  armouring 
when  tliis  is  present,  the  thermal  resistance  being  then 
the  sum  of  two  such  terms,  so  that 


K  ,        /r,\       K'  ,       re 

5!  =  —  log  J  -i     -f  —  log.  - 

2tt     ^'  Vrj/        277     ^*  rj 


(31) 


The  thermal  resistance  of  the  lead  sheath  is  regarded 
as  negUgible.  In  the  concentric  cable  the  thermal 
resistance  between  the  conductors  and  the  sheath, 
the  thermal  resistance  of  the  outer  conductor  being 
neglected,  is  given  by  the  formula  : — 

^-ai.o..(:^)  +  .o„(i;)]  .  .  ,S2, 

In  the  case  of  a  multi-core  cable  two  or  three  different 
formulae  are  available  for  the  calculation  of  the  thermal 
resistance  from  the  thermal  resistivity,  or  vice  versa. 
These  are  fully  dealt  with  in  the  section  on  page  565. 


Here  I  is  very  closely  the  depth  of  the  cable  axis  below 
the  surface  of  the  ground,  and  for  the  purposes  of  tliis 
investigation  1=  L. 

Usually  Z2/r|  is  large  compared  with  unity.  For 
example,  taking  Z=  18  in.  and  d=  3  in.,  l^lr^=  144. 
The  expression  for  G  can  therefore  be  simplified  and 
written  in  the  form 

<7  /2L\ 

^=5^'°^4J ^''^ 

In  tliis  form  it  was  used  by  Teichmiiller  and  others 
(see  "  Die  Erwarmung  der  Electrischen  Leitungen," 
p.  53). 

The  basic  assumption  here  is  that  the  surface  of 
the  earth  above  the  cable,  because  of  the  free  dissipa- 
tion of  heat  due  to  radiation  and  convection  through 
the  ambient  air,  forms  an  isothermal  surface,  and  this 
henceforward  will  be  referred  to  as  the  Kennelly 
assumption. 

♦  Electrical  World,  1893,  vol.  22,  p.  183. 
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Other  and  simpler  assumptions  have  been  proposed 
by  various  investigators,  e.g.  that  due  to  Apt,  refer- 
ences to  which  occur  in  other  parts  of  this  report. 
Apt  suggested  that  as  a  first  approximation  the  effect 
of  the  earth  surrounding  the  cable  should  be  considered 
to  be  equivalent  to  that  of  a  cylinder  of  material  equal 
in  thermal  resistivity  to  the  soil  and  having  a  radius 
equal  to  the  depth  of  the  cable  axis  below  the  surface 
of  the  ground.     On  this  assumption. 


«=.i-© 


The  heat  generated,     //  =  n/j-^i 


(36) 


(37) 


where  /  =  current. 

n  =  number  of  conductors. 
i?i  =  iJ(l  -f-  0-004  t),  the  resistance  in  olims  per 
cm  of  the  cable  at  working  temperature, 
taking     the     temperature     coefficient     of 
copper  as  0-004. 

The  formula  for  the  determination  of  the  current 
to  produce  a  given  temperature-rise  of  the  conductor 
ti  13  therefore 

J  = 


1 


•v/[ni?(l-|- 0-004 « 


i)]VU+(?) 


(38) 


It  was  considered,  however,  that  the  assumptions 
regarding  the  heat-flow  through  the  siu-rounding  soil 
were  not  justified,  and  an  attempt  has  therefore  been 
made  to  determine  experimentally  the  actual  shape 
of  the  isothermals  surrounding  a  buried  cable.  Ken- 
nelly  and  Teichmiiller  assumed  that  the  boundary  of 
the  earth  and  air  formed  an  isothermal  plane,  but 
practical  experience  suggested  this  was  not  strictly 
accurate,  as  cases  are  well  known  of  the  route  of  a 
heavily  loaded  cable  being  clearly  traceable  by  the 
drying  of  the  surface  of  the  soil  immediately  over  it, 
which  suggested  a  higher  temperature  of  the  ground 
surface  immediately  above  the  cable. 

Previous  work  on  buried  cables  had  shown  that  many 
variable  factors  existed  and  that  tests  made  on  ordinary 
soil  would  probably  be  seriously  influenced  by 

(a)  Lack  of  homogeneity. 

(b)  Change   in    moisture   content   with   position    and 

time. 

(c)  Inconstant  weather   conditions. 

The  test  to  be  made  had  therefore  to  be  under  cover — • 

(a)  In  homogeneous  material. 

(b)  Of  constant  moisture  content. 

(c)  In  practically  still  air  at  a  reasonably  constant 

temperature. 

The  question  of  the  best  material  to  use  was  con- 
sidered at  length,  and  the  relative  advantages  and 
disadvantages  of  bitumen,  dry  sand  and  other  materials 
were  reviewed,  which  resulted  in  sand  being  chosen, 
chiefly  because  of  the  elaborate  precautions  necessary 
with  bitumen  and  alUed  compounds  to  prevent  displace- 
ment of  the  measuring  thermo-couples  during  shrinkage 
on  cooUng. 


The  test  was  made  on  as  large  a  scale  as  practicable, 
a  rectangular  box,  3  ft.  square  and  4  ft.  6  in.  high, 
being  built  strong  enough  to  contain  2  tons  of  specially 
dried  sand.  For  the  first  test,  the  conductor  was  a 
metal  tube  0-7  in.  external  diameter  placed  vertically 
in  the  box  on  one  centre  line,  1  ft.  from  one  boundary. 
This  gave  a  ratio  of  35  for  the  depth  of  laying  to  the 
radius  of  the  cable,  a  very  similar  value  to  that  assumed 
by  Teichmuller. 

The  measiu-ement  of  temperature  distribution  was 
made  by  means  of  40  specially  constructed  thermo- 
couples standardized  by  the  National  Physical  Labora- 
tory, the  hot  junctions  lying  in  a  horizontal  plane  half- 
way up  the  box,  the  thermo-couple  wires  being  stretched 
vertically  so  as  not  to  disturb  the  lines  of  heat-flow. 
These    thermo-couples    were    arranged    on    lines    radial 


Fig.  12. — Isothermals  in  dry  sand. 

from  the  conductor  and  as  accurately  positioned  as 
possible.  The  sand  was  then  gently  sifted  in  until 
the  box  was  full,  and,  after  settling  down,  the  thermo- 
couples were  checked. 

The  current  was  set  to  maintain  a  temperature-rise  of 
55  degrees  C.  and  this  current  corresponded  to  7  •  7  watts 
per  foot  run.  Conditions  were  maintained  as  steady 
as  possible  for  one  week,  when  readings  at  all  the  thermo- 
couples were  taken,  from  which  the  chart  shown  iu 
Fig.  12  was  plotted.  A  further  set  of  readings  one  week 
later  were  in  substantial  agreement. 

The  cyhndrical  surface  corresponding  to  the  relative 
temperature-rise  (1-0)  coincides  ^v^th  the  outer  surface 
of  the  cable,  and  the  other  isothermals  are  decimal 
parts  of  this  down  to  0- 1.  As  the  boundaries  of  the 
sand  in  tliis  test  %v-ere  in  no  direction  very  much  greater 
than  the  depth  of  la5ring,  it  was  considered  of  interest 
to  make  a  further  test  with  those  boundaries  relatively 
much  further  off.  This  was  done  by  sinking  a  new 
conductor  3  in.  from  one  boundary,  on  the  same  centre 
line  as  the  metal  tube.     The  diameter  of  this  conductor 
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was  chosen  to  give  the  same  ratio  (35)  as  before.  The 
thermo-couples  were  not  quite  so  satisfactorily  placed 
for  this  test,  but  they  could  not,  of  course,  be  disturbed  ; 
tlieir  position  was  accurately  known,  and  it  was  possible 
to  draw  a  temperature  distribution  chart  in  this  case 
also  (see  Fig.  13).  The  temperatiu-e-rise  was  as  before, 
corresponding  to  6-55  watts  per  foot  run,  and  readings 
were  taken  after  the  current  had  been  maintained  for 
one  week. 

In  this  chart  (Fig.  13)  the  isothermals  above  0-5 
are  omitted  for  clearness,  as  they  are  evidently  circles 
nearly  concentric  with  the  conductor,  but  all  the  iso- 
thermals for  0-15  and  below  cut  the  ground  boundary. 

These  results  indicate  that  the  assumptions  regarding 
the  lines  of  heat-fiow  do  not  correspond  to  the  observed 
facts,  and,  as  will  be  shown  later,  it  is  necessary  to 
modify  one  of  the  terms  of  the  formula  in  order  to 
obtain  satisfactory  agreement  between  experimental 
and  calculated  values. 


Fig.   13. — Isothermals  in  dry  sand. 


In  the  calculation  of  the  German  tables  the  V.D.E. 
Commission  adopted  a  formula  based  upon  Kennelly's 
assumption,  but  took  the  thermal  resistivity  of  the 
ground  as  being  one-half  the  actual  value.  The  reason 
for  this  was  not  apparent  until  experimental  results 
were  obtained  which  showed  that  Kennelly's  assump- 
tions could  not  be  altogether  justified.  It  may  therefore 
be  inferred  that  the  reduced  value  was  taken  to  meet 
the  discrepanc)'  between  calculated  and  experimental 
values.  As  an  alternative  method  of  reconciling  the 
two  sets  of  values  a  formula  based  on  Apt's  assumption 
was  also  considered.  Here  in  place  of  Kennelly's 
assumption  that  the  surface  of  the  ground  is  an  iso- 
thermal it  is  supposed  that  the  isothermal  surfaces 
are  concentric  with  the  cable,  and  that  the  total  effect 
of  the  earth  around  it  is  somewhat  arbitrarily  regarded 
as  being  equal  to  that  of  surrounding  the  cable  with 
a  cyhnder  of  earth,  the  radius  of  which  is  equal  to  the 
depth  of  the  cable  axis  below  the  surface  of  the  ground. 


The  cables  actually  tested  when  buried  direct  in 
the  ground  cover  a  very  wide  range  of  cable  sizes,  and 
have  been  under  observation  at  different  periods  of 
the  year  and  under  widely  different  conditions  of  soil 
temperature,  resistivity,  etc.  It  therefore  becomes 
possible  to  compare  the  experimental  values  for  the 
whole  series  with  existing  values,  and  to  consider 
the  modification  of  the  general  formula  necessary  for  the 
calculation  of  the  current-rating  of  various  sizes  and 
tj-pes  of  cables.  For  the  purpose  of  the  comparison 
the  more  important  factors,  such  as  the  moisture  content 
of  the  soil,  have  been  determined  at  frequent  intervals 
and  the  values  corrected  to  a  standard  value  of  thermal 
resistivity    of    the    soil.     Also    the    thermal    constants 

I  of  aU  the  cables  have  been  fully  determined,  both 
when  in  air  and  buried  in  the  ground,  and  the  effect 
of  armouring  has  been  investigated. 

In  order  to  make  an  effective  comparison  not  affected 
by  small  variables  in  any  particular  cable  the  experi- 

:  mental  values  have  been  corrected  to  a  common  basis, 
and  those  given  in  Table  32  refer  to  the  following 
conditions  : — 

(a)  The  dimensions  of  the  cable  are  exact. 

(b)  The  conductor  resistance  is  of  standard  value. 

(c)  The  thermal  resistivity  of  the  dielectric  is  550  for 

cables    for    pressures    above    2  200    volts    and 

750  for  cables  for  pressures  up  to  and  including 

2  200  volts. 
{d)  The  thermal  resistivity  of  the  armouring  is  300 

(this    is    the    average    value  of    all   the   cables 

measured  at  the  K.P.L.). 
{e)   The  thermal  resistivity  of  the  soil  is   120. 
(f)   The  value  of  current  is  that  retiuired  for  a  rise 

of  temperature  of  the  conductor  of  50  degrees  C. 

A  comparison  with  the  latest  V.D.E.  tables  is  given 
in  Table  32. 

There  are,  however,  the  following  important  differ- 
ences bet^veen  the  1r\vo  sets  of  values  : 

(1)  Thermal  resistivitj-  of  the  soil.      In  the  German 

case  this  is  taken  as  50,  while  in  the  present 
investigation  the  value  is  120. 

(2)  The   V.D.E.   tables   refer   to   two    cables   run   in 

the  same  trench  ;  the  distance  apart  is  not 
stated.  For  comparison,  therefore,  the  experi- 
mental values  are  given  both  for  one  cable 
and  for  two  laid  in  the  same  trench,  at  4  in. 
and  8  in.  apart  respectively  between  axes. 
The  thermal  resistivity  K  of  the  cable  is  in 
each  case  550,  corresponding  to  500  when 
calciilated  by  the  uncorrected  formula. 

In  Table  33  a  comparison  is  given  of  the  experimental 
and  calculated  values  of  maximum  permissible  cur- 
rents ;  in  the  latter  the  Kennell}'  and  Apt  assumptions 
are  both  used  in  each  case  for  two  values  of  g. 

If  an  intermediate  value  of  gr  =  80  be  taken  then  on 
the  Kennelly  assumption,  the  values  given  in  Table  34 
are  obtained.  \'alues  based  on  the  Apt  assumption  are 
in  equally  good  agreement  as  a  series  for  one  particular 
depth  of  lading.  But  the  experimental  determination 
of  the  effect  of  depth  showed  that  the  Kennelly  assump- 
tion more  nearly  represented  the  facts,  and  therefore 
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the  formula  based  on  this  assumption  has  been  used   I   of  calculation  used  was  sufficiently  close  for  all  prac- 

with  the  necessary  corrections.  tical   purposes.     The   complete   current-loading   tables, 

The   agreement   between   the   experimental   and   the    !   therefore,  were  calculated  on  the  Kennelly  assumption. 

Table  32. 
Currents  required  to  cause  a  Temperature-rise  of  50  deg.  C.  in  Armoured  Cables  laid  Direct  in  the  Ground. 


Worlting  Pressure, 
volts 

Current  in  Amperes  for  a  Rise  of  50  deg.  C. 

Size  and  Type  of  Cable 

Experimental  Values  corrected  to  a  Common  Basis  of  »  =  120 

V.D.E.  Tables,  j  =  50 

One  Cable 

Two  Cables 

Two  Cables  in  One 

4  in.  Apart 

8  in.  Apart 

Trench 

All  Armoured : 

0-1  sq.  in.  concentric 
0-2  sq.  in.  concentric 
0-15  sq. in.  3-core    . . 
0- 15  sq.  in.  3-core    . . 
0- 15  sq. in.  3-core    . . 

660 

660 

3  300 

11  000 

20  000 

280 
419 
295 
288 
283 

213 
318 
224 
219 

230 
345 
243 
237 

282 
440 
331 
310 

Table  33. 
Comparison  of  Experimental  and  Calculated  Values  of  Maximum  Permissible  Currents. 


Working 
Pressure 

Corrected 

Experimental 

Values, 

g  =  120 

Calculated  Values 

Size  and  Type  of  Cable 

17  =  120 

y  =  60 

Kennelly 

Apt 

Kennelly 

Apt 

All  A  rinoured  : 

0- 1  sq.  in.  concentric 
0-2  sq.  in.  concentric 
0- 15  sq.  in.  3-core 
0-15  sq.  in.  3-core      .  . 
0- 15  sq.  in.  3-core 

volts 

660 

660 

3  300 

11  000 

20  000 

amps. 

280 
419 
295 
288 
283 

amps. 

257 
372 
258 
257 
261 

amps. 

273 
395 
274 

286 
276 

amps, 

313 
454 
308 
302 
309 

amps. 
327 
475 
321 
314 
321 

calculated    values   given    in    Table    34    was    considered 
to  be  remarkably  good,   and  proved  that  the  method 

Table  34. 

Comparison   of  Experimental  and  Calculated    Values  of 

Maximum  Permissible  Currents. 


Size  and  Type  of  Cable 

Working 
Pressure 

Corrected 
Experi- 
mental 
Values, 

ff=  120 

(1) 

Calculated 
Values, 
(7  =  80 

(2) 

Ratio 
12)/(1) 

All  Armoured : 

0- 1  sq.  in.  concentric 
0-  2  sq.  in.  concentric 
0-15  sq.  in.  3-core 
0- 15  sq.  in.  3-core 
0-15  sq.  in.  3-core 

volts 

660 

660 

3  300 

11000 

20  000 

amps. 

280 
419 

295 
288 
283 

amps. 

291 
421 

288 
284 
289 

Mean 

1-04 
1-00 
0-98 
0-98 
102 

1-004 

corrected  in  accordance  with  the  experimental  results 
(i.e.  by  taking  g'  as  two-tliirds  of  17). 

(9)  Three-core  Cables  used  on  Three-wire 
Circuits. 

The  possible  increase  of  current  when  a  three-core 
cable  is  used  on  a  three-wire  circuit,  the  third  conductor 
carrying  the  out-of-balance  current  only,  has  been  con- 
sidered. It  is  clear  that  since  any  out-of-balance  current 
flowing  through  the  tliird  conductor  will  reduce  that  in 
one  of  the  other  two  by  an  equal  amount,  the  balanced- 
load  condition  is  the  least  favourable  from  the  point  of 
view  of  temperature-rise.  This  condition,  therefore,  has 
been  assumed  in  the  consideration  of  the  problem. 

Actual  experiments  were  made  with  two  three- 
core  cables,  one  a  very  large  660-volt  cable,  and  the 
other  a  2  200-volt  cable,  and  it  was  found  that  in  the 
first  case  the  ratio  of  the  currents  to  produce  the  same 
temperature-rise  of  the  conductor  was  100  to  117.  The 
size  of  the  second  cable  was  0-25  sq.  in.,  and  here  the 
ratio  of  the  currents  was  100  to  118.     These  two  cables 


546 


PERMISSIBLE   CURRENT   LOADING    OF  BRITISH   STANDARD 


represent  a  considerable  diversity  ip.  the  ratio  of  diameter 
of  conductor  to  thickness  of  dielectric  and,  therefore, 
it  can  be  fairly  assumed  that  the  ratio  of  currents  will 
hold  for  all  sizes  of  cables. 

A  determination  of  the  thermal  resistance  of  a  three- 
core  cable  with  only  two  cores  energized  was  also  made 
by  means  of  the  electrostatic  method  described  before. 
With  two  conductors  only  connected,  the  third  being 
idle,  the  capacity  of  a  model  corresponding  to  the 
dimensions  of  a  cable  was  191  /n/xF,  and  with  the  three 
conductors  connected  the  capacity  was  232  fj.fj.F  ;  the 
thermal  resistance  of  a  cable  under  these  conditions 
will  be  in  the  ratio  of  the  reciprocals  of  these  two  values. 

If  the  method  is  applicable  to  such  a  condition  the 
total  power  dissipated  in  the  cable  for  a  given  tempera- 
ture-rise should  be  proportional  to  the  capacities. 
Taking  100  to  117  as  the  ratio  of  the  current  as  deter- 
mined by  experiment,  since  three  conductors  are  carry- 
ing current  in  the  one  case  and  two  in  the  other,  the 
power  dissipated  corresponds  to  (100^  x  3)/(1172  x  2), 
wliich  is  proportional  to  91/100.  The  value  obtained 
for  one  arrangement  of  the  electrostatic  model  corre- 
sponds to  232/191,  wliich  is  proportional  to  100/82; 
and  the  value  for  the  other  arrangement  of  the  electro- 
static model  corresponds  to  171/136,  wliich  is  propor- 
tional to  100/80. 

Thus  there  is  a  discrepancy  of  about  10  per  cent 
between  the  two  methods,  and  it  would  appear  that 
the  electrostatic  method  does  not  apply  when  two 
conductors  only  are  carrying  current. 

(10)  Four-core  Cables. 

In  the  case  of  four-core  cables  in  which  three 
cores  only  are  energized,  the  fourth  carrpng  any 
out-of-balance  current,  it  follows  that  the  values  will 
be  very  nearly  the  same  as  for  three-core  cables  with 
each  core  equally  loaded.  It  has  been  shown  by 
comparison  of  the  heating  of  a  three-core  cable  with 
two  and  three  cores  energized,  that  the  total  power  in 
the  cable  for  a  given  temperature-rise  is  only  decreased 
by   10  per  cent  when  two  cores  are  energized. 

Apart  from  the  fact  that  the  difference  between  two 
and  three  cores  is  greater  than  that  between  tlnree  and 
four,  the  basis  of  comparison  is  much  more  extreme, 
since  in  the  one  case  the  heating  of  three  energized 
cores  is  compared  with  that  of  two  energized  cores, 
while  in  that  now  under  consideration  three  cores  are 
always  energized,  the  only  difference  being  the  inter- 
position of  a  fourth  core  which  normally  carries  little 
or  no  current.  Since  in  the  extreme  case  mentioned 
above  the  difference  was  only  10  per  cent  it  may  be 
safely  assumed  that  the  rating  for  a  four-core  cable 
will  be  the  same  as  for  a  three-core. 

An  experiment  on  a  length  of  four-core  0-05  sq.  in. 
660-volt  armoured  cable  showed  that  when  the  four 
conductors  were  carrying  current  the  power  dissipated 
for  a  given  temperature-rise  was  only  3-3  per  cent 
more  than  when  tliree  conductors  only  were  carrying 
current.  This  test  confirms  the  conclusion  reached 
that  for  practical  purposes  the  current-rating  of  a 
four-core  cable,  in  which  the  fourth  core  carries  the 
out-of-balance  current,  is  the  same  as  that  for  a  corre- 
sponding tliree-core  cable. 


(11)  Triple-concentric  Cables. 

In  the  case  of  triple-concentric  cables  used  on  a  three- 
wire  system,  and  assuming  the  load  to  be  balanced  and 
carried  by  the  two  inner  conductors,  and  taking  the  thick- 
nesses of  the  dielectric  as  specified  in  B.S.S.  No.  7 — 1922, 
the  current  for  a  given  temperature-rise  would  be  5  per 
cent  less  than  that  for  the  equivalent  size  of  concentric 
cable  with  two   conductors  only. 


Cdhle  core 


''its 


Battery^ 
Fig.  14. — Diagram  of  connections  for  three-phase  loading. 


Potent  idl  leads  to 
double  bridge 


(12)  Cables  for  Pressures  above  11  000  Volts. 

It  was  decided  that  it  would  be  preferable  to  defer 
the  preparation  of  current-loading  tables  for  cables  for 
pressures  above  11  000  volts  until  the  complete  results  of 
the  dielectric-loss  tests  were  available,  and  that  for  the 
present  the  tables  should  apply  to  the  sizes  and  types 
of  cable  in  general  use  given  in  British  Standard  Specifi- 
cation No.   7 — 1922. 

A  great  deal  of  work  has  been  done  on  cables  for  pres- 
sures above  11  000  volts,  but  tliis  will  form  the  subject 
of  a  furtlier  report  when  this  section  is  completed. 
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Fig.  15. — Temperature-rise  in  air  of  three-core  0-15  sq.  in. 
20  000-volt  cable  No.  22,  at  200  amperes,  three-phase, 
25  ~. 

(13)  Comparison   between  Heating  of   Three-core 

Cables  with  Three-phase  Current  and  Direct 

Current. 

In  order  to  determine  whether  there  is  any  appreciable 

increase  in  the  heating  of  a  three-core  cable  when  heated 

with  three-phase  alternating  current  over  that  observed 

with  an  equal  direct  current,  a  series  of  tests  has  been 

made  on  one  of  the  cables  (No.  22)  as  used  for  20  000 

volts. 
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The  heating  current  was  suppUed  by  thiee  single-phase 
transformers,  connected  as  shown  in  Fig.  14.  The 
current  in  each  conductor  was  carefully  balanced  by 
means  of  a  small  amount  of  resistance  in  the  primary 
circuit  of  each  transformer. 

A  complete  series  of  observations  was  taken,  as 
follows  : — 

(a)  With  the  cable  lying  on  the  floor  with  alternating 
current  at  a  frequency  of  50  cycles. 

(6)  The  same  conditions  with  alternating  current  at 
a  frequency  of  25  cycles. 

(c)  With  the  cable  supported  at  intervals  at  a  height 
of  9  in.  above  the  floor. 

The  current  value  was  in  every  case  200  amperes 
per  conductor  or  per  phase. 

In  order  to  make  a  resistance  measurement,  one 
conductor  was  opened  temporarily  and  a  direct  current 


loading,  and  aJso  dispose  of  a  criticism  levelled  at  the 

Preliminary  Report  that  there  might  be  a  difference 
between  the  heating  of  a  cable  laid  along  a  floor  and  when 
suspended  in  air. 

(14)  Grouped  Cables  laid  Direct  in  the  Ground. 

It  will  be  noted  that  hitherto  only  cables  laid  singly  have 
been  dealt  with.  There  are,  of  course,  many  cases  where 
several  cables  are  laid  near  each  other  in  the  same  trench, 
and  while  the  widely  varying  practice  in  this  respect 
makes  it  difficult  to  formulate  a  general  simple  rule,  a 
method  has  been  developed  for  the  predetermination  of 
the  mutual  effect  of  two  or  more  neighbouring  cables. 

On  Kennelly's  assumption  (see  Teichmiiller,  "  Die 
Erwarmung  der  Electrischen  Leitungen,"  p.  55)  a 
buried  cable  is  surrounded  by  a  series  of  circular  eccen- 
tric isothermals  the  depths  y  of  the  centres  of  which 
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Fig.   16. — Effect  due  to  heating  of  a  neighbouring  cable  in  the  same  horizontal 
plane,  at  a  depth  below  the    surface  of  the  ground  of  60  cm  (2  ft.). 


of  approximately  the  same  value  as  the  alternating 
current  was  passed  through  the  cable  in  series  with  a 
standard  resistance.  The  observations  in  general  took 
about  20  seconds  and  in  no  case  more  than  30  seconds, 
and  the  observations  showed  that  even  if  the  direct 
current  were  considerably  different  from  the  alternating 
current,  this  time  was  too  short  to  cause  any  appreciable 
effect  on  the  temperature  of  the  cable. 

It  will  be  seen  from  Fig.  14  that  the  whole  change  of 
connections  was  made  with  a  simple  change-over  switch. 

Fig.  15  shows  the  result  obtained  \\ith  the  cable 
supported  9  in.  above  the  floor  and  loaded  with  a  tliree- 
phase  alternating  current  of  200  amperes  per  phase 
at  a  frequency  of  25  cycles.  This  agrees  very  closely 
with  the  previous  results  on  the  same  cable  when  tested 
in  air  with  direct  current  in  1919,  and  also  with  the  values 
now  obtained  with  alternating  current  at  frequencies 
of  25  cycles  and  50  cycles  respectively  when  the  cable 
is  laid  on  the  floor.  The  dift'erence  of  maximum  tem- 
perature-rise was  in  fact  less  than  1  degree  C.  for  all 
cases,  and  if  the  curves  were  plotted  they  would  be 
indistinguishable  from  one  another. 

The  results  show  that  for  cables  of  this  size  (0-15  sq. 
in.)  there  is  no  appreciable  difference  due  to  three-pliase 


below    the    surface    of   the    ground    are    given    by    the 
formula  : — • 

»=(5^)- '»> 

and  the  radii  /  of  which  are  given  by  the  formula  : — 

2LB 


f  = 


B2  -  1 


where 


B=[M  +  s/iM^  -  1)]« 


(40) 
(41) 


S  being  the  ratio  of  the  temperature  of  the  isothermal 
to  that  of  the  surface  of  the  cable,  and  M  the  ratio 
of  L  to  rg,  the  outer  radius  of  the  cable  covering. 

These  equations  enable  the  position  and  the  size  of 
the  isothermal  circle  for  any  value  of  the  temperature 
ratio  8  to  be  calculated  and  a  series  of  curves  to  be 
drawn  as  shown  in  Fig.  16.  These  show  the  ratio  of 
the  temperature-rise  to  that  of  the  surface  of  the  cable, 
plotted  for  any  point  in  a  horizontal  plane  passing 
through  the  cable  axis.  The  shape  of  the  curve  will 
vary  somewhat  with  the  size  of  the  external  diameter 
of  the  cable,  and  therefore  a  series  of  curves  is  required 
corresponding  to  various  values  of  the  cable  diameter. 
The  series  given  in  Fig.  16  applies  to  cables  with  external 
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diameters  ranging  from  3  cm   to    10  cm.     The  axis  of 

the  cable  is  60  cm  (2  ft.)  below  the  surface  of  the  ground 
in  every  case. 

In  order  to  determine  the  mutual  heating  effect  of 
two  or  more  cables,  it  is  necessary  to  know  the  diameters 
of  the  cables  under  consideration  and  t^,  the  temperatiu-e 
of  the  outer  surface,  when  the  cable  is  running  alone 
at  any  specified  current.  If  this  is  not  kno\\'n  from 
direct  measurement,  or  where,  as  in  the  case  of  armoured 
cables  when  buried,  direct  measurement  would  be  diffi- 
cult, the  temperature  of  the  outside  can  be  obtained 
if  the  thermal  constants  of  the  cable  are  kno%vn,  by  means 
of  the  equation  : — 

f     S^  +  S.,     \ 


(42) 


Reference  to  Fig.  16  vdU  then  show  the  value  of  S 
for  any  point  in  a  horizontal  plane  passing  through 
the  axis  of  the  cable,  S  being  the  ratio  of  the  temperature- 
rise  tj.  of  that  point  due  to  diffusion  of  heat  from  the  cable 
compared  with  the  temperature  ii  of  the  outer  surface 
of  the  cable.     A  second  cable  at  this  point  will  experi- 


For  any  such  case  as  the  experimental  one,  where  the 
size  of  the  cables  and  the  distance  apart  wiU  vary,  it  is 
necessary  to  calculate  for  each  condition.  The  effect  of 
two  cables  laid  in  the  same  trench  has,  however,  been 
considered  and  the  results  are  given  below 

{a)  Two  cables  of  the  same  size  and  type  in  the  same 
horizontal  plane. — If  two  cables  of  the  same   size  are 


9-3  cm 


'cm 

Y 


13-l-J*-M-7->-| 
cm       '      cm       1 


Fig.  17.- 


-Dimensions  and  relative  positions  of 
grouped  cables. 


assumed  to  be  12  m.  (30-5  cm)  apart  {between  centres) 
the  ground  temperature,  due  to  mutual  influence,  varies 
between  0-30  and  0-  45  of  the  sheath  temperature  accord- 
ing to  the  size  of  the  cable  (i.e.  3  to  10  cm  diameter). 


Table  35. 
Temperature-rise  of  Cables  laid  Direct  in  the  Ground  and  Loaded  Singly* 


Cable 

A 

B 

c 

D 

B 

Load  in  amps. 

350 

150 

220 

220 

220 

f 

36-0  inner 

32-5  con- 

30-5 inner 

44-8 

Temperature-rise,     deg.     C.     when 
rimning  alone  at  this  load 

conductor 
31-0  outer 
conductor 

ductor 
32-5    con- 
ductor 

conductor 
25-3  outer 
conductor 

— 

27 • 2  con- 
ductor 

24-0  sheath 

17-5  sheath 

18-5  sheath 

27-2 

12-8  sheath 

Tjrpe  and  size 

0-2  sq.  in 

0- 1  sq.  in. 

0- 1  sq. in. 

0-1  sq. in. 

0- 15  sq. in. 

concentric 

6-core 

concentric, 
armoured 

concentric, 
lead  sheathed 

3-core 

*  The  depth  below  the  ground  surface  was  60  cm  (2  ft.)   in  every  case. 


ence  this  proportional  temperature-rise  S  due  to  the 
first  cable,  in  addition  to  that  due  to  seH-heating. 
The  effect  of  other  neighbouring  cables  can  also  be  calcu- 
lated and  superposed  on  the  first  by  a  repetition  of 
the  process.  If  the  permissible  temperature-rise  of 
the  cable  when  running  alone  is  <i,  and  tj^  is  that  due  to 
diffusion  from  other  cables,  then  the  permissible  current 
to  a  first  approximation  must  be  reduced  in  the  ratio 


V(^-) 


(43) 


if  the  permissible  temperature-rise  is  not  to  be  exceeded. 
In  Tables  35  and  36  and  in  Fig.  17  the  method  in 
its  apphcation  to  the  case  of  several  cables  is  illustrated, 
and  the  value  of  the  temperature-rise,  as  observed  by 
actual  experiment  when  all  the  cables  were  running 
together,  has  been  added  for  comparison. 


Taking  S=  0-40  as  an  average  figure  (corresponding 
to  a  cable  of  7  cm  diameter),  and  assuming  the  tempera- 
ture-rise of  the  sheath  to  be  0-  6  of  that  of  the  conductor, 
then  if  the  conductor  is  50  degrees  C.  above  datum 
level,  the  temperature  of  the  soil  at  a  point  1  ft.  distant 
is  as  follows  : — 

tx=  0-4  X  0-6  X  50=  12 

tx  being  the  temperature  at  a  given  distance  from  the 
cable,  and  in  the  same  horizontal  plane.  The  tempera- 
ture of  the  conductor  in  a  second  cable  at  that  point 
would  be  raised  to  50  -f  12  =  62°  C.  if  50°  C.  were 
the  temperature  the  conductor  would  assume  with  the 
first  cable  cold. 

In  order  then  to  reduce  the  temperature-rise  of  this 
second  cable  to  50  degrees  C,  the  currents  must  be  reduced 
in  the  ratio   -^/(SS/SO)  =  0-87. 
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Table  36. 
Temperature-rise  of  Cables  laid  Direct  in  the  Ground  as  shown  in  Fig.  17  and  when  all  Cables  are  Loaded* 


Diameter,  cm 

4-5 

9  3 

4 

2  8 

4 

' 

A 

_ 

0-35 

0-20 

015 

012 

Proportionate      temperature-rise 

B 

0-45 

— 

0-45 

0-34 

0-26 

due    to    the    effect    of    cables  < 

C 

019 

0-35 

— 

0-53 

0-36 

given  in  next  column 

D 

014 

0-24 

0-49 

— 

0-48 

E 

012 

0-20 

0-36 

0-51 



' 

A 

24  sheath  f 

8-4 

4-8 

3-6 

2-9 

Temperature-rise,  deg.  C,  due  to 

B 

7-9 

32  ■  5  conductor 

7-9 

5-9 

4-5 

effect  of  cables  given  in  next  i 

C 

3-5 

6-5 

30-5 

9-8 

6-6 

column 

D 

3-8 

6-5 

13-3 

44-8 

131 

E 

1-54 

2-5 

4-6 

6-5 

27-2 

Calculated   temperature-rise,   i.e. 

— 

40-7 

56-4 

611 

70-6 

54-3 

sum  of  above,  deg.  C. 

Temperature-rise  by  experiment. 

— 

39 •  1  sheath 

54-7 

58-3 

71-6 

54- 1 

deg.  C. 

*  The  depth  below  the  ground  surface  was  60  cm  (2  ft.)  in  every  case. 

t  In  this  cable  only  the  sheath  temperature  was  available  when  the  cables  were  run  together. 


Table  37. 


Ratios  of  Citrreni  Reduction  due  to  the  Heating  of  a  Neighbouring  Cable  in  the  Same  Horizontal  Plane.     Depth  of 

Laying  ^=  60  cm  (2  ft.). 


Size  of  Cable, 
sq.  in. 


Working 
Pressure,  volts 


Ratio  of  Current  Reduction 


Separation, 

4  in. 

A 

0-0225 

660 

3-8 

0-66 

0-60 

19-8 

0-78 

B 

0-0225 

11  000 

3-9 

0-65 

0-61 

19-8 

0-78 

C 

0-25 

11  000 

9-0 

0-57 

0-78 

22-4 

0-74 

D 

0-4 

660 

8-9 

0-61 

Separation, 

0-77 
8  in. 

23-5 

0-73 

A 

0-0225 

660 

3-8 

0-66 

0-44 

14-5 

0-84 

B 

0-0225 

11  000 

3-9 

0-65 

0-48 

15-5 

0-83 

C 

0-25 

11000 

90 

0-57 

0-56 

16-0 

0-82 

D 

0-4 

660 

8-9 

0-61 

0-56 

170 

0-81 

•  Mean  =  0-76 


•Mean  =  0-82 


Separation, 

12  in. 

A 

0-0225 

660 

3-8 

0-66 

0-34 

11-2 

0-88 

■• 

B 
C 

0-0225 
0-25 

11  000 
11  000 

5-9 
90 

0-65     ♦ 
0-57 

0-38 
0-44 

12-3 
12-6 

0-87 
0-86 

y  Mean  = 

0-86 

D 

0-4 

660 

8-9 

0-61 

0-44 

13-4 

0-85 

J 

(6)  Calculations  for  four  different  sizes  of  cables  in  ihn 
same  horizontal  plane. — Consider  a  0-  0225  sq.  in.  660- volt, 
three-core  cable  : 


2r-6=  3-82;    e  =  0-34 
Si +  82  65 -f  28-6        93-6 


Vol.  61. 


142-8 


142-8 


=  0-66  .  (44) 


Temperature  at  a  point  1  ft.  distant 

=  0-34  X  0-66  X  50=  11-2 

Current  reduction  .v/ (38- 8/50)  =  0-882 

And  calculating  other  sizes  of  three-core  cables  in  the 
same  way  for  distances  of  4  in.,  8  in.  and  12  in.  separation 
respectively,  the  results  given  in  Table  37  are  obtained. 
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Table  38. 
Ratios  of  Current  Reduction  due  to  the  Heating  of  a  Neighbouring  Cable  in  the  Same  Vertical  Plane. 


L  cm 

At  a  Position  12-7  cm  (5  in.)  above 

At  a  Position  12-7  cm  (5  in.)  below 

45-7  (1ft.  6  in.) 

91-4  (3  ft.) 

45-7  (1ft.  6  in.) 

91-4  (3  ft.) 

re  cm 

1 

4 

1 

4 

1 

4 

1 

4 

Ratio  of  current  reduction 

0-87 

0-81 

0-84 

0-77 

0-86 

0-78 

0-83 

0-75 

T.\BLE    39. 

Tests  of  Cables  in  Air,  together  ivith  a  Comparison  of  Calculated  Currents  based  upon  Different  Values  of  Emissivity. 

h  =  emissivity  constant  ;    K  =  thermal  resistivity  ;    7j  :=  current   for    a   temperature-rise    of   the    conductor  of 

50  deg.  C. 


Working 
Pressure 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Size  and  Type  of  Cable 

h 

E 

Ji  by  Eip. 
£  =  550 

/,  by  Cal. 
h  =  00009 

Jl  by  Cal. 
A=  0  0008 

Ratio 
(4)/(3) 

0  ■  1  sq.  in.  plain  lead 
0-2  sq.  in.  plain  lead 


0- 1  sq.  in  armoured 
0-2  sq.  in.  armoured     .  . 
0-2  sq.  in.  armoured  (jute) 
0-5  sq.  in.  plain  lead    .  . 


0-025  sq.  in.  plain  lead  (old 
cable) 

0-05  sq.  in.  armoured  .  . 

0- 1  sq.  in.  armoiured     .  . 

0-15  sq.  in.  segmental  con- 
ductors armoured     .  . 

0- 15  sq.  in.  armoured  .  . 

0- 15  sq.  in.  armoured  .  . 

p- 15  sq.  in.  armoured  .  . 

0'75  sq.  in.  plain  lead 


0- 1  sq.  in.  armoured 


Single-core  Cables. 


volts 

660 

_ 

1200 

amps. 
263 

660 

— 

800 

447 

Concenin 

c  Cables. 

660 

— 

620 

233 

660 

— 

720 

355 

660 

0-00096 

870 

367 

2  200 

0-00083 

1  090 

561 

Three-cor 

e  Cables. 

Probably 

— 

1050 

93- 

660 

10  000 

00011 

730 

142 

6  000 

0-00088 

420 

195 

6  600 

0-00086 

500 

251 

3  300 

0-00093 

608 

265 

11000 

0-0010 

459 

267 

20  000 

0-0009 

535 

275 

660 

0- 00090 

750 

826 

20  000 


Six-core  Cable. 
0-00080    I  600 


172 


amps. 

273 
427 


245 
385 
375 
533 


81 

137 
201 
259 

253 
267 
273 

807 


179 


amps. 

260 
412 


236 
369 
359 
512 


77-5 

134 

198 
251 

245 
261 
266 

775 


174 


1-035 
0-955 


1-05 
1-08 
1-02 
0-96 


0-87 


0-96 


03 
03 


0-95 
1-00 
0-995 
0-98 


1-04 


Values  of  the  same  order  are  obtained  for  different 
tj'pes  and  sizes  of  cables,  and  it  is  probable  that  a  factor 
of  0-76  for  a  pair  of  cables  4  in.  apart,  of  0-82  for  a  pair 
of  cables  8  in.  apart,  and  of  0-86  for  a  pair  12  in.  apart 
would  be  sufficiently  accurate  for  all  practical  purposes. 

(c)  Calculation  of  mutual  heating  effect  of  two  cables  laid 
in  the  same  vertical  plane. — Let  the  axis  of  the  first 
be  laid  at  Pj  (Fig.  18)  and  that  of  another  at  Po  vertically 
above  it,  and  q  cm  distant.  If  y  be  the  distance  below 
the  surface  of  the  ground  of  the  centre  of  the  isothermal 


circle  passing  through  P2  and  /  its  radius  [see  Equations 
(39)  and   (40)],  then 

y -f=L — q 


and  we  have 


1 


1 


where  S  has  the  meaning  defined  in  Equation   (41). 

But  iV/2  is  large  in  comparison  -with  1,  so  that  very 
closely 

B  =  log,  2M  =  log,  [2Llr^] 
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whence 


8  = 


log,  (2£/g  -  1) 
log,  (2i/r6) 


If  the  second  cable  is  at  P2  below  Pj 
log,  (2Llq  +  1) 


8  = 


log,  (2£/r6) 


(45) 


(46) 


The  calculation  of  the  amount  by  which  the  current- 
rating  must  be  reduced  is  shown  in  Table  38  for  two 
values  of  L  and  two  values  of  rg,  both  for  the  case  when 
the  axis  of  the  second  cable  is  12-7  cm  (5  in.)  above 
the  first,  and  also  when  it  is  12-7  cm  (5  in.)  below. 

(15)  CURKENT-RATING   OF  CABLES  IN   AlR. 

For  the  purpose  of  this  investigation  a  large  number  of 
different  sizes  and  tj^es  of  cable  have  been  examined. 
Tests  have  been  made  in  every  case  with  the  cables  laid 
on  the  wood  floor  of  a  room,  and  since  the  values  so 
obtained  are  useful  for  purposes  of  determining  the 
current-rating  for  cables  used  under  these  conditions,  a 
comparison  between  the  experimental  and  the  theoretical 


Fig.  18. — Calculation  of  mutual  heating  effect  of  two  cables 
laid  in  the  same  vertical  plane. 

values  has  been  made  for  all  the  cables  tested.  The 
tests  carried  out  on  a  selected  cable  supported  above  the 
ground  in  free  air  gave,  witliin  the  limits  of  experi- 
mental error,  tlie  same  results  as  had  been  obtained 
with  the  same  cable  laid  along  a  floor  free  from  draughts 
(see  Fig.  15).  Thus  the  results  given  may  be  taken 
as  applying  equally  to  either  case.  The  results  are  given 
in  Table  39. 

The  general  method  of  calculation  was  the  same  as 
that  used  for  buried  cables  except  that  the  term  Q  is 
replaced  by  A,  the  resistance  to  the  flow  of  heat  from  the 
outside  surface  of  the  cable  to  the  surrounding  air. 
If  h  is  the  emissivity  expressed  in  watts  per  cm^  per 
degree  of  temperature-rise  of  the  surface  above  the  sur- 
rounding air,  then 


277A/-6 


(47) 


It  will  be  seen  that,  in  Table  39,  results  are  included 
for  cables  ranging  from  ()•  1  sq.  in.  single-core  to  0-5  sq.in. 
Concentric  and  cables  for  various  pressures,  both  plain 
lead-covered  and  armoured. 

The  thermal  resistivity  constant  K  has  been  deter- 
mined for  every  case,  and  all  the  experimental  values 
have  been  corrected  for  K  =  550. 


The   emissivity  constant  h  has  been   determined  in 

the  majority  of  cases  and  it  will  be  seen  that  its  values 
range  from  0-0008  to  0-0011,  depending  on  the  exact 
nature  of  the  surface  of  the  cable. 

Tests  made  by  Mr.  J.  F.  Watson  confirm  these  values 
very  closely.  In  this  case  four  lengths  of  cable  were 
tested  :  (1)  with  each  sheath  in  its  new  bright  con- 
dition, and  (2)  with  each  sheath  painted  a  dull  black. 
In  the  first  series  the  mean  value  obtained  was 
h=  0-00070  and  in  the  second  h=  0-00107.  Details 
of  these  tests  are  given  in  Appendix  VI.  It  is  probable 
that  the  nature  of  the  surface  is  more  important  than, 
the  colour,  and  from  this  point  of  view  Mr.  Watson's 
values  probably  represent  the  extremes  that  can  be 
obtained.  In  the  case  of  the  values  given  in  Table  39 
the  lead  sheath  was  probably  not  so  bright  as  that  tested 
by  Mr.  Watson,  and  previous  tests  and  observations 
in  other  directions  indicate  that  when  the  sheath  has 
lost  its  initial  brightness  the  value  is  nearly  the  same 
as  with  a  dull  black  surface.  The  same  remark  appUes 
also  to  the  armoured  cables  ;  in  one  case  the  value  of 
O-OOII  is  nearly  identical  with  Mr.  Watson's  value  for 
a  dull  black  surface,  but  in  others  it  is  rather  lower, 
depending  probably  on  the  nature  of  the  black  surface. 
For  the  purposes  of  calculation,  the  average  value 
oi  h  =  0-0009  has  been  taken,  and,  in  order  to  show 
the  extent  of  the  difference  due  to  emissivit}/-,  a  further 
series  of  values,  using  h=  0-0008,  is  also  given. 

(16)  Correlation  of  Results  with  Cables  in  Air 
AND  WHEN  Laid  Direct  in  the  Ground. 

The  values  of  current  required  to  produce  a  given 
temperature-rise  with  the  cables  in  air  can  be  connected 
with  those  required  to  produce  the  same  temperature- 
rise  when  the  same  cables  air  laid  direct  in  the  ground 
or  drawn  into  a  duct. 

It  can  be  shown  that  the  relation  between  the  two 
values  of  current  required  to  produce  a  given  tempera- 
ture-rise under  the  two  conditions  is 

tr^i) '«' 

where  A  =  thermal  resistance  per  cm  of  cable  to  the 
flow  of  heat  from  the  surface  of  the 
cable  to  the  air. 

1 1  =  current  for  a  given  temperature-rise  when 

the  cable  is  in  air. 

12  =  current  for  the  same  temperature-rise  when 

the  cable  is  laid  direct  in  the  ground  or 
drawn  into  a  duct. 

This  formula  enables  the  heating  of  a  cable  laid 
direct  in  the  ground  or  drawn  into  a  duct  to  be  deduced 
from  the  value  obtained  when  tested  in  air,  and  the  cal- 
culated results  are  in  fair  agreement  with  those  derived 
from  experiment.  As  stated  above,  however,  the  emis- 
sivity constant  h  is  not  easy  to  determine  accurately, 
and  it  is  probable  that  a  more  convenient  method  would 
be  to  make  a  determination  of  the  total  heating  of  the 
conductors  and  the  temperature  gradient  between  the 
conductor  or  conductors  and  the  sheath  bj'  means  of 
observation  of  the  temperature  of  the  lead  covering. 
This  also  would  enable  the  behaviour  of  the  same 
cable  when  buried  to  be  deduced. 
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The  factors  for  cables  drawn  into  ducts  var\^,  as  will 
be  seen  from  Table  41,  from  0-935  to  0-98,  a  mean 
value  of  0-95  nearly  representing  all  sizes  of  cables. 
In  the  case  of  armoured  cables  laid  direct  in  the  ground, 
as  would  be  expected,  the  values  change  with  varjang 
thickness  of  dielectric.  Actual  experiments  on  cables 
gave  the  approximate  values  shown  in  Table  40  for  the 

Table  40. 

Current  Ratios  for  Cables  when  in  Air  and    laid   Direct 
in  the  Ground  at  a  Depth  of  2  ft.,  g  =  90. 


T>-pe  of  Cable 

Working 

Pressure, 

volts 

0- 1  sq.  in.  concentric 
0-2  sq.  in.  concentric 
0- 15  sq.  in.  three-core 

0- 15  sq.  in.  three-core 
0- 15  sq.  in.  three-core 

660 

660 

3  300  . 

11  000 
20  000 

1-22 
1-21 
113 

109 
1-04 

same  rise  in  temperature  for  each  cable  in  air  and  when 
buried  direct  in   the  ground. 

It  should  be   understood  that  the  correlation  refers 


ratio  of  the  currents  I-J^i  to  produce  a  gi\en  tempera- 
ture-rise for  this  cable  when  in  a  duct  is  0-93. 

The  full  list  of  the  cables  for  which  this  ratio  was 
determined,  including  those  given  in  the  Preliminary 
Report,  is  given  in  Table  41. 

The  values  given  in  Table  41  suggest  that  the  main 
resistance  to  the  flow  of  heat  is  in  the  layer  of  air  imme- 
diately surrounding  the  cable,  and  that  the  relative 
dimensions  of  cable  and  duct  and  the  material  of  the 
duct  make  httle  difference  to  the  value  of  the  current 
required  to  produce  a  given  temperature-rise.  The 
difference  in  the  value  of  the  ratio  IJIi  between  the 
armoured  cable  and  the  others,  which  were  plain  lead- 
sheathed,  is  probably  due  to  the  fact  that  the  emissivity 
constant  of  the  armoured  surface  was  higher  than  that 
of  the  plain  lead,  in  consequence  of  which  the  air  condi- 
tion value  for  this  cable  would  be  higher.  The  fact 
that  the  cable  was  larger  and  filled  the  hole  in  the  duct 
more  completely  would  appear  to  have  little  influence 
on  the  results. 

Also  it  seems  clear  that  variation  in  the  resistivity 
of  the  surrounding  soil  will  have  httle  effect  on  the  heat- 
ing of  a  cable  in  a  duct. 

It  was  decided  that  current-loading  tables  should 
be  calculated  for  one  cable  drawn  into  a  duct  or  pipe, 
the  ratio  IJIi  being  taken  as  0-95,  corresponding  to 
a  permissible  temperature-rise  of  35  deg.  C. 


Table  41. 
Comparison  of  Current  Ratings  for  Cables  in  Air  and  drazcn  into  Ducts. 


Size  and  T>-pe  of  Cable 

Working 
Pressure 

External 
Diameter 

l2 

li 

l2 

volts 

in. 

amps. 

amps. 

0- 1  sq.  in.  concentric 

660 

ItV 

130 

133 

0-98 

0-2  sq.  in.  concentric 

660 

1t^ 

243 

252 

0-96 

0-5  sq.  in.  concentric 

660 

2i 

370 

378 

0-98 

0-1  sq.  in.  three-core 

660 

H 

157 

162 

0-97 

0-1  sq.  in.  three-core 

Probably 
11  000 

n 

162 

170 

0-95 

0- 15  sq.  in.  three-core  armoured     .  . 

11000 

n 

220 

235 

0-935 

/j  =  current  required  to  produce  a  given   temperature-rise  when  the  cable  is  in  air. 

I^  =  current  required  to  produce  the  same  temperature-rise  when  the  cable  is  drawn  into  a  duct. 


Diameter  of  hole  in  duct  =  3|  in. 

only  to  the  case  where  the  cable  in  air  is  laid  out  either 
in  free  air  or  along  a  wood  floor  free  from  draughts. 

(17)  Current-rating  of  Cables  dr.\wn  into  Ducts. 
In  the  Prehminary  Report  it  was  shown  (Table  6)  that 
the  current  required  to  produce  a  given  temperature- 
rise  when  a  cable  was  dra\\'n  into  a  duct  was  nearly  the 
same  as  when  the  same  cable  was  tested  in  air,  and  that 
this  apphed  whatever  the  relative  sizes  of  cable  and  duct. 
A  further  check  has  been  made  by  drawing  into  one 
of  the  holes  in  the  duct  shown  in  Fig.  20  the  1 1  000-volt 
cable  which  had  previously  been  tested  both  when 
laid  in  air  and  direct  in  the  ground.  Fig.  19  shows  the 
temperature-rise  curves  for  the  three  conditions.     The 


(18)  Grouped  Cables  drawn  into  Ducts. 
Tests  were  made  to  determine  the  effect  of  running  all 
the  cables  in  the  six- way  duct  at  the  same  time,  and  the 
temperature-rise  on  two  of  the  cables  was  measured. 
The  actual  arrangement  is  shown  in  Fig.  20.  The  two 
cables  measured  were  located  in  holes  Nos.  1  and  6. 
Each  cable  was  a  0-2  sq.  in.  concentric  cable  carrying 
200  amperes,  the  power  for  the  length  of  100  ft.  being 
approximately  360  watts  for  each  cable.  Of  the  other 
four  cables  in  the  duct,  Nos.  2,  3  and  4  were  dissipating 
165  watts  each,  and  No.  5,  600  watts.  Thus  the  total 
power  in  the  whole  duct  when  all  the  cables  were 
running  was  1  800  watts  per  100  ft.  The  curves  in 
Fig.  21  show  the  actual  heating  of  the  0-2  sq.  in.  cables 
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both  when  running  singly  and  in  a  group.  It  -will  be 
noted  that  the  time  required  to  attain  to  the  maximum 
temperature  is  somewhat  longer  when  the  cables  are 
grouped,  and  that  the  temperature-rise  is  appreciably 
higher. 

.40 


(19)  Time  required  for  Cables  to  attain  Maximum 

Temperature. 
The  time  required  for  a  cable  to  attain  its  maximum 
temperature   varies   somewhat  with   the   type  of   cable 
and  the  method  of  laying.     In  the  Preliminarj-  Report 


Fig. 


50         60  TO 

Time .  in  hours 
19. — Temperature-rise  of  three-core  0'15  sq.  in.   11  000-volt  cable  laid  under 
different  conditions  ;  current  =  220  amps. 


Values  of  current  calculated  from  the  heating  curves 
in  Fig.  21  show  that,  as  a  result  of  grouping,  the  current 
must  be  reduced  to  89  per  cent  of  its  value  when  only 
one   cable   is    carrying    current ;    for    a    similar    cable 


\* 4H >j«- 4*4 >j 

Fig.  20. — Plan  of  stoneware  duct. 

drawn  into  the  lower  hole  in  the  duct  the  value  was 
90  per  cent.  Comparison  of  the  last  two  values 
shows  that  there  is  no  appreciable  difference  between 
the  upper  and  Icfwer  holes  of  the  duct. 


it  was  shown  that  cables  drawn  into  ducts  attained 
98  per  cent  of  their  maximum  temperature  in  30 
hours,  laid  solid  92-5  per  cent,  and  laid  direct  in 
the  ground  91-4  per  cent.  These  values  have  been 
fully  checked  as  a  result  of  points  raised  in  the  dis- 
cussion on  the  Preliminary  Report.  Taking  first  the 
effect  of  different  methods  of  laying.  Fig.  19  shows  the 
curves  for  an  11  000-volt  cable  tested  at  the  same  current 
values  in  air,  laid  direct  in  the  ground,  and  drawn  into 
a  duct. 

It  will  be  seen  that  in  air  the  cable  has  attained 
its  maximum  temperature  in  10  hours,  wliilst  when 
drawn  into  a  duct  it  has  reached  96-5  per  cent  of  its 
maximum  in  20  hours,  and  when  laid  direct  in  the  ground 
92  per  cent  in  20  hours,  the  maximum  temperature 
in  the  last  case  being  attained  after  5  days.  It  is, 
however,  most  difficult  to  state  the  time  for  maximum 
temperature  accurately,  since  the  rise  during  the  latter 
portion  is  very  slight  and  is  masked  by  such  factors  as 
fluctuation  of  ground  temperature,  small  changes  of 
current  and  limits  of  error  of  observation. 

Fig.  22  shows  the  heating  curves  of  cables  for  various 
pressures.  It  will  be  seen  that  generally  the  time  re- 
quired is  about  5  days,  although  for  the  higher  pressure 
cables  it  is  somewhat  shorter  and  for  the  cables  as 
used  for  20  000  volts  probably  nearer  two  to  tliree 
days.  The  observations  have  been  extended  to  cover 
a  period  of  15  days,  and  during  the  last  9  days  of  each 
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run  there  was  certainly  not  a  rise  of  1  degree  C.  for  the 
whole  of  the  period,  which  value  is  nearly  the  limit  of 
total  error  of  observation  when  all  the  variable  factors 
are  taken  into  account. 


ing  loading  when  regular  in  character  by  means  of 
calculations  based  on  the  thermal  time-constant  of 
the  cable  involved.  This  has  been  fully  dealt  with 
in  a  paper  by  Messrs.  S.  W.  Melsom  and  H.  C.  Booth.* 
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Fig.  21. — Temperature-rise  of  concentric  0-2  sq.  in.  660-volt  cable  in  stoneware  duct. 

Curves  marked  1 :  one  cable  only  carrying  current. 
Curves  marked  2 :  sis  cables  carrying  current. 
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Fig.  22. — Temperature-rise  of  armoured  cables,  with  various  thicknesses  of  dielectric, 

laid  direct  iu  the  ground. 


(20)  Current-rating  of  Cables  for  Cyclical  Inter- 
mittent Loading. 
For  cables  running  in  air  it  is  possible  to  estimate 
with  sufficient  accuracy  for  practical  requirements  the 
efiect  on  the  current-rating  of  intermittent  or  fluctuat- 


For  cables  laid  underground  it  is  not  possible  to  find  a 
thermal  rime-constant  and  the  problem  becomes  more 
comphcated  and  does  not  lend  itself  so  readily  to 
mathematical    treatment.     The    heating    and     coohng 

♦  Journal  I.E.E.,  1923,  vol.  61,  p.  363. 
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curves  of  cables  running  in  air  are  found  to  folicw 
a  simple  exponential  formula  fairly  closely,  since  the 
necessary  assumption  that  the  whole  of  the  cable 
and  covering  is  heated  approximately  simultaneously 
by  the  passage  of  the  current  is  sufficiently  closely 
justified  for  the  limits  of  accuracy  required.  But 
such  a  formula  does  not  apply  when  the  same  cable 
is  buried,  owing  to  the  essentially  different  conditions 
that  then  obtain,  for  when  buried  the  cable  is  surrounded 
bv  a  medium  of  practically  infinite  heat  capacity  through 
which  the  heat  is  slowly  diffused. 

Cables  laid  direct  in  the  ground. — In  view  of  the 
difficulty  of  predetermining  values  for  intermittent 
loading  by  means  of  a  thermal  time-constant,  several 
tests  have  been  made  to  determine  the  additional 
current,  if  any,  that  could  be  carried  by  a  cable  when 
the  loading  was  more  in  accordance  with  the  normal 
load  curves  of  feeder  cables. 

Table  42. 

Current  :=  2QQ  Amperes;  Temperature-rise  for  Con- 
tinuous Rating  =i  25-5  degrees  C.     Type  of  Loading  (1). 


Time  in  Intermittent-loading  Test 

Temperature-rise 

Ratio  of  Currents 

for  the  Same 
Temperature-rise 

At  end  of  1st  hour 

deg.  C. 

13-5 

amps. 

275/200 

At  end  of  2nd  hour 

170 

245/200 

At  end  of  3rd  hour 

190 

230/200 

At  end  of  4th  hour 

20-0 

224/200 

1  day  (9-hour  loading)      .  . 

2  days         

3  days         

4  days 

23-2 
23-4 
23-5 
23-6 

210/200 
209/200 
208/200 
208/200 

Four  types  of  loading  were  dealt  ^\'ith  : — 

(1)  4  hours  at  full  load. 
1  hour  at  \  load. 

4  hours  at  full  load. 

Off  for  the  remainder  of  the  day  (corresponding 

to  the  loading  of  a  power  cable  working  for  a 

normal  8-hour  day). 

(2)  2  hours  at  full  load. 

1  hour  at  \  load. 

2  hours  at  full  load. 

Remainder  of  day  at  J  load  (t3'pical  of  a  combined 
lighting  and  power  load). 

(3)  The    cables    carrj-ing    J   load    continuously    with 

peaks  to  full  load  of  1,  2,  4  and  8  hours'  dura- 
tion respectively.  (To  ascertain  the  extent,  if 
any,  by  which  a  cable  could  be  overloaded  for 
short  periods.) 

(4)  The  same  as  (3)  but  carrying  75  per  cent  of  its 

normal  load  continuously. 

In  all  cases  the  temperature-rise  under  the  inter- 
mittent loading  is  compared  with  that  attained  when 
the   maximum   load   is   maintained   continuously.     For 


the  purpose  of  this  comparison  it  was  necessary  to 
correct  the  values  of  the  varying  thermal  resistivity 
of  the  soil,  and  it  was  more  convenient  to  correct  the 
figures  for  continuous  running  than  those  for  the  inter- 
mittent loads.  Thus,  although  the  two  sets  of  values 
for  a  particular  cable  are  strictly  comparable,  they  cannot 
necessarily  be  compared  one  cable  with  another. 

(a)  Type  of  loading  (1)  : 

A  0-15  sq.  in.  three-core  cable  as  used  for  20  000 
volts,  armoured,  laid  direct  in  the  ground.  Maximum 
current  =  200  amperes. 

The  temperature-rise  of  this  cable  during  the  first 
4  hours  and  at  the  end  of  the  first  day,  together  with 
the  current  that  could  be  carried  if  the  cable  were 
used  only  for  periods  of  from  1  to  4  hours  and  for  one 
day  upwards,  are  given  in  Table  42.  The  complete 
heating  curve  is  shown  in  Fig.  23,  curve  C  representing 
the  continuous  running  condition,  and  I  the  intermittent, 
and  the  final  temperature  is  given  in  Table  43. 

Three  other  cables,  0-2  sq.  in.  660-volt  concentric, 
laid  under  different  conditions  were  tested  under  the 
same  conditions  of  loading.  The  results  are  sum- 
marized in  Table  43,  and  are  shown  in  Figs.  24,  25 
and  26. 

In  the  curves  the  actual  rate  of  heating  is  plotted 
for  the  first  three  days,  and  after  that  the  upper,  inter- 
mediate and  lower  points  are  shown,  joined  by  a  line. 
The  upper  curve  in  each  case  represents  the  rise  of 
temperature  when  the  cable  is  loaded  continuously. 

Referring  to  Table  42,  at  the  end  of  the  first  hour 
the  temperature-rise  was  13-5  degrees  C,  and  if  this 
cable  were  run  for  1-hour  periods  only  with  a  long  interval 
between  the  loads,  the  current  for  the  same  tempera- 
ture-rise as  under  continuous  loading  condition  could 
be  increased  in  the  ratio  of  275/200.  After  one  day 
with  this  type  of  loading  the  ratio  of  currents  was 
210/200,  and  at  the  end  of  five  days  208/200.  Thus 
the  permissible  increase  for  a  normal  week's  working 
under  these  conditions  would  be  only  4  per  cent. 

Table  43  shows,  as  would  be  expected,  that  the 
greatest  possible  overload  appUes  to  the  660-volt  cable 
buried  direct  in  the  ground.  Here  the  increase  is  about 
10  per  cent,  but  for  the  other  cables  it  is  only  of  the 
order  of  3  per  cent. 

(b)  Type  of  loading  (2)  : 

For  this  type  of  loading  the  results  of  the  tests  on 
the  660-volt  cables  are  sho%vn  in  Figs.  27,  28  and  29  and 
on  the  cable  as  used  for  20  000  volts  in  Fig.  30.  The 
results  of  the  tests  on  all  the  cables  are  given  in  Table  44. 

(c)  Type  of  loading  (3)  : 

This  test  has  been  made  only  with  the  cable  as  used 
for  20  000  volts,  the  temperature-rise  being  shown  in 
Table  45  and  in  Fig.  31. 

{d)  Type  of  loading  (4)  : 

The  results  of  tests  on  a  cable  as  used  for  20  000  volts 
are  given  in  Table  46,  and  are  shown  in  Fig.  32. 

In  general,  the  possible  increases  of  current  are  not 
large,  although  it  should  be  noted  that  in  the  case  of 
intermittent  loading  the  maximum  temperature  is  main- 
tained for  a  short  time  only,  and  it  is  possible  that  larger 
currents  could  be  carried  for  short  periods. 

The  results  obtained  so  far  do  not  justify  a  recom- 
mendation  for  an  increase  in   the  permissible   current 
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Table  43. 

Type  of  Loading  (1). 


Description  of  Cable  and  Laying 

Temperature-rise  after  5i  Days' 
Running 

Ratio  of  Currents 
for  the  Same 

Continuous 

Intermittent 

Temperature-rise 

0-2  sq.  in  concentric,  660-volt,  armoured  and 

laid  direct  in  ground 
0-2  sq.  in.  concentric,  660-volt,  lead-covered 

and  drawn  into  a  duct 
0-2  sq.  in.  concentric,  660-j^olt,  lead-covered 

and  laid  in  bitumen 
0  •  1 5  sq .  in .  three-core  as  used  for  20  000  volts, 

armoured,  laid  direct  in  ground 

deg.  C. 

32-5 
47-2 
32-4 
25-5 

deg.  C. 

26-6 
44-4 
30-4 
23-7 

amps. 

330/300 
309/300 
309/300 
207/200 

Table  44. 

Type  of  Loading  (2) 


Description  of  Cable  and  Laying 

Teraperature-rise  after  5i  Days' 
Running 

Ratio  of  Currents 
for  the  Same 

Continuous 

Intermittent 

Temperature -rise 

0-2   sq.   in.   concentric,    660-volt,   armoured 

and  laid  direct  in  ground 
0-2  sq.  in.  concentric,  660-volt,  lead-covered 

and  drawn  into  a  duct 
0-2  sq.  in.  concentric,  660-volt,  lead-covered 

and  laid  in  bitumen 
0- 15  sq.  in.  three-core  as  used  for  20  000  volts, 

armoured   and   laid  direct  in   ground 

deg.  C. 

32-5 
47-2 
32-4 
27-6 

deg.  C. 

27-5 

44-8 
30-1 
22-8 

amps. 

327/300 
308/300 
310/300 
242/220 

Table  45. 

Current  =22(i    Amperes;      Temperature-rise    for    Con- 
tinuous Runnings  27-4  deg.   C.     Type  of  Loading  (3). 


Hours 

Temperature-rise 

Ratio  of  Currents 

1 

2 
3 

deg.  C. 

18-9 
21-7 
23- 1 

amps. 

265/220 
248/220 
240/220 

4 

5 

24-3 
24-7 

234/220 
231/220 

6 

24-8 

231/220 

7 
8 

24-9 
25-0 

230/220 
230/220 

Table  46. 

Current  =  220    Amperes;     Temperature-rise    for    Con- 
tinuous Running  =  27-4  deg.  C.     Type  of  Loading  (4). 


Hours 

Temperature-rise 

Ratio  of  Currents 

deg.  C. 

amps. 

1 

22-8 

240/220 

2 

24-5 

232/220 

3 

25-4 

228/220 

4 

25-8 

226/220 

5 

26-2 

225/220 

6 

26-6 

223/220 

7 

2G-9 

222/220 

8 

27-0 

221/220 
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Fig.  31. — Three-core  0-15  sq.  in.  20  000-volt  armoured  cable  laid  direct  in  ground; 

current  =  220  amps. 
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loading  for  the  conditions  that  have  been  investigated. 
Further  tests  are  being  made  with  a  t-ype  of  loading 
more  nearly  approximating  to  that  on  a  traction 
circuit. 

(21)  Current-rating  of  Cables  for  Emergency 
Loading. 

A  feeder  operating  at  less  than  full  load  continuously 
^\■ill  carry  more  than  the  normal  permissible  maximum 
current  for  a  short  time  without  exceeding  the  specified 
temperature-rise.  In  the  case  of  large  cables  the 
increment  is  very  considerable  if  the  cable  has  been 
previously  operating  on  three-quarters  of  the  normal 
maximum  load  or  less.  A  time/temperature-rise  curve 
for  the  cable  laid  in  the  specified  manner,  bet^veen 
the  limits  0  and  50  degrees  C.  ultimate,  called  the 
"  characteristic,"  is  all  that  is  required  to  obtain  the 
permissible  emergency  load  after  any  known  previous 
steady  condition. 

Taking  the  simplest  case,  as  when  the  cable  has  not 
been  carrj-ing  any  load  previously,  the  permissible 
emergency  current  is  deduced  by  setting  off  the  emer- 
gency time  on  the  "  characteristic "  starting  from 
zero  ;  then  the  square  root  of  the  ratio  that  50  bears 
to    the    temperature-rise    reached    in    the    short    time 

Table  47. 

Comparison  between  the  Values  of  Actual  Temperature- 
rise  and  those  deduced  from  the  Simple  Exponential 
Law. 


Percentage  of  Maximum 
Continuous  Current 

Final  Temperature-rise 
by  Formula  (381 

Approximate  Rise 
by  Square  Law 

per  cent 

50 

75 

100 

deg.  C. 

10-85 

25-8 

50-0 

deg.  C. 

12-5 
28-1 
500 

selected  gives  the  multiplier  for  that  time  to  apply 
to  the  continuous  permissible  current.  Thus,  if  on 
the  "  characteristic "  the  temperature-rise  after  one 
hour  is  25  degrees  C,  the  multiphing  factor  is  1-414, 
which  means  that  that  particular  cable  laid  in  that 
manner  will  carry,  starting  from  cold,  for  one  hour 
41-4  per  cent  more  current  than  the  maximum  con- 
tinuous rating,  without  exceeding  the  maximum  per- 
missible temperature-rise. 

If  the  cable  has  previously  been  carrying  load  con- 
tinuously, the  relative  temperature-rise  for  this  load 
is  calculable  from  Formula  (38),  and  this  rise  is  taken 
as  the  starting  point  on  the  "  characteristic."  The 
emergency  time  is  then  set  oS  from  this  point,  and 
the  total  temperature-rise  from  zero  read  off  and  treated 
as  before,  thus  giving  the  multiphing  factor  for  that 
time  under  those  conditions. 

Owing  to  the  cumulative  heating  eifect  of  the  tem- 
perature coefficient  of  copper,  the  final  temperature- 
rise  due  to  continuous  loading  is  of  course  not  strictly 
proportional  to  the  square  of  the  current  :  the  com- 
parative values  for  a  maximum  temperature-rise  of 
50  degrees  C.  are  given  in  Table  47. 


The  values  given  in  Table  47  of  course  assume  that 
the  thermal  resistance  outwards  from  the  conductor  is 
constant  throughout. 

Tests  have  been  made  at  the  National  Physical 
Laboratory  on  a  0-15  sq.  in.,  three-core,  lead-covered 
and  armoured  cable,  and  at  Newcastle-upon-Tyne  on 
a  0-35  sq.  in.  similar  cable,  in  each  case  laid  direct 
in  the  ground  at  a  depth  of  2  feet,  on  type  of  loading  (3) 
referred  to  in  the  previous  section. 


10  35 


-/—^ 


U)30 


d  25 


a  10 

I  \  

0  123456769        10       U12 

Time,  in  hours 

Fig.  33. — Characteristic  curve  of  three-core  0-35  sq.  in. 
20  000-volt  lead-covered  and  armoured  cable  laid  direct 
in  the  ground  ;  ultimate  temperature-rise  =  50  degrees  C. 

The  Newcastle  tests  took  the  following  form  : — 
(a)  A    full-load    "  characteristic "    to    give    a    final 
temperature-rise   of   50  degrees   C.   in   72   hours.     This 
curve  is  shown  in  Fig.   33,  and  on  it  are  marked  the 

Table  48. 

Multiplying  Factors  to  obtain  Emergency  Current  fro'>n 
Maximum  Permissible  Continuous  Rating  :  Three- 
core,  Lead-covered  and  Armoured  Cable  as  used  for 
20  000    Volts,   laid  Direct  in  the  Ground. 


Size  of  Cable    . . 

OlSsq.  in. 

0-35  sq.  in. 

Half 

Previous  Propor- 

Halt 

Three- 
quarter 

None 

tion     of    Full 
Load 

Method 

Method 

quarter 

Emergency 
Time,  hours 

1 

1-205 

1-097 

1-74 

1-48 

1-46 

1-28 

2 

1-125 

1-057 

1-40 

1-32 

1-316 

1-225 

3 

109 

104 

1-285 

1-254 

1-252 

1-187 

4 

1-06 

103 

1-22 

1-20 

1-22 

1-162 

corresponding  points  10-85  degrees  C.  for  J  normal 
and  26-0  degrees  C.  for  |  normal  load  respectively. 
From  these  points  1,  2,  3  and  4  hours  were  set  off  and 
the  corresponding  total  temperature-rises  read.  These 
give  the  multiplying  factors  to  apply  to  the  normal 
maximum  continuous  current. 
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(b)  After  running  at  a  known  load  till  steady,  it  was 
doubled  and  the  total  rises  read  at  the  end  of  each 
hour.  These  give  multipUers  obtained  entirely  by  test 
which  correspond  closely  to  those  calculated  for  the 
J-load  condition  in  (a). 

(c)  After  running  at  |  load  till  steady,  the  1-hour 
emergency  overload  (namely,  1  •  48  times  the  maximum 
continuous  rating)  was  applied  for  exactly  one  hour, 
and  the  total  temperature-rise  checked  out  at  exactly 
50  degrees  C. 

The  values  given  in  Table  48  show  that  two 
cables  similar  in  every  way  except  size  have  very 
widely  different  emergency  factors.  The  ratio  of 
capacity  for  heat  (which  depends  on  the  area  of  the 
complete  cable)  to  radiating  surface  (which  depends 
on  circumference)  of  course  increases  largely  as  fhe 
diameter  increases,  so  that  the  larger  cable  has  naturally 
a  much  greater  emergency  factor. 

The  thermal  time-constant  also  depends  on  the 
specific  heat  of  the  materials,  the  dielectric  having  a 
specific  heat  at  least  three  times  that  of  copper,  so 
that  high-voltage  cables  exhibit  a  somewhat  different 
characteristic  from  low-voltage  ones.  Owing  to  the 
many  variables  involved,  a  "  characteristic "  should 
be  taken  for  each  case  on  which  accurate  information 
is  sought. 

(22)  Work  Still  Outstanding. 

Whilst,  as  will  be  seen  from  the  report,  large  sections 
of  the  programme  have  been  completed,  there  are 
necessarily  certain  portions  of  the  investigation  which 
are  not  yet  finished.     These  are  : — 

(a)  Cables  for  pressures  above  1 1  000  volts  : 
A  large  amount  of  work  has  already  been  done,  but 
in  view  of  the  fact  that  the  determination  of  the 
dielectric  losses  is  not  j'et  completed,  it  was  decided 
to  defer  the  issue  of  current-loading  tables  for  such 
cables  until  all  the  information  is  available. 


(6)  Safe  maximum  temperature  : 

It  has  not  been  possible  to  make  much  progress 
with  tliis  section,  and  therefore  it  was  decided  to  adopt 
a  maximum  temperature  for  cables  for  pressures  of 
11  000  volts  and  under,  which  was  known  to  be  safe. 

(t)  Three-core  cables  with  segmental  conductors  : 

It  is  appreciated  that  these  cables  are  largely  used. 
The  determination  of  the  rating  depends,  however,  on 
the  size  of  the  cable  and  the  shape  of  the  segmental 
conductors.  There  are  no  standard  dimensions  for 
such  cables,  and  until  these  are  forthcoming  it  is  only 
possible  to  give  results  based  on  assumed  dimensions. 

{d)  Grouping  of  cables  in  ducts  : 

Further  work  is  required  to  ascertain  the  effect  of 
running  a  large  number  of  cables  in  a  multi-way  duct. 

(e)  Cables  laid  on  the  solid  system  : 

A  number  of  determinations  have  been  made  of  the 
thermal  resistivity  of  the  compounds  used  for  filUng  the 
troughing.  The  values  obtained  vary  largely,  and 
further  investigation  is  required  before  current-loading 
tables  can  be  issued. 
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ADDENDUM    TO    THE    REPORT. 


{Received  Slh 

It  is  now  understood  that  the  values  quoted  on 
page  541  as  having  been  suggested  by  various  American 
investigators  for  the  maximum  permissible  tempera- 
ture for  paper-insulated  cables  do  not  necessarily 
refer  to  continuous  loading  conditions.  Mr.  Torchio 
has  pointed  out  that  the  figures  he  suggested  refer  to 
a  recommendation  that  the  old  double,  or  over- 
load, rating  should  be  again  established  in  the  rating 


May,  1923.) 

of  electrical  machinery  and  cables,  and  for  this  over- 
load condition  the  limit  of  105°  C.  to  110°  C.  was 
suggested  with  tlie  proviso  that  the  overload  should 
not  exceed  2  hours  in  duration,  with  a  total  duration 
of  less  than  10  per  cent  of  the  total  hours  in  the 
year.  For  continuous  rating  a  temperature  of  from 
85°  C.  to  90°  C.  was  considered  to  be  the  maximum 
safe  limit. 


[The  Appendixes  to  the  Report  will  be  found  on  pages  5G2-579.] 
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APPENDIX   I. 

Table  49. 

Particulars  of  the  Papcr-insidated,  Lead-covered  Cables  employed  in  the  Investigation. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Cable 
No. 

Sectional  Area 

tj-pe  of  Cable 

Working 
Pressure 

Appro  X. 
Length 

Armoured 

Tested 

Dates  of 
Manu- 

Nominal 

Actual 

In  Air 

In 
Ground 

facture 
(apptox.) 

Single-core  Cables. 


sq.  in. 

0-1 

sq.  in. 

0-094 

0-2 

0-196 

01 

0-108 

01 

0-099 

01 

0-100 

0-2 

0-192 

0-2 

0-196 

0-2 

0-197 

0-2 

0-205 

0-5 

0-480 

Single-core 
Single-core 


Concentric 
Concentric 
Concentric 
Concentric 


volts 

feet 

660 

110 

660 

no 

Concentric  Cables. 


Concentric 

Concentric  (jute  insulated) 

Concentric 

Concentric 


Three-core  Cables. 


0  025 

0  029 

0-05 

0-048 

0-1 

0-105 

0-1 

0-100 

01 

0-101 

0-15 

0-150 

0-15 

0-145 

0-15 

0-145 

0-15 

0-147 

0-15 

0-145 

0-15 

0-144 

0-15 

0-145 

0-2 

0-120 

0-2 

0-116 

0-2 

0-208    < 

0-2 

0-200 

0-25 

0-250 

0-15 

0-148 

0-15 

0-148 

3-Core 

3-Core  (segmental  conductors) 

3-Core 

3-Core  (segmental  conductors) 

3-Core  (segmental  conductors) 
3-Core  (segmental  conductors) 
3-Core 
3-Core 

3-Core 
3-Core 
3-Core 
3-Core 


Nos.  23  to  26  are 
3-phase  split- 
conductor 
cables,  each 
0-2  sq.  in.  sect, 
area  per  phase 

3-Core 
3-Core 
3-Core 


'6-Core 
6-Core 
Twin 
spUt 
Oval  \ 

concentric/ 


} 


660 

110 

660 

110 

660 

230 

660 

110 

660 

120 

660 

110 

660 

110 

660 

110 

No 

No 


Yes 

No 
No 
No 


660 

30 

11  000 

51 

6  600 

99 

660 

114 

6  600 

30 

6  600 

30 

20  000 

50 

20  000 

50 

20  000 

50 

20  000 

50 

20  000 

50 

20  000 

60 

20  000 

66 

20  000 

84 

3  300 

30 

20  000 

72 

11000 

30 

3  300 

116 

11000 

110 

No 

(Jute  covered) 

Yes 

No 


No 
Yes 

No 
No 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 

Yes 
Yes 
Yes 


Yes 
Yes 


Yes 
Yes 


Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

1916 
1916 


1916 
1916 
Old* 
1916 

1918 
Old* 
1916 
1916 


Old 
1916 
Old* 
Old* 

Old* 
1916 
1919 
1919 

1919 
1919 
1919 
1919 

1919 
1919 

1919 
1919 

1916 
1921 
1921 


*  Date  of  manufacture  unknown,  but  prior  to  1916. 
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Table  50. 
Dimensions  of  Cables. 


(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

(7) 

Diameter  over  Lead 

Thickness  of  Lead 

Thickness  of  Dielectric 

Between  Conductors 

Between  Conductor 
and  Lead 

No. 

Inner  Dielectric 

Outer  Dielectric 

3 
4 
5 
6 

7 

8 

9 

10 


11 
12 
13 
14 

15 
16 
17 
18 

19 
20 
21 

22 

23 
24 
25 
26 

27 
28 
29 


Single-core  Cables. 


in. 

cm 

in. 

cm 

in. 

cm 

in. 

era 

in. 

cm 

in. 

0-75 

1-90 

0-08 

0-20 

0-08 

0-2 







— 

— 

0-95 

2-41 

0-10 

0-25 

0-09 

0-24 







— 

— 

Concentric  Cables. 


1-14 

2-89 

0-13 

0-33 

0-08 

0-2 

0-08 

0-2 

— 

— 

— 

1-15 

2-92 

0-09 

0-23 

0-07 

0-18 

0-08 

0-2 

— ■ 

—  ■ 

113 

2-87 

013 

0-33 

0-12 

0-3 

010 

0-26 

— 

— 

— 

1-37 

3-48 

Oil 

0-27 

014 

0-35 

0-08 

0-20 

— 

— ■ 

— 

1-35 

3-42 

0-09 

0-24 

0-12 

0-3 

009 

0-24 



— 

— 

1-38 

3-50 

0-08 

0-20 

0-10 

0-25 

0-09 

0-22 

— 

— 

— 

1-30 

3-30 

0-10 

0-25 

0-07 

0-18 

0-09 

0-24 

— 

— 

— 

1-35 

3-42 

0-09 

0-24 

016 

0-4 

0-16 

0-4 

— 

— 

— 

Three-core  Cables. 


0-43 

2-20 

006 

015 

— 

— 

. — 

— 

0-06 

0-90 

2-29 

005 

0-13 

— 

— 

— 

— 

0-31 

2-23 

5-66 

Oil 

0-28 

— 

— 

— 

— 

0-25 

1-23 

3-12 

0-10 

0-25 

— 

— 

— 

— 

0-10 

1-69 

4-30 

0-14 

0-35 





— 

— 

0-24 

1-81 

4-60 

010 

0-25 

— 

. — ■ 

— 

— 

0-24 

2-56 

6-50 

Oil 

0-28 

— 

— 

— 

— 

0-37 

2-60 

6-60 

012 

0-30 

— 

— 

— 

— 

0-40 

2-62 

6-40 

0-16 

0-40 



— 

— 



0-35 

2-48 

6-30 

016 

0-40 

— 

— 

— 

— 

0-35 

2-50 

6-36 

016 

0-40 

— 

— 

— 

— 

0-37 

2-40 

6-08 

0-12 

0-30 

— 

— 

— 

— 

0-35 

319 

8-10 

014 

0-35 



. 





0-43 

3-06 

7-76 

0-11 

0-28 

— 

— 

— 

— 

0-40 

1-83 

4-64 

0-13 

0-32 

— . 

— 

— 

— 

016 

307 

7-80 

0-16 

0-40 

0-12 

0-3 

— 

— 

0-40 

1-95 

4-96 

0-11 

0-28 





— 



0-20 

1-79 

4-54 

0-13 

0-32 

— 

— 

— 

— 

0-125 

2-11 

5-35 

0-14 

0-36 

— 

— 

— 

— 

0-275 

0-16 
0-8 
0-65 
0-25 

0-6 
0-6 
0-95 
1-0 

0-9 
0-9 
0-95 
0-9 

1-1 
1-0 


006 
0-31 
0-40 
0-10 

0-24 
0-24 


0 

•31 

0 

28 

0 

31 

0 

28 

0 

35 

0 

31 

0 

40 

0 

40 

0 

16 

0 

40 

0- 

20 

0- 

17 

0- 

20 

0-16 
0-8 
1-0 
0-25 

0-6 
0-6 
0-8 
0-7 


0-8 

0-7 

0-9 

0-8 

1-0 

1-0 

0-4 

1-0 

0-5 

0-4 

0-6 
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Table  51. 
Particulars  of  Cables  tested  in  Air  laid  along  the  Wood  Floor  of  a  Room. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Cable 

Sectional  Area 

Type  of  Cable 

Working 
Pressure 

Armoured 

Current  for  a  Rise  of 

Nominal 

Actual 

50deg.  F.  (27-8deg.  C.)» 

sq.  in. 

0-1 

sq.  m. 

0-094 

0-2 

0196 

Single-core 
Single-core 


Single-core  Cables. 


volts 

660 
660 


Xo 

Xo 


amps. 

190 

304 


amps. 


Concentric  Cables. 


3 
4 
5 
6 

7 

8 

9 

10 


01 

0-108 

01 

0-099 

01 

0-100 

0-2 

0-192 

0-2 

0196 

0-2 

0-197 

0-2 

0-205 

0-5 

0-480 

Concentric 
Concentric 
Concentric 
Concentric 

Concentric 

Concentric  (jute  insulated) 

Concentric 

Concentric 


660 
660 
660 
660 

660 
660 
660 
660 


Yes 
Xo 
No 
No 

Xo 

(Jute  covered) 

Yes 

Xo 


180 
159 
161 
245 

243 

265 
268 
404 


195 
167 
177 
258 

265 
295 
288 
460 


11 
12 
13 

14 

15 
16 
17 
18 

19 

20 
21 
22 

23 
24 
25 
26 

27 
28 
29 


0  025 

0-029 

0-05 

0  048 

01 

0105 

0-1 

0-100 

0-1 

0-101 

0-15 

0-150 

0-15 

0-145 

0-15 

0-145 

0-15 

0-147 

0-15 

0-145 

0-15 

0-144 

0-15 

0-145 

0-2 

0-120 

0-2 

0-116 

0-2 

0-208 

0-2 

0-200 

0-25 

0-250 

0-15 

0-149 

0-15 

0-148 

Three-core  Cables. 
3-Core 

3-Core  (segmental  conductors) 
3-Core 
3-Core  (segmental  conductors) 

3-Core  (segmental  conductors) 
3-Core  (segmental  conductors) 
3-Core 
3-Core 

3-Core 
3-Core 
3-Core 
3-Core 


'X"os.  23  to  26  are  3-phase^  6-Core 
split-conductor  cables,  I  6-Core 


each  0-2  sq.  in.  sect 
area  per  phase 

3-Core 
3-Core 
3-Core 


.  rT\\in  spUt 


Oval  concentric 


660 

11000 

6  600 

660 

6  600 

6  600 

20  000 

20  000 

20  000 
20  000 
20  000 
20  000 

20  000 

20  000 

3  300 

20  000 

11000 

3  300 

11000 


Xo 

Yes 

No 

Xo 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 


— 

66 

— 

100 

— 

143 

— 

156 



158 

— 

195 

— 

208 

— 

204 



219 

— 

208 

— 

208 

— 

195 



284 

— 

264 

— 

219 

258 

— 

, 

255 

— 

194 

— 

211 

—         270 


*  In  the.  case  of  concentric  cables,  the  values  are  given  separately  for  inner  and  outer  conductors  ;  with  three-core  cables  the  values 
are  the  mean  for  the  three  conductors. 
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APPENDIX   11. 

Examination  of  Mie's  Formul,*;  by 
Mr.  S.   Butterworth. 

In  the  general  case  of  Mie's  formulae  there  are  n 
conductors  each  of  radius  r,  the  centres  of  which  are 
situated  at  equidistant  points  on  the  circumference  of 
a  circle  of  radius  a. 

The  sheath  of  radius  ri  is  concentric  with  the  circle  a. 

If  K  is  the  thermal  resistivity  of  the  material  between 
the  conductors  and  sheath,  L  the  length  of  the  cables, 
and  W  the  thermal  resistance,  then  the  first  formula 
given  by  Mie  is 


W 


K 
2TTnL 


log, 


1  -  a^S  +  V[(l  -  a2)  (1  -  ^32)1 


in  wliich  a 


and     ;8 


(a- 


nr) 


(49) 

(a  +  r)» 


(a  -f-  nr) 


The  second  formula  is  deduced  from   (47)   upon  the 
assumption  that  the  quantity — 

1  -  a^e  +  ^[(1  -  a2)  (1  -  ^2)] 

is  never  very  different  from  2,  and  may  be  written 

K 


W  =   „ ;:  log. 


in  which 


(o  +  r) 


"Va 


1 
nr 


-f-  nr 


(50) 

(51) 


Formula  (50)  is  identical  with  that  for  a  cable  having 
a:  single  conductor  concentric  with  the  sheath  in  which 
rj  is  the  radius  of  the  conductor,  so  that  rj  is  the 
equivalent  of  the  single  conductor  which  would  replace 
the  n  conductors  and  give  the  same  thermal  resistance 
between  conductor  and  sheath. 

Mie  gives  the  values  shown  in  Table  52  to  indicate 
the  agreement  of  Formulae  (49)  and  (50). 

Wj^  =  value  of  thermal  resistance  by  Formula  (49). 
IV n  =  value  of  thermal  resistance  by  Formula  (50). 

Z  =  1  -  a^  +  \/r(l  -  a")  (1  -  j82)],  and  is  equal  to 
2  when  (49)  and  (50)  are  in  exact  agreement. 

Table  52. 


No.  of 
Conductors,  n 

a 

a  +  r 

z 

Wn 
Wa 

2 

215 

0-85 

1-78 

118 

2 

2-15 

0-80 

1-84 

109 

3 

2-00 

0-85 

1-91 

106 

3 

200 

0-80 

1-93 

104 

4 

1-85 

0-85 

1-94 

103 

4 

1-85 

0-80 

1-96 

1-01 

Limitations  of  formula. — In  the  method  adopted  by 
Mie,  the  inner  isothermal  for  which  Formula  (49)  holds 
Vol..  6L 


is  not  coincident  with  the  surfaces  of  the  separate 
conductors,  but  in  the  case  shown  in  Fig.  34  consists 
of  the  wavy  dotted  curve  shown  in  the  figure,  and  in 
the  case  of  a  three-core  cable  may  adopt  one  or  other 
of  the  forms  shown  in  Fig.  35  according  to  the  relative 
dimensions  of  conductors  and  sheath. 

Since  the  isothermal  for  which  Formula  (49)  is  exact 
always  envelops  the  conductors,  the  results  given  by 
(49)  will  always  be  too  low.  Mie  states  that  when 
the  conditions  approximate  to  that  of  Fig.  35a,  the 
error  tends  to  vanish  because  the  isothermal  is  practi- 


FiG.  34. — -Isothermal  lines  in  six-core  cable. 

cally  coincident  wth  the  conductors.  Also,  when  the 
conductors  approach  the  sheath  and  have  relatively 
large  radii  as  in  Fig.  35d,  the  error  is  again  small 
because  the  lines  of  heat-flow  are  practically  confined 
to  the  region  where  the  isothermal  and  conductor 
surfaces  are  coincident. 

By  a  consideration  of  the  portions  of  the  lines   of 
heat-flow  which  lie  within  the  isothermal,  Mie  estimates 


Fig 


Isothermal  lines  in  three-core  cable. 


the  maximum  error  of  Formula  (49)  to  be  of  the  order 
of  5  per  cent  in  the  case  of  a  three-core  cable. 

It  follows,  from  Table  52,  in  which  Formula  (50)  is 
compared  with  Formula  (49),  that  the  error  in 
Formula  (50)  is  less  than  that  indicated  by  the  ratio — 
WnlWji,  as  Wj^  is  itself  less  than  the  true  thermal 
resistance,  while  the  ratio  Wsl^Vj,  is  greater  than 
unity. 

There  appears  to  be  no  reason  to  doubt  the  validity 
of  Formula  (50)  as  apphcd  to  cables  having  three  or 
more  conductors,  if  an   inaccuracy   of    10   per   cent   is 

39 
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permissible    in    the    results.     The    inaccuracy    of    the 
formula  is  probably  not  more  than  5  per  cent. 


APPENDIX    III. 

Experimental  Determination  of  Thermal  Resist- 
ance   BY   MEANS    OF   AN    ELECTROSTATIC   ANALOGY. 

Thermal  resistivity  of  multi-core  cables. 

The  analogy  may  be  stated  in  the  form  : — 


(52) 


4  (Capacity)  = 

Thermal   resistance 

where  K  =  thermal  resistivity,  and 

A  =  specific  inductive  capacity. 

If,  therefore,  a  suitable  length  of  metal  tube  be  taken 
of  a  size  corresponding  to  the  cable  sheath,  and  three 
or  more  similar  tubes  be  mounted  inside,  but  electrically 
insulated  from  it,  in  positions  corresponding  to  those  of 
the  conductors  of  a  multi-core  cable,  the  apparatus 
forms  a  condenser,  the  capacity  of  which  can  be  readily 
determined.  By  the  aid  of  tlie  relation  given  above,  it 
then  becomes  possible  to  deduce  the  thermal  resistance 
of  the  apparatus. 

Tliree  cases  were  tested  with  the  electrostatic  model, 
roughly  corresponding  to  the  following  three-core 
cables  ; — 

(1)  A  cable  as  used  for  20  000  volts. 

(2)  An  1 1  000-volt  cable. 

(3)  A  3  300-volt  cable. 

If  o  =  distance   of   the   centres   of   the    "  conductors  " 
from  the  axis, 
r  =  radius  of  the  "  conductors,"  and 
r^  =  inner  radius  of  the  containing  tube, 
then  the  dimensions  actual  and  relative  are  as  given 
in  Table  53. 

Table  53. 

Dimensions  of  Electrostatic  Model. 


Dimensions  of  Electrostatic 

Model 

Case 

Actual 

Relative 

a 

r 

ri 

a 

r 

rt 

1 

2 
3 

cm 
2-12 
2-04 
1-695 

cm 

0-73 
0-96 
1-28 

cm 

3-64 
3-64 
3-64 

0-58 
0-56 
0-46 

0-20 

0-263 

0-351 

1-00 
1-00 
1-00 

The  actual  and  relative  dimensions  of  the  cables 
referred  to  above  are  given  in  Table  54. 

In  the  capacity  tests  on  the  electrostatic  models  the 
ratio  of  the  capacity  of  the  three  tubes  to  the  outside 
tube,  to  that  of  one  of  the  three  tubes  placed  coaxially 
to  the  outside  tube,  was  determined  and  not  the  absolute 
values,  which  would  have  necessitated  difficult  and 
uncertain  corrections  for  the  end  effects.     The  values 


so  obtained  were  then  compared  with  those  obtained 
by  use  of  each  of  the  formulae  for  the  ratio  derived  from 
Russell's  and  ]\Iie's  formute  respectively. 

The  capacity  per  unit  length  of  two  coaxial  cylinders 
of  radii  r  and  r^  is 

(53) 

2  logj  [riJT) 

where  A  =  specific  inductive  capacity. 

Table  54. 
Dimensions  of  Three-core  0-15  sq.  in.  Cables. 


Dimensions  of  three  3-core  0'15  sq.  in.  Cables 

Working 
Pressure 

Actual 

Relative 

a 

r 

ri 

a 

r 

«■» 

volts 

20  000 

11  000 

3  300 

cm 

1-33 
1-15 
0-90 

cm 

0-65 
0-65 
0-65 

cm 

2-76 

2-325 

1-95 

0-48 

0-495 

0-463 

0-236 
0-280 
0-334 

1-00 
1-00 
1-00 

The  capacity  -of  three  tubes  of  radius  r  placed  sym- 
metrically at  a  distance  a  from  the  axis  of  the  sur- 
rounding tube  is,  according  to  Russell, 


3A 


2  log,  [(,-6  -  a6)/(3r|a2r)] 


(54) 


Therefore  qji,   the   ratio  of  the  capacities  according  to 
Russell,  is 

Capacity  with  3  eccentric  tubes 
IR  = 


Capacity  with  1  coaxial  tube 
3  log,  [Tilr] 


(55) 


log.  [(r6  -  a^)liryr] 
According  to  Mie,  the  capacity  of  three  eccentric  tubes  is 

3A 

21og.[{(l-ai3)  +  V(l-0(l-i32)}/(a-;6)]     '^^^ 

(a  -(-  rS)  (a  -  3r) 

= and     p  =  a 

r^  ^       (a  +  3r) 

and  therefore  gj/.  the  ratio  of  the  capacities  according 
to  Mie  is 

Capacity  with  3  eccentric  tubes 


where 


Capacity  wiih  1  coaxial  tube 
3  log,  [rjr) 


log,[{(l-a/S)  +  V(l-a2)(l-j82)}/(a-i3)] 


(57) 


In  Table   55  the  followng  ratios  are  given  for  the 
three  cases  of  the  electrostatic  model  considered  : — 

(a)  The  ratio  of  the  capacities  of  one  inner  to  that  of 
three  inner  tubes  by  experimental  determina- 
tion, q. 

(6)  The  ratio  of  the  same  capacities  determined  by 
the  Russell  formula,  q^. 

[c)  The  ratio  of  the  same  capacities  determined  by 
the  Mie  formula,  qM- 
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The  thermal  resistances  are  proportional  to  the 
reciprocals  of  the  capacities  of  cables  of  similar  dimen- 
sions ;  thus  the  ratios  of  the  thermal  resistances  will 
be   the   inverse   of   the   ratios   of   the   capacities   given 

Table  55. 

Comparison  of  Ratios  determined  experimentally  and  by 
Russell's  and  by  Mie's  FormtileB. 


? 

9u 

?!/ 

Error  of  q^t  and  q^  referred 

to  q 

9ii 

9u 

1 

o 

3 

3-356 
3-465 
2-975 

3-107 
2-925 
2-11 

3-576 
3-775 
3-335 

per  cent 

-  7-6 

-  15-7 

-  29-0 

per  cent 

+  &■! 
+  9-0 
-f-  12-1 

above,  and  the  errors  will  be  of  opposite  sign  and  must 
be  corrected  for  numerical  value,  e.g.  minus  29  becoming 
plus  41  per  cent. 

In  the  calculation  of  thermal  resistivity  K  from  a 
determined  value  of  thermal  resistance,  the  relation 
assuming  Russell's  formula  is 


K  = 


67r(<,  -  <2) 


nl-r^  k'gg  [(r6  —  a''')l'irhi-r] 


(58) 


where  t^  and  to  are  the  temperatures  of  conductor  and 
sheath  respectively,  and,  since  the  modulus  of  this 
expression  is  usually  too  great,  the  value  of  thermal 
resistivity  determined  by  means  of  it  is  too  small. 

Hence,  taking  a  cable  having  an  actual  thermal 
resistivity  of  500,  the  values  deduced  by  the  two 
formulae  would  be  those  given  in  Table  56. 

Table  56. 
Comparison  of  Thermal  Resistivities  of  Three-core  Cables. 


Working  Pressure 

20  000  V 

11  ODD  V 

3  300  V 

Method 

Model  (1) 

Model  (2) 

Model  (3) 

By  experiment    .  . 
By  Russell  .  .      .  . 
By  Mie          .  .      .  . 

500 
464 
533 

500 
432 
555 

600 
388 
570 

Russell's  formula  is  the  more  convenient  and,  if  the 
correcting  factor  be  known  and  applied,  values  obtained 
by  means  of  it  can  be  regarded  as  having  a  satisfactory 
degree  of  accuracy  for  the  higher-pressure  cables.  In 
view  of  its  greater  simphcity  its  use  was  preferred  in 
these  cases. 

As  a  result  of  the  experimental  work  a  curve  was 
drawn  (see  Fig.  36)  showing  the  errors  of  the  Russell 
formula  ;  it  will  be  seen  that  for  the  lower-pressure 
cables  the  error  appears  to  become  indefinitely  large. 


and  for  such  cases  Mie's  formula  with  its  smaller  error 
was  preferred. 

Effect  of  the  lay  on  the  capacity  of  the  electro- 
static model.— It  was  suggested  by  Dr.  A.  Russell  that 
the  lay  of  the  conductors  of  the  cable  might  have 
some  effect  on  the  thermal  resistance,  and  an  experi- 
mental determination  of  the  effect  of  the  lay  was 
therefore  made  with  the  electrostatic  model.  Its 
capacity  was  measured  with  three  1-46-cm  diameter 
"conductors"    placed    at    1-9    cm    distance    from    the 


\ 

fio 

1       1        1       1        1       1       /] 

X  Centre  point  not  earthed!  Graphicdl     /i 
-0       ■■         11       earthed          -mptlifirt       /I 

g  (Ejcperlmental  deteTinin.atioii  by 
(.means  of  electrostatic  mfithod 

/ 

f\C\ 

11 

1 

•I'O 

h 

/ 

zo 

/ 

r 

^ 

% 

^ 

^1 

0-2 


0-3 


0-4 


Fig.  36. — Thermal  resistance  of  three-core  cable  with  circular 
conductors.  Error  in  Russell's  formula  expressed  as  a 
function  of  the  ratio  of  the  radius  of  the  conductor  to 
the  inner  radius  of  the  lead  sheath. 

axis,   and   the   values   for   two    "  conductors  "    for   the 
following  cases  are  given  in  Table  57  : 

(1)  With  "  conductors  "  parallel  to  cable  axis. 

(2)  With  one  end  of  the  model  rotated  through  60°, 

corresponding  to  a  pitch  of  about  480  cm. 

Table  57. 

Comparison  of  Capacities  of  Electrostatic  Model  with 
"  Conductors  "  parallel  to  Cable  Axis  and  with  One 
End  rotated  through   60°. 


Capacity 

Case  1 

Case  2 

Leads  +  tubes    .  . 

Leads 

Tubes  only 

560 

86 

474 

519 

86 
433 

Thus  there  was  a  reduction  of  8-7  per  cent  due  to 
the  rotation. 

The  tubes,  however,  in  (2)  do  not  form  a  true  helix, 
since  they  remain  straight.  The  effect  of  the  rotation 
of  the  ends,   therefore,   is  to  cause  the   centres  of  the 
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tubes  to  close  in  on  one  another.  This  fact  would  in 
itself  reduce  the  capacity,  and  the  extent  of  this  reduc- 
tion must  be  taken  into  account. 

The  mean  distance  of  conductor  centres  from  the 
axis  at  the  ends  cf  the  model  was  1'87  cm. 

At  the  middle  portion  of  the  conductors  in  the 
tw-isted  condition  the  mean  distance  was,  by  measure- 
ment, 1-61  cm. 

The  ratio  of  the  capacities  for  two  cases  in  which 
ai=:l-87  and  02=1-61  respectively,  with  r=0-73 
and  r^^  3-65,  according  to  the  Russell  formula, 


log  r(r^ 


aii/Sr^afr] 


0-9306 


log  r(r8  _  a|i/3r«a2r       0-7950 


(59) 


This  minimum  distance,  however,  refers  only  to  the 
middle  portion  of  the  tubes.  If,  as  an  approximate 
assumption,  the  reduction  of  capacity  is  taken  as  being, 
therefore,  only  one-half,  this  gives  8-5  per  cent  as  the 
reduction  of  capacity  to  be  expected  on  account  of  the 
closing  in  of  the  middle  portions  of  the  tubes,  an  amount 
which  does  not  greatly  differ  from  the  8-7  per  cent 
reduction  indicated  by  the  experimental  determinations. 
The  reduction  of  capacity  in  case  (2)  as  compared  with 
(1)  is  therefore  completely  explained  by  the  closing-in 
effect  and  leaves  nothing  to  be  referred  to  the  effect 
of  the  lay. 

It  should  be  noted  that  the  pitch  in  the  model  was 
about  480  cm,  which  does  not  necessarily  correspond  to 
the  pitch  in  a  cable  as  manufactured.  The  experiment, 
however,  does  suggest  that  there  is  little,  if  any,  differ- 
ence due  to  the  lay. 


APPENDIX    IV. 

Calculation  of  the  Thermal  I^esistance  of  Three- 
core  Cables,  and  Ex.\mination  of  Russell's 
Formula  by  Mr.  E.  B.  Wedmore. 

The  N.P.L.  results  given  in  Appendix  III  cover  only  a 
portion  of  the  ground,  and  with  a  view  to  extending 
the  work  to  cover  all  cases  which  may  arise,  and  as 
a  check  on  previous  work,  the  problem  was  attacked 
afresh  by  a  geometrical  method  described  below. 

It  is  shown  that  the  results  obtained  by  the  geome- 
trical method  are  in  agreement  with  those  obtained  by 
the  experimental  tests  made.  The  method  has  the 
advantage  that  it  is  applicable  with  equal  facility  to 
conductors  of  any  shape,  for  example,  of  shapes  in- 
capable of  simple  mathematical  expression  such  as 
D-shaped  and  segmental  conductors. 

The  intention  is  to  extend  to  three-core  cables  by 
calculation  the  results  readily  obtained  for  single-core 
cables.  It  should  be  noted,  however,  that  the  assump- 
tion has  been  made  that  the  thermal  resistivity  of  the 
dielectric  is  the  same  tliroughout  the  section,  whereas 
the  material  surrounding  the  cores  and  next  the  sheath 
mav  differ  from  that  used  to  pack  the  odd-shaped 
spaces  between.  If,  however,  this  is  known  to  be  the 
case,  a  correction  can  be  made  by  the  geometrical 
method  but  not  by  any  other. 


Geometrical  method. — The  method  is  shown  by  an 
example  in  Fig.  37.  The  tltree  conductors  in  the  cable 
are  s^-mmetricallv  placed  and  therefore  it  is  only  neces- 
sary to  deal  with  one  of  them  and  its  sector  of  120°. 
The  lines  of  heat-flow  are  shown  flowing  from  the 
conductor  to  the  sheath.  The  latter  is  shown  by  a 
heavy  full  line.  Isothermals  are  shown  at  right  angles 
to  the  lines  of  flow. 


Fig.  37. — Geometrical  construction  for  determimng  the 
thermal  resistivity  of  a  three-core  cable. 


The  method  of  construction  is  as  follows  ; — 

{a]  A  certain  number  is  chosen  for  the  lines  of  heat- 
flow,  in  this  case  12  per  conductor. 

(6)  A  rough  attempt  is  made  to  place  these  lines  and 
the  isothermals,  the  scale  for  the  isothermals 
being  based  on  the  assumption  that  the  inter- 
sections will  form  squares.  This  is  an  arbitrary 
but  convenient  scale. 

(c)  The  attempt  is  made  and  checked  on  the  basis  of 
the  following. 

(i)  The  surfaces  of  the  conductors  and  sheath 
respectively  are  isothermals. 

(ii)  The  lines  of  heat-flow  must  be  everywhere 
at  right  angles  to  the  isothermals. 

(iii)  The  intersections  must  tend  to  form  squares. 
(Although  some  of  the  figures  shown  are 
far  from  square,  it  will  be  seen  that  if 
intermediate  lines  of  flow  and  isothermals 
were  inserted  they  would  become  more 
nearly  square  and,  in  the  limit,  the  four 
angles  being  right  angles  and  the  curvature 
of  the  sides  infinitesimal,  they  become 
squares.) 

{d)  A  diagram  which  complies  with  the  above  as 
nearly  as  can  be  judged  by  eye  may  then  be 
scaled  with  dividers  and  an  average  correction 
factor  worked  out.  In  the  case  of  the  diagram 
shown  in  Fig.  37,  the  correction  factor  worked 
out  at  zero,  the  positive  and  negative  errors 
cancelling,  but  in  other  diagrams  a  correction 
of  from  I  to  4  per  cent  was  required. 

(e)  The  thermal  resistivity  on  the  arbitrary  scale  is 
shown  by  the  number  of  isothermals,  and  to 
estimate  the  fraction  an  imaginary  extension 
is  made  beyond  the  sheath  to  complete  the 
outermost  row  of  squares  as  shown  by  the 
dotted  line  in  Fig.  37.  The  number  is  esti- 
mated at  2-77,  which  represents  the  thermal 
resistance  x  between  one  conductor  and  the 
sheath. 
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(f)  The  corresponding  thermal  resistance  is  obtained 

for  a  single  conductor  concentric  with  the  sheath, 
or  may  be  worked  out  by  the  following  for- 
mula, in  wliich  it  is  assumed  that  there  are 
12  lines  of  heat-flow  as  in  the  case  considered 
above. 

r* 
Thermal  resistance  =  4-40  logjo  —  •      •      (60) 

r 

(g)  If  the  thermal  resistivity  of  part  of  the  dielectric 

is  higher  or  lower  than  that  of  the  remainder, 
the  geometrical  construction  must  be  modified 
so  that  the  intersections,  instead  of  being 
squares,  are  parallelograms  in  which  the  dis- 
tance between  isothermals  is  proportionately 
reduced  or  increased. 
Results  obtained. — The  following  quantities  are  used 
by  Mr.  Melsom  : — 

a  =  distaijce  of  centre  of  conductor  from  centre  of 

cable. 
r  =  radius  of  conductor, 
r^  =  inner  radius  of  sheath. 

The  thermal  resistance  is  independent  of  the  absolute 
dimensions  and  depends  only  upon  the  relative  values 


0-10 


0-60 


Fig. 


38. — Curves  for  deducing  thermal  resistances  of  three- 
core   cables   from   those   of  single-core   cables. 


of  o,  r  and  r^.  With  a/r4  =  0-54,  five  cases  were 
worked  out  with  different  values  of  r,  and  a  sixth,  the 
limiting  case,  in  which,  r|r^  being  0  -  46  and  r/rt  -f  a/r^  =  1, 
the  conductor  touches  the  sheath.  A  curve  was  drawn 
for  this.  Three  cases  were  then  worked  out  for  each 
of  two  other  values  of  a,  and  further  curves  drawn 
through  these,  with  the  corresponding  zero  values. 

From  these,  curves  were  drawn  showing  the  relation- 
ship between  the  three,  from  which  were  finally  deduced 
the  curves  shown  in  Fig.  38. 


In  Fig.  38  the  vertical  scale  gives  the  ratio  between 
the  thermal  resistance  of  one  of  three  eccentric  con- 
ductors tb  sheath,  to  that  of  a  similar  conductor  con- 
centrically placed.  The  resistance  of  three  conductors 
to  sheath  would  be  one-third  of  this. 

The  horizontal  scale  gives  values  of  a/r^,  and 
the  curves  each  correspond  to  a  particular  value  of 
log  (lOOr/ri),  which  gives  a  convenient  unit,  and  the 
values  being  in  equal  steps  intermediate  values  are 
readily  obtained  by  interpolation. 

From  these  curves  the  thermal  resistance  of  any 
three-core  cable  can  be  worked  out  from  the  corre- 
sponding thermal  resistance  of  a  single-core  cable  of 
the  same  dimensions  of  sheath  and  conductor. 

Comparison  of  results. — In  Table  58  are  given  the 
results  of  calculations  of  the  cases  tested  by  means  of 
capacity  measurements,  showing  the  relative  values 
for  eccentric  and  concentric  conductors,  bearing  in  mind 
that  the  capacities  are  inversely  proportional  to  the 
thermal  resistances. 

Table  58. 

Relative  Thermal  Resistances  of  Concentric  Conductors 
and  Relative  Capacities  of  Eccentric  Conductors 
deduced  from  the  Geometrical  Method. 


Case 

Dimensions  of  Test  Pieces 

log 

lOOr 
4 

Relative 
Ibennal 
Resist- 
ances, One 
Conductor, 
from 
Cm-ves, 
Fig.  38 

Relative 
Capacities, 

a 

r 

fi 

Conductors 

(1) 

cm 
0-58 

cm 

0-20 

cm 

1-00 

1 

300 

0-880 

3-41 

(2) 

0-66 

0-263 

1-00 

1 

420 

0-848 

3-54 

(3) 

0-46 

0-351 

100 

1 

545 

0-976 

3-07 

In  Table  59  is  shown  a  comparison  of  the  relative 
results  from  tests  made  at  the  N.P.L.  and  those 
obtained   by  the  geometrical  method. 

Table  59. 

Comparison  between  the  Results  deduced  from   the    Geo- 
metrical Method  and  the  Capacity  Tests. 


Case 

Geometrical  Method 
{Table  58) 

{«) 

Capacity  Tests 
(Appendi.\  III) 

(*) 

Ratio  alb 

(1) 

(2) 
(3) 

3-41 
3-54 
3-07 

3-356 
3-465 
2-970 

1-02 
1-02 
1-03 

Accuracy  obtainable. — In  the  N.P.L.  tests  (Appen- 
dix III)  there  are  certain  corrections  applying  to 
both  single-core  and  concentric  cables,  such  that  the 
series  of  ratios  worked  out  are  probably  more  accurate 
than  the  measurement  of  the  individual  capacities. 
The  above  results  are  in  conformity  witli  tliis,  and  it 
is   thought  that  the  actual  figures  obtained   from   the 
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curves  here  given  are  at  least  as  accurate  as  those 
obtained  by  the  tests  made  by  the  electrostatic 
method. 

With  any  size  and  form  of  cable  now  made,  and  on 
the  assumption  of  uniform  thermal  resistivity  of  the 
dielectric    and    uniform    temperature    tliroughout    the 


surface  of  the  conductor,  and  again  of  the  sheath,  one 
should  obtain  results  correct  to  w-ithin  ±2  per  cent.  If 
the  material  used  as  packing  differs  in  thermal  resistivity 
the  error  should  not  be  more  than  5  per  cent  with  any 
materials  proper  for  the  purpose.  These  are  only 
estimated  figures,  but  are  thought  to  be  safe. 


APPENDIX   V. 

Table  60. 

Moisture  Content  of  the  Soil  in  the  Newcastle-upon-Tyne  district. 


Nature  of  SoU 

Nature  of  Surface 

state  of  Surface 

Date  taken 

Deptl 

1  taken 

Moisture 

Stiff  plastic  clay     . . 

Macadam 

Wet 

8/7/20 

2  ft. 

Oin. 

per  cent 

13-7 

Brown  sandy  clay 

Macadam 

Wet 

8/7/20 

1  ft. 

0  in. 

18 

8 

Dark  brown  clay  and  loam 

Shale 

Wet 

11/7/20 

1  ft. 

6  in. 

14 

1 

Dark  brown  stifi  clay 

Shale 

Wet 

11/7/20 

3  ft. 

Oin. 

15 

2 

Dark  clay  with  many  small  pebbles 

^lacadam 

Wet 

15/7/20 

3  ft. 

Oin. 

19 

3 

Bright  red  plastic  clay  with  much  oxide 

Unmade 

Wet 

23/7/20 

7  ft. 

Oin. 

44 

1 

01  iron 
Stiff  brown  clay  and  loam 

Grass 

Dry 

12/8/20 

Oft. 

6  in. 

15 

1 

Brown  plastic  clay 

Grass 

Dry 

12/8/20 

3  ft. 

Oin. 

20 

9 

Cindery  soil 

^Macadam 

Dry 

22/10/20 

1  ft. 

Oin. 

19 

8 

Cinder}'  soil 

Macadam 

Dry 

22/10/20 

2  ft. 

Oin. 

21 

3 

Stiff  plastic  clay     . . 

Tarmac 

Wet 

9/11/20 

2  ft. 

6  in. 

22 

5 

Stiff  plastic  clay     .  . 

Tarmac 

Wet 

9/11/20 

3  ft. 

6  in. 

23 

0 

Loamy  with  much  clay  and  sand 

Grass 

Dry 

15/11/20 

1  ft. 

3  in. 

23 

8 

Yellow  plastic  clay,  much  sandstone      . 

Grass 

Dry 

15/11/20 

2  ft. 

Bin. 

25 

0 

Stiff  yellow  plastic  clay    .  . 

Grass 

Wet 

6/12/20 

Oft. 

3  in. 

25 

3 

Soft    grey    plastic    clay    with  vegetable 

Grass 

Wet 

6/12/20 

fibres 

2  ft. 

Oin. 

26 

7 

Brown  clay  with  much  cindery  soil 

Macadam 

Wet 

1/12/20 

2  ft. 

Oin. 

18 

2 

Very  soft  dark  clay 

Grass 

Wet 

9/12/20 

5  ft. 

6  in. 

33 

5 

Hea\^'  dark  plastic  clay  .  . 

Grass 

Wet 

9/12/20 

9  ft. 

Oin. 

38 

7 

Sand  and  pebbles  .  . 

Tarmac 

Dry 

1/7/21 

2  ft. 

6  in. 

8 

8 

Stiff  yellow  plastic  clay 

Fine  ashes 

Dry 

1/7/21 

I  ft. 

8  in. 

21 

6 

Dark  plastic  clay  and  some  stones 

Square  sets 

Dry 

8/7/21 

2  ft. 

5  in. 

2 

5 

Stiff  brown  plastic  clay     . . 

Macadam 

Dry 

26/7/21 

2  ft. 

Oin. 

28 

1 

Loamy  soil  with  much  clay 

Macadam 

Dry 

26/7/21 

1  ft. 

Oin. 

12 

6 

Clayey  loam  and  some  cinders 

Square  sets 

Drv 

13/7/21 

2  ft. 

6  in. 

16 

5 

Dark  soil,  cinders  and  building  refuse    . 

Ashes 

Dr^ 

27/7/21 

Oft. 

6  in. 

8 

2 

Dark  soil,  cinders  and  building  refuse    . 

Ashes 

Dry 

27/7/21 

2  ft. 

Oin. 

12 

1 

Cindery  waste  and  some  clay 

Ash  footpath 

Damp 

18/8/21 

Oft. 

6  in. 

19 

1 

Brown  clayey  loam 

Ash  footpath 

Damp 

18/8/21 

1  ft. 

6  in. 

15 

5 

Yellow  sand            

Unmade 

Dry 

27/8/21 

2  ft. 

6  in. 

3 

8 

YeUow  sand 

Grass 

Dry 

27/8/21 

3  ft. 

6  in. 

5-5 

APPENDIX   VI. 

Determination  of  the  Emissivity  of  Lead  Sheaths 
BY  Mr.  J.  F.  Watson. 

For  the  purpose  of  the  tests,  four  lengths  of  quite 
new  lead  sheath  each  9  ft.  in  length  and  of  varying 
diameters  were  obtained.  These  were  mounted  singly 
on  a  beard  placed  along  trestles  and  raised  on  blocks 
of  wood  2  in.  above  the  board.  The  ends  were  knocked 
up  fiat  and   connections  made  with  the  current  leads 


by  means  of  copper  bolts.  The  dimensions  of  the  lead 
sheaths  are  given  in  Table  61. 

The  sheaths  were  first  tested  as  received,  clean  and 
bright.  Care  was  taken  to  keep  the  doors  and  windows 
shut  during  the  tests  in  order  to  exclude  draughts. 
The  results  of  the  tests  are  given  in  Table  62. 

The  lead  sheaths  were  then  painted  dull  black  and 
tested  as  before.  The  results  of  these  tests  are  given 
in  Table  63. 

The  mean  value  of  the  emissixdtj-  constant  h  (watts 
per  degree  C.  per  cm^)  for  the  bright  sheath  is  0-00070 
and  for  the  black  sheath  0-00107. 
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Table  61. 
Dimensions  and  Resistance  of  the  Lead  Sheaths. 


Total 
Length 

Length 

between 

Potential 

Wires 

Diameter 
over  Sheath 

Surface  Area 

of  Sheath 

per  cm 

Thickness  of 
Sheath 

Resistance  of  Sheath 

Sectional  Area 

No.  of  Lead 
Sheath 

Lead 
Sheath 

Copper  of 
Resistance 

1 

2 
3 
4 

ft. 

9 
9 
9 
9 

ft. 

6 
6 
6 
6 

in. 

3-30 
1-75 
1-20 
2-30 

cm2 

26-30 

14-00 

9-50 

18-30 

JD. 

0-170 
0-110 
0-0900 
0-135 

ohm 

0-00037 
at  12° C. 
0-00110 
at  20°  C. 
0-00180 
at  20°  C. 
0-00066 
at  20°  C. 

sq.  in. 

1-74 
0-58 
0-31 
0-93 

sq.  in. 

0-133 
0-046 
0-024 
0-070 

Table  62. 
Heating  Tests  on  Bright  Lead  Sheaths. 


No.  of  Lead 

Current 

Power  Expended 

Temperature 

Calculated 
Tempera- 
ture-rise for 
Uniform  h 

Emissivity  Constant,  h 

Sheath 

Per  ft. 

Per  era 

Starting 

Rise 

For  Each  Test 

Mean  for  Each  Test 

Mean  for  Series 

amps. 

f  500 

watts 

17-70 

watts 

0-580 

-c. 
12-0 

deg.  C. 

30-7 

deg.  C. 

31-8 

0-00072    ] 

1 

400 

10-95 

0-360 

— 

21-1 

19-5 

0-00065     I 

0' 00069 

300 

6-00 

0-197 

— 

13-7 

10-7 

0-00055 

I  250 

4-10 

0134 

. — 

7-3 

7-3 

0-00069    J 

150 

4-35 

0-142 

20-6 

13-8 

14-5 

0-000734 

2 

J.    125 

300 

0-098 

— 

101 

10-0 

0-000692  \- 

0- 000714 

100 

1-88 

0  062 

. — . 

6-1 

6-3 

0-000734 

0-00070 

f     80 

2-06 

0-068 

19-2 

10-0 

10-2 

0-000708' 

3 

<      70 

1-56 

0-051 

— 

7-6 

7-7 

0-000709  V 

0-000708 

60 

1-14 

0  036 

— 

5-3 

5-4 

— 

[    280 

9-52 

0-313 

20-9 

24-9 

24-7 

0-0006801 

4 

]    240 

6-88 

0-225 

— 

18-0 

17-6 

0-000683  I 

0- 00069 

200 

4-65 

0153 

— 

11-9 

11-9 

0-000700  J 

Table  63. 
Heating  Tests  on  Black  Lead  Sheaths. 


No.  of  Lead 

Current 

Power  Expended 

Temperature 

Calculated 
Tempera- 
ture-rise for 
Uniform  h 

Emissivity  Constant,  h 

Sheath 

Per  ft. 

Per  cm 

Starting 

Rise 

For  Each  Test 

Mean  for  Each  Test 

Mean  for  Series 

1 

2 
3 
4 

amps, 

'  400 

'     300 

200 

'   150 

-     125 

100 

=   120 

80 

\      70 

I     60 

f   280 

\    240 

[  200 

watts 

10-580 
5-850 
2-41 
4-270 
2-940 
1-870 
4-740 
2-030 
1-560 
1-135 
9-170 
6-650 
4-45 

watts 

0-346 
0-192 
0-079 
0-140 
0-097 
0061 
0-155 
0-067 
0-057 
0  037 
0-300 
0-218 
0-149 

°C. 

13-2 
19-8 
19-0 

19-5 

deg.  C. 

13-7 
7-7 
3-5 
8-6 
6-0 
4-1 

14-6 
6-3 
4-8 
3-6 

14-5 

10-8 
7-1 

deg.  C. 

12-0 
6-6 
2-7 
9-1 
6-3 
4-0 

14-8 
6-4 
50 
3-6 

14-7 

10-9 
7-4 

0-000961 
0-00095  \ 
0-00086  J 
0-001161 
0-00115  V 

o-ooiooj 

0-00112] 
0-00111   1 
000112  ( 

0-ooiioJ 

0-001131 
0-00111  \ 
O-OOII5J 

0-00092 
000112 

0-00111 

0-00113 

0-00107 
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APPENDIX    VII. 

Determination  of  Thermal  Resistance  of  Multi- 
core  Cables  with  Segmental  Conductors. 

In  considering  the  question  of  tlie  calculation  of  the 
thermal  resistivity  of  three-core  cables  wjth  segmental 
coaductors,  it  was  found  that  the  construction  did  not 
lend  itself  to^roathematical  treatment.  Experiments 
were  therefore  carried  out  with  an  electrostatic  model 
somewhat  on  the  same  lines  as  those  for  tliree-core 
cables  with  circular  conductors. 

The  exact  shape  of  the  conductors  was  not  known, 
but  a  model  was  made  in  accordance  with  dimensions 
supplied  by  Mr.  J.  F.  Watson,  with  the  additional 
assumption  that  the  overall  area  (i.e.  copper  +  inter- 
stides  in  the  strand)  of  the  segmental  conductor  was 
the  same  as  that  of  the  circular  conductor.  In  view 
of  the  fact  that  in  some  cases  the  segmental  conductors 
are  hammered  and  rolled,  this  assumption  is  not  alto- 
gether justified,  but  this  does  not  affect  the  experimental 
results  appreciably. 

Shaped  wooden  models  of  a  segmental  conductor 
cable  corresponding  to  a  0-25  sq.  in.  three-core  cable 


Fig.  39. — Model  of  three-core  cable  with  segmental  conductors, 
corresponding  to  a  660-volt  cable. 

were  made  and  covered  with  tinfoil  (see  Fig.  39).    These 

were   mounted   in    a   brass   tube  of    internal   diameter 

7  •  3  cm,  and  the  capacity  of  the  apparatus  was  measured. 

The  results  were  as  follows  : — 

Three  segments  in  parallel  -f-  leads     .  .      320-1  fifiF 

Leads  only  17-4 /x/xF 


.-.  Three  segments  only  ..  ..      302-7  uu,F 

Tinfoil  was  then  wrapped  round  the  tlu-ee  segments 
whilst  still  mounted  in  the  position  of  the  previous  test 
so  as  to  form  an  approximately  cylindrical  shape 
enclosing  the  segments  and  the  capacity  was  again 
measured.     The  results  were  as  follows  : — 

Tinfoil  cyhnder -f- leads            ..          ..      337-0 /x/xF 
Leads  only  17-3 /x/xF 


.  Tinfoil  cyhnder  only 


..      319-7/x/xF 
Ratio  of  capacity  of   segments    to   that   of    cylinder 
302-7 
.__  =  0-945. 


The  effective  parts  of  the  segments  were  assumed  to 
be  those  directly  facing  the  containing  cylinder.  The 
ratio  of  these  (see  Fig.  39)  was  (arc  CB)/(arc  CA)  and 
tliis  in  the  model  was  12/13  =  0-923. 

It  therefore  follows  that  the  thermal  resistance  of 
■  a  cable  of  this  type  can  be  calculated  to  in  accuracy 
of  2  or  3  per  cent  by  assuming  that  the;  heat  flows 
radially  from  an  inner  cyhnder,  except  where  the  tliree 
gaps  occur,  to  the  outer  containing  cyhpder.  The 
process  of  calculating  the  thermal  resistance  of  such 
a  cable  would  therefore  resolve  itself  into  calculating 
the  resistance  between  the  outer  cylinder  and  an  inner 
cyhnder  which  just  touched  the  outer  surfaces  of  the 
segments,  and  then  increasing  the  result  in  the  ratio 
(arc  CA)/(arc  CB). 

The  case  just  considered  was  a  specially  favourable 
one,  as  the  general  dimensions  corresponded  to  a  660- 
volt  cable  and  the  gap  between  the  segments  was  small. 
The  same  three  shaped  segments  were  therefore  mounted 
in  a  larger  tube  of  10- 1  cm  diameter  so  as  to  make  the 
general  dimensions  correspond  to  a  6  600-volt  cable. 
The  segments  were  placed  so  that  the  distance  of  the 
front  of  the  segment  from  the  surrounding  cylinder  was 


Fig.  40. — Model  of  three-core  cable  with  segmental  conductors, 
corresponding  to  a  6  600-volt  cable. 

equal  to  the  distance  between  the  flat  sides  of  the 
neighbouring  segments.  With  tliis  arrangement,  the 
front  circular  faces  of  the  segments  lay  somewhat 
outside  their  proper  positions  (see  Fig.  40),  but  this 
could  have  no  appreciable  effect  on  the  general  result. 
The  capacity  of  the  three  segments  in  parallel  to  the 
outside  containing  cyhnder  was  then  measured,  and 
the  results  were  as  follows  : — 


Segments  -(-  leads 
Leads  only 

.".  Segments  only 


147-5  yn/xF 
129-8  nfxF 


Instead  of  surrounding  the  segments  with  tinfoil 
they  were  replaced  by  a  brass  tube  of  the  same  length 
as  the  segments  and  7  •  6  cm  external  diameter.  The 
capacity  was  then  measured  and  the  results  were  as 
follows  : — 
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Cylinde!:  -f  leads 
Leads  only 

.".  Cylinder  only 


193-9 /i/xF 
17-3  fJ-fxF 

176-6  /A/xF 


The  cylinder  was,  liowever,  somewhat  larger  than  a 
cyhndrical  surface  that  would  Just  contain  the  segments, 
the  diameter  of  wliich  would  be  7-2  cm.  The  capacity 
of  the  apparatus  with  this  cylinder  was  therefore  reduced 
in  the  ratio  of — 

log  (10-1/7-6)  to  log  (10-1/7-2)  =  0-840 
The  capacity  =  176-6  X  0-840=  148-4 
and  the  ratio  ==  129  -  8/148  -  4  =  0  -  875  =  7/8 

The  ratio  of  the  effective  surface  of  the  segments  to  that 
of  the  containing  cylinder,  namely,   (arc  CB)/(arc  CA) 


hammered   to    a   given    shape,    which   is   as   nearly   as 

practicable  a  segment. 

It  should  be  clear  that  the  case  given  above  is  most 
favourable  to  the  method  ;  with  smaller  conductors 
and  when  the  proportion  of  copper  to  paper  is  less  the 
correction  would  probably  be  larger. 

It  is  useful  to  consider  the  amount  of  possible  differ- 
ence in  rating  between  a  segmental  and  a  circular 
conductor  cable,  and  one  or  two  cases  have  therefore 
been  worked  out  for  comparison,  the  value  of  thermal 
resistance  being  based  on  the  method  described  above. 

In  view  of  the  absence  of  standard  dimensions  for 
such  cables,  it  was  decided  that  a  comparison  should 
be  made  betiveen  tliree-core  cables  having  circular  con- 
ductors and  those  with  segmental  conductors,  on  the 
assumption  in  the  latter  case  that  the  conductor  and  the 


Table  64. 
Thermal  Resisiance  of  Three-core  Armoured  Cables  laid  Direct  in  the  Ground. 


660  volts 

2  200  Volts 

3  300  Volts 

11  000  Volts 

Circular 
Conductors 

Se§rraental 
Conductors 

Circular 
Conductors 

Segmental 
Conductors 

Circular 
Conductors 

Segmental 
Cooductors 

Circular 
Conductors 

Segmental 
Conductors 

0-25  sq.  in 

Si 

29 

17-7 

34-2 

23-1 

24-7 

17-7 

37-7 

34-3 

S■^ 

17-2 

20 

17-6 

19-1 

17-2 

18-5 

14-0 

15-7 

Gio 

41-3 

42-8 

40-6 

42-4 

49-2 

50-9 

46-8 

48-2 

ho 

389 

402 

376 

392 
0-1  sq.  in. 

374 

386 

357 

361 

Si 

34-7 

24-1 

44-2 

33-4 

32-3 

26-5 

47-5 

48-8 

S: 

21-7 

23-5 

20-2 

22-1 

19-5 

21-7 

17-2 

17-4 

ffio 

44-8 

46-3 

440 

45 

52-6 

53-6 

49-2 

50-3 

^50 

229 

238 

222 

230 

223 

229 

213 

214 

Si  =  thermal  resistance  per  unit  length  of  cable  between  conductors  and  sheath. 

So  =  thermal   resistance   per    unit   length   of  cable   between   the    lead  sheath  and    the  outer  surface  of 

the  armouring  and  protective  coverings. 
(tjo  =  thermal  resistance  of   the  soil  in   this  case   based   on  sandy  loam  having  a  moisture   content  of 

10  per  cent. 
/jo  =  current  for  a  temperature-rise  of  50  degrees  C. 


in  the  second  case  is  8-7/10-7  =  0-81,  and  there  is  a 
discrepancy  of  7-4  per  cent  between  the  measured 
values  and  those  calculated  by  the  proposed  rule. 

With  an  11  000- volt  cable  the  difference  would  of 
course  be  larger,  but  a  method  of  this  land  with  the 
readily  obtained  correcting  factor  would  be  simple 
and  easily  applied.  The  question  of  exact  dimensions 
is,  however,  important ;  there  is  a  large  difference 
between  the  dimensions  of  the  finished  cable  supphed 
by  two  cable  makers,  and,  further,  these  do  not  permit 
of  evaluation  of  the  only  dimension  which  appears  to 
be  important  for  the  purpose,  i.e.  the  shape  and  size 
of  a  segmental  conductor  of  a  given  sectional  area.  It 
would  appear  that  there  should  be  no  great  difficulty 
in  obtaining  the  necessary  dimensions,  since  the 
segmental    conductor    must    in    practice    be    rolled    or 


belt  insulation  make  up  a  true  segment  of  a  circle,  thus 
not  allowing  for  rounding  ofi  the  conductor.  It  is  clear 
that  this  is  not  a  practical  case,  but  a  value  based  on 
it  represents  the  extreme  for  this  type  of  cable.  The 
value  for  an  actual  cable  will  lie  somewhere  between 
this  and  that  for  the  corresponding  cable  with  circular 
conductors,  depending  on  the  exact  shape  of  the 
segmental  conductors. 

The   further   assumptions  made  and   the   method   of 
calculation  are  as  follows  ; — 

General  Method  of  cakulating  Cables  having  Segmental 

Conductors. 

[a]  The  values  for  cables  with  segmental  conductors 

are  calculated  on  the  assumption   that  the  conductors 

are  true  segments  having  the  same  overall  area  of  cross- 
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section  (i.e.  copper  plus  interstices  in  the  strand)  as  the 
corresponding  circular  conductors. 

(b)  Tlie  further  assumption  is  made  that  the  heat 
flows  radially  from  the  circular  parts  of  the  segment 
faces  and  that  there  is  no  flow  from  the  side  faces. 
The  thermal  resistance  of  a  cable  ■with  segmental  con- 
ductors is  thus  equal  to  that  of  a  single-core  cable  with 
the  same  thickness  of  dielectric,  multiphed  by  a  factor 
which  allows  for  the  effect  of  the  three  inoperative 
portions,  i.e.  multiplying  by  the  factor 

„       length  of  arc  AC  „ 

d  =  ,— ^- — -— ■    (see  Fig.  41 

length  of  arc  AB  ^  ^        ' 

If  r  be  taken  as  the  radius  of  the  cylinder  formed  by 


Fig.  41. — Representation  of  segmental  conductor  cable. 

the  three  partial  conductor  segments,  and  d  the  overall 
diameter  of  the  circular  conductor  of  equivalent  size, 


D  +  ViD^  +  3 -28^2) 


209 


and  the  factor 


ArcCA 
Arc  CD' 


e  = 


Q-IID 


(61) 
(62) 


Eight  sizes  of  cable  have  been  compared  and  the 
values  of  the  various  components  of  the  thermal  resist- 
ance are  given  in  Table  64,  side  by  side,  in  order  to 
facihtate  comparison. 

The  results  show  that  the  difference  between  the 
current-carrying  capacity  of  cables  of  the  sizes  con- 
sidered, having  circular  and  segmental  conductors  respec- 
tively, is  in  general  neghgible,  and  in  the  extreme  case 
only  about  4  per  cent. 


APPENDIX    VIII. 

Thermal  Resistivity  of  Chalk  Soil. 

In  view  of  the  large  difference  between  the  values  of 
thermal  resistivity  of  sandy  loam  and  clay  soils,  it  was 
desirable  to  obtain  values  for  a  third  type  of  soil,  and 
tests  were  made  on  samples  of  crushed  chalk  supplied 
by  Mr.  J.  Christie.  The  values  obtained  are  given  in 
Fig.  5  and  Table  30.     It  will  be  noted  that  while  the 


value  for  chalk  in  the  dry  condition  is  higher  than  that 
for  either  gravel  or  clay,  the  addition  of  water  results 
in  a  series  of  values  intermediate  between  the  other 
two,  the  value  of  90  with  a  moisture  content  of  19  per 
cent  being  identical  with  that  of  sandy  loam  with 
15  per  cent  of  water. 


APPENDIX    IX. 

Graphical  Representation  of  Selected 
Load  Tables. 

For  the  purpose  of  the  preparation  of  a  summary  of 
the  report  in  a  form  convenient  for  reading  at  the 
meetings  of  the  Institution,  a  number  of  the  load  tables 
were  plotted  so  that  the  differences  of  loading  due  to 
the  various  factors  mentioned  in  the  report  could  be 
readily  appreciated.  These  are  now  included  in  accord- 
ance with  the  request  of  several  members  who  con- 
tributed to  the  discussion. 

Fig.  42  refers  to  3  300-volt  three-core  armoured 
cables  laid  direct  in  the  ground,  for  the  four  values  of 
thermal  resistivity  of  the  soil  g.  The  values  for  the 
tables  published  by  the  Verband  Deutscher  Electro- 
techniker  are  given  for  comparison.  It  will  be  seen  that 
the  German  values  when  corrected  to  the  same  tempera- 
ture-rise are  somewhat  higher  than  the  British  ;  further, 
it  should  be  noted  that  the  German  values  refer  to  two 
cables  laid  in  a  trench,  while  the  British  refer  to  one 
cable  only.  When  two  cables  are  laid  in  one  trench  at 
a  distance  apart  of  8  inches,  the  British  values  must  be 
reduced  to  0-82  of  the  figures  in  the  curves,  and  thus 
the  difference  between  the  British  and  German  values 
would  be  considerably  greater. 

Fig.  43  is  a  similar  series  of  values  for  an  11  000-volt 
cable. 

The  effect  of  varying  thickness  of  dielectric  when 
cables  are  laid  direct  in  the  ground  is  shown  in  Figs.  44 
and  45,  one  set  of  curves  referring  to  three-core  cables 
with  the  centre  point  earthed,  and  the  other  not  earthed. 
Fig.  46  gives  a  similar  set  of  values  for  concentric 
cables. 

Fig.  47  is  a  comparison  of  660-volt  cables,  single, 
concentric  and  three-core  when  laid  direct  in  the 
ground. 

Figs.  48  and  49  show  the  values  for  concentric  and 
three-core  armoured  cables  when  in  air,  free  from 
draughts.  It  will  be  noted  that  in  these  cases  the  order 
of  the  curves  is  not  the  same  as  when  the  cables  are 
buried  direct  in  the  ground  (see  Figs.  44  and  45).  The 
reason  is,  of  course,  that  in  the  air  condition  the  increase 
in  thickness  of  the  dielectric  in  some  cases  is  more  than 
compensated  for  by  the  additional  radiating  surface. 

Fig.  50  gives  values  for  660-volt  cables,  single,  concen- 
tric and  three-core  in  air. 

Figs.  51,  52,  and  53  are  curves  for  three-core  cables 
of  different  pressures  under  the  three  conditions,  i.e.  in 
air,  buried  direct  in  the  ground,  and  drawn  into  ducts. 


IMPREGNATED   PAPER-INSULATED   ELECTRIC   CABLES. 


575 


o   sajgdmy  §       § 


§    sgasdiuy  § 


dt 








>n 

^1 

VI 

5 

rv 

>                         005                       O-IO                      015                       0-20                    0-2 
Fig.  42'. — 3  300-volt  3-core  armoured  cables  laid  direct  (not  earthed). 
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Discussion  before  The  Institution,  1  March,  1923. 


Mr.  LI.  B.  Atkinson  :  The  results  of  the  research 
are  presented  to  the  Institution  by  the  two  authors, 
Mr.  Melsim  and  Mr.  Fawssett,  in  the  form  of  a  report 
to  the  Electrical  Research  Association,  but  as  a  matter 
of  fact  the  great  bulk  of  the  experimental  work  has 
been  done  by  these  two  members.  In  some  ways  I 
have  been  so  closely  connected  with  the  growth  of  this 
report  that  perhaps  it  would  not  be  reasonable  and 
proper  for  me  to  make  any  criticisms  now.  I  am  there- 
fore going  to  take  this  opportunity  to  say  a  few  words 
on  what  appears  to  me  to  be  a  very  urgent  moral  arising 
from  this  report.  The  great  discoveries  in  electrical 
science,  as  in  all  other  sciences,  have  in  the  main  been 
made  by  single  individuals.  That  will  in  all  probabihty 
continue  to  be  the  case  ;  that  is  to  say,  great  minds 
concentrating  their  genius  on  some  problem  and  reaching 
sometimes  by  logical  processes,  sometimes  by  intuition, 
and  sometimes,  we  may  almost  be  tempted  to  believe, 
by  a  transference  of  thought  from  outside,  conclusions 
which  they  experimentally  verify  and  which  at  one 
stroke  seem  to  open  up  new  worlds.  That  method  of 
research  by  individuals  will,  I  am  quite  sure,  continue. 
But  we  must  remember  that  it  was  an  electrical  man 
— Edison — who  invented  or  discovered  the  process  of  a 
mass  attack  on  problems  by  organized  forces.  I  believe 
that  the  Menlo  Park  laboratory  was  the  first  instance 
in  the  history  of  the  world  of  the  realization  of  the 
definite  belief  that  by  putting  a  sufficient  number  of 
well-trained  people  on  to  almost  any  problem  it  could 
be  solved,  and  that  within  a  reasonable  time.  Earlier 
in  the  present  week  there  took  place  the  official  opening 
of  the  General  Electric  Company's  new  research  labora- 
tories, an  institution  which  already  possesses  a  fine 
preliminary  staff  under  the  directorship  of  Mr.  C.  C. 
Paterson.  That  institution  is  an  example  of  another 
form  of  research  ;  that  is  to  say,  where  a  large  concern 
deliberately  establishes  a  department  to  solve  its  own 
problems   and   to  make  discoveries  which  it  may  use 


for  its  own  benefit  and  its  own  profit,  always  reaUzing 
that  necessarily,  in  the  long  run,  the  discoveries  must 
profit  others.  In  a  smaller  way,  with  less  means  and 
therefore  at  present  more  circumscribed  as  to  its  outlay, 
we  have  the  Electrical  Research  Association,  in  the 
foundation  of  wliich  this  Institution  was  associated, 
where  again  the  problem  of  research  was  approached 
from  a  different  direction.  Some  researches  there  are 
wliich  appeal  and  are  of  use  to  much  wider  groups  of 
people  than  a  single  firm — which  may,  in  fact,  be  of 
use  to  everybody  in  the  electrical  industry.  It  is  the 
function  of  such  a  Research  Association  to  undertake, 
at  least  as  part  of  its  work,  the  solution  of  problems 
which  are  of  the  widest  appUcation  to  every  branch 
of  the  industry.  A  research  such  as  the  one  with  which 
we  are  now  deahng  is  of  no  use  unless  it  is  published 
widely,  and  unless  everybody  in  the  electrical  industry 
can  and  will  make  use  of  it.  So  far,  however,  although 
that  is  the  case  \vith  this  particular  research,  as  it  will 
be  with  others  that  the  Electrical  Research  Association 
will  develop,  the  burden  of  these  researches  is  falling 
on  a  very  few  shoulders,  and  in  some  cases  on  the 
shoulders  of  those  who  are  perhaps  least  interested  in 
the  matter.  For  instance,  if,  as  I  shall  hope  to  show 
presently,  the  present  report  will  result  in  some 
cases  in  less  cable  being  required  for  a  given  service, 
it  certainly  appears  somewhat  curious  that,  apart 
from  the  contribution  from  the  Department  of  Indus- 
trial Research,  such  a  research  should  be  paid  for  by 
the  manufacturers  of  cables  and  not  by  the  users. 
The  manufacturers  are,  however,  well  aware  that 
anything  that  can  be  done  to  cheapen  the  capital 
outlay  on  electric  work  is  to  their  benefit  in  the  long 
run,  as  well  as  to  the  benefit  of  everybody  else.  There 
is  at  times  a  feeling  in  some  quarters  that  the  Electrical 
Research  Association  has  not  so  far  produced  any  great 
results,  or  even  results  worthy  of  the  expenditure  and 
trouble  taken.     I  think  I  shall  be  able  to  show  that 
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that  is  a  short-sighted  view.  The  Association  has,  in 
fact,  only  existed  for  2^  years,  and  the  present  report 
is  one  of  its  first  fruits.  This  report,  within  the  hmits 
to  which  it  goes — that  is  the  1 1  000-volt  cable — and 
including  all  the  ordinary  cables,  puts  us  to-day  for 
the  first  time  in  tliis  position,  that  engineers  or  supply 
companies  who  have  decided  what  cable  will  be  used, 
and  how  deep  it  will  be  buried  and,  by  a  simple  experi- 
ment, have  determined  how  much  :noisture  there  is 
in  the  soil,  and  how  many  other  cables  are  laid  near 
it  (all  simple,  easily-determined  physical  facts)  are  in 
the  position,  by  the  aid  of  this  report,  to  say  definitely 
what  is  a  reasanable  and  proper  loading  (for  a  given 
temperature-rise)  to  put  upon  such  a  cable.  Even  if 
it  be  true  that  some  cables  are  shown  to  be  already 
overloaded,  that  is  almost  as  great  an  advantage  to 
the  user  as  to  find  they  are  underloaded,  because  he 
is  diminishing  liis  future  risk.  At  a  conservative  esti- 
mate, not  less  than  £40  000  000  worth  of  underground 
cables  are  in  use  in  this  country  alone  for  the  purpose 
of  distributing  electricity.  I  think,  also,  it  is  no  exagger- 
ation to  say  that,  with  these  tables  before  them,  almost 
any  supply  undertak  ng  may  definitely  improve  the  use 
of  its  cables  by  10  per  cent,  either  by  diminishing  the 
risk  or  increasing  the  loading,  with  perfectly  definite 
knowledge.  If  that  be  a  fair  estimate,  then  the  value 
in  money  of  this  report  to  the  industry  is  something 
of  the  order  of  £3  000  000  to  £4  000  000.  If  that  be 
a  correct  way  of  looking  at  it,  and  if  we  say  that  cables 
are  now  being  put  down  in  this  country  at  the  rate  of 
sometMng  like  £2  000  000  to  £3  000  000  worth  a  year, 
then,  with  the  superior  use  of  cables  to  be  obtained  as 
a  result  of  this  report,  £200  000  to  £300  000  a  year  wiU 
be  gained  by  the  industry.  A  certain  group  of  manufac- 
turers, belonging  to  two  large  Associations,  has  so  far 
found  all  the  sinews  of  war,  except  for  a  certain  amount 
of  very  valuable  help  given  now  and  in  the  earher 
stages  by  this  Institution.  Now,  however,  we  must 
press  others  to  give  financial  assistance.  The  supply 
industry  has  not  so  far,  perhaps,  had  an  opportunity 
of  doing  so,  but  steps  are  being  taken  to  remedy  this 
and  to  enable  them  to  join  the  Research  Association 
as  members.  In  saying  this  I  must  call  attention  to 
the  great  help  given  by  the  company  vfith  which 
Mr.  Fawssett  is  connected,  both  in  material  support 
and  in  allowing  its  officials  to  devote  much  time  to 
the  work. 

Dr.  A.  Russell  :  The  authors  discuss  the  heating 
of  a  three-core  cable  when  only  two  of  the  cores  are 
carrying  current.  On  page  546  they  show  that  the 
ratio  of  the  thermal  resistance  between  the  three  cores 
and  the  sheath  to  the  thermal  resistance  between  the 
two  cores  and  the  sheath  is  as  91  to  100,  but  the  ratio 
of  the  electrostatic  capacity  bet\veen  two  cores  and  the 
sheath  to  the  capacity  betiveen  three  cores  and  the 
sheath  is  approximatelj''  as  81  to  100.  If  the  insulating 
material  acts  as  a  homogeneous  medium  to  heat-flow, 
the  two  ratios  ought  to  be  the  same.  There  must  be 
a  reason  for  the  difference.  When  only  two  cores  are 
loaded  the  sheath  gets  rid  of  less  heat  than  when  three 
cores  are  loaded.  The  sheath  therefore  is  at  a  lower 
temperature  and  so  also  the  insulating  material  is  at 
a  lower  temperature.     Hence,  if  the  thermal  resistivity 


increases  as  the  temperature  increases,  tins  would 
explain  the  discrepancy.  If  the  thermal  resistivity 
has  a  temperature  coefficient — ^just  as  the  insulation 
resistance  has  a  temperature  coefficient — then  the 
rating  of  cables  for  use  in  hot  countries  would  be  different 
from  the  rating  in  cool  countries.  The  authors  discuss 
the  heating  of  conductors  in  air  and  call  the  amount 
of  heat  emitted  per  sq.  cm  of  the  surface  of  the  cable 
per  degree  C.  and  per  second  the  "  emissivity  constant." 
It  is  well  known  that  this  "  constant  "  is  greater  for 
cables  of  small  diameter  than  for  large  cables.  It  can 
be  shown  that  it  varies  inversely  as  the  square  root 
of  the  diameter  of  the  cable.  An  interesting  experi- 
ment is  described  at  the  end  of  the  report,  where  an 
experimental  three-core  cable  is  constructed  and  certain 
measuremeats  are  made  to  find  out  the  error  in  the 
Russell  formula  when  used  at  a  part  of  the  scale  where 
it  does  not  apply.  The  effect  on  the  capacity  of  giving 
the  cores  a  twist  round  the  axis  of  the  cable  is  measured. 
It  is  found  that  tliis  twist — "  lay,"  I  think,  is  the  proper 
term — has  httle  effect  on  the  capacity  and  therefore 
also  on  the  thermal  resistance.  The  reason  of  this  is 
possibly  that  the  twist  increases  the  effective  length 
and  therefore  the  resistance  of  the  core  per  unit  length. 
There  is  consequently  more  heat  to  get  rid  off.  At 
the  same  time  also,  whilst  there  is  more  metal  per  unit 
length  there  must  be  less  heat-resisting  material. 
These  produce  opposite  effects  and  hence  may  produce 
a  very  small  resultant  effect.  It  is  interesting  to  remem- 
ber that  the  theory  of  the  radial  conduction  of  heat 
in  cylinders  which  the  authors  have  applied  to  everyday 
practical  work  was  first  given  by  Fourier  in  his  Thiorie 
Analytique  de  la  Chaleur  pubhshed  over  100  years  ago. 
Mr.  H.  Brazil :  I  entireh'  agree  with  Mr.  Atkinson's 
remarks  on  the  very  valuable  work  done  by  the  Elec- 
trical Research  Association,  and  think  that  the  whole 
profession  is  deeply  indebted  to  them.  I  cannot, 
however,  agree  with  him  that  any  engineer  with  this 
report  before  liim  -will  find  it  quite  simple  to  determine, 
under  any  circumstances,  what  size  of  cable  he  requires 
to  deal  with  a  given  load,  and  to  what  figure  he  must 
reduce  the  current  on  existing  cables  in  order  to  be 
safe.  On  page  542  is  given  a  table  showing  the  per- 
missible temperature-rise,  and  the  figures  vary  from 
25  deg.  C.  (German)  to  50  deg.  C.  (British)  and  85 
deg.  C.  (Japanese),  and  I  beheve  that  the  American 
figure  approximates  to  the  Japanese.  Presumably  cables 
are  working  at  or  near  tliis  highest  figure,  and  it  is 
therefore  difficult  to  come  to  a  decision  as  to  which 
figure  to  use.  Again,  if  cables  are  working  at  85  deg.  C. 
rise,  it  is  very  unhkely  that  an  engineer  working  his 
cables  at,  say,  60  deg.  rise  would  reduce  the  figure  to 
50  deg.  in  consequence  of  this  report.  Another  diffi- 
culty that  arises  is  the  variation  in  the  thermal  resisti\ity 
of  the  soil  through  which  the  trunk  main  has  to  pass 
in  getting  from  generating  station  to  substation.  In 
most  cases  the  main  will  start  in  the  country,  and  then 
penetrate  through  the  outskirts  right  into  the  town  or 
city.  Those  who  have  to  lay  mains  in  large  towns  will 
appreciate  that  all  kinds  of  made-up  soil  have  to  be 
dealt  with.  In  some  cases  there  is  scarcely  any  soil 
left,  and  the  main  has  to  be  laid  amongst  pipes  and 
ducts  of  various  kinds.     What  value  for  the  thermal 


IMPREGNATED   PAPER-INSULATED   ELECTRIC   CABLES:    DISCUSSION. 


681 


resistivity  should,  in  the  authors'  opinion,  be  used  in 
this  case  ?  If  the  main  is  of  the  same  size  throughout 
its  whole  length,  this  size  must  be  governed  by  the 
thermal  resistivity  of  the  worst  soil  tlirough  wliich  it 
has  to  pass  or,  alternatively,  the  size  of  the  cable  must 
be  varied  as  the  thermal  resistivity  of  the  soil  varies, 
which  is,   I  am  afraid,  an  impossible  proposition. 

Professor  E.  W.  Marchant  :  The  great  value  of  the 
report  lies  in  the  fact  that  it  gives  due  weight  to  the 
very  many  variables  that  have  to  be  considered,  such  as 
the  character  of  the  soil  and  the  grouping  of  the  cables, 
and  it  deals,  of  course,  with  liigh-pressure  three-core 
cables.  In  common  with  Mr.  Atkinson,  I  feel  that  the 
report  will  result  in  the  saving  of  a  great  deal  of  money  to 
supply  undertakings.  I  propose  to  discuss  one  or  two 
points  in  connection  with  the  work  that  has  been  done. 
First  of  all,  there  is  a  difference  shown  for  the  per- 
missible temperature-rise  when  a  cable  is  laid  direct  in 
the  ground  and  when  it  is  laid  in  ducts  ;  in  one  case 
it  is  50  degrees  C.  and  in  the  other  35  degrees  C. 
The  only  reason  given  for  this  difference  is  the 
fact  that  there  is  greater  liabihty  to  abrasion  when 
the  cable  is  laid  in  ducts.  As  stated  in  the  report, 
the  difference  in  permissible  temperature-rise  gives  a 
difference  of  over  12  per  cent  in  the  carrying  capacity 
of  the  cables,  and  tells  very  heavily,  therefore,  against 
the  use  of  cable  laid  in  ducts.  Have  the  authors  any 
definite  information  as  to  the  abrasion  of  the  lead 
sheathing  of  cables  when  they  are  laid  in  ducts  ?  On 
page  537  it  is  stated  that  where  current  is  passed  through 
a  cable  there  is  an  increase  in  the  :noisture  surrounding 
the  cable.  It  seems  to  me  that  this  must  be  more  or 
less  accidental  ;  I  cannot  imagine  how  the  passage  of 
current  through  a  cable  can  tend  to  increase  the  moisture 
surrounding  it.  There  is  a  reference  in  the  report  to 
the  fact  that  the  cable  trough  sometimes  acts  as  a 
drain,  and  I  think  that  is  what  must  have  happened  in 
this  instance.  On  page  543  it  is  stated,  and  I  think 
quite  rightly,  that  a  cable  route  can  sometimes  be 
traced  out  by  the  drying  of  the  ground  above  it.  I 
should  like  to  suggest  the  stream-line  niethod  used  by 
Dr.  Hele-Shaw  wliich  was  shown  before  this  Institution 
some  years  ago,  for  plotting  out  the  stream-lines  of 
heat-flow  in  a  three-core  cable.  It  was  used  in  the 
first  instance  for  tracing  out  lines  of  force,  and  was 
used  here  to  show  the  lines  of  force  from  the  armature 
tooth  to  the  field  magnet.  It  is  stated  in  the  report 
that  the  relative  expansion  of  the  core  and  the  sheath 
is  comparatively  small.  In  one  of  the  cases  quoted, 
the  actual  increase  in  length  of  the  conductor  is  about 
1  inch,  and  the  increase  in  length  of  the  sheath  is  about 
f  inch.  That  means,  of  coiirse,  only  J  inch  relative 
motion  of  the  core  and  the  sheath,  and  tlie  risk  of  trouble 
is  therefore  not  great.  I  think  the  fact  that  the  core 
tends  to  expand  more  than  the  sheath  is  important, 
and  might  not  be  expected,  since  the  coefficient  of 
expansion  of  lead  is  greater  than  that  of  copper.  That, 
I  think,  has  an  important  bearing  on  the  use  of 
aluminium  cables.  The  coefficient  of  expansion  of 
aluminium  is  about  50  per  cent  greater  than  that 
of  copper,  and  therefore  the  liability  to  trouble  from 
expansion  is  likely  to  be  much  more  when  aluminium 
is  used   than   when  copper  is  employed.     It  is  stated 
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in  the  report  that  the  dielectric  loss  in  cables  is  negUgible 
at  a  pressure  of  11  000  volts,  and  I  think  it  is  stated 
that  the  dielectric  loss  will  increase  rapidly  when  the 
temperature  rises  above  a  certain  definite  figure.  Is 
not  the  dielectric  loss  due  to  temperature-rise  caused  ' 
by  direct  conductivity  rather  than  by  dielectric  loss, 
as  the  term  is  ordinarily  understood  ?  The  specific 
resistivity  of  a  dielectric  falls  very  rapidly  indeed  as 
the  temperature  rises,  whereas  I  do  not  think  that 
dielectric  loss  due  to  dielectric  hysteresis  alters  to  any 
appreciable  extent  with  increase  in  temperature.  I 
should  be  glad  if  the  authors  would  give  some  definite 
information  on  that  point.  It  would  also  be  instructive 
to  have  some  figures  for  the  sheath  losses  in  single-core 
cables  carrying  single-phase  current.  Suggestions  for 
the  use  of  such  cables  have  been  put  forward  within  the 
past  few  months,  and  a  good  many  figures  of  sheath 
losses  have  been  pubUshed,  but  the  information  is  not 
very  complete. 

Mr.  T.  N.  Riley  :  The  authors  state  on  page  545 
that  the  balanced-load  condition  is  the  least  favourable 
from  the  point  of  view  of  temperature-rise.  It  is  common 
practice  to  use  cables  for  three-wire  working  in  which 
the  neutral  wire  is  half  the  section  of  the  two  main 
cores.  In  this  case  it  is  not  correct  to  state  that  the 
balanced-load  condition  is  the  least  favourable.  Let 
/  and  (/  —  i)  be  the  currents  in  the  main  cores  {i 
being  the  current  in  the  neutral  core) ;  B  =  resistance 
of  each  main  core ;  2R  =  resistance  of  neutral 
core.  Then  the  heat  developed  is  proportional  to  : 
I-R  +  (I  -  i)^R  +  i-{2R)  =  -ll^R  -  iR{2I  -  3i).  In 
the  balanced  condition  when  i  =  0  and  again  when 
■i  =:  |/  the  heat  developed  is  the  same,  and  between 
these  points  the  heat  developed  is  reduced.  If  i  exceeds 
|i  the  heat  developed  increases  and  becomes  a  maximum 
when  the  current  in  one  core  is  zero,  when  the  heat 
developed  is  50  per  cent  greater  than  in  the  balanced- 
load  condition.  It  is  unhkely  in  ordinary  circumstances 
that  the  unbalanced  load  will  ever  be  such  as  to  make 
i  greater  than  §/,  and  the  case  which  the  authors  have 
taken  will  meet  ordinary  practice  even  if  the  third 
core  is  of  half  section.  It  is  then  difficult  to  see  how 
a  neutral  core  of  equal  section  to  the  other  two,  as 
assumed  by  the  authors,  can  be  justified.  Mr.  Melsom 
stated  in  the  discussion  that  the  authors  had  not  fi  und 
any  satisfactory  method  of  plotting  the  Unes  of  heat- 
flow.  It  appears  to  me  that  a  similar  method  might 
be  used  to  that  described  by  EmanueU  *  in  a  paper 
deahng  with  the  determination  of  the  electrostatic  field 
in  a  three-phase  cable.  It  would  at  first  sight  seem 
quite  possible  to  determine  the  lines  of  heat-fliw  for 
any  cable  under  any  system  of  loading.  The  cable 
would  be  represented  by  tubular  conductors  surrounded 
by  a  tubular  lead  sheath  immersed  in  an  electn  lyte, 
and  each  conductor  would  be  charged  to  a  potential 
above  the  sheath  proportional  to  the  heat  deveh  ped 
in  it  under  the  assumed  load  conditions.  Emanueli 
used  water  as  his  electrolyte.  The  use  of  alternating 
current  avoids  polarization  effects,  and  an  electn  dyna- 
mometer is  used  to  give  a  "  null  method  "  detector 
and  avoid  disturbance  of  the  field.  The  connections 
for  exploring  the  thermal  field  are  shown  approximately 
»  L'Elettrotecnica,  1921,  voL  8,  p.  673. 
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in  Fig.  A.  Emanueli's  experimental  arrangements  are 
fully  described  in  the  paper  referred  to.  One  advantage 
of  this  method  is  that  it  would  enable  sector-shaped 
cores  to  be  dealt  with  in  a  manner  impracticable  by- 
calculation,  and  it  would  afford  a  valuable  check  on 
Mr.  Wedmore's  graphical  method  in  Appendix  4,  which 
does  not  appear  at  all  easy  to  apply  with  accuracy  to 
sector-shaped  conductors.  The  method  would  not,  of 
course,  allow  for  any  difference  in  heat  conductivity 
of  the  worming  and  the  main  core  insulation  due  to 
difference  of  material  or  tightness  of  packing.  It  would 
be  interesting  to  know  whether  the  authors  found  this 
to  be  appreciable.  I  use  "  worming  "  here  in  the  sense 
of  the  material  employed  to  fill  the  interspaces  bet%veen 
cores.  There  is  an  alternative  method  which  seems 
to  me  to  be  feasible.  If  in  any  cable  the  dimensions 
were  magnified  to  any  extent,  keeping  the  proportions 
the  same,  the  thermal  field  would  be  similar.  A  model 
could  therefore  be  constructed  sufficiently  large  to  use 
the  thermo-couple  method  already  employed  for  investi- 
gating the  heat-flow  in  the  ground  outside  the  cable 
(see  page  543  of  the  report).  The  actual  material 
used  as  filling  would  only  affect  the  mag.iitude  of  the 
thermal  resistance  and  not  the  lines  of  heat-flow.     The 
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Fig.  A. 

effect  of  the  worming  might  then  be  studied  by  using 
two  materials  of  different  thermal  resistivitj'  for  the 
portions  of  the  dielectric  representing  core  or  belt 
insulation  and  worming.  If  the  thermal  field  is  deter- 
mined, a  correction  for  filling  material  and  absolute 
dimensions  could  then  be  very  simply  appHed.  The 
authors  showed  figures  giving  a  comparison  of  the 
current  loading  of  British  and  German  cables.  If  we 
take  the  1 1  000-volt  case,  the  German  standard  thick- 
ness of  dielectric  is  only  0-24  in.  as  against  0-3  in. 
in  the  British  case,  and  for  cables  laid  direct  in  the 
ground  that  would  give  a  better  coohng  effect  to  the 
German  cables  and  enable  them  to  run  at  a  higher 
current  loading.  In  the  opinion  of  the  authors,  is  the 
difference  in  insulation  thickness  sufficient  to  account 
for  the  increased  rating  of  the  German  cables  ? 

Mr.  P.  Dunsheath  :  When  the  Prehminary  Report 
appeared  two  years  ago,  some  of  us  were  disappointed 
because  the  contents  were  not  such  as  could  be  applied 
to  everyday  problems  of  current  rating,  and  we  sug- 
gested that  a  simpler  treatment  based  more  closely 
on  the  thermal  Ohm's  law  would  be  helpful.  I  am 
glad  to  find  that,  either  because  of  the  suggestions 
then  made  or  for  some  other  reason,  the  thermal- 
resistance  treatment  has  been  entirely  adopted,  ■with 
eminently  satisfactory  results.  On  page  635  two  values 
have  been  adopted  for  thermal  resistivity,  one  of  750 


and  the  other  of  550,  the  former  for  pressures  up  to 
and  including  2  200  volts  and  the  latter  for  pressures 
between  2  200  and  11  000  volts.  Reasons  are  given  for 
this  classification,  but  they  are  not  very  convincing. 
On  the  same  page  the  following  statement  occurs : 
"  In  view  of  the  cost  of  manufacture  it  was  considered 
unreasonable  to  expect  that  the  lower-pressure  cables 
would  normally  have  a  value  of  thermal  resistivity  as 
low  as  that  of  the  higher-pressure  cables."  I  should 
be  glad  if  the  authors  could  give  a  little  more  information 
on  this  point.  I  submit  that,  taking  the  whole  of  this 
and  the  previous  report,  the  evidence  is  insufficient  to 
warrant  the  adoption  of  those  tvvo  values  and  that 
particular  classification.  Considering  manufacturing 
operations,  we  should  expect  the  values  to  be  in  the 
opposite  direction.  I  think  that  the  point  should  be 
verified  very  carefully  before  this  is  put  forward  as 
the  last  word.  The  footnote  on  the  same  page  states  : 
"  Higher  values  have  been  adopted  for  cables  with 
conductors  having  a  sectional  area  less  than  O-OO  sq.  in. 
to  allow  for  the  difficulties  in  manufacturing  small 
cables."  What  is  the  reason  for  that  statement  ? 
On  page  538  the  question  of  the  thermal  resistance  of 
the  soil  is  referred  to.  On  later  pages,  and  in  particular 
page  544,  the  problem  is  worked  out  in  detail.  This, 
of  course,  is  one  of  the  difficulties  of  the  whole  investiga- 
tion into  the  rating  of  buried  cables.  The  method 
adopted  in  the  report  seems  to  be  to  make  the  assump- 
tion that  the  isothermal  hue  coincides  with  the  surface 
of  the  ground,  and  then  to  modify  it  by  an  arbitiary 
constant  in  order  to  make  that  assumption  agree  with 
the  figures  obtained,  knowing  at  the  same  time  that 
the  assumption  must  be  wrong.  It  is  stated  later  in  the 
report  that  the  surface  of  the  ground  on  a  damp  day 
dries  over  the  cable,  but  not  to  any  extent  on  either 
side.  It  does  not  seem  right  to  assume  that  Kennelly's 
formula  is  correct  and  then  add  an  arbitiary  constant 
to  make  it  fit  the  results.  The  real  reason  for  the 
discrepancy  seems  to  be  that  there  is  a  temperature 
gradient  in  the  ground  before  the  cable  carries  any 
current  at  aU,  as  is  shown  by  some  of  these  curves. 
In  the  summer,  the  surface  of  the  ground  is  considerably 
hotter  than  the  ground  at  a  depth  of  two  or  three  feet, 
and  in  the  winter  the  gradient  is  reversed.  Formula 
(26)  shows  that  the  deeper  the  cable  is  buried  the  greater 
will  be  the  thermal  resistance  of  the  soil,  and  conse- 
quently the  greater  will  be  the  temperature-rise.  As 
a  matter  of  fact,  a  cable  buried  deeper  in  the  summer 
is  put  into  a  cooler  spot,  and  therefore  the  reverse  may 
hold  ;  that  is  to  say,  the  greater  the  depth  the  lower 
may  be  the  temperature-rise.  On  page  541  another 
fundamental  on  which  the  whole  of  Table  31  hinges 
is  that  of  the  maximum  temperature  adopted.  The 
figures  are  given  as  65°  C.  for  cables  laid  direct,  and 
50°  C.  for  those  in  ducts.  I  think  that  the  resisons 
for  adopting  the  first-named  figure  are  very  good  indeed. 
A  previous  speaker  said  that  the  Japanese  were  adopting 
higher  maximum  temperatures.  The  Americans  also 
are  doing  so,  but  a  report  pubhshed  three  months  ago 
in  America  showed  the  number  of  faults  they  allowed 
per  mile  of  cable.  The  figure  was  ridiculously  high 
from  a  British  standpoint,  so  the  fact  that  other  nations 
are  adopting  higher  temperatures  is  no   justification  for 
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our  adopting  higher  figures  than  those  mentioned  in 
the  present  report.  The  arguments  put  forward  for 
the  maximum  temperature  of  65°  C.  are  very  strong 
indeed,  but  I  am  not  so  sure  about  those  advanced  to 
support  the  figure  of  50°  C.  for  cables  in  ducts.  In 
American  practice,  where  ducts  are  more  common, 
the  temperatures  are  very  much  higher  than  that,  and 
I  hardly  think  that  the  abrasion  trouble  referred  to 
is  a  sufficient  reason  for  having  two  maximum  tem- 
peratures for  the  same  dielectric.  The  paragraph  on 
page  541  commencing :  "  The  actual  difference  in  permis- 
sible current-loading  .  .  .,"  should.  I  tliink,  read:  "The 
actual  difference  in  permissible  current-loading  between 
rises  of  50  degrees  C.  and  35  degrees  C,  corresponding 
to  final  temperatures  of  65°  C.  and  50°  C.  respectively 
.  .  ."  In  formula  (49)  *  L  should  bain  the  denominator 
and  not  in  the  numerator,  because  the  thermal  resist- 
ance goes  down  with  the  length.  On  page  553  the 
time  to  attain  the  maximum  temperature  is  dealt  with. 
Not  many  people  seem  to  reahze  that  if  a  cable  is  buried 
in  the  centre  of  an  infinite  medium  and  quite  a  small 
current  is  passed  through  it,  the  temperature  will  rise 
indefinitely.  This  would  not,  of  course,  occur  in  prac- 
tice, but  I  think  that  that  phenomenon  throws  much 
light  on  the  practical  problem.  I  think  that  the  sub-title 
"  Effect  of  '  worming  '  on  the  capacity  of  the  electro- 
static model  "  on  page  567  is  incorrect.  What  is 
intended  here  is  "  lay,"  not  "  worming,"  and  I  suggest 
that  the  correct  technical  term  be  adopted. f  In 
conclusion,  I  should  hke  to  emphasize  an  important 
feature  of  the  report.  For  a  long  time  a  need  has 
been  felt  for  a  set  of  current-carrying  tables  which 
could  be  accepted  as  standards,  but  it  was  important 
that  they  should  be  pubhshed  in  such  a  way  as  to 
command  confidence.  The  authors  must  have  been 
tempted  at  times  to  dwell  on  more  academic  points, 
but  they  have  gone,  I  think  wisely,  straight  to  the 
practical  problem,  and  so  have  produced  a  precise 
authoritative  statement  which  will  command  the 
respect  of  engineers  which  it  deserves. 

Mr.  E.  B.  Wedmore  :  Mr.  Atkinson  has  already 
dealt  admirably  with  this  report  from  the  point  of  view 
of  the  Electrical  Research  Association,  but  I  should 
like  to  add  a  few  remarks.  Members  are  aware  that 
the  Association  has  in  hand  other  researches  which 
affect  the  whole  industry.  I  suppose  it  is  true  to  say 
that  the  whole  of  the  work  of  the  Association  is  and 
will  be  of  value  to  the  whole  of  the  industry.  We 
have  researches  now  in  hand,  however,  which  are  of 
particular  value  to  those  engaged  in  power  supply. 
We  are  conducting  researches  which  will  add  to  the 
economical  use  of  overhead  line  material,  researches  on 
the  construction  of  poles,  which  will  undoubtedly  lead 
to  a  change  in  the  design  of  poles  designed  for  carrying 
overhead  lines,  and  researches  on  switchgear,  amongst 
others  in  this  category.  Mr.  Atkinson  has  referred  to 
£200  000  to  £300  000  a  year  as  the  saving  hkely  to  accrue 
to  the  industry  as  a  result  of  this  report  alone.  I  feel 
that  the  Association  can  reasonably  seek  to  secure  at 
least  10  per  cent  of  this  sum.  There  is  a  particular 
claim  wliich  I  should  like  to  put  forward  at  this  stage  to 
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those  members  who  are  connected  with  electric  supply. 
Manufacturers  are  not  yet  free  of  the  financial  difficulties 
through  which  the  whole  industry  has  been  passing  of 
recent  years.  Business  is  turning  the  comer,  but  only 
slowly.  On  the  other  hand,  I  think  it  is  a  fact  that 
power  supply  companies  have  well  turned  the  comer. 
Undoubtedly  the  municipal  supply  authorities  also, 
who  will  benefit  by  these  tables,  are  in  a  happier  position 
financially  than  they  were  a  few  years  ago.  This  is  a 
favourable  time,  therefore,  for  supply  undertakings  to 
consider  their  indebtedness  to  the  Association  and  to 
consider  the  possibiUty  of  co-operating  in  the  work 
now  being  done,  work  from  which  they  will  so  obviously 
derive  benefit.  It  has  been  briefly  indicated  that  the 
Association  has  in  preparation  a  scheme  of  Asscciate 
Membersliip  for  bringing  these  people  more  closely  in 
touch  with  us.  We  desire  their  co-operation  in  every 
way.  The  whole  effort  of  the  Association  is  co-operative, 
not  only  in  its  financial  aspects,  but  in  every  direction  ; 
we  want  the  whole-hearted  co-operation  of  everyone 
who  is  interested  in  research  as  a  means  of  advancing 
the  industry.  It  is  hoped  to  distribute  particulars  of 
this  scheme  of  Associate  Membership  to  all  these 
interested,  and  we  hope  that  power  companies,  municipal 
authorities  and  large  users  wiU  see  their  way  to  appoint 
representatives  to  co-operate  with  the  Association  in 
the  capacity  of  Associate  Members,  and  help  to  finance 
our  researches  by  substantial  subscriptions.  We  have 
already  had  promises  recently  of  £250  to  £500  from 
each  of  several  large  corporations  engaged  in  power 
supply,  towards  particular  researches. 

Mr.  P.  V.  Hunter  :  I  should  hke  specially  to  draw 
the  attention  of  engineers  to  those  tables  in  the  report 
which  show  the  permissible  loading  which  may  be 
adopted  in  the  case  of  cables  laid  together.  In  the 
past  there  has  been  a  fairly  general  knowledge  on  the 
question  of  the  actual  heating  of  the  ordinary  types  of 
cables  when  laid,  according  to  the  methods  in  general 
use,  but  there  has  been  no  reUable  information  available 
as  to  the  effect  of  the  mutual  heating  of  cables  in  the 
same  trench.  The  information  given  in  Table  37  of 
the  constant  to  be  appUed  when  cables  are  laid  at 
different  spacings  in  the  same  trench  is  therefore,  I 
think,  of  very  great  value  indeed,  and  is  hardly  given 
sufficient  prominence  in  the  report.  Have  the  authors 
any  information  for  rather  larger  separations  than 
the  12  in.  given  ?  In  many  cases  it  is  customary  to 
space  the  cables  rather  farther  apart,  up  to  18  in.  or 
even  2  ft.  There  is  also  the  question  of  the  cause  of 
temperature-rise  in  cables  laid  direct  in  the  ground. 
Various  mathematicians  have  visuahzed  it  in  different 
ways,  and  I  gather  that  the  authors  could  find  no  test- 
results  which  agree  with  the  mathematical  formulae. 
It  seems  to  me  that  the  assumption  that  all  the  hnes  of 
heat-flow  eventually  reach  the  surface  of  the  ground 
must  be  right.  In  practice  the  energy  must  be  dissi- 
pated in  the  atmosphere.  The  weakness  in  that  particu- 
lar mathematical  formula  seems  to  lie  in  the  assumption 
that  the  surface  of  the  ground  is  also  an  isotherm. 
If  a  cable  were  buried  at  such  a  depth  that  the  lengths 
of  the  lines  of  heat-flow  from  the  cable  to  the  surface 
were  aU  approximately  equal,  the  surface  of  the  ground 
would  approximate  to  an  isotherm.     For  this  condition 
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to  hold,  however,  the  depth  must  be  very  great  as 
compared  with  the  diameter  of  the  cable  :  probably 
many  times  greater  than  is  the  case  in  ordinary  practice. 
For  this  reason  it  is  necessary  to  make  a  rather  large 
correction  to  the  formula — as  much  as  33J  per  cent, 
I  understand. 

(Communicated)  :    There   is   one   other   matter  which 
appears  to  require  some  further  consideration,  namely 
the  permissible  current  loading  of  cables  in   air.     On 
page  522  it  is  stated  that  for  cables  in  air  and  drawn 
into  ducts  the  temperature-rise  allowed  is   35  deg.  C, 
the    maximum    permissible    temperature    being    50°  C, 
from  which  it  is  deduced  that  the  atmospheric  tempera- 
ture is   15°  C.     In   the  case  of  railway  companies  it  is 
common  practice  to  suspend  high-tension  cables  in  air 
and  exposed  to  direct  sunhght,  and  it  seems  to  me  that 
at  certain  times  of  the  year  the  atmospheric  temperature 
must  substantially   exceed    15°  C.     I   should   expect  it 
at  times   to   reach   40°  C.     Assuming   for   the  moment 
the    same    temperature-rise,    namely    35    deg.  C,    this 
would  give  a  total  temperature  of  75°  C,  which  seems 
hkely  to  be  the  condition  which  would  result  if  cables 
suspended  in  this  way  were  loaded  in  accordance  -svith 
Tables  16  to  21.     It  is  probable  that  for  these  particular 
conditions  tte  hmit  of  maximum  temperature  of  50°  C. 
need  not  be  adhered  to,  as  this  is  primarily  a  hmit  set 
in    connection    with    cables    drawn    into    ducts.     For 
cables  laid   underground   the  limit  is   65°  C,   which  is 
still  10  deg.  less  than  the  75°  C.  mentioned  above.     A 
particular  cable  carries  its  maximum  load  only  occa- 
sionally,  i.e.   when   circumstance  requires  some  of  the 
cables  to  be  out  of  service  at  the  time  of  maximum 
load.     For  a  temperature  of  75°  C.  to  be  reached  these 
cables  have  to  be  out  of  service  not  only  at  the  time  of 
maximum  load  but  also  during  that  brief  period  of  the 
year  when  the  atmospheric  temperature  is  highest.     For 
this  reason,  therefore,  the  probability  of  any  particular 
cable  attaining  to  the  temperature  of  75°  C.  is  small, 
and  it  is  doubtful  if  any  harm  would  accrue  from  such 
a  temperature   if   it   occurred  for  only  a  few  hours  in 
the   course  of  several   years,    provided   the   cables   are 
for  working  pressures  not  exceeding  1 1  000  volts,  where 
the   increment   of   dielectric   loss   with   temperature   is 
not   a  material   factor.     On   the   whole,   therefore,    the 
conditions  are  probably  not  so  alarming  in  practice  as 
they  would  appear  to  be  on  paper,  but  in  view  of  the 
imminence  of  schemes  of  railway  electrification  and  of 
the  tendency  for  the  advisers  of  railway  companies  to 
adopt  this  mode  of  erection  for  cables,  it  would  probably 
be  of  value  to  the  industrj'  if  the   Committee  would 
give  it  some  more  special  consideration  than  has  been 
done  in  the  report.     The  capital  expenditure  involved 
is  several  milhons  of  pounds  eventually,  and  the  railway 
companies   might   therefore   be   asked   to   contribute   a 
little  money  for  a  special  series  of  tests,  the  results  of 
which   could    be   embodied   in    a   small   supplementary 
report. 

Mr.  P.  Rosling  :  I  think  that  the  wrong  ter- 
minology *  is  used  in  regard  to  the  concentric  cables, 
where  columns  are  headed  "  Centre  Point  Not 
Earthed  "  and  "  Centie  Point  Earthed."  Concentric 
cables  may  be  used  for  single-phase  tiansmission,  and  I 
*  Corrected  for  the  Journal. 


think  that  the  headings  should  be  "  Outer  Conductor 
Not  Earthed  "  and  "  Outer  Conductor  Earthed." 
I  take  it  that  the  loadings  given  are  safe  loadings  for 
these  cables  in  certain  circumstances  ;  it  does  not  by 
any  means  follow  that  they  are  the  loadings  which  it 
will  pay  best  to  put  on  the  cables.  They  may  be  satis- 
factory for  temporary  running,  but  an  examination 
of  the  losses  entailed  by  these  loadings  wiU  show  that 
to-day,  with  the  high  price  of  coal  and  low  price  of 
copper,  such  loadings  will  not  be  economical  in  usual 
practice. 

Mr.  E.  T.  Williams  :  There  is  one  small  point  which 
has  not  been  referred  to  in  the  report,  namely  the 
emergency  loading  of  cables  for  a  short  time.  All 
power  engineers  know  that  when  laying  down  networks 
it  is  desirable  to  look  to  the  emergency  and  to  consider 
how  the  supply  can  be  kept  going  in  the  event  of  one 
cable  breaking  down,  and  to  what  extent  cables  can 
be  over-run  without  permanent  injury,  or  even  any 
injury  at  all.  Information  on  that  aspect  of  the  work 
would  be  of  very  great  value  to  engineers  engaged  in 
designing  lay-outs.  In  common  with  Mr.  Atkinson  and 
Mr.  Wedmore,  1  feel  very  strongly  that  not  only  financial 
support  but  sympathetic  support  should  be  given  to 
those  who  are  trying  to  advance  this  cause  of  research. 
In  my  ofiicial  position  I  have  come  very  intimately 
into  contact  with  not  only  the  value  of  this  research 
in  experimental  work  but  also  the  great  dif&culties  that 
have  to  be  contended  with. 

Mr.  W.  A.  Del  Mar  [communicated)  :  The  source  of 
this  report,  the  names  of  the  authors  and  of  the 
Committee  members,  lend  great  authority  to  its  recom- 
mendations and  ensure  its  usefulness  to  British  cable 
users.  It  may  be  of  interest,  however,  to  consider 
how  this  report  would  be  received  if  presented  to  an 
American  audience.  In  this  case  the  emphasis  would 
have  to  be  put  on  the  use  of  cables  in  ducts,  this 
being  the  almost  universal  practice  in  America.  The 
Standards  of  the  American  Institute  of  Electrical 
Engineers  allow  the  insulation  at  the  surface  of  the 
conductor  to  attain  a  temperature  of  85°  C.  less 
1  degree  C.  per  kilo  volt  working  tension  in  the  circuit. 
Thus  a  cable  for  11  000  volts  may  be  operated  at  a 
temperature  of  85  —  11  =  74°  C.  This  formula  is  an 
empirical  one  approximating  a  rational  one  based 
upon  the  assumption  that  cables  must  not  be  allowed 
to  carry  a  greater  load  than  a  certain  percentage  of 
that  load  which  would  give  cumulative  heating  with 
insulation  of  the  power  factors  obtaining  when  the 
rule  was  formulated.  Practical  operating  experience 
was  also  drawn  upon  in  arriving  at  the  final  formula. 
This  rule  had  served  for  about  8  years  when  the 
ger.eral  reduction  of  dielectric  losses  and  the  rise  in 
ci  mmercial  tensions  led  to  its  re-appraisal  by  a  com- 
mittee of  the  Institute.  It  was  pointed  out  that 
while  the  rule  gave  satisfactory  results  up  to  about 
25  000  volts,  it  gave  temperatures  which  were  obviously 
too  low  for  the  new  33  000-  and  44  000-volt  cables. 
The  manufacturers  of  these  cables  were  wiUing  to 
guarantee  them  for  continuous  operation  at  60°  C, 
whereas  the  rule  gave  52°  C.  and  41°  C.  for  33  000- 
and  44  000-volt  cables  respectively.  The  Institute, 
however,    was   not   in    possession    of   sufficient   experi- 
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mental  data  to  make  an  adequate  revision  of  the  rule 
and  it  was  therefore  decided  to  hold  a  meeting  devoted 
to  a  symposium  on  the  failure  of  insulation  under 
stress,  and  to '  make  this  the  starting  point  of  an 
exhaustive  research.  The  symposium  was  held  at 
Niagara  Falls,  Ontario,  in  June  1922  and  the  research 
work  was  started  at  about  the  same  time,  under  the 
direction  of  Professor  Bush,  of  the  Massachusetts 
Institute  of  Technology.  This  work  is  financed  by 
the  National  Electric  Light  Association,  which  is  an 
organization  of  central  station  companies,  and  is  under 
the  control  of  a  joint  committee  of  that  Association 
and  the  American  Institute  of  Electrical  Engineers. 
In  1921  the  basic  figure  of  the  American  rule,  85°  C, 
was  discussed  in  a  symposium  on  the  heating  of  low- 
voltage  cables.  This  symposium  is  quoted  in  the 
report  under  discussion,  and  it  is  incorrectly  stated 
that  the  temperature-limits  for  impregnated  paper 
cables  proposed  by  American  engineers  in  1921  were 
"  all  based  on  consideration  of  the  mechanical  pro- 
perties of  the  paper  only."  As  one  of  the  authors 
and  as  chairman  of  the  committee  under  whose 
auspices  the  papers  were  presented,  I  can  say  with 
authority  that  the  authors  took  into  consideration  all 
operating  features  of  which  they  knew  affecting  low- 
tension  cables,  i.e.  cables  in  which  neither  dielectric 
stresses  nor  dielectric  losses  have  any  perceptible 
influence.  In  particular,  the  subject  of  thermal  expan- 
sion was  fully  considered.  It  seems  to  me  that  the 
authors  of  the  report  beg  the  question  at  issue  when 
they  say  that  "  after  full  consideration  of  all  the 
various  factors  involved,  it  was  decided  to  adopt  65°  C. 
.  .  .  for  the  maximum  temperature  of  the  conductor 
for  armoured  cables  up  to  and  including  11  000  volts 
working  pressure  laid  direct  in  the  ground,"  and  "  in 
view  of  the  fact  that  a  cable  drawn  into  a  duct  is  free 
to  move  lengthways  along  the  duct  and  cause  injury 
to  the  lead  by  abrasion,  it  was  considered  that  the 
permissible  temperature  should  be  lower  than  that  for 
cables  laid  direct  in  the  ground.  It  was  decided,  there- 
fore, to  adopt  50°  C.  for  the  maximum  temperature  of 
the  conductor,  etc."  When  hundreds  of  miles  of 
cable  are  operating  successfully  at  temperatures  from 
24  to  35  degrees  C.  higher  than  the  50°  C.  adopted, 
the  exact  reasons  for  adopting  the  latter  figure  should 
be  stated.  The  statement  that  it  was  adopted  after 
"  full  consideration  of  all  the  factors  involved  "  is 
rather  like  the  embarrassing  moment  at  a  mathematics 
lecture  when  the  professor  says  "  it  is  obvious  that  " 
and  then  the  whole  thread  of  the  discourse  is  lost. 
It  would  seem  that  the  major  part  of  the  research 
should  have  been  directed  toward  ascertaining  and 
giving  full  reasons  for  the  temperatures  adopted. 
This  is  the  course  which,  as  explained  above,  has  been 
adopted  by  the  Cable  Research  Committee  of  the 
National  Electric  Light  Association  and  American 
Institute  of  Electrical  Engineers.  The  importance  of 
the  maximum  allowable  temperature  may  be  seen  at 
a  glance  if  the  ambient  temperature  of  a  duct  line  be 
assumed  to  be  30°  C,  as  the  permissible  rise  for  an 
11  000- volt  cable  would  be  44  degrees  in  American 
practice  and  20  degrees  in  British  practice.  An 
assumption   of    15°  C.   duct-hne   ambient    temperature 


is  difficult  to  understand,  especially  in  view  of  the 
reduction  factors  to  be  used  in  calculating  the  carrying 
capacity  when  several  cables  are  present.  The  relative 
carrying  capacities  of  a  cable  under  the  American 
and  British  rules  would  then  be  in  the  ratio  of 
\/(44)  :  V(20)  =  Ij  approximately.  It  is  hard  for  an 
American  to  understand  why  British  cables  should  be 
loaded  to  only  two-thirds  of  the  current  that  American 
cables  normally  carry.  There  also  seems  to  be  a  con- 
fusion of  thought  where  Kelvin's  law  is  cited  as  a 
limiting  factor.  This  law  does  not  give  50°  C.  as  the 
economical  temperature  regardless  of  the  cost  of 
labour,  coal  and  copper.  The  maximum  permissible 
temperature  should  not  be  confused  with  the  most 
economical  temperature  from  the  point  of  view  of 
copper  losses.  The  work  on  Mie's  formula  is  very 
thorough  and  useful  and  will  be  greatly  appreciated 
by  American  cable  engineers. 

Mr.  A.  Rosen  (communicated)  :  Dr.  Russell  has 
suggested  that  the  thermal  resistivity  of  the  dielectric 
might  vary  with  the  temperature.  This  possibility 
occurred  to  me  some  little  time  ago,  and  the  following 


Fig.  B. 

experiment  was  carried  out  to  investigate  the  matter  : 
A  220-yard  length  of  three-core  0- 15  sq.  in.  22  000-volt 
cable,  coiled  on  a  wooden  drum,  was  immersed  in  a 
comparatively  large  volume  of  water,  and  sufficient 
current  was  passed  through  the  three  cores  in  series  to 
give  a  temperature-rise  of  about  20  deg.  F.  above  the 
water.  When  steady  conditions  were  reached  the 
heating  current  was  switched  off  and  the  fall  of  resistance 
with  time  was  measured  on  a  Kelvin  low-resistance 
bridge,  so  that  it  was  easy  to  deduce  the  exact  resistance 
and  thus  the  temperature  of  the  cores  at  the  moment 
of  switching  off.  The  test  was  carried  out  with  the 
water  at  60°  F.,  100°  F.,  140°  F.  and  175°  F.,  the  other 
Conditions  remaining  the  same,  so  that  the  results 
should  be  strictly  comparable.  It  was  found  that  the 
thermal  resistance  decreased  with  temperature  in  a 
regular  manner,  the  ratio  of  the  resistivities  at  mean 
temperatures  of  69°  F.  and  1831°  F.  being  1-62.  It  was 
intended  to  carry  out  further  tests  to  confirm  this 
interesting  result,  but  the  pressure  of  other  work  has 
so  far  prevented  this.  In  regard  to  the  discrepancy 
between  the  electrostatic  analogy  and  the  thermal  case 
when  the  loading  on  a  three-core  cable  is  eccentric,  as 
described  on  page  546,  one  would  like  to  know  the 
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temperatures  of  the  cores  and  sheath.  If  the  mean 
temperature  of  the  dielectric  were  different  in  the  t\vo 
cases,  the  change  in  the  thermal  resistivity  might  account 
for  the  10  per  cent  difference.  There  are  two  other 
factors  worthy  of  consideration  :  (1)  If  the  "  worming," 
i.e.  the  material  used  for  filhng  the  spaces  betrween 
the  cores,  was  of  jute,  its  thermal  resistivity  may  have 
been  different  from  that  of  the  paper,  and  so  the  dielec- 
tric would  not  be  homogeneous  ;  and  (2)  the  electro- 
static analogy  demands  that  the  cores  and  sheath 
should  be  perfect  conductors  as  compared  mth  the 
dielectric.  Taking  the  figures  on  page  534,  the  thermal 
resistivities  of  impregnated  paper  and  lead  are  500  and 
2-9  respectively,  giving  a  ratio  of  172:  1,  and  this  is 
of  a  much  lower  order  than  in  the  electrical  case.     Thus, 


when  the  two  cores  were  used  for  heating  there  would 
be  a  difference  of  temperature  in  the  sheath,  i.e.  the 
surface  of  the  sheath  and  possibly  that  of  the  idle  core 
would  no  longer  be  isothermals.  Both  (1)  and  (2) 
would  modify  the  distribution  of  the  lines  of  heat-flow 
and  so  affect  the  comparison  with  the  capacity  tests. 
In  Appendix  III,  in  describing  the  electrostatic  model, 
the  trouble  caused  by  end-effects  is  referred  to.  This 
can  be  overcome  by  providing  the  outer  cyUnder  with 
guard-rings  at  either  end,  and  using  the  Wagner  double 
bridge  *  to  measure  the  true  capacity.  The  circuit  is 
illustrated  in  Fig.  B. 

[The  reply  of  Messrs.  S.  W.  Melsom  and  E.  Fawssett 
to  tins  discussion  will  be  published  later.] 


North-Eastern  Centre,  at  Newcastle,    12  March,  1923. 


Mr.  P.  F.  Allan  :  The  expression  of  the  principal 
quantities  in  electrical  measure,  thus  avoiding  the  use 
of  conversion  factors,  is  a  particularly  useful  feature  of 
the  report.  Criticism  must  be  confined  to  the  few 
errors  of  statement  which  are  bound  to  creep  into  a 
work  of  such  magnitude,  and  perhaps  to  one  or  two 
of  the  assumptions  made.  In  general,  I  find  myself  in 
agreement,  so  far  as  my  own  experience  and  knowledge 
go,  with  most  of  these  assumptions.  It  must  be 
realized,  however,  that  to  make  these  figures  of  per- 
manent value  cable  makers  will  need  to  be  asked  to 
guarantee  the  thermal  resistance  of  their  cables  or  the 
thermal  resistivity  of  the  insulating  materials  employed. 
This  may  have  the  effect  of  shutting  out  some  foreign 
competition  of  a  harmful  nature.  Also,  it  must  not 
be  forgotten  that  the  high  current-carrying  capacities 
of  many  of  the  lower  pressure  cables  cannot  always  be 
taken  advantage  of  except  for  short  lengths.  While  I 
realize  that  the  Committee  and  the  authors,  in  limiting 
the  maximum  temperature  to  50°  C.  for  cables  laid  in 
ducts,  were  guided  by  a  mass  of  information  not  avail- 
able to  myself  and  other  individuals,  I  do  not  think 
that  they  have  quite  made  out  their  case  for  this  parti- 
cular assumption  or  decision.  Mr.  Fawssett  in  pre- 
senting the  report  mentioned  that  the  35  deg.  C.  rise 
applied  to  cables  both  in  air  and  in  ducts.  It  is  not 
made  clear  in  the  report  whether  or  not  it  is  intended 
that  the  final  temperature  in  air  should  be  65°  C.  or  not. 
I  am  particularly  interested  in  the  air  figures  on  account 
of  their  possible  application  to  mining  conditions,  as 
they  will  form  a  useful  basis  for  further  investigation 
of  the  peculiar  conditions  applying  in  mining  work 
underground.  One  effect  of  a  report  such  as  this  wiU 
be  to  remove  the  excuse  that  there  are  no  definite 
figures  to  go  upon,  and  therefore  to  throw  greater 
responsibility  on  engineers  engaged  in  the  design  of 
distributing  systems.  They  will  be  required  to  make 
proper  allowance  for  all  the  varying  conditions  met  with. 
On  pages  519  and  538  the  authors  say  that  a  large 
amount  of  data  has  been  collected  in  respect  of  various 
countries,  including  India  and  Australia.  They  further 
state  that  "  the  Australian  figures  are  not  greatly  higher 
than  these,"  referring  to  British  figures  just  quoted. 
I    feel   that   these    statements    are   really   misleading. 


omitting  as  they  do  any  reference  to  the  moisture 
content  and  the  other  characteristics  of  the  soil,  and 
particularly  in  that  they  represent  very  small  and  (in 
the  case  of  Sydney,  Perth,  Adelaide,  and  Calcutta)  not 
verj'  typical  parts  of  the  countries  mentioned.  It  may 
be  agreed  that  a  very  large  proportion  of  the  electrical 
development  in  these  countries  is  centred  in  a  few  large 
cities,  but  due  qualification  should  be  made  in  the 
report  in  its  final  form,  or  otherwise  mistaken  assump- 
tions may  be  made.  I  do  not  at  all  like  the  idea  of 
obtaining  information  about  these  large  and  important 
countries  through  a  single  source,  and  that  only  an 
indirect  one.  It  would  have  been  much  more  gratifying 
to  our  fellow  engineers  in  responsible  positions  abroad, 
many  of  whom  feel  that  they  are  cut  off  from  the 
acti\'ities  of  the  parent  Institution,  if  the  Committee 
had  asked  the  various  Local  Hon.  Secretaries  to  send 
out  a  proper  questionnaire  to  all  the  members  resident 
in  their  territory,  and  I  feel  certain  that  the  resulting 
information  would  have  added  materially  to  the  value 
of  the  report.  I  am  interested  in  the  explanations  given 
of  the  reasons  for  error  in  Russell's  formula,  and  the 
Umitations  of  its  practical  application.  \M11  the  authors 
be  good  enough  to  give  a  similar  statement  with  regard 
to  the  reason  of  the  error  between  the  theoretical  calcu- 
lations of  the  value  of  g  and  the  actual  experimental 
results  obtained  ? 

Mr.  C.  Tumbull :  With  low-pressure  current  we 
cannot  usually  run  cables  at  a  density  which  will  cause 
them  to  heat  unduly,  as  the  drop  of  pressure  becomes 
too  great  before  that,  but  with  extra-high  pressure  a 
different  state  of  things  takes  place.  Modem  super- 
stations  require  a  pressure  of  20  000  to  30  000  volts  to 
enable  them  to  transmit  the  current  in  cables  of  practical 
size.  A  10  per  cent  pressure-drop,  or  more,  is  common 
enough  with  low-pressure  supply,  but  a  drop  of  2  000 
or  3  000  volts  on  a  high-pressure  cable  would  usually 
involve  an  impossible  current  density.  This  means 
that  Kelvin's  law  does  not  apply  to  these,  but  that  a 
strict  watch  must  be  kept  on  temperature  :  it  will  in 
fact  be  as  necessary  to  study  the  heating  of  underground 

•  K.  W.  Wagner:  E.T.Z.,  1911,  vol.  40,  p.  1001;  also  S. 
Butterworth:  Proceedings  of  the  Physical  Society,  1921,  vol.  34, 
p.  8. 
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cables  as  that  of  conductors  on  generators  and  trans- 
formers. This  brings  us  to  the  difficulty  that  soil  con- 
ditions are  not  only  difificult  to  predict  but  that  they 
may  vary  by  the  running  of  other  mains  in  the  neigh- 
bourhood, mains  which  in  some  cases  may  belong  to 
another  authority.  Where  mains  are  to  be  run  at  the 
highest  densities,  it  will  be  necessary  to  increase  their 
section  in  places  congested  with  a  large  number  of  other 
mains,  e.g.  where  they  enter  the  station  or  substations. 
I  would  suggest  that  the  curves  might  in  some  cases  be 
simplified  by  the  use  of  logarithmic  ruling. 

Mr.  J.  Y.  Hutchinson  (communicated) :  A  satisfactory 
theoretical  treatment  of  the  heating  of  buried  cables  is 
very  difficult  and  must  involve  some  empirical  matter, 
but  it  seems  to  me  that  a  more  straightforward 
consideration  of  the  subject  might  be  found  than  the 
one  presented  in  the  report.  To  my  mind  the  whole 
question  centres  round  the  correct  application  of  the 
fundamental  formula  H  =  <,/(5'  +  O)  in  which  [S  +  O) 
should  be  the  thermal  resistance  between  two  isothermals 
in  the  heat  circuit  and  <j  the  difference  in  temperature 
between  the  same  two  isothermals.  One  of  the  iso- 
thermals will  be  the  surface  of  the  conductor  and  the 
other  may  be  any  isothermal  within  the  ground.  The 
values  of  O  and  ti  will  vary  according  to  the  isothermal 
chosen,  but  for  any  value  of  O  there  will  be  a  corre- 
sponding value  of  <[,  referring  to  the  same  isothermal. 
Any  value  of  O  will  be  useless  for  substitution  in  the 
formula  without  definite  knowledge  of  the  corresponding 
value  of  ij.  If  t^  be  taken  as  the  temperature-rise  of 
the  cable,  then  O  should  be  the  thermal  resistance  of 
the  heat  circuit  between  the  outer  surface  of  the  cable 
and  the  isothermal  corresponding  to  the  original  tem- 


perature of  the  cable.  This  latter  isothermal  may  be 
in  the  ground  or,  more  likely,  will  cut  the  surface  of  the 
ground  and  be  in  the  air.  In  this  case  part  of  the  heat 
circuit  will  be  in  air,  and  O  must  include  the  equivalent 
of  the  thermal  resistance  of  the  air.  On  the  other 
hand,  if  O  refers  simply  to  the  thermal  resistance  of 
the  ground  then  t^  should  be  considerably  lower  than 
the  rise  in  temperature  of  the  cable,  since  the  tempera- 
ture even  at  the  surface  of  the  ground  will  be  consider- 
ably higher  than  the  initial  temperature  of  the  cable  if 
isothermals  cut  the  ground.  It  seems  to  me  that  the 
best  treatment  would  be  to  ignore  Kennelly's  formula 
and  to  obtain  a  new  empirical  expression  for  the  thermal 
resistance  of  the  heat  circuit  between  the  outer  surface 
of  the  cable  and  the  isothermal  corresponding  to  the 
initial  temperature  of  the  cable.  If,  when  comparing 
practical  results  with  theoretical  results,  «i  were  taken 
as  the  rise  in  temperature  of  the  cable,  then  it  would 
seem  from  the  above  that  Kennelly's  ft  rmula  is  more 
inaccurate  than  a  0-6  correction  factor  implies.  The 
investigation  of  the  distribution  of  isothermals,  as 
described,  is  not  altogether  satisfactory,  owing  to  the 
comparatively  small  size  of  the  box  and  the  use  of  a 
medium  of  high  resistivity  which  results  in  isothermals 
entering  the  air  on  all  four  sides.  The  fact  that  the 
cable  was  vertical  also  affects  the  result  to  some  extent, 
as  the  heat  at  the  surface  will  not  be  so  effectively  dis- 
sipated by  convection  as  in  the  case  of  a  horizontal  cable. 
The  results  of  further  investigation  under  varying 
conditions  of  depth  and  resistivity  would  be  interesting. 

[The  reply  of  Messrs.  S.  W.  Melsom  and  E.  Fawssett 
to  this  discussion  will  be  pubUshed  later.] 


North  Midland  Centre,  at  Leeds,  20  March,  1923. 


Mr.  W.  E.  French  :  I  wish  to  confine  my  remarks 
to  one  or  two  points  which  seem  to  have  an  important 
bearing  on  the  maximum  carrying  capacity  of  cables 
buried  in  the  soil.  When  studying  the  Tables  3  to  14 
for  cables  buried  directly  in  the  soil  (and  also  the  curves 
shown  on  the  screen)  one  is  immediately  confronted 
with  the  great  importance  of  the  soil  resistivity,  g. 
According  to  these  tables  and  curves  the  maximum 
current-carrying  capacities  of  cables  may  be  increased 
by  2.'5  and  even  50  per  cent,  the  increase  depending 
entirely  on  the  resistivity  of  the  soil  surrounding  the 
cables.  A  study  of  the  curves  giving  ^  as  a  function 
of  the  moisture  of  the  soil  and  the  quality  of  the  soil, 
shows  that  g  may  vary  between  90  and  340  to  400, 
these  figures  also  being  quoted  in  Table  31  as  the  pro- 
posed British  Standards  or,  rather,  as  the  basis  on 
which  the  British  Standard  cable  loading  will  be  based. 
On  the  other  hand,  some  Continental  writers  on  the 
subject  quote  50  as  a  good  average  value  for  the  soil 
resistivity.  Therefore,  the  maximum  current-carrying 
capacity  of  a  cable  is  largely  determined  by  g,  which  in 
turn  depends  on  the  nature  and  moisture  of  the  soil 
in  which  the  cables  may  be  buried.  I  think  that  this 
rather  represents  one  of  the  troubles  which  may  be 
experienced  in  the  use  of  the  tables  mentioned.  The 
engineer   responsible   for    the    design    of    the    network 


naturally  desires  to  work  his  cables  at  their  best  current- 
carrying  capacities  and  he  must  therefore  have  the 
fullest  information  regarding  the  resistivity  of  the  soil 
through  which  his  cables  will  pass.  The  method  adopted 
for  the  determination  of  g,  while  perfectly  valid  in  itself, 
appears  to  me  rather  to  give  confined  laboratory  results 
than  to  furnish  figures  more  in  accordance  with  the 
actual  local  conditions  of  the  soil  in  which  the  cables 
are  laid.  The  guard-ring  method  rather  limits  the 
information  on  ^  to  a  few  samples  of  soil.  I  have  in 
mind  an  alternative  method  which  was  first  proposed 
by  Angstrom,  and  later  modified  by  Forbes  and  Kelvin 
for  the  determination  of  the  thermal  conductivity  of 
the  earth's  crust ;  it  is  the  method  of  periodic  heating 
and  coohng  and  can  be  made  directly  applicable  to  the 
determination  of  the  thermal  conductivities  or  resis- 
tivities. During  the  day  the  earth's  surface  is  heated, 
and  during  the  night  is  cooled  ;  therefore  a  scries  of 
heat  waves  pass  from  the  earth's  surface  to  the  interior. 
If  the  heat  wave-length  and  its  periodic  time  are  known, 
the  diffusivity  (according  to  Kelvin  the  ratio  of  the 
thermal  conductivity  to  the  thermal  capacity  per  unit 
volume)  can  be  calculated,  and  from  this  the  conduc- 
tivities and  resistivities  could  be  deduced.  If  the 
periodic  variations  are  uniform,  and  assuming  that  in 
any  locality  the  soil  may  be  considered  to  be  reasonably 
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uniform,  then  the  heat-waves  passing  through  the  soil 
may  be  taken  to  be  the  same  as  mth  a  bar  periodically 
heated  and  cooled.  Thermometers  or  thermo-couples 
buried  at  various  depths  would  record  the  progress  of 
the  diurnal  heat-waves ;  the  wave-lengths  could  be 
determined  and,  assuming  a  simple  harmonic  function 
of  the  temperature,  the  diffusi\'ity  could  be  calculated 
for  the  expression  K  =  A-/(4T7ri,  where  A  =  wave- 
length, and  T  =  periodic  time  of  the  heat-waves,  and 
from  this  the  resisti\-ity  could  be  found.  This  method 
if  standardized  would  lead  to  a  far  more  universal 
investigation  of  g,  and  even  provide  the  engineer  with 
a  means  of  conducting  his  own  thermal  survey  of  the 
soil  through  which  his  cables  have  to  pass,  \^'hen 
discussing  the  first  report  I  pointed  out  the  desirability 
of  investigating  the  heating  of  cables  with  regard  to 
the  thermal  time-constants,  and  so  establishing  data 
and  a  method  by  which  the  thermal  characteristics  of 
a  cable  could  be  predicted.  I  understand  that  the 
authors  have  gone  into  this  question,  and  that  they 
are  reserving  this  question  for  a  separate  publication. 
I  should  therefore  prefer  to  reserve  any  remarks  which 
I  may  have  to  make  on  this  point  unto  I  have  had  an 
opportunity  of  reading  this  further  paper. 

Mr.  J.  W.  J.  Townley  :  One  of  the  difficulties  which 
I  foresee  in  the  use  of  the  tables  is  the  determination 
of  the  value  of  g,  the  thermal  resistivity  of  the  soil. 
In  this  district,  with  a  fairly  heavy  clay  soil,  I  think 
that  the  value  of  g  might  be  safely  taken  at  180,  and 
it  would  be  very  desirable  indeed  if  a  table  could  be 
prepared  givang  an  average  value  for  g  for  various 
districts  throughout  the  United  Kingdom.  This  work 
might  well  be  undertaken  by  the  Local  Centres, 
and  could  be  published  with  the  tables  so  that  an 
engineer  working  in  a  strange  district  would  find  in 
them  a  safe  average  value  of  the  thermal  resistivity  of 
the  local  soil.  No  doubt  wide  variations  in  the  soil  will 
occur  on  any  particular  route,  but  it  will  be  necessary 
to  determine  average  values  for  everj-day  practice,  and 
it  should  be  remembered  that  the  maximum-current 
tables  given  in  the  report  are  based  on  relatively  low 
temperature-rises,  so  that  the  factor  of  safety  is  high. 
Another  point  which  has  occurred  to  me  is  that  where 
voltage-drop  conditions  will  allow  of  cables  being  loaded 
to  the  maximum  values  given,  in  many  cases  network 
boxes,  fuse  pillars  and  other  accessories  will  require  to 
be  replaced  to  take  full  advantage  of  the  maximum 
load  capacity  of  the  cables  which,  on  past  standards, 
will  be  quite  inadequate  for  the  new  ratings.  Mr. 
Melsom  has  pointed  out  that  armoured  cables  have  a 
higher  carrjang  capacity  than  similar  cables  unarmoured. 
Were  the  armoured  cables  he  used  of  the  usual  form,  in 
which  the  armouring  is  laid  over  jute  or  Hessian  tapes 
and  jute-served  or  Hessian-taped  overall  ?  It  would 
appear  that  a  marked  difference  would  be  effected  in 
the  radiating  capacity  of  a  cable  by  putting  the  armour- 
ing directly  in  contact  with  the  lead,  but  the  report 
does  not  distinguish  between  these  two  forms. 

Mr.  R.  M.  Longman :  The  subject  of  this  report  is 
of  special  interest  to  me,  as  it  was  my  good  fortune  in 
1905  and  1906  to  assist  Mr.  Fawssett  in  the  original 
tests  carried  out  in  this  country,  and  it  was  at  the 
completion  of  these  tests  that  I  noted  the  first  reference 


to  the  work  of  the  V.D.E.  on  the  subject,  as  published 
in  Science  Abstracts.     These  tests  were  carried  out  on 
6  000-volt  cables  and  no  attempt  was  made  to  take  into 
account  the  effect  of  moisture  in  the  soil,  but  on  plotting 
the  figures  obtained  alongside  the  figures  given  in  the 
paper  a  remarkable  close  agreement  is  shown  with  the 
figures  for  ^r  =  180.     I  have  little  doubt  that  the  figures 
thus  obtained  have  largely  formed  the  basis  on  which 
many  engineers  have  worked  for  the  past  few  years, 
with  probably  only  a  ver^'  slight  idea  of  their  origin. 
I  cannot  recollect  any  case  of  cables  at  this  loading 
having  suffered   any  deterioration   or   damage  ;     I   am 
aware  of  a  20  000  volt  cable  which  had  been  run  at 
much  higher  loading  for  long  periods  and  which  on  the 
removal    of   a   short   length,    not    due   to    breakdown, 
showed    signs    of    deterioration,    the    impregnating    oil 
having  become  drj"^  and  patchy.     This  may  be  looked 
upon  as  the  beginning  of  the  end,   as  hot  spots  and 
puncturing  of  the  layers  of  paper  may  occur  which  are 
no  longer  healed  up  by  the  action  of  the  impregnating 
oil :     even   so,  the   cable   will   probably  last   for  many 
years,  particularly  if  not  overloaded.     Have  the  authors 
experienced   any   similar  cases  ?     With   regard   to   the 
samples  of  soil  tested,  I  believe  these  have  been  chiefly 
taken  when  laying  new  cables.     Have  samples  also  been 
taken  along  cable  routes  where  the  cables  are  heavily 
loaded  ?     The  tendency  in  such  cases  where  a  certJiin 
amount  of  heat  is  generated  is  to  find  the  soU  drier 
than  is  otherwise  the  case.     Have  any  tests  been  made 
along  a  hea\ily  loaded  cable  route  to  determine  the 
isothermal  lines  by  taking  simultaneous  temperatures 
of  the  soU  immediately  above  the  cable  and  a  short 
distance,  say  18  in.  or  2  ft.,  on  each  side,  the  thermo- 
meters in  each  case  being  placed  at  equal  depths  in  the 
soil,  say  2  in.  ?     Are  the  V.D.E.  figures  given  in  the 
report  the  same  as    those  which  appeared  in  Science 
Abstracts   in    1905    or    1906  ?     With    reference    to   the 
bunching  or  grouping  of  cables  such  as  is  often  necessary 
when  lea\'ing  a  power  station  or  substation,  a  consider- 
able gain  in  capacity  may  be  obtained  by  the  careful 
arrangement    of    the    same    by    interspersing    pilot    or 
telephone  cables  or  lightly  loaded  cables  between  those 
more  heavily  loaded.     Attention  to  such  a  point  may 
easUy  increase  the  capacity  of  the  cables  by  10  per  cent. 
In  some  cases  where  excavation  costs  are  high  it  may 
be  advisable  to  provide  more  copper,  the  cost  of  exca- 
vation being  balanced  against  the  extra  cost  of  cable. 
A  t\'pe  of  lading  to  wiiich  the  authors  have  not  alluded 
and  which  has  been  extensively  used,  is  the  laying  of 
cables  in  iron  troughing  which  is  then    filled  in  with 
pitch  or  bitumen.     Can  they  furnish  information  as  to 
the  permissible  loading  in  such  cases  ?     Such  cables  aie 
not   armoured   and   this  method   of  laying   cannot  be 
described  as  the  "  solid  "  system.     Many  such  cables 
are  arranged  alongside  a  wall,  for  instance  in  tunnels, 
under  bridges  and  in  railway  cuttings,  and  unfortunately 
in  many  cases  they  are  fuUy  exposed  to  the  sun. 

Mr.  W.  B.  Woodhouse  :  The  work  that  the  Research 
Association  has  done  in  this  matter  is  of  very  great 
value  because  it  wiU  help  us  to  reduce  the  cost  of  dis- 
tribution in  a  number  of  cases.  In  a  paper  *  which  I 
read  some  httle  time  ago,  I  pointed  out  that  in  the 
•  Journal  I.E.E.,  1922,  vol.  59,  p.  85. 
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majority  of  cases  the  application  of  the  economic  law 
of  minimum  total  annual  cost  of  distribution  showed 
that  the  economical  current  rarely  reached  the  limiting 
value  for  the  cable,  but  even  so  it  is  of  value  to  know 
in  every  case  the  practical  limit  of  loading.  Users  of 
cables  have  to  consider  in  practice  that  their  cables 
are  laid  in  different  soils  and  under  different  conditions, 
e.g.  where  they  run  in  substations  or  pass  through  ducts. 
It  is  usually  impracticable  to  cut  the  cable  and  introduce 
a  short  length  of  larger  cable.  Where  the  cooling  effect 
is  reduced  in  this  way  the  possibility  of  introducing 
additional  means  of  radiation  is  worth  considering. 
For  example,  the  trench  might  be  packed  with  some 
material  of  high  heat  conductivity,  the  cable  might  be 
fitted  with  radiating  fins,  or  water  cooling  might  be 
adopted.  There  are  many  ways  of  deaHng  with  this 
problem  and  our  more  accurate  knowledge  of  the 
heating  is  of  benefit.  An  accurate  indication  of  the 
average  temperature  of  a  long  length  of  cable  is  easy 


ratings  and  consequently  the  comparison  may  be  of 
some  use.  The  comparison  is  best  made  by  considering 
the  values  of  the  thermal  resistivity  of  the  ground  to 
which  the  ratings  given  in  the  I.E.E.  tables  correspond. 
One  finds  that  for  U  000- volt  three-core  0-25  sq.  in. 
cables  the  equivalent  value  of  g  is  230,  increasing  to 
340  in  the  case  of  a  0-075  sq.  in.  cable.  For  cables 
smaller  than  0-075  sq.  in.  the  equivalent  value  of  g  is 
greater  than  340.  Again,  for  2  200-volt  three-core 
cables,  one  finds  that  for  a  0- 25  sq.  in.  cable  the  equiva- 
lent value  of  g  is  280,  increasing  to  approximately  340 
for  a  O-IO  sq.  in.  cable.  For  sizes  below  0-10  sq.  in. 
the  equivalent  value  of  g^  is  greater  than  340.  It  is 
clear  from  these  figures  that,  if  the  I.E.E.  tables  have 
been  used  for  buried  cables  of  the  types  considered,  the 
loading  has  been  well  on  the  safe  side  for  all  but  the 
worst  conditions  of  the  ground,  from  the  point  of  view 
of  thermal  resistivity.  With  regard  to  the  curves  of 
maximum  ground  temperature,  I  should  like  to  know 


Nature  of  Soils 

Nature  of  Surface 

state  of  Surface 

Date  taken 

Depth  taken 

Moisture 

Per  cent 

Yellow  clay,  much  sandstone    . 

Flags 

Damp 

22/11/21 

3  ft. 

0  in. 

13-7 

Stiff  clay 

Square  sets 

Damp 

22/11/21 

4  ft. 

Oin. 

13-5 

Shale  and  soft  rock 

Flags 

Damp 

1/12/21 

1  ft. 

6  in. 

13-5 

Stiff  clay 

Flags 

Damp 

1/12/21 

1  ft. 

6  in. 

12-4 

Clay          

Unmade 

Wet 

1/12/21 

1  ft. 

6  in. 

25-0 

Sandy  soil  and  sandstone 

Flags 

Damp 

1/12/21 

3  ft. 

0  in. 

10-4 

Sand  and  clay  in  thin  layers     . 

Flags 

Damp 

23/2/22 

5  ft. 

0  in. 

18-4 

Clay           

Flags 

Damp 

8/12/22 

4  ft. 

0  in. 

13-2 

Sandy  soil  and  sandstone 

Flags 

Damp 

8/12/22 

2  ft. 

3  in. 

9-7 

Soil,  ashes  and  cinders  .  . 

Tarmac 

Damp 

23/2/23 

2  ft. 

Sin. 

150 

Soil,  ashes  and  cinders  .  . 

Ashes 

Damp 

23/2/23 

1  ft. 

9  in. 

300 

Clay  and  sandstone 

Flags 

Damp 

23/2/23 

1  ft. 

6  in. 

14-6 

Stiff  dark  clay 

Unmade 

Wet 

3/3/23 

1  ft. 

8  in. 

14-5 

Clay  with  cinders  and  shale 

Flags 

Dry 

13/3/23 

2  ft. 

6  in. 

21-5 

Dark  clay  and  soil 

Square  sets 

Dry 

13/3/23 

4  ft. 

6  in. 

19-6 

Dark  soil  and  refuse 

Flags 

Dry 

13/3/23 

2  ft. 

9  in. 

33-2 

Sandy  clay  and  sandstone 

Flags 

Dry 

13/3/23 

1  ft. 

8  in. 

130 

Soil  and  clay 

Flags 

Dry 

15/3/23 

3  ft. 

6  in. 

18-8 

to  obtain,  but  the  important  matter  is  to  determine 
the  maximum  temperature  at  a  hot  spot.  The  research 
has  brought  out  in  an  interesting  way  the  relative 
cooling  of  cables  laid  at  different  depths.  There  has 
been  a  tendency  to  exaggerate  the  effect  of  laying  cables 
in  deeper  trenches.  The  report  shows  a  comparatively 
small  difference  for  practical  depths,  and  even  tfiis 
difference  may  be  substantially  modified  by  the  addi- 
tional percentage  of  moisture  in  the  deeper  trenches. 
The  results  should  emphasize  the  fact  that  the  grouping 
of  cables  in  ducts  is  bad,  not  only  on  account  of  the 
reduced  radiation,  but  also  because  of  the  smaller  degree 
of  safety  in  case  of  breakdown. 

Mr.  W.  R.  T.  Skinner  :  I  have  compared  the  figures 
given  by  the  authors  with  those  in  the  I.E.E.  Wiring 
Rules.  The  figures  are  not  strictly  comparable  for  all 
classes  of  cables  and  the  I.E.E.  tables  were  not  intended 
for  buried  cables,  but,  in  default  of  other  loading  tables, 
the  I.E.E.  Wiring  Rules  have  formed  a  basis  for  cable 


whether  it  would  not  be  an  advantage  to  show  the 
highest  maximum  temperatures  occurring  in  the  past 
12  years,  instead  of  the  average  maxima,  or  whether 
this  curve  is  covered  by  the  two  curves  for  the  excep- 
tional years  1911  and  1921.  I  notice  that  the  difference 
between  the  current-ratings  for  cables  used  on  systems 
with  an  earthed  centre  point  and  those  used  on  systems 
with  an  unearthed  centre  point,  is  only  some  4  per 
cent  at  the  most.  In  view  of  the  fact  that  some 
speakers  have  already  mentioned  the  possibility  of 
simplifying  the  tables,  if  that  difference  of  4  per  cent 
is  not  justified  by  the  assumptions  on  wliich  the  tables 
are  based,  could  not  the  two  sets  of  tables  be  merged 
into  one  ? 

Mr.  H.  P.  Bramwell  [communicated)  :  Since  the 
publication  of  the  Preliminary  Report,  I  have  carried 
out  a  number  of  tests  of  the  moisture  content  of  the 
soil  in  the  Bradford  district.  The  results  are  given 
above,  tabulated  in  a  form  comparable  with  those  for 
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the  Newcastle  district,  given  in  Table  60  in  the  present 
report.  These  figures  are  not  complete,  and  I  am 
making  further  tests,  as  it  will  only  be  possible  to  make 
full  use  of  the  valuable  information  summarized  in 
the  report  if  one  is  able  to  plot  a  thermal  resistivity 
(^)/nioisture  content  curve  for  the   different  kinds   of 


soil  found  in  the  district,  and  also  to  have  a  reliable 
figure,  to  take  as  the  average  minimum  moisture  content 
throughout  the  year. 

[The  reply  of  Messrs.  S.  W.  Melsom  and  E.  Fawssett 
to  this  discussion  will  be  pubhshed  later.] 


North-Western  Centre,  at  Manchester,  20  March,  1923. 


Mr.  H.  A.  Ratcliff:  Most  of  my  mild  criticisms 
on  the  Preliminary  Report  are  still  more  or  less  appUc- 
able  to  the  present  report.  1  then  advocated  starting 
with  the  super-tension  cables  on  the  principle  of  the 
greater  including  the  lesser,  for  if  we  are  satisfied  that 
the  33  000-volt  cables  are  safe  the  others  may  be  said 
to  look  after  themselves.  The  authors  appear  to  have 
taken  certain  arbitrary  values  for  the  permissible  working 
temperatures  of  the  conductors,  and  two  specific  cases 
have  been  dealt  with,  viz.  cables  laid  direct  in  the  ground, 
and  cables  drawn  into  ducts.  Having  selected  those 
arbitrary  values,  then,  partly  by  calculation  and  partly 
by  experiment,  they  have  arrived  at  the  loadings  of  the 
several  cables  which  result  in  those  conductor  tempera- 
tures being  attained.  Wlien  the  theoretical  and  experi- 
mental results  did  not  agree  they  appear  to  have  adjusted 
them  until  they  did  agree.  There  is  no  doubt  that  the 
first  consideration  is  the  maximum  safe  working  tempera- 
ture ;  that  is  really  the  crux  of  the  whole  matter,  and 
the  rest  follows  as  a  matter  of  course.  I  am  inclined 
to  think  that  in  many  cases  the  maximum  safe  tempera- 
ture will  never  be  attained,  because  for  other  reasons 
the  cables  concerned  will  never  be  loaded  up  to  the 
values  necessary  to  produce  it.  No  attempt  is  made 
in  the  report  to  define  the  maximum  safe  temperature, 
and  I  should  be  glad  if  the  authors  in  their  reply  would 
give  rather  more  detailed  reasons  for  the  selection  of 
the  particular  working  temperatures,  viz.  65°  C.  and 
50°  C,  respectively.  To  what  extent,  in  their  opinion, 
do  those  temperatures  allow  for  a  reasonable  factor  of 
safety,  such  an  essential  feature  of  sound  engineering 
work  ?  The  report  contains  a  number  of  tables  giving 
the  permissible  loadings  for  all  the  cables  scheduled 
in  B.S.S.  No.  7,  and  for  various  pressures  up  to  and 
including  1 1  000  volts,  but  if  the  tables  are  examined 
carefully  it  will  be  found  that  in  most  cases  the  differ- 
ences between  the  loadings  for  the  several  pressures 
are  very  small.  Such  differences  as  occur  appear  to  be 
within  the  limits  of  error  wliich  may  naturally  be  expected 
to  arise  from  the  many  variables  with  which  the  authors 
have  had  to  contend.  In  any  case  the  variations  for 
different  voltages  are  less  than  those  resulting  from 
such  a  comparatively  indeterminate  quantity  as  the 
resistivity  of  the  ground.  The  most  notable  differences 
are  between  the  loadings  for  the  2  200-  and  3  300-volt 
cables  laid  direct  in  the  ground,  but,  for  some  not  very 
obvious  reason,  when  the  cables  are  in  air  there  is  very 
little  difference  between  the  loadings  for  the  same  two 
pressures.  We  have  been  laj'ing  33  000-volt  cables  in 
Manchester  for  some  years.  When  we  first  purchased 
them  there  were  very  few  data  available  relating  to 
safe  loadings  and  working  temperatures,  but  from  such 
data  as  were  available,  and  the  results  of  experiments 


carried  out  at  the  cable  makers'  works,  we  arrived  at 
the  figure  of  60°  C.  for  the  safe  working  temperature 
of  33  000-volt  cables  after  allowing  a  margin  for 
contingencies.  The  permissible  loadings  worked  out  on 
the  basis  of  that  temperature  are  very  little  different 
from  many  of  the  figures  given  in  the  report,  having 
regard  to  the  fact  that  we  had  no  definite  information 
relating  to  the  resistivity  of  the  ground.  The  following 
are  tj'pical  values  for  the  loadings  of  three-core,  33  000- 
volt  cables:  0-1  sq.  in. — 165  amps.;  0-15  sq.  in. — 
210  amps.;  0-25  sq.  in. — 280  amps.;  0-30  sq.  in. — 
315  amps.  ;  and  0-35  sq.  in.- — 345  amps.  Not  having 
definite  information  as  to  the  relative  effect  on  the  cable 
temperature  of  direct  laying  and  drawing  into  ducts, 
it  was  decided  to  reduce  the  current  density  in  cables 
drawn  into  ducts  in  the  \dcinity  of  the  generating 
station  and  substations.  In  other  words,  the  section 
of  the  cable  was  increased  in  those  particular  positions. 
The  most  noticeable  difference  between  "  duct  "  and 
"  direct  laid  "  conditions  referred  to  in  the  report  is 
the  arbitrary  one  of  15  deg.  C.  between  the  permissible 
working  temperatures.  This  temperature  difference  is 
of  considerable  importance,  because  it  appears  to  repre- 
sent a  difference  of  about  12  per  cent  between  the 
actual  loadings  of  the  cables  under  the  respective 
conditions.  The  reduction  in  the  maximum  permissible 
temperature  in  the  case  of  cables  drawn  into  ducts 
appears  to  have  been  based  mainly  on  mechanical 
considerations,  and  I  should  therefore  like  to  have 
the  authors'  opinion  of  its  applicability  or  otherwise 
to  wire-armoured  cables,  since  the  best  modem  practice 
is  to  employ  a  wire  armouring  on  lead-covered  cables 
when  they  are  to  be  dra\\Ti  into  ducts.  One  remarkable 
fact  which  emerges  in  this  connection  is  that  when 
cables  are  drawn  into  ducts  the  resistivity  of  the  ground 
is  more  or  less  immaterial,  and  consequently  the 
temperature  conditions  of  the  cable  are  the  same  over 
a  comparatively  large  range  of  ground  resistivity. 
Probably  the  most  important  feature  of  the  report  is 
the  information  relating  to  the  short-time  or  emergency 
ratings,  because  as  a  rule  in  actual  practice  it  is  only 
under  emergency  conditions  that  cables  are  deliberately 
overloaded.  Owing  to  the  breakdown  of  a  cable,  for 
instance,  it  may  be  necessary  to  overload  other  cables 
to  a  very  considerable  extent  for  an  hour  or  two,  but 
in  view  of  the  information  given  in  the  report  the 
risk  attending  such  temporary  overloading  is  negligible. 
The  ultimate  limits  of  loading  will,  I  think,  be  fixed 
by  considerations  of  either  copper  loss  or  dielectric 
loss,  according  to  the  working  pressure  of  the  cables. 
More  information  on  the  subject  of  dielectric  losses  is 
very  desirable,  as  at  present  we  are  somewhat  in  the 
dark  as  to  their  cause  and  effects,  and,  consequently. 
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there  is  a  tendency  to  make  them  somewhat  of  a  bogy. 
One  other  limitation  to  the  permissible  loadings  arises 
from  the  effects  of  contraction  and  expansion.  At  one 
time^hese  effects  were  considered  to  be  ver>'  troublesome, 
but  I  am  inclined  to  the  view  that  they  are  not  so  serious 
as  is  usually  supposed,  and  the  figures  given  in  the 
report  bear  that  out.  I  have  come  to  the  conclusion 
that  many  of  the  troubles  due  to  contraction  and 
expansion  are  the  result  of  bad  joints.  Some  recent 
experiments  have  shown  that  the  ultimate  strength  of 
a  well-made  joint  is  comparable  with  that  of  the  con- 
ductor, and  therefore  it  is  not  very  obvious  why  trouble 
should  be  expected  with  joints.  The  simplest  joint  on 
a  three-core  cable  is  the  one  made  with  plain  sleeves 
or  sweating  ferrules,  and  tests  have  shown  such  a  joint 
to  be  strong  enough  for  all  practical  purposes,  provided 
that  the  ferrules  are  fitted  with  grub  screws.  Although 
they  do  not  in  themselves  contribute  materially  to  the 
strength  of  the  joint,  the  grub  screws  are  very  essential 
because  they  serve  to  maintain  the  ferrules  and  the 
conductors  in  rigid  and  intimate  contact  during  the 
period  when  the  solder  is  setting.  The  report  contains 
much  information  relating  to  ground  isothermals  and 
temperature  gradients,  but  only  so-called  virgin  ground 
has  been  considered,  and  it  would  be  interesting  to 
know  to  what  extent  the  various  curves  and  formulae 
are  applicable  to  the  ground  in  a  large  city  under  the 
road  surface  of  which  there  is  usually  a  miscellaneous 
collection  of  gas,  water,  and  Post  Office  pipes,  sewers, 
and  even  steam  pipes  and  cellars.  Another  very  impor- 
tant feature  of  the  report  is  the  experimental  work 
relating  to  cables  in  multi-way  ducts.  The  largest  duct 
referred  to  is  a  six-way  one,  but  I  know  of  an  80-way 
duct,  and  I  am  at  times  inclined  to  wonder  what  are 
the  conditions  prevailing  in  the  centre  of  such  an 
extensive  duct  line.  I  was  rather  surprised  to  see  that 
the  three-core  cables  had  the  same  temperature-rise 
when  heated  by  the  passage  of  either  direct  or  alternating 
current.  That  result  does  not  seem  to  be  quite  in  ac- 
cordance with  general  experience.  The  usually  accepted 
figure  for  the  increase  in  the  T^R  losses,  due  to  the 
eddies  in  the  lead  sheath,  is  5  per  cent.  It  may  be 
possible,  however,  that  a  5  per  cent  loss  in  the  sheath 
has  not  very  much  effect  on  the  maximum  temperature 
of  the  cores.  In  the  case  of  single-core  cables  now  used 
to  a  considerable  extent  for  extra-high-pressure  circuits, 
the  effect  of  the  sheath  losses  becomes  of  very  great 
importance.  A  figure  of  10  per  cent  has  been  put 
forward  for  sheath  losses  in  such  cases,  but  actually 
it  depends  to  an  enormous  extent  on  the  spacing  between 
the  separate  conductors.  Recent  experiments  have 
shown  that  a  sheath  loss  equal  to  15  per  cent  of  the 
core  loss  is  about  normal  for  close  spacing,  but  the 
value  rises  very  rapidly  as  the  spacing  is  increased 
beyond  6  inches. 

Mr.W.  J.  Medlyn  :  The  report  deals  with  difficulties 
caused  by  the  expansion  and  contraction  of  power 
cables,  due  primarily  to  the  heating  effect  of  the  currents 
transmitted.  I  understand  that  cases  occur  where 
power  cables  laid  in  pipes  or  ducts  on  a  slope  have  a 
tendency  to  slip  downhill  when  they  expand,  with  the 
result  that  they  are  heavily  strained  at  the  upper  end 
each    time    that    contraction    takes    place    on    cooling, 


after  the  current  is  shut  off  or  reduced  in  strength ; 
and,  apparently,  repetition  of  the  strains  may  cause 
fracture  of  the  cable.  No  doubt  such  cases  have  come 
under  the  notice  of  the  authors,  and  it  would  be  inter- 
esting to  know  whether  any  satisfactory  method  of 
overcoming  the  difficulty  has  been  devised.  In  this 
connection  I  should  like  to  mention  one  point  where 
there  is  some  relationship  between  power  cables  and 
telephone  cables.  In  a  few  cases  in  the  Manchester 
and  Liverpool  district  some  of  the  lead-covered  trunk 
telephone  cables,  measuring  about  3  inches  in  diameter, 
laid  in  stoneware  ducts  of  the  type  illustrated  in  Fig.  20, 
have  shown  a  tendency  to  creep  after  the  jointing  has 
been  completed.  The  joints  in  these  cables  are  made 
in  manholes  in  which  the  ducts  are  terminated.  In  a 
number  of  cases  the  pull  has  been  sufficient  to  stretch 
the  cable  and  force  the  joint  into  one  end  of  the  duct, 
thus  causing  the  lead  sheath  to  be  fractured.  The 
cases  have  generally  occurred,  not  on  pronounced 
slopes,  but  on  fairly  level  ground.  The  exact  cause  of 
the  trouble  has  not  been  definitely  ascertained,  but 
probably  it  may  be  due  partly  to  temperature  variation, 
and  partly  to  the  effects  of  the  vibration  caused  by 
road  traffic,  the  cable  movement  being  generally  in  the 
same  direction  as  the  traffic  on  the  particular  side  of 
the  road  concerned.  The  heating  effect  of  the  minute 
currents  passing  through  the  cable  is,  of  course,  negligible, 
and  the  temperature  variations  must  therefore  be  due 
to  atmospheric  changes  in  the  different  seasons  of  the 
year.  From  conductor-resistance  tests  which  have  been 
made  on  some  of  the  telephone  cables  in  Lancashire 
it  is  calculated  that  there  was  a  temperature  variation 
of  something  like  lldeg.  F.  to  14  deg.  F.  as  between 
summer  and  winter.  In  one  case  the  temperature 
indicated  on  a  thermometer  placed  in  a  duct  10  yards 
from  the  manhole  was  65°  F.  in  August  as  compared 
with  46°  F.  in  November,  a  difference  of  19  deg.  F. 
I  should  be  glad  to  know  whether  the  authors,  in  the 
course  of  their  research  work,  have  included  anj'  observa- 
tions of  temperature  effects  in  underground  cables 
due  to  ordinary  atmospheric  changes,  and,  if  so,  how 
their  figures  compare  with  the  results  which  I  have 
mentioned. 

Mr.  A.  B.  Mallinson :  The  authors  have  referred  to 
three  systems  :  Cables  laid  in  the  air,  cables  laid  in 
ducts,  and  cables  laid  direct  in  the  ground.  Under 
what  rating  would  they  classify  cables  laid  solid  in 
bitumen  in  wooden  troughs,  and  cables  drawn  into 
fibre  conduits  ?  Are  these  to  be  classified  as  cables 
laid  direct  in  the  ground  or  as  cables  drawn  into  ducts  ? 
Have  the  authors  done  any  experimental  work  on  cables 
of  different  makes  ?  It  is  only  natural  to  assume  that 
different  makers  sometimes  employ  different  insulations, 
and  that  will  have  an  effect  upon  the  figures  given  in 
the  report.  On  page  537  the  interesting  fact  in  cable 
laying  is  referred  to,  that  in  many  cases  a  cable  trench 
will  for  years  act  as  a  drain  for  the  surrounding  countr)'. 
This  is  not  often  realized.  It  is  very  refreshing  to  hear 
the  authors  speak  of  cables  loaded  up  to  the  limits 
permissible  by  heating.  At  a  recent  meeting  at  this 
Centre  the  advocates  of  automatic  substations  com- 
mented on  the  fact  that  most  cables  were  not  nearly 
fully   loaded,   and   that    there   was   no    fear   of  them 
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getting  hot  for  reasons  other  than  the  current  loading 
of  the  cables. 

Mr.  B.  Lakeman  :  I  should  be  glad  of  some  further 
information  in  regard  to  Tables  3  to  27.  I  am  surprised 
that  in  the  report  the  loadings  of  cables  in  the  ground 
and  in  air  are  based  upon  two  distinct  temperature- 
rises,  viz.  50  deg.  C.  and  35  deg.  C.  Do  the  authors 
propose  to  reduce  the  results  to  a  common  basic 
temperature-rise  when  issuing  the  final  form  of  the 
results  of  their  experiments  ?  I  consider  that  the 
usefulness  of  the  tables  would  be  thus  enhanced. 

Mr.  A.  R.  Porter :  Mr.  Ratcliff  has  mentioned 
80-way  ducts  in  Manchester ;  these,  I  think,  consist 
of  80  single-way  fibre  conduits  laid  in  concrete.  I 
should  imagine  that  with  a  nest  of  single-way  ducts 
laid  either  direct  in  the  ground  or  in  concrete,  the 
temperature-rise  would  be  much  less  than  in  the  case 


of  the  multiple  ducts  illustrated  in  the  report.  In 
the  former  case  there  is  a  much  greater  space  between 
the  ducts  than  is  afforded  by  the  comparatively  thin 
walls  of  multiple  stoneware,  and  it  seems  possibl^that 
practically  the  conditions  given  for  a  single-way  duct 
line  may  be  approached.  It  is  known  that  a  sudden 
and  intense  rise  of  temperature  due  to  a  short-circuit 
mav  be  rapidly  conducted  throughout  a  multiple  duct 
similar  to  that  illustrated,  tending  to  destroy  the  other 
ducts.  I  believe  that  this  is  not  the  case  with  the 
nest  construction  mentioned,  and  it  therefore  seems 
probable  that  the  conditions  of  temperature-rise  would 
be  similarly  modified.  Have  the  authors  carried  out 
any  tests  of  these  conditions  ? 

[The  reply  of  Messrs.  S.  W.  Melsom  and  E.  Fawssett 
to  this  discussion  will  be  pubUshed  later.] 


South  Midland  Centre,  at  Birmingham,  4  April,   1923. 


Mr.  A.  M.  Taylor  :  In  the  investigation,  in  Appen- 
dix III,  upon  the  relation  between  thermal  resistance 
and  electrostatic  capacity,  the  comparison  between  the 
experimentally  detennined  electrostatic  capacity  and 
the  capacity  as  determined  by  Russell's  formula  and 
also  by  Mie's  formula,  and  the  investigation  of  its 
relation  to  the  thermal  resistance  of  the  cable,  are 
particularly  interesting.  In  a  recent  paper  *  I  pointed 
out  that  the  reciprocal  of  the  capacity  (termed  by 
Karapetoff  the  "  elastivity ")  is  related  to  the  geo- 
metrical dimensions  of  the  cable  in  a  precisely  similar 
way  to  the  thermal  resistance,  and  I  am  glad  that  the 
authors  emphasize  this  point.  The  remarks  on  page  541 
relating  to  the  difference  between  the  expansion  of 
the  armouring  of  the  cable  and  that  of  the  lead  sheath- 
ing of  the  copper  would  indicate  that  there  are  forces 
tending  to  buckle  the  copper  conductor  directly  a 
point  of  minimum  mechanical  strength  is  reached. 
This  would  occur  where  the  cable  approached  a  junction 
box,  and  might  take  place  in  the  junction  box  itself. 
In  one  case  which  came  to  my  notice  the  copper  had 
been  quite  crushed  up  and  forced  into  connection  with 
the  box  itself  by  this  action.  The  tremendous  forces 
that  obtain  must  result  either  in  the  armouring  being  in- 
ordinately strained  or  the  copper  bemg  unduly  com- 
pressed, and  it  is  not  inconceivable  that,  due  to  the 
worming  of  the  three  copper  conductors,  a  tendency  to 
sudden  bending  might  occur  in  parts  of  the  cable  itself 
which  would  be  sufficient,  even  though  unnoticeable, 
to  crack  the  insulation  and  start  a  weak  point 
which  would  develop  into  a  fault.  This  points  to  the 
advantage  of,  if  possible,  doing  without  the  armouring 
altogether,  a  course  which  was  adopted  in  the  Genne- 
vUhers  cables.  I  should  like  some  more  information 
on  the  subject  of  six-conductor  cables,  particularly  of 
the  size  consisting  of  sLx  0'185  sq.  in.  cores  used  as 
a  spHt-conductor  cable,  corresponding  to  an  area  (per 
phase)  of  0-37  sq.  inch.  Several  such  cables  were  used 
on  the  Birmingham  system  and  any  information  as  to 
the   possibilities  of  increased  current-carrying   capacity 

'  The  Possibilities  of  Transmission  by  Underground   Cables   at 
100  000/150  000  Volts,"  Journal  IM.E.,   1923,  vol.   61,  p.  220. 


would  be  most  welcome.  In  Table  16  a  current  of 
328  amperes  is  given  for  a  0-25  sq.  in.  cable  (concentric 
and  armoured) ,  while  in  Table  21a  current  of  344  amperes 
is  given  for  a  precisely  similar  cable,  with  the  difference, 
however,  that  the  latter  was  insulated  for  II  000  volts 
whereas  the  former  was  insulated  for  only  660  volts. 
One  would  have  expected  that  the  thermal  resistance 
of  the  1 1  000  volt  cable  would  have  been  much  higher 
than  that  of  the  660  volt  cable,  demanding  a  very 
much  smaller  current,  rather  than  that  a  larger  current 
would  have  been  permissible.  Will  the  authors  explain 
this  point  ?  In  Table  28  a  figure  of  620  is  given  for 
the  resistivity  of  cable  No.  3,  and  a  figure  of  1  060  for 
the  resistivity^  of  cable  No.  4.  There  seems  to  be  no 
obvious  reason  for  this  great  difference.  Again,  it  is 
stated  on  the  same  page  that  "  examination  of  the 
experimental  values  for  different  types  of  cable  showed 
that  generally  the  lower-pressure  cables  had  a  thermal 
resistivity  somewhat  greater  than  the  higher-pressure 
cables,"  and  the  remarks  that  follow  seem  to  suggest 
that  this  is  due  to  questions  of  cost.  I  should  like  to 
know  whether  it  was  in  any  way  due  to  the  fact  that 
with  the  higher  insulations  there  was  a  much  greater 
distance  through  which  impregnation  had  to  take 
place,  and  whether  the  impregnation  was  possibly  less 
perfect  in  the  higher-voltage  cables.  In  Table  39  the 
figure  of  172  amperes  is  given  for  the  safe  current  for 
a  six-core  0-1  sq.  in.  cable.  I  would  remind  the  authors 
that  in  Table  2  of  the  previous  report  the  safe  current 
for  a  precisely  similar  spUt-conductor  cable  was  given 
as  284  amperes  per  core.  I  think  that  the  latter  figure 
was  probably  wrong,  but  I  should  like  to  know  for 
certain  that  tliis  is  so,  as  the  discrepancy  is  otherwise 
very  serious.  On  page  546  it  is  stated,  in  dealing 
with  triple-concentric  cables,  that  if  the  load  were 
assumed  to  be  carried  by  the  two  inner  conductors  only, 
the  current  for  a  given  temperature-rise  would  be 
5  per  cent  less  than  that  for  the  "  equivalent  "  size  of 
concentric  cable  with  two  conductors  only.  What 
would  have  been  the  result  if  the  innermost  and  outer- 
most conductors  had  been  considered,  the  intermediate 
conductor   carrying   no   current  ?      I   am   interested  in 
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a;*cable  in  which  varying  currents  are  carried  in  the 
different  intersheaths,  and  my  impression  is  that  the 
greater  the  amount  of  heat  that  can  be  liberated  to- 
wards the  circumference  of  the  cable,  the  lower  will 
be  the  temperature  of  the  innermost  core.  The  ex- 
pression "equivalent"  used  by  the  authors  should 
also  be  defined.  Do  they  mean  by  this  the  same  cross- 
section  for  each  of  the  two  "  outer  "  cores,  or  a  cross- 
section  such  that  the  same  power  can  be  conveyed 
with  the  same  total  amount  of  copper  at  an  equal  voltage 
across  the  "  outers  "  ?  In  Table  1  are  given  particulars 
requiring  further  elucidation,  and  I  am  of  opinion 
that  the  figures  in  heavy  type,  viz.  340,  180,  120  and  90 
should  preferably  be,  227,  120,  80  and  60.  I  should 
like  to  see  Equation  (7)  (page  523)  extended  in  such 
a  manner  as  to  embrace  triple-concentric  cables  in  which 
there  are  various  relations  between  the  current  in  the 
central  core  and  those  in  the  outer  cores. 

Mr.  H.  W.  Blades  :  It  is  very  interesting  to  note 
from  actual  tests  that  there  is  no  appreciable  increase 
of  heating  in  a  three-core  cable  when  loaded  with  three- 
phase  current  of  varying  periodicities,  as  compared 
with  that  occurring  with  direct  current.  One  would 
naturally  expect  that  the  skin  effect  and  the  eddy 
currents  in  the  lead  sheath  would  have  affected  the 
results  of  the  test  to  a  certain  degree.  In  dealing 
with  the  expansion  of  cables,  an  instance  occurred  a 
short  time  ago  where  a  number  of  cables  under  abnormal 
war  conditions  gradually  slipped  for  a  distance  of 
4  ft.  down  a  long  gradient  for  a  total  distance  of  approxi- 
mately 500  yards,  but  by  taking  advantage  of  the  ex- 
pansion of  the  cable  when  loaded,  and  by  means  of 
suitable  clamps  and  straining  devices,  these  cables  were 
persuaded  to  creep  uphill  against  the  stiff  gradient 
until  they  were  back  again  in  their  original  position. 
This  was,  of  course,  accomplished  whilst  the  cables 
were  carrying  full  load.  On  page  541  it  is  stated  that 
"  a  cable  drawn  into  a  duct  is  free  to  move  lengthways 
along  the  duct  and  cause  injury  to  the  lead  by  abrasion." 
From  observations  and  tests  on  a  large  conduit  system 
the  chief  trouble  was  found  to  be,  not  so  much  the 
question  of  the  abrasion  of  the  lead  in  contact  with 
the  duct,  but  how  to  accommodate  the  expansion  of 
the  cables  and  so  prevent  ripples  in  the  lead  and  cracked 
plumbs,  etc.,  in  the  joint  pits.  The  linear  expansion 
resulted  in  a  longitudinal  movement  of  the  cable  at 
the  bell  mouth,  but  by  suitable  bends  in  the  cable  at 
the  joint  pit  this  longitudinal  movement  was  changed 
into  a  lateral  movement  of  the  joint  box.  The  joint 
boxes  are  mounted  on  special  cradles,  and  these  are 
free  to  move  in  a  transverse  direction.  Tests  showed 
that  these  joints  were  in  a  state  of  continual  movement. 
These  joints  have  been  working  successfully  for  several 
years  in  this  manner  and  there  are  no  signs  at  aU  of 
the  deterioration  of  the  lead. 

Mr.  W.  E.  Groves  :    The  information  in  the  report 


is  exactly  what  the  mains  engineer  needs.  It  is  most 
useful  in  stating  concisely  the  factors  to  be  reckoned 
with  in  assessing  the  rating  of  cables.  Although  the 
effects  of  the  various  conditions  or  circumstances  of 
cable-laying  are  in  most  cases  what  were  to  be  expected, 
the  precise  information  is  most  useful  in  fixing  the 
degree  of  importance  to  be  given  to  each  governing 
factor.  In  some  instances,  however,  the  experiments 
give  results  which  are  not  only  enlightening  but  also 
quite  unexpected.  As  the  permissible  current  loading 
is  generally  governed  by  the  maximum  temperature 
which  can  be  attained  without  damage  to  the  dielectric, 
it  is  hoped  that  more  definite  information  will  be  forth- 
coming on  this  point.  Meanwhile,  the  limits  given 
will  be  in  the  mind  of  the  engineer,  who  wiU  realize 
that  they  must  necessarily  be  safe  as  they  are  stated 
to  be  permissible  in  a  report  to  which  great  weight 
will  be  attached.  The  thermal  resistivity  of  the  dielectric 
will  obviously  be  constant  throughout  a  cable  length, 
but  in  considering  a  long  run  of  main  the  safe  loading 
will,  from  the  point  of  view  of  thermal  resistivity,  depend 
on  the  worst  patch  of  ground  that  it  passes  through. 
Consequently,  in  determining  the  load  rating  of  the 
cable  before  laying,  the  least  favourable  conditions 
must  be  assumed.  In  this  connection,  one  would 
expect  that  the  nature  of  the  paving  would  affect  the 
moisture  content  of  the  ground.  ISIodern  methods  of 
treatment  of  roadways  render  the  surface  practically 
impervious  to  moisture,  and  the  surface  water  is  much 
more  thoroughly  drained  to  the  sewers.  It  is  interesting 
to  note  that  the  mechanical  strains  due  to  expansion 
are  considered  among  the  limiting  factors.  Considerable 
ingenuity  has  been  brought  to  bear  on  the  countering- 
of  these  effects  and  it  is  to  be  hoped  that  ultimately 
the  permissible  temperature  will  be  limited  solely  by 
the  effect  on  the  dielectric  properties  of  the  insulation. 
This  limitation  due  to  expansion  is  emphasized  in  the 
writing  down  of  the  permissible  temperature  of  cables 
in  conduits  by  15  degrees  C.  in  order  to  avoid  abrasion 
of  the  lead.  This  appears  to  be  hardly  justified  if  the 
internal  surface  of  the  conduit  is  smooth  and  well- 
lubricated  when  the  cable  is  drawn  in.  At  any  rate 
it  seems  too  liigh  a  price  to  pay  and  one  would  rather 
risk  a  little,  as  the  damage  would  be  more  local  than 
that  caused  to  the  cable  by  overheating  of  the  dielectric. 
Conduits  are  an  unfortunate  necessity  in  many  cases 
and  it  is  both  interesting  and  surprising  to  learn  that 
the  experiments  show  that  the  temperature  of  the 
cable  is  not  materially  affected  by  the  relative  dimensions 
of  cable  and  conduit.  The  publication  of  the  results 
of  exhaustive  research,  and  formula;  for  calculating  the 
effect  of  practicaUy  all  possible  conditions  of  mains 
laying,  should  result  in  more  scientific  practice  than 
has  hitherto  obtained. 

[The  reply  of  Messrs.  S.  W.  Melsom  and  E.  Fawssett 
to  this  discussion  will  be  pubUshed  later] 
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REPORT   OF    THE   COUNCIL    FOR   PRESENTATION  AT  THE    ANNUAL 
GENERAL   MEETING   OF    31    MAY,    1923. 

REPORT. 

The  Council,  at  the  Fifty-first  Annual  General  Meeting 
of  the  Institution  of  Electrical  Engineers,  present  to 
the  members  their  Report  for  the  year  1922—23, 
covering  approximately  the  period  1  April,  1922,  to 
31  March,  1923,  and,  in  doing  so,  desire  to  put  on 
record  their  gratification  at  the  continued  progress  of 
the  Institution. 

(1)  Bye-Laws. 

The  Bye-Laws  for  the  Chartered  Institution  which 
were  appro\-ed  at  a  Special  General  Meeting  of  Cor- 
porate Members  held  on  the  23rd  March,  1922,  received 
the  sanction  of  the  Lords  of  the  Privy  Councd  on  the 
1st  June,  1922.  Members  who  have  not  already 
received  a  copy  can  obtain  one  on  application  to  the 
Secretary. 

> 

(2)  Liquidation  of  Old  Institution. 

The  process  of  transferring  to  the  Chartered 
Institution  the  property  of  the  old  Institution,  including 
the  trusts  in  connection  therewith,  has  proved  more 
protracted  than  had  been  anticipated,  chiefly  owing 
to  certain  provisions  in  some  of  the  trust  deeds 
necessitating,  on  the  dissolution  of  the  old  Institution, 
steps  being  taken  to  ensure  that  these  trusts  and  the 
benefits  under  them  should  pass  to  the  Chartered 
Institution.  For  that  reason,  the  final  winding-up 
must  necessarily  be  postponed  a  short  time  longer 
until  the  whole  of  these  trusts  and  benefits  have  been 
transferred  to  the  new  Institution. 

(3)  Membership  of  the  Institution. 

The  changes  in  the  membership  since  the  1st  April, 
1922,  are  shown  in  a  table  which  will  be  found  in 
Appendix  A. 

The  following  table  shows  the  growth  of  membership 

for  the  last  few  years  : — 


CONTENTS. 

Par. 

Accounts 

..     47 

Advertisements  in  Journal     . . 

..      31 

Agriculture,  Electricity  in 

..      38 

American  Ii.st.tute  Convention 

..     .24 

Appointments  Board  . . 

..     29 

Associazione  Elettrotecnica  Italiana 

..     25 

Benevolent  Fund 

..      46 

Bntish  Manufactured  Goods.  . 

..     40 

Building 

..      10 

Bye-Laws 

1 

Centres    . . 

..      13 

Conversazione    . . 

..     20 

Deaths 

9 

Dinner    .  . 

..      21 

Distinctions 

6 

Electricity  Regulations  Committee.. 

..      37 

Electrotechnical  Commission,  International 

..     45 

Engineering  Joint  Council     .. 

..     42 

Examinations    . . 

4 

Faraday  Medal. . 

7 

Honorary  Members 

..        5 

Honours 

6 

Informal  Meetings 

..      17 

Institution,  Organization  of  . .          48  and 

Appendix  D 

Irish  Free  State          

..      39 

Journal  . . 

..      30 

Koninglijk  Instituut  Van  Ingenieurs 

..      26 

Libraries  for  Local  Centres  . . 

..      14 

Library,  Institution     .  . 

..      27 

Liquidation 

..        2 

Local  Honorary  Secretaries  Abroad 

..      15 

Meetings             ..          ..  11,  12,  17,  22  and 

Appendix  B 

Membership       . .          . .          . .           3  and 

Appendix  A 

Model  Conditions  for  Contract 

..      34 

Museum              

..      28 

Papers 11  and 

Appendix  C 

Portraits  of  Past-Presidents 

..      23 

Premiums          

..      11 

Proving  House 

..      35 

Registration  of  Electrical  Contractors 

..      36 

Appendix  D 

Research  Association,  British  Electrical     . 

..     43 

Scholarships 

..      19 

Science  Abstracts 

..      32 

Standards  Association,  British  Engineering 

..     44 

Students'  Sections 

..      18 

Sub-Centres 

..      13 

Summer  Meeting          

..      22 

Technical  Schools,  Trainmg  m 

..      41 

War  Memorial  .  . 

8 

Wireless  Section 

..     16 

Wiring  Rules     .  . 

..     33 

Year 
1913 

Membership 
7  084 

Increase  or 
Decrease 

1914 

7  045 

— 

39 

1915 

6  811 

— 

234 

1916 

6  676 

— 

135 

1917 

6  613 

— 

63 

1918 

6  667 

+ 

54 

1919 

7  023 

+ 

356 

1920 

8  146 

+ 

1  123 

1921 

9  449 

+ 

1  303 

1922 

10  275 

+ 

826 

1923 

10  911 

+ 

636 
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It  will  be  seen  from  the  above  that,  while  the  decrease 
in  membership  during  the  war  period  was  471,  the 
increase  since  the  war  has  amounted  to  4  298. 

The  Council  have  noticed  with  satisfaction  the 
practice  of  some  employers  of  stipulating  Corporate 
Membership  of  the  Institution  as  a  qualification  for 
vacant  positions,  and  urge  its  adoption  by  all 
employers. 

(4)  Examinations. 

The  Associate  Membership  Examination  was  held 
in  April  and  October,  1922,  in  London,  Chatham, 
Birmingham,  Manchester,  Newcastle-upon-Tyne  and 
Cardiff,  and  also  abroad  in  New  Zealand,  South  Africa 
and  Austraha.  The  candidates  examined  included  a 
number  of  officers  of  the  Corps  of  Royal  Engineers 
who  sat  for  the  examination  for  the  purpose  of 
qualifying  for  "  Engineer  Pay." 

A  certain  number  of  candidates  submitted  theses  and 
papers  during  the  year  in  lieu  of  the  examination. 

For  the  purpose  of  qualifying  for  "  Signal  Pay " 
Officers  of  the  Royal  Corps  of  Signals  were  examined 
by  the  Institution  in  the  "  Theory  of  Electrical 
Military  Signalling "  at  the  Signal  Service  Training 
Centre,  Maresfield  Park  Camp,  Sussex,  in  August,  1922, 
and  February,   1923. 

(5)  Honorary  Members. 

The  Council  have  pleasure  in  recording  that,  as 
announced  at  the  Ordinary  Meeting  of  the  16th  Novem- 
ber, 1922,  they  have  elected  Professor  John  Ambrose 
Fleming,  M.A.,  D.Sc,  F.R.S.,  to  be  an  Honorary 
Member  of  the  Institution.  The  number  of  Honorary 
Members  now  stands  at   10. 

(6)  Honours  and  Distinctions  Conferred 
ON  Members. 

Since  the  last  Annual  Report  the  following  honours 
have  been  conferred  on  members  :■ — 

Baionetcy. 

Drummond,  Brig. -Gen.  H.  H.  J.,  C.M.G.  (Associate). 
Sutton,  George  (Member). 

K.B.E. 

Lewis,  H.  D.  W.  (Member). 

Knighthood. 

Hughman,  E.  M.  (Associate). 
Manville,  E.,  J.P.,  M.P.  (Member). 

C.B. 

Wray,    Capt.     T.    H.    Roberts,    O.B.E.,    R.N.V.R. 

(Associate  Member). 

c.v.o. 

Hussey,  Major  W.  C,  R.E.  (Associate). 

(7)  Faraday  Medal. 

To  commemorate  the  60th  anniversary  of  the 
foundation  of  the  Institution  (under  the  name  of  the 
Society  of   Telegraph   Engineers),  the  Council    decided 


last  year  to  estabhsh  a  "  Faraday  Medal  "  in  bronze 
to  be  awarded  by  the  Council  not  more  than  once  a 
year  for  "  notable  scientific  or  industrial  achievement 
in  Electrical  Engineering  or  for  conspicuous  services 
rendered  to  the  advancement  of  Electrical  Science 
without  restriction  as  regards  nationality,  country  of 
residence  or  membership  of  the  Institution." 

The  Council  selected  for  the  first  award  of  the  medal 
Mr.  Oliver  Heaviside,  F.R.S.,  who,  unfortunately, 
owing  to  ill-health,  was  unable  to  attend  a  meeting 
of  the  Institution  to  receive  the  medal,  which  was 
personally  presented  to  him  by  the  then  President, 
Mr.  J.  S.  Highfield,  at  Torquay  on  the  9th  September, 
1922. 

The  second  award  of  the  medal  has  been  made  by 
the  Council  to  the  Hon.  Sir  Charles  Algernon  Parsons, 
K.C.B.,  F.R.S. 

(8)  War  Memorial. 

The  unveiUng  and  dedication  of  the  War  Memorial 
in  the  Institution  Building  in  memory  of  the  members 
of  the  Institution  who  lost  their  Uves  in  the  War 
of  1914-18  took  place  on  Wednesday  afternoon, 
2Sth  June,  1922.  The  Memorial  is  in  the  form  of 
two  bronze  panels,  containing  the  names  of  162  fallen 
members,  designed  by  the  Institution's  architect, 
Mr.  H.  Percy  Adams,  F.R.I.B.A.,  and  modelled  by 
The  Birmingham  Guild,  Ltd.,  and  fLxed  respectively 
on  the  East  and  West  walls  of  the  Entrance  Hall. 

A  full  account  of  the  ceremony  is  contained  in  the 
Journal,  vol.  60,  p.  948. 

The  War  Memorial  Book  containing  the  biographical 
notices  and  portraits  of  the  fallen  members  wiU,  it 
is  hoped,  be  pubUshed  in  the  course  of  the  year. 

Out  of  the  balance  of  the  above  Fund  it  has  been 
decided  to  establish  two  scholarships,  each  of  the 
value  of  £50  per  annum  and  tenable  for  three  years, 
to  provide  for  the  education  of  children  of  those 
members  of  the  Institution  who  were  killed  or 
permanently  disabled  in  the  War. 

(9)  Deaths. 

The  Council  have  to  deplore  the  death  of  the 
following  48  members  of  the  Institution  during  the 
year. 

Honorary  Member. 
Bell,  Professor  Alexander  Graham. 

Members. 

Claremont,  E.  A.  Miller,  H.  W. 

Craig,  J.  H.  Robinson,  M.  H. 

Darby,  J.  C.  H.  Sharp,  S. 

Dewar,  Prof.  Sir  James,  SuckUng-Baron,  A.   I. 

M.A.,  F.R.S.  ^  Talbot,  F.  F. 

Eraser,  J.  Trouton,     F.    T.,     M.A., 
Gavey,  Sir  John,  C.B.  D.Sc,  F.R.S. 

Godfrey,  W.  B.  Ward,  G.  G. 

Kapp,  Prof.  Gisbert.  Webb,  G.  R.,  M.B.E. 
Willis,  R.  H. 
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Bates,  W.,  O.B.E. 
Bish,  G.  J. 
Bradbury,  R.  H. 
Clunas,  J.  F. 
Dobson,  J. 
Emmott,  H. 

cm,  D. 

Healy,  L.  T. 
Jephson,  R.  P 


Hollinrake,  J.  S. 


Ablett,  L. 
Ash,  R.  H.  H. 


Associate  Members. 

Kirk,  M. 
McAlonan,  D. 
McKea,  F.  J. 
Martin,  J. 
Mitchell-Cocks,  J. 
Ogilvie,  W. 
Roberts,  P.  A. 
Stobie,  H.  E. 
Thomas,  G.  T. 
Walter,  L.  H.,  M.A. 

Graduates. 

Palmer,  W.  G. 

Students. 

Cox,  W.  L. 
Davis,  G.  C.  C. 
Langley,  H.  W. 


Associates. 


Barrett,  A. 

Hassard,  Lt.-Col.  H.  S. 


Parsons,  The  Hon.  R.  C. 
Walmisley,  A.  T. 


Of  the  foregoing,  the  Institution  has  suffered 
especially  in  the  loss  of  the  following  distinguished 
raembers  : — 

Sir  John  Gavey,  C.B.  (Member  of  Council  1899-1900 
and  1904,  Vice-President  1901-1904,  President  1905)  ; 
Professor  Gisbert  Kapp  (Member  of  Council  1886, 
1889-1891,  189^-1896,  Chairman  of  the  Birmingham 
Local  Section  1907,  Vice-President  1907,  President 
1909)  ;  Professor  Alexander  Graham  BeU  (elected 
Member  1877  and  Honorary  Member  1913)  ;  Mr.  Sidney 
Sharp  (Member  of  Council  1890  and  Honorary  Auditor 
1904-1918)  ;  Mr.  H.  Woodville  :Miller  (Member  of 
Council  1896-1898)  ;  Mr.  M.  H.  Robinson  (Member 
of  Council  1901-1903)  ;  Mr.  G.  G.  Ward  (Local  Honorary 
Secretary'  and  Treasurer  for  the  U.S.A.  1876-1922)  ; 
and  Prof.  Sir  James  Dewar,  M.A.,  F.R.S.  (elected 
Member  1881). 

(10)  Institution  Building. 

The  Council  are  highly  gratified  at  the  continued 
use  of  the  Institution  theatre  and  rooms  by  a  very 
large  number  of  allied  and  kindred  societies. 


(11)  Meetings  and  Papers. 

A  statement  of  the  total  number  of  meetings  and 
conferences  held  during  the  past  twelve  months  and 
of  papers  read,  lectures,  etc.,  \viU  be  found  in  Appen- 
dixes B  and  C  to  this  Report. 

In  this  connection,  the  Council  gladly  refer  again 
to  the  generous  devotion  by  members  of  the  Institution 
of  their  time  and  expert  knowledge  to  the  work  of  its 
various  Committees. 

The  Premiums  awarded  by  the  Council  for  papers 
will  be  announced  at  the  Annual  General  Meeting,  or  as 
soon  as  possible  thereafter. 


(12)  Ordinary  Meetings. 

The  discussions  have  been  consistently  maintained 
at  a  high  level,  and  have  been  more  spontaneous  than 
in  the  past.  The  CouncU  wish  to  tender  the  best 
thanks  of  the  Institution  to  tlie  various  speakers 
who  place  their  knowledge  and  experience  at  the 
disposal  of  their  fellow  members  by  reading  papers 
or  taking  part  in  the  discussions. 

As  regards  the  attendances  at  the  meetings,  the 
fact  that,  owing  to  the  many  Centres  and  Sub-Centres 
of  the  Institution,  the  same  paper  is  read  at  several 
places,  appears  to  react  unfavourably  on  the  attendance 
at  any  particular  meeting,  a  result  which,  in  the  case 
of  higlily  technical  papers,  may  need  consideration  in 
the  future. 

(13)  Local  Centres  and  Sub-Centres. 

In  accordance  with  the  Bye-Laws  of  the  Chartered 
Institution,  the  former  designation  of  "  Territorial 
Centre  "  has  been  changed  to  "  Local  Centre." 

Ths  Reports  of  the  various  Centres  show  that  ths 
attendances  at  their  meetings  have  been  satisfactory. 

During  the  Session  the  President  paid  visits  to  the 
Centres  at  Birmingham,  Bristol,  Dublin,  Glasgow, 
Leeds,  Manchester  and  Newcastle-upon-Tyne,  and  to 
the  Sub-Centres  at  Liverpool,  Loughborough,  Middles- 
brough and  Sheffield. 

On  the  1st  February,  1923,  the  Council  granted  a 
petition  for  the  formation  of  a  Centre  at  Liverpool, 
in.  place  of  the  former  Sub-Centre. 

(14)  Technical  Libraries  for  Local  Centres. 
The  Council  decided  during  the  Session  to  supply 
technical  books  to  the  value  of  £50  to  any  Centre 
wishing  to  set  up  a  Technical  Library,  provided  that 
suitable  accommodation  is  available,  and  that  each 
collection  is  maintained  and  added  to  locally,  the  books 
remaining  the  property  of  the  Institution. 

(15)  Local  Honorary  Secretaries  Abroad. 

During  the  Session  the  Council  appointed  Mr.  Gano 
Dunn,  a  Past-President  of  the  American  Institute  of 
Electrical  Engineers,  to  be  Local  Honorary  Secretary 
for  the  United  States  of  America,  in  place  of  the  late 
Mr.  G.  G.  Ward. 

The  Council  also  appointed  Mr.  M.  L.  Kristiansen, 
Chief  Engineer  of  the  Kristiania  Government  Telephone 
Service,  to  be  Local  Honorary  Secretary  for  Norivay. 

(16)  Wireless  Section. 
The    Wireless    Section    of   the    Institution    has    held 
eight  meetings,  at  which  nine  papers  were  read. 

(17)  Informal  Meetings. 

The  Informal  Meetings  during  the  past  Session  have 
maintained  their  interest  and,  though  the  average 
attendance  was  below  that  of  last  year,  the  subjects 
selected  have  been  keenly  debated. 

On  the  score  of  assisting  in  the  training  of  speakers, 
the  Informal  Meetings  have  undoubtedly  well  served 
their  purpose  this  Session,  and  a  number  of  new  speakers 
have  contributed  to  the  discussions. 
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The  Annual  Smoking  Concert  was  greatly  enjoyed 
by  the  large  audience  which  attended,  and  the  Benevolent 
Fund  has  benefited  by  the  proceeds. 

(18)  Students'  Sections. 

The  number  of  Students  on  the  Register  of  the 
Institution  has  reached  a  record  total  of  2  869,  repre- 
senting 26  per  cent  of  the  total  membership. 

A  very  full  programme  of  meetings,  visits  to  works, 
and  social  functions  was  carried  out  during  the  Session 
by  the  eight  Students'  Sections  now  in  existence, 
viz.  in  London,  Birmingham,  Glasgow,  Leeds,  Liverpool, 
Manchester,  Newcastle  and  Sheffield. 

Addresses  to  the  London  Students'  Section  were 
given  by  the  President  and  Mr.  C.  H.  Wordingham, 
C.B.E.,   Past-President. 

A  Students'  visit  to  Cardiff  and  district,  organized 
by  the  London  Students'  Section,  took  place  from  the 
24th  to  the  28th  July,  1922.  The  following  works 
were  visited  :  The  Melingriffith  Tin  Plate  Works, 
Messrs.  Vivian's  Hafod  Copper  Works,  Messrs.  Baldwin's 
Landore  Steel  Works,  The  Britannia  Collier)',  The 
Barry  Docks  (G.W.  Rly.),  Messrs.  Lewis  and  Mayer's 
Cement  Works. 

The  Council  have  cordially  thanked  the  firms  named 
for  the  courtesy  shown  by  them  on  the  occasion,  and 
for  the  facilities  afforded,  which  very  materially  helped 
to  make  the  visit  an  acknowledged  success. 

The  Council  have  also  thanked  Mr.  J.  H.  Reyner 
(Honorary  Secretary,  London  Students'  Section)  for 
his  valuable  work  in  organizing  the  visit. 

(19)  Scholarships. 
The   following   Scholarships   have   been   awarded   by 
the  Council : — 

David  Hughes  Scholarship. 
(Value  £40  ;  tenable  for  one  year.) 
W.  H.  M.  HelUer  (University  College,  Cardiff). 

Salomons  Scholarship. 
(Value  £50  ;  tenable  for  one  year.) 
A.  H.  Maggs  (Bristol  University). 

Paul  Scholarship. 
(Value  £50  ;  tenable  for  one  year.) 
C.  A.  Wilck  (Finsbury  Technical  College). 

War  Thanksgiving  Education  Research  Fund  {No.  1). 
A  grant  of  £100  for  educational  purposes  has  been 
made   this   year   by   the   Council  under  the  provisions 
of    the    Trust    Deed    to    R.    H.     Holmes     (Armstrong 
College,  Newcastle-upon-Tyne) . 

(20)  Conversazione. 

The  Annual  Conversazione  was  held  at  the  Natural 
History  Museum,  South  Kensington,  London,  on  the 
29th  June,  1922,  when  there  was  a  record  attendance 
of  over  1  700  members  and  guests. 

(21)  Annual  Dinner. 

The  Annual  Dinner  was  held  at  the  Hotel  Cecil, 
London,  on  the  6th  February,  1923,  the  members 
and    guests   present    numbering    480. 

Vol.  61. 


A  message  was  received   from  H.R.H.   The  Prince 

of  Wales  regretting  his  inability  to  be  present,  and 
among  the  distinguished  guests  present  were  the 
following  who  spoke  :  The  Rt.  Hon.  Neville  Chamber- 
lain (Postmaster-General),  Sir  W.  Joynson-Hicks,  Bart., 
M.P.  (Parliamentary  Secretary  to  the  Overseas  Depart- 
ment of  the  Board  of  Trade),  and  Sir  Arthur  Colefax, 
K.B.E.,   K.C. 

An  account  will  be  found  in  the  Journal,  vol.  61, 
p.  400. 

(22)  Summer  Meeting. 

The  Summer  Meeting  in  Scotland,  admirably  organized 
by  the  Committee  of  the  Scottish  Centre,  took  place 
from  the  30th  May  to  the  2nd  June,  1922,  and  was 
very  successful.  A  short  account  of  the  meeting  will 
be  found  in  the  Journal  (1922,  vol.  60,  Institution 
Notes,  p.  26). 

(23)  Portraits  of  Past-Presidents. 

The  Council  have  arranged  for  a  complete  set  of 
enlarged  photographs  to  be  made  of  the  Past-Presidents 
of  the  Institution.  These,  suitably  framed,  will  be  hung 
in  the  Institution's  rooms  as  soon  as  the  collection  is 
complete. 

(24)  Convention  of  American  Institute  of 
Electrical  Engineers  at  Niagara. 

At  the  above  convention  held  at  Niagara  from  the 
26th  to  the  30th  June,  1922,  the  Institution  was  repre- 
sented by  Mr.  A.  P.  M.  Flaming,  C.B.E. 

(25)  AssociAZioNE  Elettrotecnica  Italiana. 

Signer  Guido  Semenza,  the  Institution's  Local 
Fionorary  Secretary  for  Italy,  represented  the  Institution 
at  the  celebration  of  the  25th  Anniversary  of  the 
foundation  of  the  Association  last  September. 

(26)  KoNiNGLijK  Instituut  Van  Ingenieurs. 

Similarly,  the  Institution  was  represented  by  Mr. 
P.  V.  Hunter.  C.B.E.,  at  the  celebration  of  the 
75th  Anniversary  of  the  foundation  of  the  Royal 
Institute  of  Engineers  at  The  Hague. 

(27)  Library. 

During  the  year  235  books  and  pamphlets  have 
been  presented  to  the  Reference  Library  by  members 
and  others.  A  marked  increase  in  attendance  is 
recorded,  the  total  number  for  the  year  being  2  526, 
of  whom  125  were  non-members,  as  against  the  previous 
highest  yearly  total  of  1  651  in   1915-16. 

The  Council  have  pleasure  in  recording  a  continued 
increase  in  the  circulation  of  books  from  the  Lending 
Library.  During  the  year  2  213  were  issued  to  814 
borrowers,  the  corresponding  numbers  for  the  previous 
year  being  1  450  and  564  respectively. 

(28)  Museum. 

After  carefully  considering  the  question  of  exhibiting 
the  historical  apparatus,   particularly  the  larger  appar- 
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atus  and  heavy  machinery,  the  Council  decided,  in 
view  of  the  hmited  space  available  in  the  Institution 
Building  for  this  purpose,  to  offer  to  loan  the  collection, 
or  such  part  of  it  as  would  be  acceptable,  to  the  Science 
Museum,  South  Kensington.  The  offer  has  been 
accepted  and  a  considerable  portion  of  the  historical 
objects  has  now  been  transferred  to  the  Science 
Museum, 

By  exhibiting  the  apparatus  in  a  pubUc  Museum 
the  Council  feel  that  it  will  receive  wider  pubUcity, 
especially  taking  into  consideration  that  a  considerable 
number  of  the  transferred  objects  would  otherwise 
have  had  to  remain  stored  in  the  basement  of  the 
Institution  for  an  indefinite  period. 

In  view  of  this  arrangement  the  Council  can  in 
future  accept  apparatus  only  on  the  understanding  that, 
on  the  recommendation  of  the  Museum  Committee,  it 
may  be  transferred  on  loan  to  the  Science  Museum. 

The  following  objects  have  been  presented  during 
the  past  year,  and  the  Council  desire  to  express  their 
thanks  to  the  donors  : — 


List  of  Apparatus. 

Four  examples  of  Navy- 
telephones. 

A  collection  of  obsolete 
telegraph  and  telephone 
apparatus  (14  objects). 

A  Holmes  arc  lamp  dis- 
mantled from  South 
Foreland  Lighthouse. 

An  Ayrton-Perry  magnify- 
ing spring  voltmeter. 

An  Ayrton-Perry  magnifv- 
ing  spring  ammeter. 

An  Ayrton-Perry  motor. 

An  Ayrton-Perry  perma- 
nent magnet  ammeter. 

An  Ayrton-Perry  perma- 
nent magnet  voltmeter. 

A  Serrin  arc  lamp. 

A  Lorain  contact-box. 
Acollection  of  early  tele- 
phone    apparatus      (21 
objects). 


Presented  by 

The  Lords  Commissioners 

of  the  Admiralty. 
The    Engineer-in-Chief    of 

the  General  Post  Office. 


The    Elder     Brethren 
Trinity  House. 


of 


The  Delegacy  of  the  City 

and  Guilds  (Engineering) 

College. 
The  Delegacy  of  the  City 

and  Guilds  (Engineering) 

College. 
Professor  T.  Mather,  F.R.S. 
Professor  T.  Mather,  F.R.S. 

Professor  T.  Mather,  F.R.S. 

The  Committee  of  the  Liver- 
pool Public  Libraries. 
C.  Owen  Silvers. 
F.  G.  C.  Baldwin. 


(29)  Electrical  Appointments  Board. 

During  the  past  year  there  has  been  a  gradual 
increase  in  the  number  of  appUcants  for  posts,  the 
total  being  130  as  against  120  last  year. 

A  classified  Register  of  members  seeking  positions, 
containing  particulars  of  their  training  and  experience, 
is  available  for  inspection  at  the  Institution  offices, 
and  the  Secretary  of  the  Board  will  gladly  put  employers 
into  touch  with  liighly  qualified  electrical  engineers  in 
practically  all  branches  of  the  profession. 

The  Council  earnestly  hope  that  members  who  are 
in  a  position  to  assist  will  not  fail  to  make  use  of  the 
Register. 


Vacancies  may  also  be  reported  to  the  Honorary 
Secretaries  of  Local  Centres  and  Sub-Centres,  who  will 
at  once  report  such  vacancies  to  the  Secretary  of  the 
Board  at  the  Institution  offices. 

(30)  The  Journal  of  the  Institution. 

The  number  of  pages  in  the  1922  Volume  was  1  002 
(excluding  18  plates  of  half-tone  illustrations),  as  com- 
pared with  852  pages  in  1921.  The  large  increase  in 
the  number  of  pages  was  due  to  the  Special  Number 
of  the  Journal  containing  an  account  of  the  proceedings 
at  the  Commemoration  Meetings  held  in  February, 
1922. 

The  net  cost  of  printing  and  publishing  the  Journal 
in  1922,  after  allowing  for  sales,  was  £4  604,  as  com- 
pared with  £4  936  in  1921.  This  reduction  is  all  the 
more  gratifying  when  the  large  increase  in  the  number 
of  copies  and  the  amount  of  matter  printed  is  taken 
into  account. 

(31)  Advertisements  in  the  Journal. 

The  Council's  intention  of  publishing  in  the  Journal 
a  Classified  Index  of  British  Manufacturers,  which  was 
referred  to  in  the  last  Report,  could  not  for  a  number 
of  reasons  be  proceeded  with,  but  in  reconsidering 
the  position  the  Council  felt  that  it  was  in  the  best 
interests  of  the  Institution  to  revert  to  the  practice 
which  obtained  until  1913  of  pubU.shing  advertisements 
in  the  Journal.  A  beginning  was  accordingly  made 
with  the  March  number,  and  the  Journal  will  in  future 
contain  advertisements. 

(32)  "  Science  Abstracts." 

The  Council  deeply  regret  to  have  to  record  the 
death  in  September  last  of  Mr.  L.  H.  Walter,  M.A., 
who  had  been  Editor  of  Science  Abstracts  since 
1903.  In  his  place,  the  Council  have  appointed 
Mr.  W.  R.  Cooper,  M.A.,  B.Sc,  to  be  the  Editor  of 
the  publication. 

The  Physics  volume  of  Science  Abstracts  for  1922 
contained  104  more  pages  than  that  for  1921,  and 
the  Electrical  Engineering  volume,  8  more  pages. 

The  contribution  of  the  Institution  towards  the 
cost  of  publishing  Science  Abstracts  in  1922  was 
£1  085,  as  compared  with  £978  in  1921.  This  increase 
was  not  expected  in  the  earlier  part  of  the  year,  but 
was  rendered  necessarv  by  the  large  amount  of  belated 
material  which  came  from  the  Continent  after  the 
War.  The  position  is  now  becoming  more  normal  in 
this  respect.  The  Committee  of  Management  have 
also  taken  steps  to  increase  the  revenue  of  Science 
Abstracts  so  that  the  burden  falling  on  the  Institution 
should  be  materially  less  in  the  future. 

(33)  Wiring  Rules. 
Owing  to  the  many  divergencies  of  view  and  the 
large  number  of  amendments  made  to  the  Preliminary 
Draft,  it  has  been  impossible  to  complete  the  revision 
of  the  Rules  during  the  Session  under  review.  It  is 
hoped  that  the  Committee  will  be  able  to  report  finally 
on  this  matter  at  an  early  date. 
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(34)  Model  Conditions  for  Contracts. 
The  Council  have  appointed  a  Committee  to  prepare 
Model  Conditions  of  Contract  for  : — 

(a)  "  Home "  orders  when  no  erection  is  included 
in  the  contract ; 

(b)  "  Export  "  orders,  with  or  without  erection. 

The  above  are  still  under  consideration  by  the  Com- 
mittee and,  it  is  hoped,  will  shortly  be  published. 

(35)  British  Electrical  Proving  House. 

The  Committee  appointed  by  the  Council  to  report 
on  the  question  of  setting  up  a  National  Proving 
House  for  the  testing  of  electrical  goods  and  materials 
have  not  yet  completed  their  Report.  Some  progress 
has  been  made  with  the  preparation  of  a  scheme  for 
the  purpose,  and  other  bodies  interested  in  the  matter 
have  been  consulted. 

(36)  Voluntary  Registration  of  Electrical 
Contractors. 

A  scheme  to  give  effect  to  the  above  has  been 
prepared  by  the  Committee  appointed  for  the  purpose 
and  has  been  approved  by  the  Council.  The  scheme 
provides  for  a  Registration  Authority  consisting  of 
nominees  of  the  Institution  and  of  interested  bodies 
which  will  carry  out  as  a  separate  body  the  regis- 
tration of  Electrical  Wiring  Contractors. 

(37)  Electricity  Regulations. 

The  Regulations  Sub-Committee  of  the  Power  Lines 
Committee  has  been  given  the  status  of  a  Committee 
under  the  name  of  the  Electricity  (Supply)  Regulations 
Committee,  and  as  a  consequence  the  original  Power 
Lines  Committee,  together  with  its  two  Sub-Committees 
(Wayleaves  and  Factors  of  Safety),  has  been  dissolved. 
A  set  of  draft  Regulations  for  Low  and  Medium  Pressure 
Overhead  Lines  prepared  by  the  Committee  was 
circulated  to  the  Associations  concerned  and,  after 
revision,  was,  together  with  a  set  of  draft  Regulations 
for  High  Pressure  Lines,  submitted  on  behalf  of  the 
Council  to  the  Electricity  Commissioners  for  their 
approval. 

The  Committee  are  now  considering  amendments  to 
the  Board  of  Trade  Regulations,  (a)  for  securing  the 
safety  of  the  Public,  and  (b)  for  ensuring  a  proper  and 
sufficient  supply  of  Electrical  Energy,  for  the  purpose 
of  enabUng  the  Council  to  submit  a  Report  thereon 
to  the  Electricity  Commissioners. 

(38)  Committee  on   Electricity   in   Agriculture. 

The  Council  have  appointed  a  Committee  as  above, 
with  the  following  terms  of  reference  : — 

To  consider  and  report  to  the  Council  on  the  following 
points  : — 

(a)  Whether  there  are  any  special  features  in  con- 
nection with  the  supply  and  use  of  electricity  in 
agriculture  which  need  special  attention  from  the 
Institution  by  way  of  education  or  propaganda,  and, 
if  so,  what  action  the  Committee  recommend  the 
Council  to  take  ; 


(6)  And  for  the  purpose  of  making  a  recommenda- 
tion ; — 

(i)  To  investigate  and  report  upon  the  actual  or 
probable  load  factors  and  annual  consumption  of 
farms  in  this  country'  and  elsewhere,  and  on  the 
capital  cost  to  Supply  Authorities  of  supply  to 
farms,  and  to  farmers  of  the  machinery  for  utilizing 
the  supply,  and  of  the  economic  results  likely  to 
be  obtained  by  Supply  Authorities  and  farmers  ; 
(ii)  To  report  on  the  desirability  of  a  permanent 
Sectional  Committee  of  the  Institution  for  dealing 
with  this  question. 

(39)  Irish  Free  State. 

As  the  result  of  representations  made  by  the  Com- 
mittee of  the  Irish  Centre,  the  Council  have  authorized 
that  Committee  to  appoint,  on  behalf  of  the  Irish  Free 
State  Government,  a  Committee  to  advise,  if  requested, 
the  Irish  Government  on  matters  concerning  Electrical 
Engineering.  This  Advisory  Committee  has  been 
appointed. 

(40)  British  Manufactured  Goods. 

During  the  year  under  review  the  Council  were  in 
communication  with  the  National  Federation  of  Iron 
and  Steel  Manufacturers,  and  the  follo-iving  Resolution 
was  passed  by  the  Council  at  a  meeting  held  on  the 
1st  February,   1923  :— 

"  In  view  of  the  present  state  of  trade  and 
employment,  the  Council  request  members  who 
place,  or  who  advise  upon  the  placing  of  orders, 
to  specify  as  far  as  practicable  that  the  plant  and 
material  ordered  shall  be  of  British  manufacture." 

Similarly,  the  Federation  has  agreed  to  recommend 
its  members  as  far  as  possible  to  place  orders  for 
electrical  material  with  British  firms  for  British 
material. 

(41)  Electrical  Engineering  Training  in 
Technical  Schools. 

The  scheme  for  the  issue  of  certificates  and 
diplomas  to  students  who  are  trained  and  pass  certain 
exahiinations  under  conditions  approved  by  the 
Board  of  Education  and  the  Institution,  which  was 
approved  by  the  Council  last  Session,  has  since  been 
approved  by  the  Board.  The  Joint  Committee  of 
representatives  of  the  Board  of  Education  and  the 
Institution  provided  for  under  the  scheme  has  been 
set  up  and  certain  courses  of  training  and  examination 
syllabuses  and  schools  have  been  approved.  It  is 
expected  that  the  scheme  wdll  come  into  operation 
for  the  educational  session  of  1923-24. 

(42)  Engineering  Joint  Council. 
As  the  result  of  a  conference  summoned  by  the 
Institution  of  Civil  Engineers,  which  was  attended 
by  representatives  of  that  Institution,  and  of  the 
Institutions  of  Electrical  Engineers,  Mechanical  Engi- 
neers,   and    Naval    Architects,    an    Engineering    Joint 
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Council  has  been  set  up,  the  constitution  of  which 
is  still  under  consideration  and  is  provisionally  as 
follows  : — 

1.  A  Council  to  be  entitled  "  The  Engineering  Joint 
Council  "  shall  be  formed.  It  shall  consist  of  two  members 
of  the  Council  of  each  of  the  following  Institutions  in  the 
first  instance,  appointed  from  time  to  time  by  their  Councils 
severally  : — 

The  Institution  of  Civil  Engineers, 
The  Institution  of  Mechanical  Engineers, 
The  Institution  of  Naval  Architects, 
The  Institution  of  Electrical  Engineers, 

which  shall  be  called  the  Founder  Institutions. 

2.  The  Members  of  the  Joint  Council  shall  be  appointed 
annually,  and  shall  be  eligible  to  serve  for  not  more  than 
four  years  consecutively.  One  of  the  first  two  appointed 
by  each  Institution  shall  serve  for  not  more  than  two  years, 
but  shall  be  eligible  for  reappointment  for  a  further  period 
of  not  more  than  four  years  consecutively. 

3.  The  Chairman  shall  be  elected  annually  by  the  Joint 
Council,  and  the  Secretary  of  the  Institution  represented  by 
the  Chairman  for  the  year  shall  act  as  Secretary  of  the  Joint 
Council.  The  Chairman  shall  be  chosen  from  the  several 
Institutions  in  rotation. 

4.  The  Joint  Council  shall  consider  matters  referred  to  it 
by  the  Council  of  any  one  of  the  constituent  Institutions. 
It  shall  not  initiate  proposals  affecting  the  Institutions,  and 
shall  be  an  advisorj'  body  without  executive  powers.  Pro- 
vision is  also  made  in  the  draft  Bye-Laws  for  the  admission 
of  other  Institutions  or  Societies  to  representation  on  the 
Joint  Council,  subject  to  certain  conditions. 

(43)  Electrical  Research  Association. 

The  Electrical  Research  Association  has  made  good 
progress  on  all  the  researches  in  hand.  A  compre- 
hensive Report  on  the  heating  of  buried  cables  has 
been  published  by  the  Institution,  which  should  lead 
to  the  saving  of  very  large  sums  by  Electric  Supply 
Authorities.  The  work  on  insulating  oils  has  resulted 
in  the  forthcoming  issue  of  a  British  Standard  Speci- 
fication. 

The  researches  on  electric  control  apparatus  are 
establishing  new  criteria  of  design.  The  work  on 
overhead  line  materials  has  furnished  new  data  which 
have  been  placed  at  the  disposal  of  the  Institution. 
A  general  levelling  up  of  insulating  materials  of  all 
kinds  is  being  effected,  and  attention  is  being  directed 
to  the  development  of  new  materials  with  improved 
characteristics.  Researches  for  the  improvement  of 
steam  turbines  and  condensers  have  been  extended. 

The  Institution  has  increased  its  annual  subscription 
from  £200  to  £300,  a  corresponding  grant  being 
obtained  from  the  Department  of  Scientific  and 
Industrial  Research. 

Members  are  invited  to  communicate  with  the 
Director  of  the  Association  at  19,  Tothill-street,  West- 
minster, S.W.I,  on  the  work  of  the  Association  and  all 
matters  relating  to  co-operative  research. 

(44)  The  British  Engineering  Standards 
Association. 
Progress  in  connection  with  the  Standardization  of 
Electrical   Materials    and   Apparatus   has   been   steady 


during  the  past  year  and  the  following  British  Standard 
Specifications  were  issued  : — 

B.S.S..  No.  7.  Insulated  Annealed  Copper  Conductors  for 
Electric  Power  and  Light. 

B.S.S.  No.  96.     Parallel-Sided  Carbon  Brushes. 

B.S.S.  No.  109.  Air-Break  Knife  and  Laminated  Brush 
Switches. 

B.S.S.  No.   1110.     Air-Break  Circuit  Breakers. 

B.S.S.  No.  152.  Metric  Dimensions  of  Insulated  Annealed 
Copper  Conductors  for  Electric  Power  and  Light. 

B.S.S.  No.    156.     Enamelled  Plain  Copper  Wires. 

B.S.S.  No.  168.  Electrical  Performance  of  Industrial 
Electric  Motors  and  Generators  (in  place  of  No.  72  with- 
drawn) . 

B.S.S.  No.  174-184.  Overhead  Line  Wire  Material  for 
Telegraph  and  Telephone  purposes. 

The  Specification  for  Insulating  Oils  for  use  in 
Transformers,  Circuit  Breakers,  etc.,  has  been  approved 
and  is  in  the  printers'  hands. 

Progress  has  also  been  made  in  the  preparation  of 
■  the  list  of  terms  and  definitions  for  use  in  Electrical 
Engineering.  This  list,  which  is  an  extension  of  that 
prepared  by  the  Institution  some  few  years  ago,  now 
comprises  some  1  200  terms  and,  it  is  hoped,  will  be 
published  shortly. 

(45)  The  International  Electrotechnical 

Commission. 

Meetings  of  the  Advisory  Committees  on  Rating  of 
Electrical  Machinery,  Symbols,  Standard  Pressures  for 
Distribution  and  Insulators  and  Screw  Lamp  Caps  and 
Holders  were  held  in  Geneva  last  November  and  good 
progress  has  been  made  in  the  various  subjects  under 
review.  Of  the  representatives  of  the  Institution  on 
the  British  National  Committee  of  this  Commission 
Colonel  R.  E.  Crompton,  C.B.,  and  Mr.  Roger  T.  Smith 
attended  the  meetings. 

(46)  Benevolent  Fund. 

The  Committee  of  Management  of  the  Benevolent 
Fund  of  the  Institution  report  that  on  the  31st  De- 
cember, 1922,  the  Capital  Account  of  the  Fund  stood 
at  £9  969  lis.  3d.,  and  the  accumulated  income  at 
£1  463  Is.  3d.  The  donations  and  subscriptions  to 
the  Fund  in   1921  amounted  to  £2  399  13s.  4d. 

In  the  course  of  the  year  40  grants  were  made  to 
16  persons,  amounting  to  a  total  of  £776  5s.  Od. 

\Vith  a  view  to  increasing  the  subscriptions  to  the 
Fund,  the  Committee  have  appointed  a  Local  Honorary 
Treasurer  of  the  Fund  for  each  Local  Centre  of  the 
Institution  and  also  for  the  Sheffield  Sub-Centre. 

(47)  Annual  Accounts. 

The  Annual  Accounts  for  the  year  1922  vrill  be  found 
on  pages  604  to  609  of  No.  318  of  the  Journal. 

Excess  of  Income  over  Expenditure. — After  making 
provision  for  contingencies  as  in  the  previous  year, 
there  is  a  margin  to  the  good  on  the  Revenue  Account 
for  1922  of  £862  2s.  8d.  This  amount,  which  has  been 
carried  to  the  credit  of  the  General  Fund,  compares 
with  £639  2s.  lOd.  in  1921,  an  increase  of  £222  19s.  lOd. 
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Mortgages. — 

In  the  Accounts  for  1921  these  stood  at 
Amount  of  repayments  during  the  year 

Thev  now  stand  at 


£  s.  d. 

24  331  19  11 

3  993  13  6 

20  338  6  5 


Life  Compositions  Fund. — The  total  of  the  Fund  on 
the  1st  Janua^v^  1921,  was  £5  590  10s.  Od.,  and  an 
amount  of  £94  8s.  3d.  was  received  for  Life  Compositions 
during  the  year.  There  being  no  obUgation  under  the 
Bye-Laws  of  the  Chartered  Institution  to  keep  these 
in  a  separate  fund,  the  whole  of  tliese  amounts  has  been 
transferred  to  the  General  Fund. 

Assets. — Taking  the  Tothill  Street  property  and  the 
investments  at  cost,  and  the  Institution  Building  and 
lease,  the  library  and  furniture,  etc.,  at  the  values 
standing  in  the  books  after  writing  off  depreciation — 


the  Assets  amount  to 
against  Liabihties 


120  430     1 
6  030   19 


1 


leaving  a  surplus  of      . .  .  .  .  .      £114  399     2     1 

which,  in  comparison  with  that  of  the 

year  1921,  viz 108  939     7   11 


shows  an  improvement  of 


£5  459   14     2 


The    balance    of    £114  399    2s.    Id.    is    made    up   as 
follows  : — 

Assets. 
Properties. 

Institution        Building 

and     Tothill     Street        i  s,    d  £      s.    d. 

Property       . .  ..92289311 

Less  Mortgages  .  .    20  338     6     5 


Investments,  Cash,  etc. 
Stock  of  Paper,  Libraries 
and  Furniture 


Less  Liabilities. 

Trust  Fund  Income 
Accounts 

Sundry  Creditors 

Repairs  Suspense  Ac- 
count 

Subscriptions  received 
in  advance    .  . 


71  950  17     6 
41  886   18     9 

6  592     4   II 

£120  430     1     2 


360  19 
4  062     3 

1  261     5 

346  11 


6  030  19     1 


£114  399     2     1 


(48)  The    Institution   and   Bodies   on   Which    it 
IS  Represented. 

For  convenience  of  reference,  there  is  attached  hereto 
(Appendix  D)  a  diagram  showing  the  organization  of 
the  Institution  and  its  representation  on  other  bodies. 


APPENDIX   A. 

Membership  of  the  Institution. 
The  changes  in  the  membership  since  the  1st  April, 
1922,  are  shown  in  the  following  table  : — 

Hon.  Assig. 

Mem.  Mem.      Mem.      Grad.     Studt.  Assoc.  Total.    Total. 
Totals  at 

1  April,  1922  10    1800    4  661     934    2  455     415  10  275 

Additions  during 

the  year ; — 
Elected  .  .  16        157     144       692 

Reinstated      . .  5  4         1         18 

Transferred 

to  1 


Total 


1 


16 
5 

68 

89 


157  144 

4  1 

87  79 

248  224 


710 


9    1  018 

28 

235 
9    1  281 


Deductions  during 

the  year : — 

Deceased           1 

17 

19 

2 

5 

4 

48 

Resigned 

16 

33 

16 

55 

9 

129 

Lapsed 

6 

60 

41 

122 

4 

233 

Transferred 

from 

1 

62 

43 

114 

15 

235 

Total              1 

40 

174 

102 

296 

32 

645 

Net  Increase 

,  , 

,   , 

.. 

.. 

..       636 

Totals  at 

1  April,  1923  10 

1  849 

4  735 

1056 

2  869 

392 

10  911 

APPENDIX    B. 

Meetings. 
The  following  is  a  list  of  the  meetings  held  during 
the  past  twelve  months  : — 


Ordinary  Meetings 
Wireless  Sectional  Meet- 
ings     . . 
Informal  Meetings 
Council  Meetings 
Local  Centres  : — 

Irish    . . 

Mersey     and      North 
Wales  (Liverpool) . 

North-Eastern 

North  Midland 

North -Western 

Scottish 

South  Midland 

Western 
Local  Sub-Centres  : — 

Dundee 

East  Midland 

Sheffield 

Tees-side 
Students'  Sections : — 

London 

Birmingham  . . 

Leeds  .  . 

Liverpool 

Manchester    . . 

Newcastle 

Scottish 

Sheffield 


17 


10 
11 
12 
13 
10 
11 
10 

6 

10 

6 

8 

9 
11 

6 
10 

8 
15 

6 
11 


Committees  ; — 

Benevolent  Fund      . .  9 
Electricity       (Supply) 

Regulations             . .  26 
Examinations             . .  7 
Finance           ..          ..  13 
General  Purposes      . .  8 
Informal  Meetings    . .  8 
Local  Centres              .  .  2 
Membership    . .          . .  7 
Model     General    Con- 
ditions    (and     Sub- 
Committee)             . .  6 
Papers    (and     Sub- 
committee)           . .  S 
Proving    House    Sub- 
Committee  . .          . .  1 
Registration   of   Elec- 
trical Contractors. .  3 
"  Science     Abstracts  "  6 
War  Memorial           . .  2 
Wireless  Section        . .  5 
Wiring  Rules              . .  S 
Other  Committees     . .  6 

Total           . .  369 
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Addresses. 


A  uthor. 

R.  D.  Archibald,  Mem- 
ber. 

F  G.  C.  Baldwin.  Mem- 
ber. 

A.  S.  Barnard,  Member. 

Prof.   W.   Cramp,   D.Sc, 

Member. 
F.   Gill,   President. 
F.  Gill,   President. 

A.  S.  Hampton,  Member. 

E.  C.  Handcock,  Member 
J.    S.    Highfield,    Past- 


W. 


President. 

F.    NiELSON, 

Pearson, 
Member. 


Member. 


Associate 


Tille. 

Chairman's  Address  (Dundee  Sub- 
Centre). 

Chairman's  Address  (North- 
Eastern  Centre). 

Chairman's  Address  (North- 
western Centre). 

Chairman's  Address  (South  Mid- 
land Centre). 

Inaugural  Address. 

.Address  to  the  London  Students' 
Section. 

Chairman's  Address  (Scottish 
Centre) . 

Chairman's  Address  (Irish  Centre). 

Address  to  the  Western  Centre. 

Address  to  the  Scottish  Students' 
Section. 

Chairman's  Address  (East  Mid- 
land Sub-Centre). 


W.P.  Richmond,  Associate  Chairman's      Address      (Tees-side 


Sub-Centre). 

Chairman's      Address      (Western 
Centre). 

Chairman's      Address      (Liverpool 
Sub-Centre). 

Chairman's  .Address  (Sheffield  Sub- 
Centre). 

Chairman's       Address         (North 
Midland  Centre). 
'  C.H.WoRDiNGHAM,  C.B.E.,  .address  to  the  London  Students' 
Past-President.  Section. 


Member. 
F.  Tremain,  Member. 

B.  Welbourn,  Member. 

H.  West,  Associate  Mem- 
ber. 

W.  B.  WooDHOUSE,  Mem- 
ber. 


E.  E.  Brooks, 

Member. 

F.  Greedy,  .Associate 

Member. 


Prof.  -M.  Maclean,  D.Sc, 
LL.D.,  F.R.S.E.,  Mem- 
ber. 

R.  B.  Mitchell,  Member. 


Lectures,  Etc. 
.Associate     Exhibition  of  Lantern  Slides  illus- 
trating Lines  of  Electric  Force. 
Variable-Speed  .-Alternating-Cur- 
rent Motors  without  Commu- 
tators." 
Hydro-Electric  Resources  of  the 
Scottish  Highlands." 


Dr.  H.  W.  Nichols. 

Sir  E.  Rutherford, 
F.R.S. 

A.  G.  Warren,  Member. 

B.  Welbourn,  Member. 


"  The  Dalmamock  Power 

Station." 

"Transoceanic  Wireless  Tele- 
phony." 

"Electricity  and  Matter"  (The 
Thirteenth  KeK-in  Lecture). 

"The  X-Ray  Examination  of 
Materials." 

Exhibition  of  cinematograph  films 
on  "  The  Electrification  of  the 
Chicago,  Milwaukee  and  St. 
Paul  Railroad." 


Papers    read     at    ]\Ieetings    and    Accepted     for 
publicatio.n'    in    the   journal. 

J.  W.  Beauchamp,  Mem-     "  Co-operation  between  the  Archi- 
ber.  tect      and      the       Electrical 

Engineer." 
J.  Caldwell,  Member.        "  Electric  .-\ re  Welding  Apparatus 

.Tnd  Equipment." 


Papers    read    at    Meetings    and   Accepted   for 
Publication  in  the   Journal — cuntinued. 


Author. 
C.  F.  Elwell,  Member. 


C.  S.  Franklin. 

W.  A.  Gillott,  .-Associate 
Member. 

J.  Hollingworth,  M..A., 
B.Sc,  Associate 

Member. 

Francis  Hooper, 
F.R.I. B.A. 

Prof.  C.  F.  Jenkins, 
C.B.E.,  M.A.  Mem- 
ber. 

Dr.  G.  Kapp  (the  late), 
Past-President. 

N.  Lea,  B.Sc,  .-Associate 
Member. 


Dr.  N.  W.  McLachlan, 
Member 

S.  W.  Melsom,  .Associate 
Member,  and  E.Faw- 
ssett,  Member. 


H.  MoRRis-.\iREy,  C.B.E. 

E.  B.    Moullin,    M.A.. 
Associate  Member. 

G.  H.  Nelson,  Member. 
Dr.  S.  S.  Richardson. 

P.  J.  Robinson,  Member. 


J.  Rosen,  Member. 


R.  L.  Smith-Rose,  M.Sc, 
Associate  Member, 
and  R.  H.  Barfield, 
B.Sc,  Student. 

A.  M.  Taylor,  Memb:r. 


Title. 

■  The  Design  of  Radio  Towers 
and  Masts :  Wind-Pressure 
Assumptions." 

'  Short- Wave  Directional  Wire- 
less Telegraphy." 

'  Domestic  Load  Building  :  a  few 
suggestions  upon  Propaganda 
Work." 

'  The  Measurement  of  the  Elec- 
tric Intensity  of  Received 
Radio  Signals." 

'  Co-operation  between  the  Archi- 
tect and  the  Electrical 
Engineer." 

'  A  Dynamic  Model  of  '1  uned 
Electrical  Circuits." 

'  The      Improvement     of    Power 

Factor." 
'  The    Performance    of   a    Radio- 
Telegraphic  Transmitter,  with 
special  reference  to  the  New 
Installation   at   North    Fore- 
land." 
"Magnetic  Drum  High-Speed  Re- 
corder and  Key  Transmitter." 
"  Permissible  Current  Loading  of 
British  Standard  Impregnated 
Paper  -  Insulated         Electric 
Cables "      (Report     of       the 
British     Electrical    Research 
Association). 
"Development    of    Naval    High- 
Power  Valves." 
"  .-A     Direct-reading     Thermionic 
Voltmeter   and   its    Applica- 
tions." 
"  Works  Production." 
"  An  Oscillograph  Investigation  of 

the  Gulstad  Relay." 
"  The  Maintenance  of  Voltage  on 
a  D.C.  Distribution  System  by 
means  of  a  Fully  Automatic 
Substation." 
"Some    Problems   in    High-Speed 
Alternators,  and    their   Solu- 
tion." 
"  The  Effect  of  Local  Conditions 
on    Radio   Direction-Finding 
Installations." 

"  The  Possibilities  of  Transmission 
by  Underground  Cables  at 
100  000/150  000  Volts." 


In  addition,  a  number  of  papers  have  been  accepted 
for  publication  in  the  Journal  without  being  read  at 
meetings. 
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APPENDIX    D. 
THE    INSTITUTION    OF    ELECTRICAL   ENGINEERS. 
I 


Council. 
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Committees. 

{Special.) 
Electricity  in  Agriculture 


Electricity  (Supply)  Regulations 

Model  General  Conditions 

Patent  Law 

Proving  House 

Registration    of    Electrical 
Contractors 

Technical  Education 

War  Memorial 


Committees. 
{Standing.) 
Benevolent  Fund 

Electrical  Appointments  Board 

Examinations 

Finance 

General  Purposes 

Informal  Meetings 

Library 

Local  Centres 

Membership 

Papers 

Paul  Scholarship 

"  Science  Abstracts  " 

Ship  Electrical  Equipment 

Technical  Co-operation 

Wireless 

Wiring  Rules 

yElectricity  in  Mines 

Electro-Cheraistry    and    Electro- 
Metallurgy 

■3  S  S  Lighting  and   Power 

U  I  Telegraphs  and  Telephones 

^Traction 

{Continued  from  foot  of  co! .  3.) 
Radiographers,  Society  of 
Rontgen    Society    Advisory    Committee    for    British 

X-Ray  Industry 
Royal  Engineer  Board 
Scientific  and  Industrial  Research  Advisory  Council, 

Engineering  Committee 
Transport,  Ministry  of,  Advisory  Panel 
War  Office  Committee  on  Engineer  Organization 
Women's  Engineering  Society 


<3     _ 
S   33 


Bodies  on  which  the  Institution  is 
Represented. 

Air  Conference,  1923 

Air  Conference,  International,  1923 

Birmingham  Chamber  of  Commerce 

Bradford  Public  Libraries  Committee 

Bristol  University 

British  Electrical  and  Allied  Industries  Research 
Association 

British  Empire  Exhibition,  1924 

British  Engineering  Standards  Association 

British  National  Committee  of  the  International 
Electrotechnical  Commission 

British  National  Illumination  Committee  of  the  Inter- 
national Illumination  Commission 

Corrosion  Committee  of  Institute  of  Metals 

Darlington  Board  of  Invention  and  Research 

Electrical  Development  Association 

Engineering  Joint  Council 

Fourth  International  Road  Congress 

Fuel  Economy  Committee  of  British   Association 

Imperial  College  of  Science  and  Technology,  Govern- 
ing Body 

Imperial  Mineral  Resources  Bureau  Conference 

Institution  of  Civil  Engineers,  Engine  and  Boiler  Test- 
ing Committee 

Institution  of  Heating  and  Ventilating  Engineers, 
Utilization  of  Exhaust  Steam  and  Waste  Heat 
Committee 

International  Navigation  Congress,  1923 

International  Scientific  Unions 

International  Testing  Association 

Joint  Education  Committee  for  National  Certificates  in 
Electrical  Engineering 

Leeds  Civic  Society 

Leeds  Municipal  Technical  Library  Committee 

Loughborough  Technical  College  Advisory  Coramitlec 

Metalliferous  Mining  (Cornwall)  School,  Governing  Body 

Middlesbrough  Technical  College 

Mines  Department,  Electrical  Storage  Battery  Loco- 
motive Committee 

National  Committee  for  Physics  (Royal  Society) 

National  Committee  in  Radio  Telegraphy  (Royal 
Society) 

National  Physical  Laboratory,  General  Board 

Newcastle-upon-Tyne  Chamber  of  Commerce 

Paris  Conference  on  E.H.T.  Lines  (Union  des  Syndicats 
de  1 'Electricity) 

Professional  Classes  h\A  Council 

{Continued  at  foot  of  col.  I.) 
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ANNUAL  ACCOUNTS   FOR   1922. 


5ir. 


SALOMONS   SCHOLARSHIP   TRUST   FUND. 


To  Amount  (as  per  last  Account) 


2,126  19    3 


;f2,i26  ig     3 


By  Investments  (at  cost)  : — 

;f  1,500  New  Soutti  Wales  3j%  Stock 
;f5oo  Cape  of  Goo    Hope  3j%  Stock 


Ct. 


£  s.  d. 

■    1,556  5  9 

•      570  13  6 

^2,126  IQ  3 


«r. 


SALOMONS   SCHOLARSHIP   TRUST    FUND   (Income). 


Cr. 


To  Amount  paid  to    Scholars  in  1922 
„   Balance  carried  to  Balance  Sheet  * 


£ 

s. 

d. 

87 

10 

0 

40 

14 

II 

;fl28 

4 

II 

By  Balance  (as  per  last  Account) 
„   Dividends  received  in  1922 


£ 

s. 

d. 

58 

I 

5 

70 

3 

6 

;fl28 

4 

II 

,0r. 


DAVID    HUGHES    SCHOLARSHIP   TRUST   FUND. 


Cr. 


To  Amount  (as  per  last  Account) 


£     s.    d. 
2,000    o    o 


;f2,000      O      O 


£    s.  d. 

By  Investment  (at  cost) : — 

;^2,045  Staines  Reservoirs  3%  Guaranteed  De- 
benture Stock      ii998  15    o 

,.  Balance  carried  to  Balance  Sheet  *       ...         ...  150 


DAVID   HUGHES   SCHOLARSHIP  TRUST   FUND   (Income). 


;f2,000      O      O 


(fr. 


To  Amount  paid  to  Scholars  in  1922 
„   Balance  carried  to  Balance  Sheet  ' 


£   s. 

d. 

47  10 

0 

51  14 

0 

£99    4 

0 

By  Balance  (as  per  last  Account) 
„    Dividends  received  in  1922 
„   Interest  do.  do. 


£ 

s. 

d. 

37 

19 

5 

61 

4 

I 

0 

0 

6 

£99 

4 

0 

.Br. 


PAUL   SCHOLARSHIP   FUND. 


€1. 


To  Amount  (as  per  last  Account) 


£ 

s. 

d. 

500 

0 

0 

£500 

0 

0 

By  Investment  (at  cost)  : — 
£(32$  4%  Funding  Loan 


£    s-    d. 
500    o    o 

;f500       o      o 


13  r. 


PAUL   SCHOLARSHIP    FUND   (Income). 


To  Amount  paid  to  Scholar  in  1922 
,,   Balance  carried  to  Balance  Sheet  * 


£ 

s. 

d. 

12 

10 

0 

37 

10 

0 

£-^° 

0 

0 

By  Balance  (as  per  last  .Account) 
„   Dividends  received  in  1922 


♦  Included  m  the  total  of  £:36o  19s.  4d.  shown  on  the  Liabilities  side  of  the  Balance  Sheet 


«r. 


£ 

s. 

d. 

25 

0 

0 

25 

0 

0 

£so 

0 

0 
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WILDE    BENEVOLENT   TRUST    FUND. 


^r. 


fr. 


£  s.   d. 


1,493  if> 


To  Amount  (as  per  last  Account) 
,,         ,,         transferred  from  Income 


£   s.  d. 
2,586  19   2 

21111     o 


;£2,798  10    2 


By  Investments  (at  cost)  : — 

£875  Great  Eastern  Railway  Metropolitan  5% 

Guaranteed  Stock  

;^2I5  North  Eastern   Railway  4%  Guaranteed 

Stock         

;f  100  London  County  3j%  Stock 

^£250  New  South-Wales  4%  Stock 

£100  3j%  War  Stock        

;£ioo  5%  War  Stock  

£}fil  13s.  id.'  4%  Funding  Loan 

£200  5%  National  War  Bonds    


..  250  19 

9 

..   loi  8 

6 

251  6 

0 

94  8 

8 

95  0 

0 

300  0 

0 

211  II 

0 

£2,798  10 

2 

^t. 


WILDE  BENEVOLENT  TRUST  FUND  (Income). 


To  Amount  transferred  to  Capital    ... 
„  Balance  carried  to  Balance  Sheet  * 


£   s. 

d. 

211  II 

0 

79  15 

5 

£291  6 

5 

By  Balance  (as  per  last  Account) 
„  Dividends  received  in  1922 
„    Interest  do.  do. 


«r. 


£ 

s. 

d. 

194 

14 

5 

94 

5 

8 

2 

6 

4 

i^9i 

6 

5 

WAR   THANKSGIVING    EDUCATION    AND    RESEARCH    FUND   (No.  i) 


«r. 


To  Amount  (as  per  last  Account) 


£     s-    d. 
.    1,700    o    o 

;fi,7oo    o    o 


By  Investment  (at  cost)  : — 
;£:2,ooo  5%  War  Stock 


£     s.    d. 
.    1,700    o    o 

;fl,700         o         o 


WAR   THANKSGIVING    EDUCATION    AND    RESEARCH    FUND    (No.    i)  (Income). 


To  Grants  made  in  1922  

„  Balance  carried  to  Balance  Sheet  * 


£  s.  d. 

75  o  o 

150  o  o 

/225  O  O 


By  Balance  (as  per  last  Account) 
„  Dividends  received  in  1922 


£  s.  d. 
1 25  o  o 
100     o     o 

£22$      O      O 


'  Included  in  the  total  of  £360  19s.  4d.  shown  on  Ihe  Labilities  side  of  the  Rilance  Sheet. 
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PROCEEDINGS   OF  THE    INSTITUTION. 


PROCEEDINGS   OF  THE   INSTITUTION. 


692nd    ordinary   MEETING,    18    JANUARY,    1923 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  4th 
January,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

Messrs.  A.  Willmott  and  J.  Bacon  were  appointed 
scrutineers  of  the  ballot  for  the  election  and  transfer 
of  members,  and,  at  the  end  of  the  meeting,  the  result 
of  the  ballot  was  declared  as  follows  : — 

Elections. 
Members. 
Brookes,  Alfred,  M.Eng.  King,  Louis  Herbert. 

Sykes,  Joseph  Charles. 

Associate  Members. 


Graduates — continued . 


Arnold,  Hugh  Turney. 
Boex,  George. 
Bottomley, William  Henry. 
Buchanan,  Andrew  Duncan 
Burton,  Algernon. 
Camozzi,  Percy  Joe. 
Chadwick,  Arthur. 
Collins,  Charles  Frederick. 
Dordi,  Kersasp  Mancherji, 

B.Sc. 
Evans,  Rees. 
Evans,    William    Rhvs, 

B.Sc. 
Foley,  John  Laurence. 
Gill,  Harry. 
Hallam,  James  Percy. 
Hari'ey,  Robert  Gourlay. 
Hay,  William  Ross,  Capt., 

R.C.S. 
Hayes,  Patrick  Joseph. 
Herbert,  Edward  Dave  A., 

O.B.E. 
Hutchinson,  Arthur  James. 
Jones,  Richard  \\ilson. 
Ketton,  Harold  Isaac. 
Kirke,    Percy   St.    George, 

M.A. 


Lancaster,    '\\'alter    Ber- 
nard, 

Landau.  Simon  I. 

Mackay,     Thomas     Whit- 
taker,  B.Sc. 

MacLennan,     Telford, 
B.Eng. 

Moinet,  John  \'incent. 

Morrish,  Henrj'  Edwin. 

Nisbet,  Richard  William. 

Owens,  Ernest  David  C. 

Ozanne,    Major    Guy   Du- 
rand,  M.C. 

Peters,    Charles    Leonard, 
B.Sc.  (Eng.). 

Rawling,  Arthur. 

Richardson,     Jocelyn    Ar- 
thur S.,  B.A. 

Scarr,  William. 

Smither,  William  James. 

Tillson,  Francis  Joseph. 

Walton,    George    Warren, 
B.A. 

Watterson,    Harold    Ed- 
ward. 

Wilkins,  Edward  Henry. 


Graduates. 


Adie,  Brooke. 
Barrs,  Herbert  Harold. 
Bechar,  Shivji,  B.Sc. 
Billingsley,    Frederick 

Thomas. 
Boscolo,     Gioachino     Ric- 

cardo. 
Briggs,  Richard  Alfred. 
Burford,  Gerald  George. 


Byatt,  Arthur  William. 
Cairns,   Archibald   McFar- 

lane,  B.Sc. (Eng.). 
Campbell,  Frank  Woodliff  e. 
Carter,  Gordon  Leonaid. 
Clarke,     Wright    William, 

B.Sc.(Eng.). 
Clough,    Newsome   Henry, 

B.Sc.(Eng.). 


Cooke,  Albert  Sidney. 
Corkill,    Francis   Malcolm, 

B.E.,  M.Sc. 
Cox,  Walter  Ronald,  B.E. 
Desai,    Becharbhai    Puru- 

shotamdas,  B.A.,  B.Sc. 
Dobson,  Albert  Edwin. 
Dowding,  George  Victor. 
Fitton,  Wilfred  Robert. 
Fitzsimmons,  Arthur. 
Eraser,  ^^'illiam  Lawrie. 
Gabrielle,  Harold  Lionel. 
Grapes,  William  Harvey  H. 
Hall,  John  Charles. 
Havekin,  Thomas,  B.Sc. 
Hunt,  Kenneth  Philip. 
James,  Richard  Francis  E. 
Jenkin,  Ralph  Meredith. 
Johnstone,  Archibald. 
Jones,  David  W'illiam  G. 
Judd,  Maurice  Frank. 
Khory,  Keki  Nowerozji. 
Kington,  Arthur  Charles. 
Larkin,  Charles  Neville. 
Latimer,  George  \\'ilfrid. 
Lauder,  John  Robert. 


Linsell,  Alfred  Aubyn. 

Manighetti,  Augustus. 

Matthews,     Mabel    Lucy 
(Mrs.). 

Moody-Smith,   Claude 
Gerald. 

Mowat,  Eric  Matheson. 

Passmore,  William  Oglesby . 

Patterson,  John  Harold. 

Patterson,    William    Her- 
bert. 

Rawlings,     Bernard    Clar- 
ence. 

Robinson,  Henry  John. 

Roots,  Albert  Ernest. 

Sang,  Ram  Parshad. 

Smithells,   Thomas  Archi- 
bald, B.Sc.  (Eng.). 

Spruce,  Samuel  Raymond. 

Summers,  Albert  Victor. 

Suyling,  Karel  Lambertus. 

Tonkin,  Cecil  Vivian. 

Turner,  Leonard  Vivian. 

Warder,  Leonard  Isaac. 

Websdale,  Geoffrey  John. 

Weygood,  Wilfred. 


Students. 


Akehurst,  John  Reginald  C. 

Armstead,  Hugh  Christo- 
pher H. 

Atkinson,  Edmund  Stroud 
P. 

Axe,  Leonard  George. 

Bailey,  Philip  Albert. 

Baillie,  Robert. 

Barker,  Wallace  Henry. 

Bartlett,  Howard  Volins. 

Bass,  Cyril  Alfred. 

Batt,  Frederick  Horace. 

Beddoe,  George  Ne\alle. 

Bee,  Oswald  Kestor. 

Bellasis,  Guy  Roland  J. 

Bennett,  Harold  John. 

Berry,  Anthony  George. 

Binns,  Arthur  William. 

Bissell,  Frank  Edwin  G. 

Blake,  Philip  Kellow. 

Bland,  John  George. 

Blumlein,  Alan  Dower. 

Bordewick,  Olaf  Unger. 

Boul,  Samson  Augustine. 

Bridgman,  Howard  Cecil. 


Briggs,  William  Francis  E. 

Bristow,  Geoffrey  William. 

Brockington,  Hugh. 

Brotherton,  Francis. 

Brown,    Arthur   Frederick 
C. 

Brown,  Guy  Lawrence. 

Buckingham,  Alfred. 

Bull,  George  Arthur. 

Burnett,  James. 

Butterworth,  Frank  Schol- 
field. 

Cann,  Edward  Thomas  K. 

Cathcart,  David  Maclaren. 

Chalmers,  William  Ridge- 
well. 

Choa,  Chin  Som. 

Choudary,     Vellanki     Ak- 
kay>'a. 

Christie,    Charles   Alex- 
ander. 

Clibbon,  Harold  Alfred. 

Coel,  Frederick  William. 

Cogle,  John  Edmund  T. 

Coleman,  William  David. 
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Students —  continued. 


Collom,  Frederick  William. 

Connard,  Roland. 

Connor,  Vincent  Edward. 

Cook,  Gerald  Cloudesley. 

Corbett,    Francis    William 
H. 

Corke,  Hugh  Wemham. 

Cottenden,  Stanley  Charles . 

Cousins,  George  Cornelius. 

Coutts,  Charles. 

Couzens,  Jack  Harold. 

Cox,  Percy  Harold. 

Crompton,  Archie. 

Cropley,  Clyde  Pembroke. 

Crowley,  Eric  Conger. 

Curtis,  James  Stanislas. 

d'Assis-Fonseca,    Harold 
Mountjoy  M. 

Davey,  Cyril  Frederick. 

Davies,  Evan  Daniel. 

Davies,  William. 

Dawson,  Alfred  John. 

de  Kretser,  Horace  Eger- 
ton  S. 

Dennis,  Nigel  Henry. 

Dennison,  James  Derry. 

Dickinson,  John  Clegg. 
Downham,  Albert  Scott. 
Dudley,  Harold. 
Dunthorne.John  Doughty. 
England,  Charles  James. 
England,  Philip  Cuthbert. 
Evans,  Charles  Herbert. 
Eversfield,  Henry  Thomas 

L. 
Fames,  Gilbert  Henry. 
Fawcett,  Francis  Alfred. 
Fenemore,  Alan  Stephen. 
Fletcher,  Frederick  George. 
Follett,  Samuel  Frank. 
Forster,  Charles  Edward. 
Forster,  William  Johnston. 
Foster,  Thomas  Leslie. 
Francis,  Maurice  Hart. 
Frost,  Victor  Henry. 
Gachet,  Ernest  Jules. 
Gairdner,  William  Douglas 

T. 
Gibbs,  William  Ewart. 
Gibson,  Stanley. 
Giles,  Cecil. 

Gledson,  William  Richard. 
Goodall,  Laurence. 
Gooderham,  Sydney  John. 
Gough,  Ronald  Eric. 
Gould,  John  Ridd. 
Gray,  Thomas  Anderson. 
Grieve,  John  Watkin. 
Griffiths,  Patrick  Edwin  A. 
Groves,  Thomas  Josiah. 
Gunn,  George  John  T. 
Guthrie,  David  Ephraim. 


Guy,  Richard  Francis  W. 

Halsey.  Arthur  Maurice. 

Hampson,  Arthur  Eric. 

Harbottle,   Horace  Regin- 
ald. 

Harding,  Eric  Henry. 

Harris,  Arthur  Cornfield. 

Harrison,  Clement  Philip. 

Hart,  Stanley  Haines. 

Haworth,  Percy  S. 

Heazell,  Frederick  Arthur. 

Helme,  James. 

Henderson,    Howard 
Rhodes. 

Henderson,  Victor  Pringle. 

Hendry,  Alexander  Wood. 

Henry,  Francis  Bayly. 

Hinshelwood,  Cyril  Eugene 
G, 

Holliday,  Frederick. 

Hooker,  Albert. 

Hornby,  James  Hobson. 

Hsu,  Han  Suan. 

Humphries,  Lawrence  Mil- 
ton. 

Isterling,  Jasper. 

Jackson,  Arthur  Norman. 

Jackson,  WilUam  Graham. 

James,  Edward  Edwin. 

Johnson,  Herbert  Arthur. 

Johnson,  Reginald  Arthur 
Josiah. 

Johnstone,   Andrew   Wau- 
chope. 

Jones,  Alfred  John  C. 

Jones,  Griffith  Edgar. 

Joseph,  Samuel. 

Joughin,  Walter  James. 

Justin,  Herbert  Francis. 

Kelly,  Gerald  Emil. 

Kemp,  Robert  James  A. 

Kim,  George  Callum. 

Knight,  Arthur  Reginald. 

Kulkami,    Purushottam 
Parshuram. 

Langley,  John  Edward. 

Lawry,  Arthur  Vivian. 

Leathes,  William  Henry  B. 

Lee,  Leonard  Staveley. 

Lees,  Stanley  Binnington. 

Lumby,    Reginald   Evelj-n 
A. 

Lyne,  Harold  Victor  W. 
McAlpine,  James. 
MacElwee,    Norman    Mac- 
Leod. 
McKenzie,  Angus  Hugh. 
McLennan,    Roderick    Ar- 
thur. 
McQuarrie,  Archibald. 
Maggs,     Arthur    Hembor- 
ough. 


Studen  ts — con  tinu  ed. 


Malik,  Amir  Bakhsh. 

Mansfield,  Thomas  James. 

Marchbanks,    Maurice 
James. 

Mead,  Edward  Michael  K. 

Merrylees,    Kenneth    Wil- 
liam. 

Middlemiss,    Reginald 
George. 

Milling,  Henry  Robert. 

Milne,  Arthur  John. 

Mitchell,  Valentine. 

Morton,  James. 

Mountain,    Reginald    Wil- 
liam. 

Nadkarni,    Anant    Pandu- 
rang. 

Newhouse,  Kenneth  Henrj- 
A. 

Newton,  Arthur  Salt. 

Newton,  Geoffrey. 

Nundy,  George  Reginald. 

Olgin,  Nicolas. 

O'Meara,  Esmonde. 

Overington,  Lionel  Eric. 

Paddle,  Leslie  Harold. 

Padgett,  George  Thomas. 

Padmanabhan,     Catanco- 
latur. 

Paige,  Henry  Hodson. 

Partridge,  Norman  George 
R. 

Paterson,  William  Douglas. 

Paul,  Stanley  Walter. 

Pettersen,  Johan  August. 

Piloyan,    Andrew    Jakov- 
levitch. 

Poole,  William  Henry. 

Poolman,   Charles  Grundy 
N. 

Potter,  Reginald  Lewis. 

Preston,  Geoffrey  William. 

Price,  Albert  Eric. 

Pyke,  Edward  Joseph. 

Rackow,  Charles. 

Randall,  Alfred  Johnson. 

Rantzen,  Henrj-  Barnato. 

Rao,    Domalpalli  Venugo- 
pal. 

Rao,  Konsur  Narayanarao 
Ranga. 

Rawlings,  Ralph  John. 

Reffell,  John  Robert. 

Rentoul,Richard  Laurence. 

Rhodes,  Cecil. 

Richards, Thomas  William. 
Richardson,  Richard  Paul. 
Riches,  Albert  John. 
Robinson,  Raymond. 

Robinson,     Richard     Ed- 
ward. 
Rochester,  William. 


Rodda,  William  James. 

Rodrigues,  John  Rozario. 

Rogers,  Alec  Hugh  G. 

Rogers,  Victor  John. 

Rothwell,  Stanley  R. 

Rowe,  Charles. 

Roy,  Kamala  Prasanna. 

Ryall,  Ernest  Roberts  S. 

Sayers,  Arthur  Joe. 

Scott,  Dan. 

Shaw,  James  Ernest. 

Shuttleworth,  John  Henry. 

Simons,  Evelj-n  John. 

Slann,  Louis  Alfred  J. 

Slater,   Kenneth  Algernon 
H. 

Smart,  Henry  Prescott. 

Smedley,  Philip  Henry. 

Smillie,  John. 

Smith,    Frederic   Rowland 
C. 

Smith,  Roderick  Alan. 

Soper,  Robert  Edwin  S. 

Sparks,  Ronald  Allison. 

Srinivasan,     Mandayam 
Thondanore. 

Steel,  Robert  William. 

Stobart,  Leslie  \\'allace. 

Stripe,  Norman  Albert. 

Swann,  Joseph  Eric. 

Tamplin,    Struan    Robert- 
son. 
Taylor,  Richard  Lough. 
Terroni,  Teseo  Bruno  D. 
Thadhani,  Hotechaud  Rij- 

humal. 
Thomas,  Philip  Robert. 
Thompson,  Harry  Ernest. 
Tibbatts,  William  Albert. 
Treharne,  John  Stewart  E. 
Trueman,  Ra\Tmond  Shaw. 
Tyler,  Leslie  Norman. 
Vigoureux,  Joseph  Evenor 

P. 
Vines,  Murray. 
Viney,  Hallen. 
^^'aggott,  Harrj'  Cuthbert. 
Wallace,  Douglas  Stewart. 
Warman,  Arthur  Charles. 
\N'arrington,    Albert    Rus- 
sell V. 
Waters,  George. 
Watkins,  Donald  John. 
Watling,  Hugh  Henrj*  W. 
Welchman,     Philip     Ray- 
mond. 
Wellstccd,  Albert  Edward. 
Westlake,  Harry  James  M. 
Whiteside,  William  Hayes. 
Whileway,  George  Henr>'. 
Williams,  Harold  George. 
Williams,  Thomas. 
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Students — 

Williamson,  Peter  Blanche. 
Willis,  Albert  Henry. 
Willoughby,  Ralph. 
Wilmot,  Reginald  Hilton. 
Winbome,  James  Ernest. 
Wolfe,  John. 


:ontinued. 

Woodward,    George    Law- 
rence. 
Wooler,  Clifiord  Upton. 
M'right,  Rowland. 
Young,  Alexander. 
Young,  William. 


Associates. 

Marreco,  Geoffrey  Freire.         Yarrow,  Harold  Edgar. 
Reynolds,     Russell    John, 
M.B.,  B.S. 

Transfers. 
Associate  Member  to  Member. 


Browne,Bemard  Frederick. 
Cockshott,  Fdgar  Harry. 
Davson,     Albert    Ogden, 

M.C. 
Denehy,  Hugh. 
Dixon,  Harr\'. 
Evans,    Arthur    Anthony, 

Lt.-CoL,    O.B.E..    M.C, 

R.E. 
Gatehouse,  Ernest  Arthur. 
Green,   Harry. 


Hedgcock,  Archibald  John. 
Homan,  Franklin  Thomas. 
Howe-Gould,  Robert. 
Mallett,      Edward,     M.Sc. 

(Eng-)- 
Meilde,  James. 
Mitchell,  Raymond  James. 
]Moore,  William  Alexander. 
Pook,  Stanley  Herbert. 
Rosen,  Jessel. 
Taylor,  Claude  Sinclair. 


Graduate  to  Associate  Member. 


Cotton,  Harry. 
Dedley,  William  John  F. 
Duckworth,  Herbert. 
Edwards,  Arthur  Rowland. 
Edwards,    John    Marshall, 

B.Sc.(Eng.). 
Kay,  Henry  Herbert. 
Llewellyn-Jones,  Ivor. 
Lye,  Donovan  Henrj'  C. 


McClean,  Thomas. 
Monk,     Sidney     Gordon, 

B.Sc. 
Otter,  Francis  Lewis,  M.C. 
Fallot,     Arthur    Charles, 

B.Sc.(Eng.). 
Sadleir,  John  Rothwell. 
Smith,  Clarence  Herbert. 
Wilkinson,  Harold  Claud. 


Student  to  Associate  Member. 


Baldwin,  Sydnej'  James  W. 

Clyne,  Philip. 

da  Silva,  Pery  Roma. 

Diggle,  Harold. 

Frost,  Ronald  Arthur. 

Glover,  Eric  Harraden. 

Greenwood,  Walter. 


Kennaird,  George  William. 
Mould,  James. 
Parkinson,    Arthur    Muir, 

B.Sc. (Eng.). 
Ramsdale,N\'illiam  Stanley. 
Robinson,  Geoffrey. 
Waizbom,  Harold. 


Associate  to  Associate  Member. 
Hungerford,     Richard  Kennard,     Hammond 

Becher.  Levene  E. 

Millar,  Charles  Herbert. 
Robinson,  Samuel  Thomas. 


Student  to 
Arnold,  John  Frank,  Lieut.- 
Barnes,  William  Charles. 
Bawtree,  Edward. 
Baxendell,  Leslie    Wilfred 

E. 
Bellamj^  Fenton  George. 
Bleach,  Chris  Charles. 
Braendle,  Ernest  William. 
Brierley,  Herbert. 
Carter,  Henry  Edmond  D. 
Charman,  Cyril  Edward. 
Combes,  Frank  Roy,  B.E. 
Craig,  Samuel. 
Dawes,  Arthur  Robert. 
Doran,  William  Ernest. 
Edwards,  Wilfrid  Gordon. 
Ellis,  Francis  Arthur. 
Fletcher,  Godfrey  Herbert. 
Frampton,  Harold  George. 
Hartley,  Robert  Cliff. 
Jackson,  Frederick  Stanley. 


Graduate. 

Janmoulle,  Edward  Walter 
A. 

Jenkins,  William  Arthur. 

Maxfield,  George  WilUam. 

Nicholson,     Frederick 
Walter. 

Nicholson,  Hugh  John  G., 
B.Eng. 

Pankhurst,  Frank  Arthur. 

Parker,  Alfred  Henry. 

Parnall,  Eric  John. 

Pittaway,  Kenneth. 

Read,     Grosvenor    Wood- 
house. 

Seymour,  James  Edward. 

Sundaram,  Gangadhara. 

Templeton,  \\illiam. 

Waddicor,  Harold. 

Wallace,  Robert,  B.Sc. 

Welch,  Leonard  John. 

Young,    James   Buchan, 
B.Sc. 

The  President  mentioned  that  successfiil  wireless 
telephonic  communication  between  New  York  and 
London  had  been  effected  for  a  period  of  two  hours 
on  the  previous  Monday  morning,  15th  January,  and 
that  among  the  messages  transmitted  was  one  from 
Mr.  Cartv,  Past-President  of  the  American  Institute 
of  Electrical  Engineers,  who,  on  behalf  of  Dr.  Jewett, 
President  of  that  Institute,  sent  his  best  wishes  to  the 
British  Institution  of  Electrical  Engineers  and  said 
that  electrical  engineers  were  very  proud  to  be  able 
to  do  so  much  to  bring  all  nations  closer  together  by 
means  of  wireless  communication.  The  President  also 
mentioned  that  he  had  replied  by  telegram  to  Dr. 
Jewett,  as  follows:  "Most  sincere  and  fraternal 
greetings  from  your  British  confrere^." 

A  paper  by  Mr.  G.  H.  Nelson,  Member,  entitled 
"  Works  Production  "  (see  page  338)  was  read  and 
discussed,  and  the  meeting  terminated  at  8.5  p.m. 


693rd    ORDINARY   MEETING,    1    FEBRUARY,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  18th 
January,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

A  list  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read,  and  was 
ordered  to  be  suspended  in  the  Hall. 

The  President  presented  to  Mr.  J.  W.  Meares,  C.I.E., 
Member,   late  Local  Hon.  Secretary  of  the  Institution 


in  India,  and  Electrical  Adviser  to  the  Indian  Govern- 
ment, a  salver  and  cigarette  box  subscribed  for  by  his 
friends  in  India  on  the  occasion  of  his  retirement  from 
the  Indian  Government  service,  and  as  a  token  of  his 
valuable  service?  to  the  profession  in  India. 

A  paper  by  Mr.  P.  J.  Robinson,  Asscciate  Member, 
entitled  "The  Maintenance  cf  Voltage  on  a  D.C.  Distribu- 
tion System  by  means  of  a  Fully  Automatic  Substation  " 
(see  page  417),  was  read  and  discussed,  and  the  meeting 
terminated  at  7.45  p.m. 
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THE    FOURTEENTH    KELVIN    LECTURE. 


PROBLEMS    IN     TELEPHONY,    SOLVED    AND    UNSOLVED. 
By    Professor    J.    A.    Fleming,    M.A.,    D.Sc,    F.R.S.,    Honorary    Member. 

(Lecture  delivered  before  The  Institution,  10//;  May.  1923.) 


Syllabus. 

I.  Introductory. — Lord  Kelvin  and  the  invention  of  the 
speaking  telephone  by  Alexander  Graham  Bell  in   1876. 

II.  Sound-wave  energy. — Definitions  of  acoustic  quantities, 
and  mathematical  expressions  for  sound-wave  energy  in 
terms  of  them. 

III.  Sound-wave  amplitude  and  condensation  necessary 
for  audition. — Researches  of  Lord  Rayleigh,  Wien,  and 
others.  Investigations  by  Minton,  Lane,  Fletcher  and 
Wegel.  Frequencies  for  which  the  ear  is  most  sensitive. 
Energy  expenditure  in  the  production  of  aerial  speech 
waves. 

IV.  Nature  of  speech  sounds. — Phonetic  analysis  of  speech 
sounds.  The  articulation  of  a  telephone  system.  Researches 
of  Fletcher  on  the  telephonic  transmission  of  speech,  and 
the  effect  on  it  of  filtering  out  certain  ranges  of  frequency. 
Theories  of  audition.  The  function  of  Corti's  organ  in  the 
ear. 

V.  The  telephone  considered  as  an  energy-transforming 
device. — The  natural  frequency  of  a  circular  diaphragm. 
Kennelly's  statement  of  the  four  fundamental  constants 
of  a  magneto-receiver.  Motional  resistance  and  impedance. 
The  amplitude  of  motion  of  the  diaphragm.  Formulae  for 
the  acoustic  efficiency  of  a  Fell  receiver.  Causes  of  its 
inefficiency.     Possible  substitutes. 

VI.  The  transmission  problems  of  the  telephone  line. — 
Heaviside's  theory.  The  introduction  of  the  dry-core 
lead-sheathed  cable.  Pupin's  contributions  and  inventions. 
Coil  loading  of  aerial  and  underground  lines.  Loading  of 
submarine  cables  by  coil,  and  uniform  loading.  Key 
West-Havana  loaded,  deep-sea  telephone  cable. 

VII.  The  problem  of  the  telephone  repeater. — The  theory 
of  the  thermionic  valve,  and  its  application  as  a  telephone 
repeater.  Types  of  valve  emplo}'ed.  Measurements  of 
repeater  gain,  in  miles  of  standard  cable.  Repeater  con- 
nections and  statioi  s. 

VIII.  The  problem  of  multiple  telephony. — Phantom 
working  and  loading  of  phantom  circuits.  Principles  of 
carrier-wave  telephony.  Methods  of  modulation  and  de- 
modulation by  thermionic  valves.  Suppressed  carrier-wave 
telephony  and  multiplex  working. 

IX.  The  problems  of  commercial  telephony. — The  common- 
battery  system.  The  evolution  of  the  multiple  switch- 
board and   manual  exchanges.     .Automatic  exchanges. 

X.  Some  problems  of  radio-telephony. — Recent  improve- 
ments in  thermionic  valves,  for  small-  and  large-power 
generation.  The  problems  of  radio-telephony  over  short, 
medium  and  long  distances.  Short-wave  mirror-directed 
radio-telephony.  Interconnection  of  exchange  circuits  by 
radio.  Recent  achievements  in  long-distance  radio- 
telephony. 

XL  Conclusion. — The  importance  of  scientific  research  in 
connection  with  the  telephone  industry.  Desirability  of 
encouraging  private  as  well  as  State-supported  research  in 
this  subject.     The  wide  field  for  future  work. 

Appendices  I  and  II. 


I.   Introductory. 

(1)  In  looking  back  at  the  titles  of  previous  Kelvin 
Lectures  it  is  noticeable  that  one  subject,  in  which 
the  late  Lord  Kelvin  took  a  profound  interest  from 
its  earliest  days,  has  not  yet  received  attention  in 
them,  viz.  that  of  Telephony  or  the  transmission  of 
articulate  speech  to  a  distance  by  electrical  means. 

I  well  remember,  as  if  it  were  only  yesterday, 
though  it  is  in  fact  47  years  ago,  sitting  close  in  front 
of  Lord  Kelvin  when  as  Sir  \\'illiam  Thoinson  he  gave 
the  Introductory  Address  to  Section  A  of  the  British 
Association,  then  meeting  in  Glasgow,  when  he 
described  to  us  his  first  acquaintance  with  Bell's  great 
invention,  the  speaking  telephone.  Lord  Kelvin  had 
just  returned  from  the  L'nited  States  where  he  had 
been  one  of  the  scientific  judges  at  the  Centennial 
Exhibition  at  Philadelphia  in  June  1876.  .Addressing 
us  he  said  : — 

In  the  Canadian  Department  I  heard  '  To  be  or  not 
to  be,  there's  the  rub,'  through  a  telegraph  wire  ;  but 
secerning  monosyllables  the  electric  articulation  rose  to 
higher  flights  and  gave  me  passages  taken  at  random  from 
the  New  York  newspapers,  such  as  '  s.s.  Cox  has  arrived 
(I  failed  to  make  out  s.s.  Cox)  ;  '  The  Senate  has  resolved 
to  print  a  thousand  extra  copies  '  ;  '  The  .Americans  in 
London  have  resolved  to  celebrate  the  coming  Fourth  of 
July.'  All  this  my  own  ears  heard  spoken  with  unmis- 
takable distinctness  by  the  thin  circular  disc  armature  of 
just  such  another  little  electromagnet  as  this  which  I  hold 
in  my  hand.  The  words  were  shouted  with  a  clear,  loud 
voice  by  my  colleague  Judge,  Professor  Watson,  at  the 
far  end  of  the  telegraph  wire,  holding  his  mouth  close  to  a 
stretched  membrane,  such  as  you  .see  before  you  here, 
carrying  a  little  piece  of  soft  iron  which  was  made  to  per- 
form in  the  neighbourhood  of  an  electromagnet  in  circuit 
with  the  line  motions  proportional  to  the  sonorific  motions 
of  the  air.  This,  the  greatest  by  far  of  all  the  marvels  of 
the  electric  telegraph,  is  due  to  a  young  countryman  of 
our  own,  Mr.  Graham  Bell,  of  Edinburgh  and  .Montreal 
and  Boston,  now  becoming  a  naturalized  citizen  of  the 
United  States.  Who  can  but  admire  the  hardihood  of 
invention  which  has  devised  such  very  slight  means  to 
realize  the  mathematical  conception  that,  if  electricity  is 
to  convey  all  the  delicacies  of  quality  which  distinguish 
articulate  speech,  the  strength  of  its  current  must  vary 
continuously  and  as  nearly  as  may  be  in  simple  proportion 
to  the  vclocitv  of  a  particle  of  air  engaged  in  constituting 
the  sound." 

In  the  year  therefore  following  that  of  the  decease 
of  the  illustrious  inventor  of  the  speaking  telephone 
it  is  perhaps  appropriate  that  the  Kehin  Lecture 
should    direct    attention    to   some   of   the    problems   of 
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telephony  which  have  been  solved,  or  which  remain 
unsoh-ed  in  the  nefarly  half-century  which  has  elapised 
since  the  above  quoted  words  were  uttered  by  Lord 
Kelvin. 

Since  the  reproduction  of  articulate  speech  at  a 
distance  necessitates  the  creation  of  air  waves  and 
this  requires  the  expenditure  of  energy,  it  will  be 
convenient  to  start  with  a  statement  of  the  physical 
relations  of  the  measurable  quantities  with  which  we 
are  concerned,  and  of  the  methods  by  which  we  can 
determine  the  energy  expenditure  in  creating  audible 
and  articulate   sounds. 

II.   Sound-wave  Energy. 

(2)  AA'hcn  a  sound  wave  is  passing  through  the  air, 
if  the  sound  is  a  continuous  one,  there  is  at  any  point 
in  the  field  a  rapidly  repeated  change  of  air  pressure 
which  periodically  rises  above  or  falls  below  the 
normal  static  pressure  of  the  air,  as  determined  by 
the  barometric  height  at  that  moment,  which  is 
approximately  14j  lb.  per  square  inch,  or  about 
1  megadyne  per  square  centimetre  in  C.G.S.  measure. 
There  is  therefore  a  variable  pressure  superimposed 
on  a  steady  pressure  and  we  may  define  the  condi- 
tions by  stating  the  R.M.S.  value  of  the  variable  part 
of  the  pressure  in  absolute  units  or  bv  the  ratio  of 
the  maximum  of  the  variable  part  to  the  steady 
pressure. 

In  a  sound  wave  we  have  also  periodic  variation 
of  air  density  at  any  point,  and  hence  another  way  of 
defining  the  acoustic  state  is  by  the  variation  in  air 
density  which  occurs.  If  p  is  the  normal  density  of 
the  air  and  p'  the  increased  or  reduced  density,  then 
the  ratio  {p'  —  p)/p  =  s  is  called  by  the  late  Lord 
Raj'leigh  and  other  writers  the  condensation  at  that 
point.  The  condensation  takes  place  in  consequence 
of  a  pendulum-like  motion  of  the  air  particles  to  and 
fro  in  the  direction  of  propagation  of  the  wave.  It 
is  usual  to  consider  the  maximum  condensation  during 
the  periodic  change.  If  for  the  sake  of  simplicity 
we  confine  our  attention  to  propagation  in  one  direc- 
tion, or  consider  the  case  of  a  parallel  beam  of  sound 
or  propagation  through  a  straight  tube,  then  we  can 
easily  obtain  an  expression  for  the  rate  at  which  energy 
is  being  transmitted  across  each  square  centimetre  of 
the  tube  cross-section. 

For  it  is  clear  that  this  is  equal  to  the  mean  value 
of  the  product  of  the  air  velocity  in  the  direction  of 
the  wave,   and  the  variable  pressure. 

Problems  in  acoustics  are  in  many  cases  best 
treated  by  the  use  of  a  quantity  called  the  velocity 
potential,  which  is  a  function  of  time  and  space  such 
that  its  space  rate  of  change  in  a  certain  direction 
gives  us  the  acoustic  velocity  of  the  air  particles  in 
that  direction  (see  Appendix  I).  In  the  case  of  a 
plane  sine-form  wave  due  to  a  pure  musical  sound 
propagated  in  the  direction  of  the  a;-axis,  the  velocity 
potential  6  is  expressed  by  : — 


b  =  B  cos  (m.c  —  cut) 


Hence,   differentiating   (I)   with  respect  to  x,  we  have 
the  velocity  of  the  air  particle  in  that  direction. 

Let  it  be  denoted  by  a  where  the  dot  denotes  time 
rate  of  change  of  displacement  a.     Then 


(1) 


where    m  =  27r/A    and    co  =  2TTn,    A   being    the    wave- 
length   and    n     the    frequency    of    the    sound    wave. 


da 


db 


dt  dx 


mB  sin  (mn  —  cot) 


(2) 


Hence   the   displacement   a   is   obtained  by  integrating 
(2)  with  respect  to  time,  thus  : — 


mB 

cos  (mx 

CD 


nt] 


(3) 


Therefore,  if  A  is  the  maximimi  displacement  or 
amplitude,  ^4  =  niBjco  =  B\c,  where  c  stands  for  the 
velocity  of  sound.  It  is  shown  by  the  late  Lord 
Rayleigh  in  his  "  Treatise  of  Sound  "  (vol.  2,  §  244, 
p.  14)  that  if  pQ  is  the  normal  density  of  the  air  and 
p  the  variable  part  of  the  pressure,  then,  in  the  absence 
of  other  impressed  forces  : — 

db 


P  = 


Pa 


dt 


(4) 


The  energy  transmitted  per  second  by  the  wave 
through  1  square  centrimetre  normal  to  the  line  of 
propagation,  is  the  mean  value  throughout  a  period 
of  the  product  pa. 


Now, 


db 
dt 


coB  sin  [mx  —  cot) 


■      (5) 


Therefore  from  (2).  (4)  and  (5),  and  bearing  in  mind 
that  the  mean  value  of  sin-  d  throughout  a  period  is 
\,  we  have  for  thisi  mean  rate  of  transfer  of  energy  : — 


W  =  IpmojB- 


(6) 


If    c    denotes    the    velocity    of    sound,    c  =  to/»i,    then, 
since  A  =  mB/co,   (6)   may  be  written  :^ 


W  =  2TT'^pQcn-A'2 
=  JpoC"J--4- 


(') 


The  normal  density  of  air  is  p^  —  0-00129  g/cm- 
and  the  velocity  of  sound  in  air  at  0'  C.  and  760  mm 
is  c  =  3-3  X  10*  cm/sec.  Also,  277^  =  19-75  and, 
therefore, 

W  =  840-75n2^2        ....      (8) 

where  n  is  the  frequency  and  A  is  the  maximum  displace- 
ment of  the  air  particle  by  the  sound  wave  during  its 
excursion.  If  we  denote  the  maximum  value  of  the 
velocity  of  the  air  particle  by  A,  then  it  is  obvious 
from   (5)  that  A  =  mB  and  that  A  =  coA. 

If  we  assume  that  we  are  dealing  only  with  pure 
musical  sounds  having  a  simple  sine  wave-form,  then 
the  root-mean-square  (R.M.S.)  value  of  any  variable 
is  l/-\/2  =  0-7  of  its  maximum  value.  Then  from 
(2),   (4)   and   (5)  it  is  seen  that  :— 


(R.M.S. )p  = 


pu> 


B 


mB        A 

(R.M.S.)a  =  —  = 


(9) 


(10) 


FLEMING:    THE   FOURTEENTH    KELVIN   LECTURE. 


615 


The  expression  (9)  is  the  root-mean-square  value  of 
the  variable  part  of  the  pressure,  and  (10)  the  same 
for  the  air  particle  velocity.     Also  by   (6)  : — 

W  =  (R.M.S.p)  (R.M.S.d)  .      .      (11) 

From  the  above  formula;  it  follows  that  : — 

(R.M.S.)p  =  V(Po'^)VW    .      .      .      (12) 

VW 


(R.M.S.)a 


13) 


V(pif) 

The    value    of    p^c    in    C.G.S.    units     is     42-57,    and 
\/{p(fi)  =  6-.5  (nearly). 

If  the  pressure  (p)  is  measured  in  dynes  per  square 
centimetre  then  the  energy  (W)  transmitted  through 
1  square  centimetre  per  second  is  in  ergs,  and  the 
velocity  a  in  cm  per  second,  then  : — 

(R.M.S.)p  =  6-5  VW       .      .      .      (14) 

VW 


(R.M.S.)d 


6-5 


(R.M.S.)p  =  188-5??.4 


(15) 
(16) 


If  s  denotes  the  condensation,  defined  as  above,  it  is 
shown  in  treatises  on  acoustics  that  cs  =  d,  where  c 
is  the  velocity  of  sound.  Hence,  if  S  is  the  maximum 
value  of  the  condensation,  cS  =  A  =  ojA,  and  also 
S  =  (cdIc)A. 

The  above  formulae  give  us  the  means  of  making 
interesting  deductions  from  e.xperimental  results  as  to 
the  variation  of  air  pressure  and  amplitude  of  motion 
of  the  air  particles  in  a  soimd  wave. 

In  using  these  formulae  it  is  necessary  to  bear  in 
mind  that,  since  the  changes  of  pressure  in  an  air 
wave  are  very  rapid,  the  heat  due  to  compression  has 
not  time  to  escape.  Hence  the  pressures  are  adia- 
batic  values  and  by  the  gas  theory  are  equal  to  y  times 
the  i.sothermal  pressures,  where  y  =  1-41  is  the  ratio 
of  the  two  specific  heats  of  air.  Therefore  p  =  ys 
=  1-41<>  =\/(2)s  (nearly).  Since  y  is  nearly  equal  to 
-y^2  it  follows  that  for  pure  musical  sounds  the  R.M.S. 
value  of  the  variable  part  of  the  pressure  is  equal  to 
the  maximum  vakie  of  condensation. 

in.  Sound-wave  Energy  and  Amplitude 
Necessary  for  Audition. 

(3)  During  the  last  fifty  years  a  large  amount  of 
research  work  has  been  done  in  determining  the  aerial 
wave  energy  per  square  centimetre  per  second  w-hich 
must  be  passing  at  a  certain  frequency,  in  order  that 
the  ear  may  just  perceive  it  as  an  audible  sound,  or, 
alternatively,  a  sound  of  a  certain  pitch  and  loudness. 
In  1870  Topler  and  Boltzmann*  made  one  of  the 
earliest  determinations  with  an  organ  pipe  of  pitch 
181,  and  found  for  the  maximum  compression  (S  a 
value  S  =  6-5  x  lO"®.  The  corresponding  R.M.S. 
pressure  is  about  1/15  dyne  per  cm"-  when  the 
sound  was  just  audible.  In  1877,  Lord  Rayleigh  * 
used  a  whistle  blown  under  a  pressure  of  9-5  cm  of 
water  taking   196  cm'*  of  air  per  second  and  giving  a 

•  Annalen  der  Physik,  1870,  vol.   141,  p.   321. 

t  Proceedings  of  the  Royal  Society,  1877,  vol.  20,  p.  248. 


sound  of  frequency  n.  =  2  730.  The  work  done  per 
second  in  blowing  the  whistle  was  then  196  X  9-5  X  981 
=  I  826  622  ergs.  He  found  that  the  whistle  could 
just  be  heard  in  the  open  air  in  all  directions  at  a 
maximum  distance  of  821  metres.  Assuming  all  the 
energy  to  be  expended  in  sound  production  and  to 
be  equally  distributed  over  the  hemisphere  surface 
this  gave  the  value  of  the  wave  energy  (W)  in  ergs 
per  cm2  per  second  as  43  micro-ergs.  Then  from 
formula  (7)  : — 

W  =  Ipcui-A- 

and  from  the  relations  A  =  Aoj  and  S  =  Ajc,  where 
A  is  the  maximum  velocity  of  the  air  particle,  .4  its 
maximum  displacement  and  S  the  maximum  condensa- 
tion, he  found  at  once  ^=0-0014  cm/sec,  ^  =8-1 
X  10-8  cm  and  S  =  4  X  lO-^.  The  R.M.S.  value  of 
the  variable  pressure  is  then    0-04  dyne  per  cm-. 

This  result  showed  how  extremely  small  is  the 
amplitude  of  periodic  motion  of  an  air  particle  which 
can  produce  a  just  audible  sound.  A  length  of 
10-8  cm  is  called  1  Angstrom  unit  (A.U.)  ;  the  length 
of  a  wave  of  yellow  light  is  about  5  000  A.U.  and  the 
diameter  of  a  molecule  about  1  or  2  A.U.  The  maxi- 
mum displacement  of  the  air  particle  in  the  above 
case  was  only  8  A.U.,  or  about  ]/600th  of  the  length 
of  a  wave  of  yellow  light. 

(4)  There  are  olsjections,  however,  to  measurements 
made  over  large  distances  in  open  air,  and  hence  in 
1894  Lord  Rayleigh  employed  a  tuning  fork  of  fre- 
quency 256  as  a  source  of  sound  and  determined  the 
rate  of  energy  emission  from  the  rate  of  decay  of  the 
oscillations.*  He  found  that  when  the  fork  was  emit- 
ting sonorous  energy  at  the  rate  of  42-1  ergs  per 
second  it  could  just  be  heard  at  a  distance  of  27-4 
metres.  This  gives  a  mean  density  of  wave  energy 
per  second  over  the  hemisphere  of  0-9  micro-erg  per 
cm^. 

Calculating  from  the  above  formuUe  the  maximum 
amplitude  and  condensation  for  just  audible  sound 
waves,  he  found  A  =  12-7  x  10-*  cm  and  S  =  0-6 
X  10-8  at  a  frequency  of  256.  In  1894  Lord  Rayleigh 
made  a  third  measurement  by  the  aid  of  a  telephone 
receiver.!  He  measured  the  displacement  of  the 
diaphragm  when  a  certain  direct  current  was  passed 
through  the  coils.  He  measured  also  the  displace- 
ment of  the  diaphragm  produced  by  a  certain  me- 
chanical force  reckoned  in  grammes  weight  applied  to  it, 
and  from  these  figures  he  inferred  that  an  alternating 
current  of  0-83  microampere  at  a  frequency  of  256  p.p.s. 
produced  a  deflection  of  6-8  x  10-8  (-m  =6-8  A.U. 
at  the  centre  of  the  diaphragm.  He  estimated  that 
the  effective  area  of  the  telephone  diaphragm  in  pro- 
ducing sound  waves  was  4  cm-,  and  that  tlie  volume 
of  the  cavity  of  the  external  ear  contained  between 
the  ear-drum  and  the  diaphragm  of  a  telephone  pressed 
against  the  ear  was  20  cm^.  Hence  it  follows  that 
the  maximum ' condensation  8  was  1-4  x  10-8  ^t  a 
frequency  of  256,  and  the  corresponding  amplitude 
of  the  air  particle  2-9  x  10-"  cm.  Lord  Rayleigh's 
three  experiments  therefore  gave  for  the  condensation 

•  Philosophical  Magazine,  1894,  vol.  38,  p.  305. 
t  Ibid.,  1894,  vol.  38,  p.  295. 
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and  amplitude  of  the  just  audible  sound  the  following 
values  ; — 

By  whistle  at  n  =  2  730;  5  =  4-1  x  10-^  ^  =  8-1 

X  10-^  cm. 
By  tuning forkatn  =  256;  .S  =  0-6  x  10-8,.4  =  12-7 

X  10^*  cm. 
By  telephone  at  n  =  256  ;  S  =  1-4  x  10-«,  .-1  =  29 

X  10-*  cm. 

Approximately  speaking  we  may  say  that  at  a  fre- 
quency of  256  the  ear  detects  as  sound  a  periodic 
change  in  air  density  of  1  hundred-millionth  of  an 
atmosphere,  an  amount  equal  to  the  air  density  in  a 
space  exhausted  to  a  very  good  vacuum.  Also  we 
appreciate  an  amplitude  of  motion  of  an  air  particle 
of  1  or  2  millionths  of  a  millimetre  and  an  energy 
stream  of  1  to  3  micro-ergs  or  so  per  square  centi- 
metre per  second. 

It  is  obvious  that  a  personal  element  of  ear  sensi- 
tiveness enters  into  these  determinations  of  the  pres- 
sure of  the  least  audible  sound. 

It  is  not,  therefore,  surprising  that  very  great  dif- 
ferences appear  between  the  results  of  different 
observers. 

Thus  Max  Wien  published  a  paper  in  1903  "  On 
the  Sensitivity  of  the  Human  Ear  for  Tones  of 
Various  Frequencies,"  *  in  which  he  gave  the  results 
of  measurements  made  with  a  telephone  receiver. 
He  determined  the  maximum  of  the  variable  part  of 
the  air  pressure  producing  just  audible  sounds  of 
various  frequency.  Translating  Wien's  results  into 
<;ondensation  and  amplitude  (maximum  values)  we 
liave  the  following  : — 


Frequency,  n 

Condensation,  S 

Amplitude,  A 

p.p.s. 
50 

11-4  X   10-8 

117  X  10-' 

100 

7-8  X  10-9 

4-2  X  10-7 

200 

7-2  X   15-10 

1-8  X  10-8 

400 

8-6  X   10-11 

1-13  X   10-9 

800 

1-6  X   10-11 

1-1  X   10-10 

1  600 

1-0  X  10-11 

3-3  X  10-11 

3  200 

10  X  10-11 

1-6  X  10-11 

6  400 

1-6  X  10-11 

1-3  X  10-11 

12  800 

5-7  X  10-11 

2-3  X  10-11 

These  figures  show  a  decided  maximum  in  ear  sensi- 
tivity in  the  neighbourhood  of  the  frequency  2  000  p.p.s. 
Lord  Rayleigh  again  returned  to  the  subject 
in  1907,  and  in  an  article  f  on  "  The  Relation  of  the 
Sensitiveness  of  the  Ear  to  Pitch  "  he  showed  by  a 
new  method  that  the  condensations  corresponding  to 
just  audible  sounds  of  frequencies,  85,  128,  256,  512, 
were  in  the  ratio  of  6-4,   3-2,   1-6  and  1. 

He  came  to  the  conclusion  that  the  ear  had  a  maxi- 
mum sensitivity  at  a  frequency  of  about  1  000. 

(5)  Some  recent  researches  aided  by  better  instru- 
mental   appliances,    and    especially   by    the   invaluable 

*  See  Pfliizer's  Archives,  1903,  vol.  97,  p.  1. 

t  Philosophical  Masazme,  1907,  vol.  14,  ser.  6,  p.  596. 


thermionic    valve,    have    enabled    this    matter    to    be 
more  fully  explored. 

It  is  abundantly  clear  from  this  later  work  that 
the  human  ear  possesses  a  well-marked  supersensitivity 
to  sounds  of  certain  frequency.  One  of  these  regions 
generally  lies  within  the  limits  700  to  1  000  p.p.s.  and 
another  between  1  500  and  2  000  p.p.s.,  and  some 
observers  indicate  a  third  region  about  3  500  to 
4  000  p.p.s.  There  are,  however,  considerable  varia- 
tions in  normal  ears  in  this  respect.  This  has  been 
well  sho\\'n  in  a  paper  *  by  J.  P.  Minton  on  "  Physical 
Characteristics  of  Normal  Ears." 

He  employed  a  telephone  receiver  with  a  diaphragm 
having  a  very  high  natural  frequency  (5  215  p.p.s.) 
and  placed  it  in  the  bridge  circuit  of  a  ^\'heatstone 
bridge  supplied  with  alternating  currents  of  pure  sine 
wave-form  by  means  of  a  thermionic-valve  generator 
with  appropriate  frequency  filters.  He  calculated 
from  the  observed  constants  of  the  telephone  the 
vibrational  energy'  of  the  diaphragm  for  various  bridge 
settings,  and  the  sensitivity  of  the  ear  was  taken  to 
be  inversely  as  the  vibrational  energy  when  the  tele- 
phone was  emitting  a  just  audible  sound  at  a  certain 
frequencv.  He  found  as  above  mentioned  that  there 
are  well-marked  regions  of  supersensitivity  in  normal 
ears  for  certain  frequency  ranges. 

The  ear  sensitivity  diminishes  ven,^  rapidly  as  the 
frequency  rises  much  above  4  000  or  5  000  p.p.s. 
Thus,  C.  E.  Lane.t  using  a  particular  type  of  sound 
producer  called  a  "  Tone  Generator,"  invented  by 
C.  W.  Hewlett,*  found  that  at  a  frequency  of 
2  000  p.p.s.  the  just  audible  sound  to  normal  ears 
conveyed  in  wa\-e  energy  0  •  07  micro-erg  through 
each  square  centimetre  per  second,  but  that  when 
the  frequencv  was  raised  to  18  000  or  20  000  it  required 
an  energy'  stream  of  0-1  erg  per  square  centimetre 
per  second  or  nearly  Ij  million  times  as  much  power 
to  produce  the  just  audible  sound. 

A  very  complete  examination  of  this  question  was 
made  in  1922  by  H.  Fletcher  and  R.  L.  Wegel  in  a 
paper  §  on  "  The  Frequency-sensitivity  of  Normal 
Ears,"  working  in  the  research  laboratories  of  the 
American  Telephone  and  Telegraph  Company  and  of 
the  Western  Electric  Company,  U.S.A.  They  used 
an  air-damped  telephone  receiver  and  passed  through 
it  various  pure  sine-wave  currents  supplied  by  a 
thermionic-valve  generator.  The  generator  had  its 
current  filtered  so  as  to  eliminate  all  harmonics 
and  produced  an  absolutely  pure  tone.  This  is 
an  important  precaution  because  a  tone  at  100  fre- 
quency requires  60  times  greater  pressure  variation 
or  3  600  times  greater  energy  to  be  just  audible 
than  a  tone  at  a  frequency  of  1  000.  They  also  con- 
structed a  particular  form  of  artificial  telephone  line 
bjr  which  the  current  passing  through  the  recei\-er 
could  be  weakened  in  an  exactly  known  ratio.  As  a 
means  for  absolute  cahbration  thej'  used  a  condenser 
transmitter.  This  instrument  is  an  improvement  and 
m.odification  of  Dolbear's  electrostatic  transmitter. 
It  consists  of  a  fixed,  solid,  perfectly  flat  plate  in  front 

*   Physical  Rei'ifu;  1922,  vol.  19  (2),  p.  80. 
t   Ihiti.,  1922,  vol.  19,  p.  492. 
t  Ibid..  1922,  vol.  19,  p.  52. 
§  IM.,  1922,  vol.  19  (2),  p.  553. 
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of  \vliich  and  parallel  to  this  but  about  one-thousandth 
of  an  inch,  or  less,  apart  is  held  a  thin,  flexible,  tightly 
strained  steel  disc.  The  thin  and  thick  plates  are 
insulated  from  each  other  and  form  an  air  condenser. 
If  an  alternating  potential  difference  is  applied  to 
the  plates,  the  flexible  plate  vibrates  and  emits  a 
musical  sound. 

If,  on  the  other  hand,  the  plates  are  kept  charged 
by  a  battery  through  a  high  resistance,  and  if  the 
flexible  plate  is  caused  to  vibrate  by  sound  waves, 
the  capacity  of  the  condenser  is  periodically  varied 
and  hence  the  potential  difference  at  the  ends  of  the 
resistance  also  varies.  This  small  varving  potential 
difference  can  be  amplified  by  thermionic  valves  and 
measured  on  a  suitable  thermo-electric  voltmeter. 

Hence  the  condenser  transmitter  can  be  calibrated 
by    operating    on    it    with    known    pressure    variations 
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Fig.  1. — Curve  showing  by  its  ordinates  the  root-mean- 
square  values  of  the  variable  part  of  the  air  pressure 
in  an  air  wave  producing  a  just  audible  sound,  plotted 
in  terms  of  frequency. 

Note. — The  cross  indicates  the  result  obtaijied  by  Lord  Rayleigh  in  llis 
experiment  with  the  whistle. 

and  then  used  to  produce  sounds  having  known  con- 
densations and  frequencies. 

The  theory  of  the  instrument  has  been  fully  dis- 
cussed by  E.  C.  VVente  *  in  a  paper  on  "A  Condenser 
Transmitter  as  a  Uniformly  Sensitive  Instrument  for 
the  Absolute  Measurement  of  Sound  Intensity." 

In  an  instrument  used  in  the  research  laboratories  of 
the  American  Telephone  and  Telegraph  Company, 
U.S.A.,  the  diaphragm  consisted  of  a  steel  disc 
0-007  cm  in  thickness  and  4-5  cm  in  diameter,  having 
a  natural  frequency  of  17  000  p.p.s.  The  air-gap  was 
0-0022  cm  in  thickness  and  could  withstand  a  pres- 
sure of  320  volts,  direct  current.  The  condenser 
capacity  was  335  /X(U.F.  Aided  by  this  appliance 
Fletcher  and  Wegel  showed  that  at  a  frequency  of 
60  p.p.s.  the  R.M.S.  value  of  the  variable  part  of  the 
air    pressure    corresponding    to    a    just    audible    sound 

*  See  Physical  Keviciv.  1917,  vol.  10  (2),  p.  39. 


'    was  0- 15  dyne  per  cm^.     At  a  frequency  of   1  000  p.p.s. 
it  was  0-001  dvne  per  cm-. 

There    are    great    individual    variations    and     those 
who  are   not    usually   called   deaf   may  require  a  vari- 
able  pressure   up   to   more  than   0  - 1  dvne  per  cm'-^  at 
1  000  p.p.s.,   whilst  those  who  are  deficient  in  powers 
\    of    audition   may    require   even    up   to    1    to    10  dynes 
per    cvcfi    to    hear    the  sound.      Fletcher    and    Wegel 
j    embodied  the  results  of  various  observers  in  a  curve 
I    showing    the    R.M.S.    pressures    for    the    least    audible 
,    sound   at   various   frequencies    (see   Fig.    1).     The   con- 
denser   transmitter    also    enables    us    to    measure    the 
energy   conveyed   across   unit   area   per   second    by   air 
waves  of  the  speaking  voice. 

In  a  paper*  on  "  The  Analysis  of  the  Energv  Dis- 
tribution in  Speech,"  by  L.  B.  Crandall  and  D.  Mac- 
kenzie, these  observers  found  that  at  a  distance  of 
1  inch  from  the  mouth  of  a  speaker  in  ordinary  con- 
versational tone  the  R.M.S.  value  of  the  variable  part 
of  the  pressure  due  to  speech  waves  was  11-3  dvnes 
per  cm-.  This  corresponds  to  an  energy  flow  of 
3-2  ergs  per  cm^  per  second.  E.  C.  Wente  |  found 
a  similar  value,  viz.  10  dynes  per  cm-  at  3  cm 
distance. 

Assuming  the  energy  to  flow  out  equally  over  the 
surface  of  a  hemisphere  of  2-5  cm  radius  with  centre 
on  the  lips,  this  amounts  to  a  total  energy  emission 
of  125  ergs  per  second.  If  we  assume  the  speaking 
to  be  kept  up  for  1  hour,  the  energy  represented  by 
such  speech  waves  would  only  amount  to  1/20  joule 
or  1/27  ft. -lb.  of  work.  Even  if  we  consider  the  wave 
amplitude  to  be  increased  20  or  25  times,  as  might 
be  the  case  in  loud  speaking  or  public  lecturing,  the 
total  production  of  air-wave  energv  in  the  form  of 
speech  might  only  amount  to  20  or  25  ft. -lb.  in  an 
hour.  The  total  bodily  energy  expenditure  as  roughly 
judged  by  the  fatigue  of  speaking  to  a  large  audience 
for  an  hour,  even  apart  from  bodily  movements,  is 
probably  much  greater.  This  gives  an  indication 
that  the  human  vocal  organs,  considered  simply  as 
an  energ>'-translating  device  for  the  production  of 
speech-wave  energy,  may  have  small  efficiency  in  the 
technical  sense  of  the  term. 

IV.  The  Nature  of  Speech  Sound.s,  .^nd  the 
Operation  of  the  Ear. 

(6)  The  possible  improvements  in  telephony  are 
very  closely  dependent  upon  a  knowledge  of  the  nature 
of  speech  sounds  and  of  the  operation  of  the  ear  in 
appreciating  them.  A  careful  study  of  the  problem 
of  phonetics  in  its  relation  to  telephony  has  been  made 
during  the  past  few  years  in  the  United  States.  The 
important  matter,  from  the  telephonic  point  of  view, 
is  the  study  of  the  frequency-ranges  required  to  con- 
vey specific  articulate  sounds  with  adequate  repro- 
duction at  the  receiving  end. 

Broadlv  speaking,   phoneticians   divide   the   elements 

of  speech  sounds  into  five  divisions:    (I)   l^irc  vowels, 

(2)    combinational    and    transitional    vowels    (indicated 

by  the  letters  w,  y,  long  i,  h  and  ou)  ;    (:!)  semi-vowcis, 

1  and  r  ;     (4)   consonants,   voiced,   unvoiced,  and  nasa- 

•  See  Physical  Revicu;  1922.  vol.  19  (2),  p.  221. 
t  Ibid.,  1922,  vol.  19,  p.  502. 
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lized ;  and  (5)  fricative  consonants,  voiced  and  un- 
voiced. A  very  rough  distinction  between  the  vowel 
and  consonant  sounds  is  that  the  former  can  be  uttered 
continuously  as  long  as  one  has  breath,  but  the  latter 
are  more  or  less  abrupt  beginnings  or  endings  of  vocal 
sounds. 

The  elements  of  all  spoken  languages  are  syllables, 
which  are  composed  of  combinations  of  the  vowel  and 
consonant  sounds.  Words  are  built  up  of  syllables. 
The  telephonic  conveyance  of  speech  depends,  there- 
fore, upon  the  accuracy  of  reproduction  of  the  syllabic 
sounds  at  the  receiver.  In  order  to  test  this  repro- 
duction, telephonic  engineers,  in  connection  with  the 
.\merican  Telephone  and  Telegraph  and  Western 
Electric  engineers,  prepared  large  lists  of  syllabic 
sounds  comprising  from  8  000  to  9  000  speech  sounds 
in  all,  arranged  in  groups  of  50  or  100. 

A  large  number  of  these  syllables  are  spoken  in 
succession  clearly  to  a  transmitter.  A  listener  at 
the  receiver  writes  down  the  syllable  received  accord- 
ing to  a  certain  code-word  associated  with  it.  The 
percentage  of  sounds  correctly  heard  and  written 
down  is  called  the  articulation  of  the  system. 

-A.n  account  of  certain  research  work  of  the  above 
kind  has  been  described  by  Harvey  Fletcher  in  a 
paper  *  on  "  The  Xature  of  Speech,  and  its  Interpre- 
tation." 

In  this  research  a  high-quality  telephonic  circuit 
was  employed,  comprising  a  condenser  transmitter,  an 
artificial  line  including  thermionic  amplifiers,  an  attenu- 
ator for  weakening  the  speech  currents  in  a  known 
ratio,  wave  filters  (described  presently)  for  passing 
currents  only  within  certain  ranges  of  frequencv,  and 
received  by  high-quality  magneto  receiving  telephones. 
By  this  apparatus  speech  sounds  could  be  transmitted 
without  distortion,  but  with  amplitudes  increased  or 
diminished  in  exactly  known  ratios.  When  the  ampli- 
tude is  changed  in  the  ratio  of  2-71828  to  1,  this  is 
called  reduction  by  1  napier,  since  the  above  numeric 
is  the  base  of  the  Napierian  system  of  logarithms. 
If  it  is  reduced  in  the  ratio  of  (2-71828)"  to  1,  this  is 
called  reduction  by  n  napiers. 

If  we  begin  with  a  just  audible  speech  sound,  which 
we  have  seen  corresponds  to  a  variable  air  pressure 
of  about  0-001  dyne  per  cm'-  (R.M.S.  value)  for 
sounds  of  frequency  about  I  000  p.p  s.,  and  if  we  then 
increase  the  amplitude  by  about  7  napiers,  which 
brings  the  R.M.S.  pressure  to  about  1  dyne  per  cm^, 
since  (2-71828  ...)?  =  1096;  we  shall  have  a  sound 
the  loudness  of  which  corresponds  to  the  maximum 
articulation  as  judged  by  the  percentage  of  correctlv 
heard  test-syllables  transmitted.  If  the  amplitude  is 
increased  still  more  the  articulation  falls  off  again,  as 
shown  by  the  curve  in  Fig.  2.  The  ear  is  "  deafened," 
as  we  say,  by  very  loud  speech.  Hence  there  is  a 
certain  amplitude  which  gives  the  maximum  of  tele- 
phonic speech  articulation  or  intelligibility.  By  means 
of  the  filters,  which  are  artificial  telephone  lines  con- 
structed with  inductive  resistances  in  series  of  capa- 
cities in  parallel,  or  \ice  versa,  it  is  possible  to  atten- 
uate very  rapidly  speech  currents  of  a  certain  range 
of  frequency  either  above  or  below  certain  selected 
*  See  Journal  of  the  Franklin  Institute,  June,  1922. 


limits.  The  results  of  this  filtering  on  telephonic 
speech  transmission  are  ven,^  remarkable.  According 
to  the  researches  of  Harvey  Fletcher  and  those  of 
Crandall  and  Mackenzie  a  filter  which  cuts  off  all 
currents  of  frequency  below  .500  p.p.s.  stops  60  per 
cent  of  the  speech  energy  but  onlv  2  per  cent  of  the 
articulation.  This  means  that  the  speech  is  greatly 
decreased  in  loudness  but  not  much  in  clearness 
or  intelligibility.  On  the  other  hand,  a  filter  which 
cuts  off  all  frequencies  above  1  500  eliminates  only 
10  per  cent  of  speech  energy  but  reduces  the  articula- 
tion by  35  per  cent.  This  means  that  the  speech  is 
not  much  reduced  in  loudness  but  is  verv  reduced 
in  clearness.  A  filter  which  cuts  off  all  frequencies 
above  3  000  p.p.s.  has  as  bad  an  effect  on  articulation 
as  one  which  cuts  off  all  below  1  000  p.p.s. 

Some  speech  sounds,  such  as  the  vowels  u,  o 
and  e  have  characteristics  carried  by  frequencies  below 
1  000,  but  the  fricative  consonants  denoted  by  the 
letters  i,  z  and  th  have  their  specific  qualities  con- 
veyed by  high-frequency  harmonics  and  are  greatly 
affected   by   cutting  off   frequencies  above   3  000   p.p.s. 
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Fig.  2. — Curve  showing  the  "  articulation  "  of  a  telephone 
circuit  in  terms  of  loudness  of  the  speech  (Harvey 
Fletcher). 

The  sounds  denoted  by  the  letters  f,  v  and  th  are 
most  difficult  to  hear  and  are  responsible  for  50  per 
cent  of  the  mistakes  of  telephonic  interpretation. 
Their  current  articulation  seems  to  depend  on  the 
transmission  of  harmonics  of  very  high  frequency. 
The  general  conclusion  is  that  any  telephonic  appa- 
ratus designed  for  good  speech  transmission  must 
transmit  with  equal  efiicienc}-  and  without  distortion 
sounds  of  all  frequencies  from  100  to  5  000  p.p.s. 
Although  the  greater  part  of  the  sound  energj^  is  trans- 
mitted by  currents  and  air  waves  of  frequencies  below 
1  000  p.p.s.,  yet  the  essential  characteristics  of  speech, 
and  especially  of  consonant  sounds,  are  conveyed  by 
frequencies  much  higher  than  1  000  p.p.s.  and  up  to 
5  000  p.p.s. 

The  poor  transmission  over  ordinar\-  telephonic 
circuits  of  certain  consonants  such  as  f,  v  and  th  is 
responsible  for  much  difficulty,  especially  in  the  case 
of  the  names  of  digits  such  as  five,  nine  and  three  in 
calling  numbers. 

(7)  In  correlation  with  this  part  of  the  subject  it 
would  be  interesting  to  discuss  theories  of  hearing, 
especially  the  manner  in  which  the  ear  performs  a 
sort  of  instantaneous  Fourier  analysis  of  complex  air- 
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wave  forms,  appreciating  the  harmonics  present  with 
the  fundamental  tone,  and  not  onlv  their  relative 
amplitude  but,  to  some  extent,  their  phase  differences. 
Time,  however,  forbids  anything  but  a  brief  reference 
to  two  well-known  theories.  There  is  in  the  internal 
chamber  of  the  ear  a  spiral  tube  called  the  cochlea 
and  in  this  tube  is  contained  an  organ  called  Corti's 
organ.  This  comprises  a  vast  number  of  fibres,  some 
say  as  many  as  16  000.  According  to  a  theory  put 
forward  by  von  Helmholtz  in  1863,  and  modified  by 
Gray,  Corti's  organ  may  be  regarded  as  a  microscopic 
harp  of  10  000  strings  each  of  which  is  tuned  to 
resonate  to  a  particular  rate  of  vibration.  It  is  there- 
fore supposed  to  pick  out  and  respond  to  the  impulses 
due  to  the  corresponding  harmonic  frequency  in  a  sound 
wave,  just  as  certain  strings  of  a  piano  can  be  set  in 
vibration  by  a  clear  note  sung  into  it  by  a  powerful 
singer.  This  theory,  though  widely  accepted,  has, 
however,  been  opposed  by  some  biologists  and  in 
particular  the  late  Sir  Thomas  Wrightson,  who  pro- 
pounded another  view  in  1873  which  he  elaborated  in 
a  book  published  in  1918  and  entitled  "  The  Mechanism 
of  the  Internal  Ear."  In  a  lecture  giv-en  at  the  Royal 
Institution,  London,  in  March,  1919,*  the  eminent 
physiologist.  Sir  Arthur  Keith,  expounded  this  latter 
theory  and  explained  that  by  Sir  Thomas  Wrightson's 
hypothesis  the  organ  of  Corti  does  not  act  as  a  reso- 
nator at  all,  as  supposed  by  Helmholtz,  but  is  an 
extraordinarily  sensitive  pressure  gauge  which  registers 
and  appreciates  minute  and  rapid  changes  of  pressure 
applied  to  the  fluid  in  the  cochlea  by  the  sound  waves. 
It  appreciates  not  only  the  frecpiency  of  these  pressure- 
changes  and  their  amplitude  but  also  the  manner  in 
which  the  pressure  alters  during  a  single  cycle  of 
operations. 

The  nerve  fibres  in  the  Corti  organ  convey  this 
information  to  the  brain  centres  of  audition  where 
they  are  translated  into  sensations  of  sound,  with  its 
three  distinctive  qualities  of  pitch,  loudness  and  quality. 

If  we  call  to  mind  the  very  distinctive  qualities  of 
individual  human  voices,  even  when  pronouncing  the 
same  words,  and  the  manner  in  which  these  tones 
can  express  emotions,  feelings,  or  personality,  all 
of  which  must  be  represented  physically  by  minute 
differences  in  wave-form,  we  realise  that  the  human 
ear  is  indeed  one  of  the  marvels  of  creation  in  its 
amazing  powers. 

V.  The  Telephone  Considered  as  an  Energy- 
translating  Appliance. 

(8)  When  we  consider  the  very  complicated  nature 
of  our  vocal  or  speech  organs,  as  well  as  the  training 
and  practice  necessary  for  their  efficient  use,  and  the 
parts  played  by  the  larynx,  oral  cavity,  lips,  tongue 
and  teeth  in  speaking,  we  find  reason  for  great  surprise 
that  the  mere  vibrations  of  a  small  flexible  disc  such 
as  the  iron  diaphragm  of  a  Bell  receiver  can  impress 
upon  the  air,  vibrations  of  the  highly  irregular  wave- 
form necessary  to  reproduce  speech  sounds.  When 
a  thin,  flexible  disc  is  held  firmlv  at  the  edges  it  can 
only  vibrate  in  certain  ways  in  consequence  of  elastic 

•  See  Proceedings  of  the  Roval  Insttlulc  of  Great  Bnlaiit,  1919, 
vol.  22,  part  3,  p.  608. 


stretching,  and  it  has,  like  a  stretched  string,  a  funda- 
mental mode  of  vibration  in  which  it  takes  a  convex 
or  concave  form  as  a  whole  and  also  certain  harmonic 
modes  of  vibrating  in  sections.  In  the  case  of  a 
circular  flexible  disc  of  radius  r,  thickness  t,  made  of 
material  of  density  d,  Young's  modulus  e  and  I'oisson 
ratio  q,  Lord  Rayleigh  gave  *  the  following  formula 
for  the  fundamental  rate  of  vibration  )i  of  a  circular 
disc  clamped  all  round  the  edge  : — 


2-56<-v/e 


^Tr^^/{•Ad)^/(\  -  q-) 


(17) 


The  Poisson  ratio  q  is  the  ratio  of  the  lateral  contrac- 
tion to  longitudinal  extension  of  an  elastic  material 
when  stretched.  Its  numerical  value  for  steel  is  about 
0-31,  so  that  \/(l  -  q-)  is  nearly  0-95  or  not  far 
from  unity.     Hence,   approximately. 


1-48 


T^vL) 


(18) 


But  \/(eld)  is  the  velocity  of  sound  in  the  material. 
We  have  therefore  this  very  simple  rule,  that  the 
fundamental  frequency  of  vibration  of  a  circular 
diaphragm  clamped  all  round  the  edge  is  nearly  equal 
to  Ij  times  the  ratio  of  its  thickness  to  its  area,  multi- 
plied by  the  velocity  of  sound  in  the  material. 

The  diaphragms  of  Bell  receivers  are  usually  made 
of  thin  low-hysteretic  steel  such  as  that  called 
"  Stalloy  "  containing  2-75  per  cent  of  silicon,  and 
are  about  5-0  cm  in  effective  diameter  and  0-025  cm 
thick.     The  ratio  of  thickness  to  area  is  then   1  :  785. 

The  velocity  of  sound  in  steel  is  about  4  710  metres 
per  second  and  hence  the  natural  frequencies  of  the 
diaphragm  by  the  above  formula  should  not  be  far 
from  942  p.p.s. 

For  a  circular  steel  diaphragm  of  thickness  t  and 
diameter  d  cm  the  above  rule  approximates  to 
900  000  t/d-.  Hence  for  a  diaphragm  1/40  cm  thick 
and  5  cm  in  diameter  it  gives  n  =  900. 

These  dimensions  have  been  arrived  at  by  trial  and 
give  a  frequency  not  far  from  800  p.p.s.,  which  is 
generally  taken  as  a  kind  of  mean  frequency  for  speech 
waves. 

(9)  In  a  paper  f  published  in  1912  by  A.  E.  Kennelly 
and  G.  W.  Pierce,  it  was  shown  that  there  are  four 
constants  of  a  telephone  receiver  which  determine 
its  performance  throughout  the  frequency  range  of 
ordinary  telephony,  viz.  100  to  2  500  p.p.s.  These 
are  :  (1)  The  force-factor  (A)  or  electromagnetic  pull 
on  the  diaphragm  in  dynes  per  absolute  C.G.S.  unit 
of  current  in  the  coils ;  (2)  the  equivalent  mass  (m) 
of  the  diaphragm  or  a  mass  which,  moving  with  the 
velocity  of  the  centre  of  the  diaphragm,  has  the  same 
kinetic  energy  as  the  whole  diaphragm  ;  (3)  the 
motional  resistance  (r)  of  the  diaphragm,  in  dynes  per 
unit  of  velocity  referred  to  the  motion  of  the  equivalent 
mass;  and  (4)  the  stitincss  constant  (s)  or  force  in 
dynes  per  unit  displacement  in  cm  opposing  the  move- 
ment of  the  diaphragm  and  referred  to  the  eciunalent 
mass  at  the  centre. 

*  See  "  Treatise  on  Sound,"  vol.  1,  2ik1  cd.,  p.  367. 

t  Sec  Proceedings  of  Ihc  American  Academy  of  Arts  and  Sciences, 
1912,  vol.  48,  p.  113. 
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In  the  above-mentioned  paper  Kennelly  and  Pierce 
showed  that  vahiable  help  could  be  derived  in  deter- 
mining these  receiver  constants  from  a  diagram  called 
the  nwlioiial  impedance  circle  of  the  instrument. 

If  we  measure  with  a  suitable  bridge  arrangement 
the  resistance  and  reactance  of  the  telephone  coils 
with  alternating  current  of  known  frequency  and 
pure  sine  wave-form,  both  when  the  diaphragm  is 
freely  \-ibrating  and  also  when  it  is  held  fixed  or 
damped,  we  find  differences  between  these  free  and 
fixed  ^•alues  which  are  called  respectivelv  the  motional 
resistance  and  nioiional  reactance. 

If  we  plot  the  above  differences  as  ordinates  in 
terms  of  the  angular  velocity  of  the  current  or  of  2tt 
times  the  frequency  =  277/!.  =  o),  we  obtain  curves 
as  shown  in  Fig.  3.  The  motional  resistance  rises 
with  the  frequency  to  a  maximum  and  then  falls 
quickly   through    zero    to    a    negative    maximum.     The 
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Fig.  3. — Curves  showing  the  motional  resistance,  reactance, 
and  power  for  a  Bell  telephone  receiver,  plotted  in 
terms  of  angular  velocity  or  27t  times  the  frequency 
(Kennelly  and  Pierce). 

motional  reactance  is  mostly  negative  and  has  a  maxi- 
mum nearly  coinciding  with  the  resonance  frequency 
of  the  diaphragm,  at  which  frequency  the  power 
absorption  of  the  receiver  is  a  maximum  also. 

If  we  plot  the  motional  resistance  horizontally  as 
absciss*  and  the  motional  reactance  vertically  as 
ordinates,  we  obtain  as  graph  a  circle  called  the 
motional  impedance  circle,  and  this  passes  through  the 
origin.  The  diameter  of  this  circle  is  depressed  below 
the  horizontal  b}^  an  angle  called  the  depression  angle 
(see  Fig.  4).  The  chords  of  this  circle  drawn  through 
the  origin  give  the  vector  impedance  of  the  telephone 
for  the  corresponding  frequency.  The  diameter  of 
this  circle  drawn  through  the  origin  gives  the  motional 
impedance  of  the  telephone  at  resonance.  It  was 
pointed  out  by  Kennelly  and  Pierce  in  1912  that  from 
an  inspection  of  this  motional  irhpedance  circle  it  is 
possible  to  obtain  data  which  assist  in  giving  the  value 
of   the   four   principal   constants   when   combined   with 


one  other  measurement.  Kennelly  and  Affel  showed  * 
in  1915  that  if  we  measure  the  amplitude  of  vibration 
of  the  diaphragm  at  its  centre,  produced  bv  a  sinu- 
soidal alternating  current  through  the  coils  of  the 
telephone,  we  can  find  by  the  aid  of  this  measurement 
and  the  motional  impedance  circle  all  four  charac- 
teristic quantities  of  the  receiver. 


Fig.    4.- 


-ilotional    impedance    circle    of    a    Bell    telephone 
receiver  (Kennelly  and  Pierce). 


Kennelly  and  Affel  devised  an  ingenious  optical 
instrument  for  making  measurements  of  the  ampli- 
tude of  motion  of  the  telephone  diaphragm,  not  only 
at  the  centre  but  at  any  point  on  it. 

A.  E.  Kennellv  and  H.  O.  Taylor  have  given  a  curve 
(Report  on  Experimental  Investigation  read  before  the 
American  Philosophical  Society,  April  22,  1915),  showing 
that  when  a  certain  Bell  receiver  was  traversed  bj'  an 
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Fig.  5. — Curve  showing  the  amplitude  of  displacement  of 
the  centre  of  the  diaphragm  of  a  certain  Bell  telephone 
receiver  for  various  frequencies  when  an  alternating 
current  of  2  milliamperes  is  passed  through  the  coils 
(Kennelly  and  Taylor). 

alternating  current  of  2  milliamperes  with  frequency 
considerably  removed  (say  by  20  per  cent  or  more) 
from  the  resonance  frequency  of  the  diaphragm,  the 
amplitude  of  motion  of  its  centre  was  found  to  be 
about  Oo  micron — that  is,  1/20  000  cm  or  less.  This 
is  about  equal  to  the  length  of  the  wave  of  light  in 

*  Proceedings   of  the  American   Academy   of  Arts   and  Sciences, 
1913,  vol.  51,  p.  421. 
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the  middle  of  the  visible  spectrum,  viz,  about 
5  000  A.U.  If  the  frequency  is  gradually  brought 
up  to  the  resonance  frequency  of  the  diaphragm,  the 
amplitude  of  motion  would  be  increased  15  or  20  times, 
say  to  7  to  10  microns  as  shown  in  Fig.  S,  Lord 
Rayleigh  found  for  a  certain  receiver  that  the  ampli- 
tude of  motion  of  the  diaphragm  when  producing  a 
just  audible  sound  of  frequency  256  was  6-8  :■;  lO^^cm, 
or  only  about  7   A.U. 

P.  E.  Shaw,*  by  the  use  of  an  electric  micrometer 
of  his  own  invention,  found,  in  very  close  agreement 
with  Lord  Raj'leigh,  that  the  amplitude  of  motion  of 
the  diaphragm  of  a  telephone  for  a  just  audible 
impulsive  sound,   was   7   >.   10~*  cm,   or  7   A.U. 

Taking  the  amplitude  of  the  air  particle  for  the 
just  audible  sound  to  an  expectant  ear  to  be  unity, 
he  found  that  the  amplitude  for  a  non-e.xpectant  ear 
must  be  increased  to  7  or  even  70,  for  a  very  loud 
sound  to  1  400,  and  for  an  overpowering  sound 
to  7  000. 

Thus  it  appears  that  the  amplitude  of  motion  of 
the  air  particle  near  the  mouth  of  a  speaker  in  a  con- 
versational tone  is  about  100  A.U.  or  1/100  000  mm, 
and  the  amplitude  of  motion  of  the  centre  of  a  tele- 
phone diaphragm  when  producing  a  speech  sound 
just  comfortably  heard  by  a  normal  ear  is  about 
1/20  000  mm.  The  amplitude  of  motion  of  the  air 
particle  near  the  diaphragm  is  therefore  considerably 
less  than  that  of   the  diaphragm  itself    at  the  centre. 

(10)  In  connection  with  this  part  of  the  subject  an 
important  matter  is  the  displacement  of  the  diaphragm 
at  various  distances  from  the  centre  ;  in  other  words, 
the  shape  of  the  diaphragm  as  it  vibrates. 

A.  E.  Kennelly  and  H.  O.  Taylor  have  applied  the 
above  special  form  of  optical  callipers  to  this  investi- 
gation and  have  given  curves  in  a  paper  read  before 
the  American  Philosophical  Society  in   April,    1915,  on 

Explorations  over  the  Vibrating  Surfaces  of  Tele- 
phonic Diaphragms  "  representing  the  principal  section 
of  the  vibrating  diaphragm.  They  have  investigated 
the  matter  theoretically  and  compared  the  results  of 
observations  and  the  predictions  of  theory.  The 
exact  theoretical  prediction  of  the  shape  of  a  circular 
vibrating  diaphragm  when  clamped  at  the  edges 
requires  rather  advanced  mathematics.  1  find,  how- 
ever, that  a  simple  empirical  formula  agrees  very  well 
with  experimental  results.  If  r  is  the  radius  of  a 
circular  telephone  diaphragm,  and  if  y  is  the  maxi- 
mum displacement  from  a  flat  zero  surface  of  a  point 
on  the  diaphragm  at  a  radial  distance  x  from  the 
centre,  and  if  Y  is  the  maximum  displacement  at  the 
centre  of  the  diaphragm,   then  : — 


y 


!•»'(".  3 


(19) 


Thus,  if  a,'  =  0  then  y  =  Y ,  and  if  x  =  r  then  y  =  0, 
which  agrees  with  the  boundary  conditions.  Suppose 
we  consider  the  diaphragm  in  its  normal  position  to 
be  flat  and  then  to  be  drawn  inwards  in  the  centre 
so  that  the  profile  of  its  principal  section  is  the  curve 
whose    equation    is    given    above.     The    displacements 

*  See  Proceedings  oj  the  Royal  Society,  1905,  vol.  76  A,  p.  360. 


at  various  radial  distances  will  agree  fairly  well  with 
the  measurements  made  by  Kennelly  and  Taylor. 

If  V  is  the  volume  displacement  of  the  air  in  front 
of  the  diaphragni  due  to  this  movement  from  flat  to 
concave,  then  it  is  clear  that  : — 


V  = 


2.£.x-.ycos^g.?)dv  =  .r/^r(i-l) 


(20) 


But  Trr-  =  a  is  the  \\hole  area  of  the  diaphragm,  and 

Y  is  the  displacement  at  the  centre.  If  we  consider 
a  right  circular  cylinder  whose  height  is  Y  and  the 
area  of  whose  base  is  j8,  then  to  have  the  same  volume 

V  it  is  obvious  that  : — 


G-a  = 


0-29 


(21) 


We  may  then  say  that  the  effective  area  of  a  circular 
telephone  diaphragm  is  0-29  of  its  actual  area.  The 
effective  area  is  defined  as  the  area  which,  if  equally 
displaced  at  all  points  with  the  displacement  of  the 
centre  of  the  real  diaphragm,  gives  an  equal  volume 
displacement  to  the  air.  For  a  diaphragm  5  cm  in 
diameter  the  effective  area  is  5-8  cm^. 

(11)  If  we  consider  a  small  source  of  sound  radi- 
ating equally  in  all  directions,  and  if  we  describe 
around  it  a  sphere  of  radius  r  small  compared  with  the 
wave-length  A,  then  at  each  oscillation  a  certain  maxi- 
mum volume  of  air,  V,  is  displaced  outwards  and 
inwards  by  the  wave  motion  across  this  spherical 
surface.  If  the  frequency  is  n  then  it  is  proved  in 
Appendix  I  that  the  total  energy  in  ergs  per  second 
(W)  conveyed  from  the  source  by  the  sound  waves  is 
given  by  the  equation  : — 


nn'2 

W  =  ergs 

400  000      ^ 


(22) 


where  V  is  measured  in  cubic  centimetres.  The  above 
formula  holds  good  approximately  for  an  ordinary 
telephone  receiver,  provided  we  write  for  V  the  pro- 
duct FjS,  where  Y  is  the  maximum  displacement  of 
the  centre  of  the  diaphragm  in  centimetres,  and  ^  is 
the  effective  area  of  the  diaphragm  in  square  centi- 
metres. If  then  the  telephone  coils  are  traversed  by 
a  current  1  reckoned  in  milliamperes  and  have  an 
effective  or  high-frequency  resistance  R  ohms,  the 
power  P  dissipated  as  heat  by  the  telephone  is 
\Or-R  ergs.  The  power  given  off  in  sound-wave  energy 
per  second  is  given  by 

—.  ergs 

4  X  10^ 

or  if  Y  is  measured  in  microns  (n)  *  then  the  soinid 
power  radiated  is  : — 


ty2^2 


Tergs 


4  X  1013      » 


.      .      (23) 


Since  this  radiated  power  is  small  compared  with  P 
the  telephone  ^acoustic  efficiency  17  is  approximately 
giv'en  by  : — 

(24) 


,y.^. 


''  ~  4  X  W*I-li 
•  /I  =  10-*  cm. 
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For  a  telephone  receiver  with  the  usual  5  cm  diameter 
diaphragm,  ^  =  5-8  cm^,  and  the  acoustic  efficiency 
is  then  : — 

8-4     H-T^ 


V  = 


10"  ■   I-B 


(25) 


Kennelly  and  Affel  have  gi\-en  a  number  of  data  * 
of  a  certain  Bell  bipole  receiver  with  the  standard 
tliaphragm,  to  which  the  above  formula  can  be  applied. 
At  the  resonance  frequency  {n  =  1  020)  of  this  tele- 
phone, the  diaphragm  displacement  (!')  at  the  centre 
was  10-45  microns,  the  effective  resistance  R  was 
224  ohms  and  the  current  2  niA. 

With  the  above  values  we  obtain  an  efficiency 
7j  =  0-011,  or  a  little  over  1  per  cent.  Taking  from 
other  data  given  by  the  above  authors  for  the  same 
telephone  at  a  frequency  «  =  1  000,  slightly  removed 
from  resonance  when  Y  =  8-23^  and  R  —  283  ohms, 
we  obtain  tj  =  0-005,  or  \  per  cent  efficiency.  At  a 
frequency  n  =  702,  far  removed  from  resonance,  we 
find  Y  =  l-8|Lt  and  i?  =  130,  which  gives  -q  =  0-00013, 
or  an  efficiency  of  less  than    l/80th  of  1  per  cent. 

At  the  standard  frequency  n  =  800  at  which 
Y  =  1-9^  and  R  =  166  ohms  the  efficiency  is  just 
0-00018,   or  rather  less  than   l/50th  of   1  per  cent. 

Speaking  ^•e^y  roughly  we  might  say  that  a  Bell 
telephone  receiver  used  in  ordinary-  telephonic  con- 
versation is  taking  in  power  electrically  about  equal 
to  1  milliwatt,  and  is  giving  out  power  in  the  form 
of  speech  air-waves  about  equal  to  1  microwatt.  It 
is  an  extremely  inefficient  machine  for  the  transfor- 
mation of  energv,  and  far  from  perfect  in  its  articu- 
lation as  a  speech-producing  appliance.  The  ineffi- 
ciency of  the  Bell  telephone  was  pointed  out  many 
years  ago  by  H.  Abraham,!  who  deduced  from  certain 
measurements  an  acoustic  efficiency  of  1  part  in  700 
for  a  certain  receiver  at  a  frequency  of  200  and  a 
current  of  about  3-3  niA. 

Louis  V.  King,  in  an  article  in  The  Year  Book  of 
Wireless  Telegraphy  for  1919,  made  deductions  from 
some  of  the  measurements  of  Kennelly  and  Taylor,  which 
agree  substantially  with  those  of  the  author  respecting 
the   acoustic  efficiency  of  the  magneto  receiver. 

Here,  then,  is  the  chief  unsolved  problem  of  modern 
telephony,  viz.  the  invention  of  a  receiver  acoustically 
more  efficient  than  the  present  tvpe  of  magneto  receiver, 
and  with  equal  or  better  speech-reproducing  power. 

The  chief  sources  of  the  inefficiency  of  the  magneto 
telephone  receiver  are  : — 

(1)  Joulean  heat  loss  in  the  coil  ; 

(2)  Eddy-current  losses  in  the  diaphragni  and  pole- 
pieces  ; 

(3)  Magnetic  hysteresis  losses  in  the  same  ; 

(4)  Mechanical  work  done  in  bending  the  iron 
diaphragm  ;  and 

(5)  Vortex  motion  or  frictional  losses  due  to  air 
movements  which  do  not  contribute  to  wave  pro- 
duction. 

Whilst  considerable  impro\-ements  have  been  effected 

•  See  A.  E.  Kekn-ellv  and  H.  A.  Affel  :  "  The  Mechanics 
of  Telephone  Receiver  Diaphragms  as  Deri\-ed  from  their  Motional 
hnpedance  Circles,"  Proceedings  of  the  American  Academy  of 
Arts  and  Sciences,   1915,  vol.   51,  p.   428,  Table  I. 

t  See  Comptes  Rendus,  1907,  vol.  144,  p.  906. 


it  is  difficult  to  see  how  any  great  improvement  in 
efficiency  can  take  place  without  radical  departure 
from  the  fundamental  principles  of  Bell's  invention. 
In  the  well-known  telephones  of  S.  G.  Brown  the  iron 
diaphragm  of  the  Bell  receiver  is  replaced  by  a  steel 
reed  tuned  to  a  certain  frequency.  The  magnetic 
pull  of  the  permanent  part  of  the  field  magnets  takes 
effect  on  this  reed,  which  is  capable  of  adjustment. 
To  the  reed  is  attached  an  aluminium  cone  with  a 
flexible  rim  which  plays  the  part  of  the  diaphragm. 
This  diaphragm  only  partakes  of  these  movements  of 
the  reed  which  are  due  to  the  telephone  currents,  so 
that  when  no  speech  currents  are  being  received  there 
is  no  strain  on  the  diaphragm.  Also,  by  reason  of 
the  material  being  aluminium,  magnetic  losses  are 
absent.  No  doubt  this  type  of  receiver  possesses  a 
somewhat  higher  acoustic  efficiency  than  the  Bell, 
but  I  have  not  been  able  to  find  any  determinations 
of  it  by  independent  observers. 

Apart  fron;  the  energy  losses  in  the  telephone, 
another  defect  from  one  point  of  view  is  that  its  dia- 
phragm has  such  a  marked  resonance  for  a  frequency 
lying  in  the  middle  range  of  the  voice.  The  ampli- 
tude of  vibration  is  greatly  increased  at  this  resonance 
frequency  and  hence  speech  distortion  occurs.  In 
the  human  ear  the  tympanum  is  small  and  has  a  very 
high  natural  frequenc}'.  The  result  is  that  it  can 
respond  to  those  high  harmonics  which,  as  we  have 
seen,  give  qualitv  to  the  sound,  especially  consonantal 
speech  sounds.  Having  regard  to  the  enormous 
public  use  of  the  telephone,  not  only  in  ordinary  tele- 
phony but  in  radio-telephony  where  the  available 
power  is  limited,  the  improvement  of  the  acoustic 
efficiency  of  the  receiver  is  one  of  the  most  important 
problems  that  can  engage  scientific  attention.  As  it 
stands,  the  telephone  receiver  is  by  far  the  most  ineffi- 
cient of  all  our  electrical  energy-transforming  devices. 
(11)  The  only  forms  of  practical  receiver  for  tele- 
phony which  have  so  far  presented  themselves  as  just 
possiijie  alternatives  to  the  electromagnetic  or  Bell 
type  are  those  depending  (i)  upon  thermal  actions, 
(ii)  on  electrostatic  attractions,  and  (iii)  upon  varia- 
tions in  the  friction  or  adhesion  of  certain  materials, 
produced  by  the  action  of  small  currents  or  dift'erences 
of  potential. 

An  example  of  a  thermal  recei\er  is  that  of 
MM.  de  Lange  and  Fischer  which  was  described  in 
a  paper  sent  to  the  Royal  Society  in  1915.*  It  con- 
sists of  a  loop  of  very  fine  platinum  wire  or  very  thin 
strip  of  gold  or  platinum  enclosed  in  a  tube  or  cap- 
sule with  exit  holes.  \\'hen  telephonic  speech  currents 
are  sent  through  the  wire  it  is  heated  and  the  sudden 
expansion  of  the  surrounding  air  generates  sound  waves 
which  make  their  exit  from  the  holes.  This  chamber 
may  take  the  form  of  an  ebonite  capsule  which  is 
placed  in  the  external  orifice  of  the  ear.  This  appli- 
ance has  been  much  studied  in  the  United  States  as 
a  precision  source  of  sound.  H.  D.  Arnold  and 
I.  B.  Crandall  have  obtained  mathematical  expressions 
connecting  the  heating  current  and  air  pressure- 
changes  for  certain  forms  of  the  instrument. f 


Another 


*  See  Proceedings  of  the  Royal  Society,  1915,  vol.  91  A,  p.  239. 
t  See  Physical  Reiteu;  1917,  vol.  10,  p.  22. 
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theoretical  paper  has  lately  been  published  on  it  by 
E.  C.  Wente.* 

Although  this  thermophone  is  of  service  in  the 
research  laboratory  it  has  not  yet  replaced  in  any 
way  the  Bell  rnagneto-receiver  in  practice. 

Another  type  of  thermal  receiver  of  some  promise 
is  that  due  to  Mr.  Leslie  Miller,  which  he  calls  a  loose- 
contact  thermal  receiver,  f  In  this  receiver  two  pieces 
of  certain  substances  are  employed,  one  in  the  form  of 
a  small  disc  attached  to  the  back  of  an  aluminium 
diaphragm,  and  the  other  in  the  form  of  a  ball  or  point 
just  slightly  pressed  in  contact  with  the  disc.  The 
substances  may  be  galena  and  carbon  (graphite),  or 
both  carbon.  A  small  direct  current  is  passed  across 
the  contact  and,  when  a  telephonic  speech  current  is 
superimposed,  the  diaphragm  reproduces  acoustically 
the  speech.  The  action  may  be  due  to  a  slight  sepa- 
ration between  the  contact  points  due  to  the  repulsion 
between  the  elements  of  a  conductor  conveying  a 
direct  electric  current,  and  this  is  increased  or 
diminished  when  the  alternating  speech  current  is 
superimposed,  thus  causing  the  diaphragm  to  vibrate. 
This  principle  of  a  loose  microphonic  contact  as  a 
speech  reproducer  is  well  worth  continued  investiga- 
tion. We  have  then  in  the  next  place  the  electro- 
static receiver  which  in  a  certain  form  was  originally 
suggested  by  Dolbear  and  by  Edison,  but  in  its  most 
perfect  form  is  the  condenser  transmitter  and  receiver 
already  described. 

Lastly  we  may  mention  the  variable-friction  prin- 
ciple which  was  employed  by  Edison  in  the  quite 
early  days  of  telephony  in  his  chalk  cylinder  receiver. 

In  this  instrument  a  cylinder  of  chalk,  which  Edison 
found  it  best  to  moisten  with  a  solution  of  hydro- 
disodic  phosphate,  is  slowly  revolved.  On  it  rests  a 
light  metal  bar  in  connection  with  a  mica  diaphragm. 
When  the  cylinder  revolves  the  slight  friction  displaces 
the  bar  and  cups  in  the  diaphragm,  but  when  a  tele- 
phonic current  passes  irom  the  metal  to  the  chalk 
the  friction  is  reduced  and  the  bar  slips  and  communi- 
cates its  motion  to  the  diaphragm.  Sir  William 
Barrett  investigated  the  effect  in  1879  and  1880  J  and 
stated  that  he  found  that  if  the  chalk  was  dry  there 
was  an  increase  of  friction.  Mr.  Rollo  Appleyard 
described  in  1905  the  adhesion  of  a  metal  plate  to  a 
dielectric  when  a  difference  of  potential  is  made  between 
therrt 

This  fact  was  re-discovered  and  applied  in  the  con- 
struction of  a  telephone  receiver  by  Messrs.  K.  Rahbek 
and  A.  Johnsen  using  an  agate  cylinder  and  a  metal 
contact  block,  as  described  in  a  Lecture  given  before 
this  Institution  on  26th  May,  1921.  The  most  general 
statement  that  can  be  made  is  that  when  two  sub- 
stances, one  or  both  of  which  may  be  a  metal,  or  in 
a  few  cases  both  non-metals,  are  in  contact  with  each 
other,  the  sliding  friction  is  either  reduced  or  increased 
by  the  creation  of  a  difference  of  potential  between 
them. 

The  whole  phenomena  has  during  the  last  two 
years  been  very  carefully  re-examined  in  tlie  electrical 

*  See  Physical  Review,  1922,  vol.  19,  p.  333. 

t  See  Journal  nf  the  Wireless  Sociely  of  London,  1921,  vol.  2,  p.  1-tl. 

t  See  Nature,  18th  March,  1880, 


research  laboratory  at  University  College,  London,  by 
Mr.  H.  M.  Barlow,  and  the  results  of  his  work  will 
before  long  be  made  known.  In  all  these  methods 
there  are  possibilities  of  constructing  a  telephone 
receiver  which  may  perhaps  be  found  to  have  greater 
acoustic  efficiency  than  the  present  types  of  Bell 
receiver. 

An  electrod},'namic  receiver  which  seems  to  have 
great  possibilities  in  the  way  of  improved  efficiency 
has  been  invented  by  M.  L.  Gaumont,  who  exhibited 
it  recently  to  the  Academv  of  Sciences  at  Paris.  The 
vibrating  part  of  the  instrument  consists  of  a  little 
cone  of  silk  wound  with  a  spiral  of  aluminium  wire 
through  which  the  telephonic  currents  flow.  This  is 
fixed  between  the  poles  of  an  electromagnet  or  of  a 
powerful  permanent  magnet  the  poles  of  which  are 
bored  out  with  holes  to  permit  the  air  waves,  which 
are  produced  when  the  coil  vibrates  in  the  magnetic 
field,  to  pass.  This  receiver  is  said  to  emit  a  very 
loud  and  clear  sound. 

The  energy-transforming  efficiencv  of  the  microphone 
transmitter  has  not  been  made  the  subject  of  so  much 
experimental  investigation  as  that  of  the  Bell  receiver. 

In  the  ordinarv  microphone  transmitter  with  asso- 
ciated induction  coil  we  supply  power  in  two  forms, 
(i)  in  the  form  of  direct  current,  and  (ii)  in  the  form 
of  aerial  speech  wave  power  which  vibrates  the  dia- 
phragm and  modulates  the  direct  current.  We  have 
therefore  joulean  losses  in  the  carbon  granules  and  in 
the  induction  coil  circuits  as  well  as  magnetic  energy 
losses  in  the  latter,  and,  in  addition,  work  is  spent 
in  the  deflection  of  the  diaphragm  and  in  creating 
eddy  currents  in  the  air  near  it.  Owing  to  the  neces- 
sitv  for  supplying  the  direct-current  power,  the  actual 
proportion  of  the  whole  power  applied  which  makes 
its  appearance  as  electric  speech  current-power  in 
the  line  must  be  small,  but  I  have  not  been  able  to 
obtain  actually  measured  results. 

To  overcome  the  difficulties  connected  with  the 
low  resonance  frequency  of  the  ordinary  carbon 
microphone  diaphragm,  there  has  been  a  certain  use 
of  the  condenser  transmitter  with  a  very  tightly 
strained  and  therefore  more  aperiodic  diaphragm  for 
certain  purposes  such  as  wireless  telephone  broad- 
casting. Also  improved  forms  of  magneto  telephone 
with  thick  diaphragms  which  have  a  natural  frequency 
above  the  ordinary  speech  range  have  been  employed 
very  successfully  for  the  same  purpose  in  Great 
Britain.  It  would,  however,  be  very  advantageous 
to  get  rid  entirely  of  the  necessity  for  a  diaphragm. 
It  is  well  known  that  the  carbon  electric  arc  can  be 
used  as  a  speech  transmitter.  Hence  the  new  glow 
discharge  microphone  of  Dr.  Phillips  Thomas  of  the 
Westinghouse  Electric  Company  of  America,  in  which 
the  speech  air  waves  directly  modulate  an  electric 
discharge  current,  is  a  distinct  advance  and  is  said 
to  have  been  used  for  some  time  with  marked  success 
as  a  broadcasting  transmitter  in  the  United  States. 

VI.  The  Transmission  Problems  ok  the  Telephone 
Line. 
(12)   When   we   turn    from    the   consideration   of   the 
telephone  transmitter  and  receiver  to  that  of  the  tele- 
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phone  line  we  find  a  number  of  interesting  problems 
to  which  a  fairly  satisfactory  solution  has  been  given 
of  late  years.  In  the  young  days  of  telephonv  it  was 
not  at  all  clearly  understood  that  the  inductance  of 
the  line  plays  a  more  important  part  in  telephony 
than  it  does,  or  at  least  did,  in  submarine  cable 
telegraphy. 

Hence  the  early  telephonists  applied  the  theory 
worked  out  by  Lord  Kelvin  for  the  submarine  cable 
transmitting  relatively  low-frequency  currents  to  the 
telephone  cable  transmitting  high-frequencv  currents, 
with  the  result  that  erroneous  ideas  became  prevalent. 

^^e  owe  to  Mr.  Oliver  Heaviside,  as  is  now  every- 
where acknowledged,  the  enunciation  of  the  true 
theory  of  the  telephone  line  and  an  explanation  in 
1887  of  the  causes  of,  and  best  remedy  for,  the  dis- 
tortion of  the  wave-form  of  the  speech  currents  it 
produces.  The  various  harmonic  currents  into  which 
the  complicated  electric  speech  waves  can  be  resolved 
travel  at  different  speeds  along  the  cable  and  atten- 
uate at  different  rates.  The  short  waves  travel  faster 
and  attenuate  more  rapidly  than  the  longer  electric 
waves.  Hence  a  distortion  of  the  wa\-e-form  results, 
and  beyond  a  certain  length  of  line  the  reproduced 
articulate  sound  becomes  unrecognizable  b}-  the  ear. 
Hea\-iside  gave  the  statement  of  the  conditions  which 
must  be  fulfilled  by  a  distortionless  cable,  and  insisted 
on  the  necessity  for  increasing  its  inductance  to  approxi- 
mate to  this  condition  in  the  case  of  existing  lines. 

The  late  Professor  S.  P.  Thompson  in  1891  and 
1893  described  in  British  Patent  Specifications  various 
remedies  for  distortion,  and  in  1893  read  a  paper  at 
Chicago  on  "  Ocean  Telephony,"  which  drew  much 
attention  to  the  subject.  In  his  Presidential  Address 
to  this  Institution  in  1899  he  strongly  urged  a  practical 
trial  of  his  suggestions. 

As  a  long  telephone  cable  is  a  somewhat  expensive 
article,  practical  telephonists  were  obliged  to  advance 
slowly.  The  introduction  of  the  drv-core  or  dry 
loose-paper  insulation  in  a  lead  sheath,  in  or  about 
the  year  1887,  aided  in  the  reduction  of  cable  capacity 
and  was  therefore  a  step  in  the  right  direction. 

The  important  papers  published  in  1899  and  1900 
by  :M.  I.  Pupin  brought  within  the  scope  of  practical 
achievement  the  scientific  recommendations  of  Heavi- 
side as  to  the  increase  of  inductance  of  the  line. 
Pupin  showed  theoretically  and  practically  that  a 
telephone  line  can  have  its  inductance  increased  so 
as  to  approximate  to  the  Heaviside  condition  for  non- 
distortion  by  the  insertion  of  special  inductance  coils 
at  equispaced  intervals.  If  these  intervals  are  not 
much  greater  than  one-tenth  of  the  wave-length  of 
the  electric  wave  travelling  on  the  so-loaded  cable, 
the  coils  act  as  if  their  inductance  were  uniformly 
distributed  along  the  line. 

If  the  impedance  per  unit  length  of  the  line  changes 
suddenly  at  any  point  to  a  higher  or  lower  value, 
then  a  wave  of  electric  current  travelling  along  the 
line  suffers  partial  reflection  and  partial  transmission 
at  that  junction  exactly  as  a  ray  of  light  is  partly 
reflected  and  partly  transmitted  at  the  bounding  sur- 
face of  two  transparent  media  of  difierent  refractive 
index,    provided   that   the   change   in    refractive   index 


is  very  sudden.  In  short,  the  quantity  we  call  the 
characteristic  impedance  of  a  telephone  line,  which 
in  complex  expression  is  \/(R  ^  jwL)f-\^/(S  +  jtvC) 
where  i?,  L,  S  and  C  are  the  resistance,  inductance, 
leakance  and  capacity  of  the  line  per  mile  or  naut, 
is  exactly  analogous  to  the  quantity  called  the  refrac- 
tive index  in  the  case  of  light  propagation. 

If,  then,  a  telephone  line  has  an  inductance  coil 
inserted  at  some  point,  there  is  a  partial  reflection  of 
the  electric  waves  travelling  along  the  line  at  that 
point.  If  coils  are  spaced  apart  at  distances  large 
compared  with  the  wave-length  the  repeated  reflec- 
tions would  render  the  line  non-transmissive.  If, 
however,  the  coils  are  at  intervals  short  compared 
with  the  wave-length,  then  thev  are  equivalent  to  a 
uniform  distribution  of  added  inductance  along  the 
line  and  diminish  its  attenuation. 

A  quantity  of  fundamental  importance  in  the  case 
of  a  telephone  line  is  its  attenuation  length  or  the  pro- 
duct of  its  attenuation  constant  and  its  length  in 
miles.  The  attenuation  constant  may  be  defined  as 
the  reciprocal  of  the  length  of  the  line  in  which  the 
current  or  voltage  falls  in  the  ratio  of  2-71828  to  1 
or  to  36-7  per  cent  of  its  initial  value,  or  by  1  napier. 
Telephonists  express  the  attenuating  qualities  of  any 
line  in  terms  of  those  of  a  certain  standard  cable  con- 
sisting of  a  copper  core  weighing  20  lb.  to  the  mile, 
one  mile  of  double  core,  lead  and  return,  ha\'ing  a 
resistance  of  88  ohms,  an  inductance  of  1  millihenry, 
and  a  line-to-line  capacity  of  0-05  microfarad.  This 
standard  cable  has  an  attenuation  of  about  0-1  per 
mile,  which  means  that  in  10  miles'  length  the  current 
or  voltage  drops  in  the  ratio  of  2-71828  .  .  .to  1,  or 
by  1  napier.  The  extreme  limit  of  telephonic  speech 
with  simple  present-day  carbon  transmitter,  induction 
coil  and  Bell  receiver  is  about  40  or  45  miles  of 
standard  cable  and  for  good  speech  about  25  miles. 
The  attenuation  of  any  other  cable  is  now  commonly 
expressed  in  its  equivalent  in  miles  of  standard  cable 
(M.S.C.).  Owing  to  losses  in  subscribers'  circuits  and 
in  the  exchange  connections  the  total  attenuation 
in  a  long  trunk  line  should  not  exceed  that  of  15  or 
20  M.S.C. 

Pupin's  important  contribution  to  the  subject  of 
the  inductive  loading  of  cables  consisted  in  the  proof 
he  gave  that  the  added  inductance  could  be  inserted 
in  the  form  of  inductance  or  loading  coils  spaced  at 
equal  intervals  in  the  line,  pro\aded  these  coil  intervals 
were  not  more  than  about  one-tenth  of  the  mean 
-wave-length  of  the  speech  electric-current  waves  on 
the  so-loaded  cable.  Aerial  lines  and  cables  began  to 
be  loaded  in  this  fashion  soon  after  1900,  with  the 
result  that  the  normal  speech  range  was  extended. 
It  is  possible  to  load  with  coils  so  as  to  increase  the 
line  inductance  from  10  to  250  times  that  of  the 
unloaded  line.  Considerable  research  has,  however, 
been  necessary  to  find  the  best  form  of  loading  coil. 
Those  first  used  consisted  of  a  ring-shaped  iron  core 
formed  of  fine  iron  wire,  overwound  with  two  circuits 
of  insulated  copper  ware  for  the  lead  and  return  cir- 
cuits so  wound  as  to  produce  a  poleless  circular  mag- 
netization in  the  core.  In  such  a  wire  core  the  alter- 
nating   telephonic    currents    dissipate    energy   as    eddy 
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current  and  hysteresis  loss,  and  this  is  equivalent  to 
an  increase  in  the  effective  resistance  of  the  coils. 
The  problem  then  was  to  find  a  method  of  making 
an  iron  ring  in  which  eddy-current  loss  should  be 
nearly  absent  and  hysteresis  loss  small,  but  perme- 
ability sufficiently  large  to  give  the  required  inductance 
to  the  coil.  The  problem  was  solved  by  the  Western 
Electric  Company  of  America  after  great  research. 
These  iron  cores  (called  "  dust  cores  ")  are  now  made 
as  follows  : — 

Electrolytically  deposited  iron  is  ground  up  into  a 
powder  and  the  iron  grains  are  coated  with  zinc  dust. 
The  particles  are  then  mixed  with  shellac  as  a  cement 
and  compressed  under  100  tons  per  square  inch  into 
flat  rings,  which  are  piled  one  on  the  other  to  make 
the  loading-coil  core.  This  material  when  subjected 
to  an  alternating  magnetic  force  of  a  frequency  ICO  to 
2  500  p.p.s.  has  an  average  magnetic  permeability  of 
34  to  50  when  the  magnetic  flux  density  is  only  about 
2  C.G.S.  lines  per  cm-.  The  electric  conductivity  is 
extremely  small  (about  1/80  000th  part  of  that  of 
solid  iron)  so  that  eddy-current  loss  is  absent, 
and  hysteresis  loss  is  also  very  small.  The  details 
of  one  type  of  loading  coil  with  dust  core  are  as  fol- 
lows :  Inductance  at  800  p.p.s.  and  1  mA  =  0-177  H. 
Effective  resistance  9-2  ohms.  The  core  composed 
of  7  dust  rings  has  a  cross-section  of  8-3  cm^  and 
24-9  cm  mean  length.  Mean  permeability  at  a 
magnetizing  force  of  0-0564  =  34.  The  total  turns  of 
wire  on  the  ring  are  1  120  put  on  in  4  separate  sections 
on  the  4  quadrants,  and  two  such  coils  in  series  are 
inserted  in  the  lead  and  return  of  the  telephone  circuit. 

In  the  case  of  underground  cables  it  is  customary 
to  space  the  loading  coils  about  2  to  2-5  miles  apart 
and  to  give  them  such  inductance  as  to  add  about 
55  mH  per  mile  run  of  the  cable.  The  ratio  R' jL 
for  each  coil  is  about  50.  Lighter  or  heavier  loading 
is,  however,  often  employed. 

For  these  loaded  lines  the  attenuation  constant  (a) 
can  easily  be  proved  to  be  given  by  the  expression 
a  =  \[(RIL)  +  (SIC)]y(CL),  where  R  and  L  denote  the 
total  effective  resistance  and  inductance  of  the  line 
per  mile  of  loop,  and  S  and  C  the  leakance  and 
capacity.  It  is  seen,  therefore,  that  the  insulation 
resistance  of  the  loading  coil,  as  well  as  that  of  the 
line,  must  be  very  high  if  the  effect  of  the  added 
inductance  is  not  to  be  nullified  by  the  leakance. 

In  aerial  telephone  lines  the  loading  coils  are  placed 
from  8  to  12  miles  apart  and  have  each  an  inductance 
of  about  0-25  H  or  less,  so  as  to  give  the  line  a  total 
inductance  of  about  40  mH  or  so  per  mile  of  loop. 
The  coils  are  put  in  iron  boxes  attached  to  the  tele- 
graph posts.  In  aerial  lines  one  difficulty  of  securing 
the  full  advantage  of  loading  is  the  ever-varying  leak- 
ance of  the  line.*  The  longest  aerial  loaded  telephone 
line  in  the  world  is  the  New  York-San  Francisco-Los 
Angeles  line  of  the  American  Telephone  and  Tele- 
graph Company,  which  is  3  790  miles  in  length  and 
was   completed    in    1916.     It   is   loaded    every    8   miles 

*  Vahiablp  information  on  this  subject  was  given  in  1914  by 
Mr.  J.  (i.  Hill,  of  the  General  Post  Office,  in  a  paper  on  "The 
Loading  of  .■\crial  Lines  and  the  Constanti^  of  Loaded  Circuits  " 
(see  Eli-cti  iciau,  1014,  vo\.  62,  p.  602)  which  was  reati  before  the 
Institution  of   Post  Oftice  Electrical  Ivngincers. 


with  coils  having  an  inductance  of  0-25  H  and  6-5 
ohms  effective  resistance,  giving  the  line  an  average 
inductance  of  37  mH  per  loop  nxile.  This  reduces 
the  attenuation  constant  to  0-00125.  The  electric 
wave  therefore  runs  800  miles  before  its  amplitude  is 
reduced  to  36-7  per  cent  of  its  initial  value,  or  by 
1  napier.  Another  long  aerial  loaded  line  is  the  Berlin- 
Rome  line,  1  300  miles  in  length,  in  which  loading 
coils  are  inserted  every  10  km  or  6^  miles,  each  coil 
having  an  inductance  of  0-2  H,  thus  raising  the 
average  inductance  of  the  line  to  22  mH  per  loop  kilo- 
metre and  reducing  the  attenuation  to  0-0011  per 
kilometre  of  loop. 

(13)  It  was  a  more  difficult  problem  to  load  with 
coils  a  submarine  cable,  but  this  was  successfully  accom- 
plished by  Messrs.  Siemens  Bros,  in  the  English  Channel 
telephone  cable  laid  by  the  British  Post  Office  in  1910. 
The  details  were  described  in  a  valuable  paper  read 
before  this  Institution  in  1910  by  Lt. -Colonel  \V.  A.  J. 
O'Meara,  at  that  time  Engineer-in-Chief  to  the  British 
Post  Office.* 

Inductance  coils  of  special  construction  were  designed 
for  enclosure  within  the  gutta-percha  insulation  and 
armouring  of  the  cable,  the  coils  having  an  inductance 
of  0-1  H  at  750  p.p.s.  and  being  placed  at  intervals 
of   1   naut(=  1-153  miles). 

The  insertion  of  the  coils  required  an  increase  in 
the  diameter  of  the  finished  cable  at  intervals  of 
1  naut,  but  it  was  not  too  great  to  permit  the  cable 
being  handled  and  laid  in  the  relativ-ely  shallow  water 
of  the  Channel. 

Similar  coil-loaded  cables  were  laid  to  Belgium  in 
1911  and  under  the  Irish  Channel  in  1913  by  the 
British  Post  Office.  The  difficulties  involved  in  the 
construction,  laying,  and  especially  in  the  raising 
and  repairing  of  such  coil-loaded  submarine  cables, 
would  be  far  too  great  in  the  case  of  deep-sea  cables 
to  render  them  practical,  and  hence  much  attention 
has  been  directed  to  the  alternative  method  of  loading 
called  uniform  loading,  which  was  first  practically 
employed  in  1902  by  the  Danish  telephone  engineer 
C.  E.  Krarup  in  a  telephone  cable  laid  between  Elsinore 
and  Helsingborg. 

The  method  consists  in  overwinding  or  whipping 
the  copper  conductor  with  one  or  two  layers  of  soft 
iron  wire  put  on  in  close  turns.  This  increases  the 
inductance  of  the  core  and  also  to  some  extent  its 
capacity  and  effective  resistance. 

It  is  not  found  practicable  to  increase  the  layers  of 
iron  wire  so  as  to  give  an  added  inductance  per  mile 
equal  to  that  which  can  be  obtained  by  coil  loading, 
without  passing  the  point  of  minimum  attenuation 
constant,  owing  to  the  simultaneous  increase  of  the 
capacity  and  resistance.  A  certain  compromise  can 
be  effected  by  somewhat  increasing  the  diameter  of 
the  stranded  copper  core  as  compared  with  that  which 
would  be  emplo>ed  if  the  cable  were  to  be  coil-loaded 
instead  of  uniformly  loaded. 

In  the  case  of  uniformly  loaded  cables  there  is  more 

difficulty  in   the   predetermination  of  the  resulting  im- 

pro\emcnt    in   reduction    of    the    attenuation    constant 

by  the  loading,  owing  to  the  uncertainty  which  must 

•  See  Journal  l.E.F...  1911,  vol.  4(i,  p.  309. 
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exist  as  to  the  exact  value  to  be  ascribed  to  the 
magnetic  permeabilit3-  of  the  iron  under  the  condi- 
tions in  which  it  is  used.  When  employing  coil  loading 
we  can  always  make  fairly  exact  measurements  of 
the  effective  resistance  and  inductance  of  a  sample 
loading  coil,  and  if  the  cable  is  a  double  parallel-wire  | 
cable  of  known  inductance,  capacity  and  resistance  I 
per  mile,  we  can  then  predict  with  verj-  approximate 
accuracy  the  effect  of  loading  at  certain  intervals  the 
said  cable  with  the  measured  type  of  coil.  In  the 
uniformly  loaded  cable  we  have  in  the  iron  wire  spiral 
an  imperfectly  complete  iron  path  for  the  lines  of 
magnetic  flux.  The  magnetizing  forces  are  weak, 
owing  to  the  small  value  of  the  telephonic  currents, 
and  the  frequency  and  force  are  constantly  vary- 
ing within  wide  limits.  Nevertheless,  experience  has 
shown  that  if  we  ascribe  to  the  iron  a  mean  perme- 
ability of  110  or  115  the  predicted  inductance  agrees 
fairly  well  with  the  measured  values  of  that  of  the 
uniformly  loaded  cable.  In  addition  to  several  short 
telephone  cables  of  this  type  laid  in  North  Sea  waters 
prior  to  1904,  an  Anglo-French  cable  was  laid  across 
the  English  Channel  in  1912  by  the  French  Govern- 
ment, the  cable  being  made  and  laid  by  the  Telegraph 
Construction  and  Maintenance  Co.  of  London.  This 
cable  is  a  four-core  cable,  each  core  consisting  of 
copper  conductors  weighing  300  lb.  per  naut.  Each 
core  is  whipped  with  one  layer  of  iron  wire  0  012  inch 
in  diameter,  and  four  such  whipped  cores  are  made 
up  into  a  double-circuit  quad  cable.  The  wire-to- 
wire  capacity  is  0-176  ^F  per  naut  of  loop  and  at  a 
frequency  of  1  000  the  attenuation  is  0  018  per  naut. 
In  the  case  of  the  coil-loaded  1910  cable  the  attenu- 
ation at  1  000  p.p.s.  is  0-020  but  the  copper  core  of  the 
last-named  cable  weighs  only  160  lb.  per  naut.  Hence  it 
is  seen  that  by  nearly  doubling  the  section  of  copper 
core  the  iron  wire  single-layer  whipping  produces  the 
same  effect  as  the  coil-loading  as  regards  attenuation. 
One  of  the  latest  examples  of  this  type  of  uniformly 
loaded  telephone  cable  is  that  laid  in  triplicate  between 
Key  West  on  the  coast  of  Florida,  U.S.A.,  and  Havana, 
on  the  island  of  Cuba,  a  distance  of  105  nautical  miles 
(1  nautical  mile  =  6  087  feet).  Since  the  sea  channel 
has  a  maximum  depth  of  I  000  fathoms  in  the  Florida 
Straits,  no  type  of  cable  except  the  standard  deep-sea 
type  with  G.P.  insulation  was  possible.  Also  it  was 
decided  that  no  type  of  coil-loaded  cable  was  feasible. 
Neither  was  a  multiple-circuit  cable  considered  suit- 
able. Hence  the  only  practicable  type  was  an 
armoured,  uniformly  loaded  cable  with  a  single  copper 
core.  In  the  case,  however,  of  such  a  cable  the  return 
circuit  is  partly  by  sea  and  partly  by  the  armour, 
and,  as  the  distribution  of  the  return  current  depends 
upon  the  frequency,  this,  in  turn,  affects  the  inductance. 
It  was  therefore  decided  to  provide  a  definite  return 
path  by  overwinding  the  insulated  copper  core  with 
a  triple  spiral  of  thin  copper  tape.  The  cable  was 
then  armoured  over  this  in  the  usual  way.  The  final 
effect  was  to  produce  a  concentric  conductor  with  the 
central  member  whipped  with  fine  iron  wire  0  ■  008  inch 
in  diameter  put  on  in  120  close  turns  per  inch  run. 
The  copper  core  weighed  350  lb.  to  the  naut  and  had 
a  resistance  of  3-52  ohms  at  75°  F. 


The  measured  inductance  at  1  000  p.p.s.  was 
4-35  mH  and  the  capacity  0-31  /nF  per  nautical  mile. 

The  attenuation  and  resistance  per  naut  increase 
rapidly  w-ith  the  frequency,  as  shown  in  the  table 
below. 


Key    West-Havana    Submarine    UnifoDiily    Loaded 
Telephone  Cable,   105  Nauts.* 


Frequency, 
p.p.s.' 

Attenuation 
per  naut 

Resistance, 
in  ohms 
per  naut 

Transmission 

Equivalent, 

in  M.S.C. 

200 

0-0168 

41 

19-8 

500 

0-0194 

4-5 

19-4 

1  000 

0-0216 

4-8 

20-8 

2  000 

0-0278 

5-8 

27-2 

3  000 

0-0363 

7-2 

35-7 

4  000 

0-0460 

8-7 

46-0 

5  000 

0-0575 

10-7 

58-0 

6  000 

0- 072.1 

13-7 

72-7 

•  The  above  figures  are  taken  from  the  paper  by  Messrs.  G.  A. 
Abderegg  and  B.  \V.  Kendall  describing  this  cable,  and  presented 
to  the  Midwinter  Convention  of  the  American  Institute  of  Elec- 
trical Engineers,   New  York,   February,    1922. 


Three  separate  cables  of  the  above  type  were  made 
and  laid  in  contiguity  in  the  Florida  Straits  in  1921. 
They  were  manufactured  and  laid  by  the  Telegraph 
Construction  and  Maintenance  Company  of  London 
for  the  American  Telephone  and  Telegraph  Com.pany, 
U.S.A. 

We  may  then  say  that  the  problem  of  loading  a 
deep-sea  cable  has  been  fairly  well  solved,  and  although 
we  cannot  nearly  approach  to  the  Heaviside  condition 
foi  distortionless  transmission,  ^■iz.  LS  =  CR,  where 
L  =  inductance,  S  =  conductance,  C  =  capacity  and 
R  =  resistance  per  naut,  we  can  make  a  very  useful 
approximation  to  it.  Thus  in  the  case  of  the.  Key 
M'est-Havana  cable  we  have  the  following  actual 
measured  values  of  the  above  quantities  at  1  000  p.p.s.  : — 

L  =  4-35  V   10-«H  .?  =  12-8  x  10-"  mho 

C  =  0-315  .\  10-^  F    and    R  =  3-32  ohms 

Now  LS  =  55-7  X  10-9  ^nd  CR  =  1-04  X  10-6, 
hence  the  inductance  would  have  to  be  increased 
nearly  20-fold  to  about  80  mH  per  naut  to  fulfil  the 
Heaviside  condition  for  distortionless  transmission. 
Nevertheless  we  can  say  that,  starting  with  Heavi- 
side's  original  suggestion,  the  successive  improvements 
in  loading  due  to  Pupin  and  Krarup,  as  put  into  prac- 
tice and  impro\ed  by  the  careful  research  of  great 
technical  organizations  and  by  the  public  or  Govern- 
mental telephone  services,  have  resulted  in  an  extension 
of  the  practical  telephonic  ranges  up  to,  say,  2  000  or 
perhaps  3  000  miles  by  aerial  lines,  500  miles  on  under- 
ground and  200  miles  on  submarine  cables  by  suitable 
loading,  as  compared  with  about  one-half  or  one-third 
of  the  above  distances  for  unloaded  lines  of  the  same 
tj^e  and  size. 
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Vn.    The    Problem    of   the    Telephone    Repeater. 

(14)  An  additional  great  extension  of  the  practical 
telephonic  range  beyond  that  due  to  loading  the  line 
has  been  secured  by  the  invention  of  the  simple  yet 
highly  effective  thermionic  telephone  repeater.  The 
invention  of  a  satisfactory  telephone  relay  or  repeater 
has  occupied  the  attention  of  inventors  from  the  earliest 
days  of  telephony,  and  abilities  of  the  highest  order 
have  been  brought  to  bear  upon  it. 

A  large  number  of  relays  or  repeaters  have  been 
devised  which  depend  upon  microphonic  contacts  or 
electromagnetic  actions,  such  as  those  of  H.  E.  Shreve, 
S.  G.  Brown,  M.  I.  Pupin,  G.  A.  Campbell,  J.  Lyons 
and  countless  others.  It  is  unnecessary  to  enter  into 
descriptions  of  these  types  of  repeaters,  because  the 
subsequent  invention  and  development  of  the  more 
perfect  thermionic  repeater  has  for  many  reasons 
placed  them  in  a  secondary  position.  The  evolution 
of  the  thermionic  repeater  started  with  the  invention 
by  me  in  1904  of  the  oscillation  valve  or  thermionic 
rectifier  for  high-frequency  currents,  consisting  of  a 
carbon-filament  incandescent  lamp  having  a  metal 
cylinder  surrounding  the  filament  carried  on  a  leading-in 
wire  sealed  through  the  bulb.  The  vacuum  was  speci- 
fied to  be,  and  made  to  be,  as  high  as  possible.*  When 
the  filament  is  incandescent  the  space  between  it  and 
the  cylinder  has  a  unilateral  conductivity,  and  an 
electron  current  flows  from  the  filament  to  the  plate 
under  an  external  impressed  E.M.F.,  provided  the 
filament  is  made  the  negative  electrode  and  the 
cylinder  the  anode.  I  gave  in  the  original  Royal 
Society  f  paper  describing  this  rectifier  a  diagram  of 
curves  which  showed  the  manner  in  which  the  current 
flowing  from  the  filament  to  the  cylinder,  now  called 
the  plate  current  or  thermionic  current,  varied  with 
the  potential  difference  of  the  filanient  and  cylinder, 
now  called  the  plate  voltage.  This  appliance  was  used 
by  me  as  a  rectifier  for  the  high-frequency  currents 
employed  in  wireless  telegraphy.  I  always  contem- 
plated and  explained  its  operation  as  due  to  the  emis- 
sion of  electrons  from  the  incandescent  filament,  and 
in  my  specification  insisted  on  the  importance  of  a 
very  high  vacuum  to  avoid  secondary  ionization.  As 
far  as  means  allowed  I  endeavoured  to  produce  what 
is  now  called  a  hard  valve.  Some  of  the  early  samples 
were  exhausted  by  the  beautiful  method  invented  by 
Sir  James  Dewar,  depending  on  the  absorptive  power 
of  charcoal  when  cooled  in  liquid  air,  for  gases.  In 
1907  Lee  de  Forest,  who  had  been  following  my  work 
very  closely  but  employing  in  a  glass  bulb  a  relatively 
low  vacuum,  as  is  shown  by  his  reference  to  it  in  his 
specifications  as  a  "  gaseous  medium,"  introduced  a 
zigzag  of  wire  between  the  filament  and  the  anode 
plate,  which  gave  the  first  suggestion  for  the  control 
of  the  electron  current  by  electrostatic  action.  When 
this  suggestion  was  followed  out  by  introducing  into 
my  hard  rectifying  valve  a  spiral  of  wire  or  cylinder 
of  metal  gauze,   now   called  the  grid,  between  the  fila- 

*  See  British  Patent  Specification  No.  24850,  IBtli  Novembei-, 
1904,  page  3,  line  4f),  wliere  occur  tlic  words  ;  "  .As  a  very  higli 
vacuum  should  be  obtained  in  tlie  bulb  and  as  a  considerable 
quantity  of  air  is  occluded  in  the  conilnctors,  these  should  be 
heated  wiien   the  V)ulb  is  being  exhausted." 

t  See  Proceedings  vj  the  Royal  Society,  1905,  vol.  74,  p.  476. 


ment  and  the  cylinder  or  plate  forming  the  anode,  we 
came  into  possession  of  an  appliance  of  remarkable 
utility.  So  much  has  been  already  written  and  said 
on  the  subject  of  the  thermionic  valve  that  the  ele- 
mentary principles  may  be  assumed  to  be  w-ell  known. 

When  a  difference  of  potential  with  the  anode  posi- 
tive is  created  between  the  anode  and  the  filament 
by  a  battery  placed  in  the  external  circuit  connecting 
them,  a  stream  of  electrons  called  the  plate  current 
flows  from  the  filament  to  the  plate.  If  we  give  to 
the  grid  various  potentials  relatively  to  the  filament, 
the  plate  current  is  increased  when  the  grid  is  positive 
and  decreased  when  it  is  negative. 

There  are  therefore  three  variables,  viz.  the  plate 
current  ip,  the  plate  voltage  v^,,  and  the  grid  voltage 
Vg,  to  be  considered.  If  we  take  these  quantities  to  a 
certain  scale  to  represent  three  rectangular  co-ordinates 
of  a  point,  their  variation  in  the  case  of  a  hard  or 
high-vacuum  valve  defines  a  certain  surface  called 
the  characteristic  surface  of  the  thermionic  valve  (see 
Fig.  6).  Sections  of  this  surface  give  us  the  charac- 
teristic curves  in  two  co-ordinates.* 


Fig.     6. — Characteristic     surface     of    the     hard     thermionic 
R  valve. 


On  examining  the  characteristic  surface  it  is  seen 
that  there  is  a  certain  region  in  which  it  is  nearly-  flat 
or  plane,  and  hence  in  this  district  the  co-ordinates 
fulfil  the  condition  for  the  equation  to  a  plane,  viz. 


ip  =  o^'tf  +  bvp 


(20) 


as  first  pointed  out  by  M.  Marius  Latour,  where  a 
and  6  are  certain  parameters  called  the  characteristic 
slopes. 

If  we  take  a  section  of  the  surface  along  any  plaiie 
for  w-hich  Vj,  or  the  anode  potential  is  constant,  we 
have  a  curve  called  the  grid-plate  current  charac- 
teristic. The  central  part  of  this  curve  for  a  hard 
valve  is  very  nearly  a  straight  line,  and  the  top  and 
bottom  parts  of  the  curve  where  the  line  becomes 
parallel  to  the  grid  voltage  axis  are  nearly  parabolas 
(see  Fig.  7).  Within  the  limits  of  variation  of  grid 
voltage  for  which  the  characteristic  remains  nearly  a 
straight  line  any  variation  of  this  voltage  results  in 
an    exactly    similar    mode    of    variation    of    the    plate 

•  The  photograph  from  which  Hg.  6  has  been  prepared  was 
taken  from  a  characteristic  surface  of  the  hard  or  high-vacuum 
valve  connnoidv  called  an  K  valve,  so  much  )ised  m  wireless 
telephony.  This  surface  was  modelled  in  plaster  of  Pans  bv 
Messrs  W.  !•".  Marriage  and  H.  A.  Howse  from  careful  electrical 
measurements  made  bv  them  in  the  Electrical  Engineering 
Laboratory  of  Uiii\-ersity  College,  London. 
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current,    no    matter    how    rapid    the    fluctuations    of 
potential. 

If  we  create  the  variation  of  grid  voltage  by  vari-  i 
ation  in  the  terminal  potential  difference  of  a  suitable  ' 
transformer  the  secondary  terminals  of  which  are 
connected  to  the  grid  and  filament  respectively,  and 
if  we  connect  the  plate  to  the  filament  through  the 
primary  circuit  of  a  transformer  which  includes  also 
the  high-voltage  plate  battery,  then  the  variations  of 
the  potential  difference  of  the  secondar\-  terminals  of 
this  last  transformer  will  be  an  amplified  copy  of  the 
variations  of  potential  difference  at  the  priman,'  ter- 
minals of  the  grid  transformer,  provided  these  trans- 
formers are  constructed  in  a  suitable  manner. 

Owing  to  the  complete  absence  of  inertia  and  the 
manner  in  which  the  plate  current  responds  instantty 
to  changes  in  grid  potential,  the  combination  of  suit- 
able transformers  and  thermionic  valve  or  amplifier 
constitutes  a  relay  or  repeater  applicable  to  telephony, 
and  by  means  of  which  any  variation  of  potential  at 
one  pair  of  terminals  is  repeated  and  amplified  at  the 
other  pair,   no  matter  how  rapid  or  how  complicated 


ava->tbvp 


straight  part 


paraholic  part 


Fig.  7. — Construction  giving  appro.ximately  the  form  of 
the  (grid  voltage)-(plate  current)  characteristic  curves 
for  a  hard  thermionic  valve. 

these  changes  of  potential  may  be.  The  construction 
of  a  thermionic  repeater  which  will  operate  without 
distortion  of  speech  sounds  is  dependent  upon  careful 
proportioning  of  the  valve  structures  and  the  trans- 
formers and  upon  the  limitation  of  the  range  of  the 
grid  potential  to  the  central  portion  of  the  charac- 
teristic curve,  which  must  be  very'  approximately  a 
straight  line  over  that  range.  Subject  to  these  con- 
ditions any  type  of  good  hard  thermionic  three-elec- 
trode valve  will  serve  as  a  telephone  repeater. 

The  British  Post  Office  employ  a  type  of  thermionic 
repeater  not  ver^'  different  from  the  valve  used  so  much 
in  wireless  reception.  It  comprises  a  drawn  tungsten 
wire  filament  surrounded  by  a  spiral  wire  grid,  this 
again  being  embraced  by  a  cylindrical  anode.  The 
connections  from  filament,  grid  and  cylinder  are 
brought  down  to  a  4-pin  collar  fitting  into  a  socket 
in  such  fashion  that  it  is  impossible  to  make  wrong 
connections  in  replacing  a  broken  valve. 

The  Western  Electric  Company  of  America  ha\e 
developed  a  low-temperature  thermionic  repeater  in 
which  the  hot  filament  consists  of  a  narrow  strip  of 
platinum-iridium  coated  with  a  mixture  of  barium 
o.Kide  and  strontium  oxide.     When  the  strip  is  heated 


by  a  current  to  dull  red  heat  the  oxides  give  off  a 
copious  evolution  of  electrons,  as  first  shown  by 
Wehnelt.  The  process  of  treating  consists  in  mixing 
the  carbonates  of  the  metals  with  resin  or  paraffin 
and  painting  this  mixture  on  the  strip  in  several  coats. 
After   each  application    the   temperature    of    the   strip 


Fig.   8. — Western   Electric  Company's  thermionic  telephone 
repeater  with  oxide-coated  metallic  filament. 

is  raised  to  1  000°  F.  to  burn  off  the  organic  carrier. 
This  forms  a  firmly  adhering  layer  of  oxide  which 
emits  electrons  readily  on  heating  to  about  .500°  F.  or 
600°  F.  The  life  of  the  coated  strip  is  claimed  to  be 
longer  than  that  of  the  tungsten  wire,  which  latter 
must  be  worked  at  a  far  higher  temperature. 
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Fig.  9. — Thermionic  three-electrode  valve  and  associated 
input  and  output  transformers  employed  as  a  telephone 
repeater. 

The  Western  Electric  Company  fix  this  coated  fila- 
ment between  two  flat-plate  anodes  with  \ery  open 
mesh  grids  between  (see  Fig.  8).  The  combination  of 
two  transformers  and  a  thermionic  amplifier  consti- 
tutes then  a  one-way  telephone  repeater  in  which  the 
energy  required  for  amplification  of  speech  sound 
energy  is  drawn  from  the  battery  in  the  plate  circuit 
(see  Fig.  9). 
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If  it  were  possible  to  employ  independent  telephone 
circuits  for  speech  in  each  direction,  and  if  only  one 
repeater  were  necessary  in  the  line,  the  above  simple 
arrangement  would  meet  the  requirements.  Telephone 
circuits  have,  however,  to  operate  equally  in  both 
directions. 

If  the  repeater  could  always  be  placed  at  the  elec- 
trical centre  of  the  line,  then  various  modes  of  con- 
nection, in  principle  due  to  Edison,  would  enable 
telephone  currents  arriving  from  one  direction  to  be 
re-transmitted  with  augmented  energy  to  the  continu- 
ation of  the  line. 

One  such  mode  of  connection  is  shown  in  Fig.  10, 
taken  from  a  paper  by  Sir  William  Noble  on  "  The 
Long-Distance  Telephone  System  of  the  United  King- 
dom." *  It  will  be  seen  that  the  grid  transformer  of 
the  repeater  is  connected  across  the  line.  The  grid 
has  therefore  a  fluctuating  voltage  put  upon  it,  due 
to  the  speech  currents.  The  plate  current  of  the 
repeater  passes  through  the  primary  of  another  induc- 
tion  coil   and   reacts   on   the   line   through   a   four-coil 
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Fig.  10. — Two-way  thermionic  telephone  repeater  inserted 
in  a  telephone  circuit,  showing  mode  of  connection  of 
circuits. 

secondary  circuit  which  comprises  a  pair  of  coils  in 
each  of  the  lines  forming  the  telephone  circuit.  These 
coils  are  so  wound  that  the  induced  electromotive 
forces  in  them  drive  current  both  forward  and  back- 
ward in  the  line  circuit  but  do  not  disturb  the  potential 
difference  of  the  points  from  which  the  grid  trans- 
former is  fed,  provided  that  the  telephone  circuit  has 
an  equal  impedance  in  both  directions  reckoned  from 
this  feeding  point. 

The  object  of  this  connection  is  to  prevent  the  plate 
current  of  the  valve  reacting  on  the  grid  and  so 
causing  the  valve  to  generate  oscillations  which  would 
entirely  destroy  its  use  as  an  amplifier.  It  will  be 
seen,  however,  that  this  is  only  the  case  when  the 
impedance  of  the  telephone  line  is  ecjual  in  both  direc- 
tions from  the  point  of  repeating. 

It  is  seldom  possible  to  secure  this  symmetry  and 
hence  in  the  practical  arrangement  the  telephone  line 
is  cut  at  the  repeater  station,  and  each  part  is  con- 
tinued by  an  artificial  line  which  exactly  imitates  in 
•  See  Journal  I.E.E.,   1921,  vol.   59,  p.   389. 
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impedance  that  respective  portion  of  the  arriving  or 
departing  line.  Each  junction  is  then  provided  with 
its  thermionic  repeater  connected  as  in  Fig.  11,  and 
the  amplified  currents  from  one  line,  say  Line  East, 
are  transferred  to  the  other  side,  say  Line  West,  and 
vice  versa.  Hence  we  have  a  perfect  symmetry  of 
repeating  and  a  circuit  which  can  be  used  in  either 
direction. 

The  repeater  therefore  produces  an  amplification  of 
the  telephone  currents  which  more  or  less  annuls  the 
attenuation  of  the  line. 

This  is  called  the  "  repeater  gain  "  and  is  reckoned 
in  miles  of  standard  cable.  Thus  we  may  say  that 
a  certain  repeater  is  equivalent  to  15  M.S.C.,  which 
means  that  if  inserted  in  a  line  whose  equated  length 
was  40  M.S.C.  it  would  reduce  it  to  the  equivalent  of 
25  M.S.C.  as  far  as  telephonic  speech  is  concerned. 

The   repeater  gain   in   M.S.C.   can   be   predetermined 
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Fig.  11. — Mode  of  connection  of  two  thermionic  telephone 
repeaters  in  a  telephone  line  so  as  to  secure  duplex 
transmission  when  the  repeater  station  is  not  at  the 
electrical  centre  of  the  line. 

from  certain  other  measured  quantities  as  follows  : 
If  the  characteristic  curves  of  a  thermionic  valve  are 
delineated  from  observations  on  the  plate  current, 
plate  voltage  and  grid  voltage,  we  can  determine  the 
valve  parameters  a  and  b  which  appear  in  the  expres- 
sion (26)  for  the  plate  current. 

The  reciprocal  of  the  parameter  6  is  the  internal 
resistance  of  the  valve  between  filament  and  plate, 
corresponding  to  a  certain  measured  plate  current. 
The  parameter  a  is  the  increment  of  plate  current 
with  grid  voltage  when  plate  voltage  is  constant,  and 
in  the  R  valve  has  a  value  of  about  1/2  000  or  1/2  500. 
The  ratio  a/6  =  k  is  called  the  voltage  amplification 
of  the  valve  and  is  generally  a  number  between  5  and 
10.  If  the  external  plate  circuit  contains  a  coil  of 
impedance  E,  and  if  v  is  the  alternating  voltage  appHed 
to  the  grid,  then  it  can  be  shown  that  the  power 
imparted  to  the  plate  circuit  is  given  by  the  expression 


P  = 


(27) 
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The  above  expression  has  a  maximum  value  when 
R  =  1/6,  and  under  this  condition  P  =  ^bk-v-. 

If  the  grid  transformer  has  a  voltage  ratio  T  and 
if  the  line  potential  at  the  feeding  point  is  V  and  the 
line  impedance  Z,  then  the  power  p  given  to  the 
grid  transformer  is  very  nearly  v-fT-Z. 

But  since  the  Edison  circuit  utilizes  for  forward 
propagation  only  half  the  power  given  out  from  the 
plate  circuit,  the  magnification  {M  =  P/p)  for  the 
repeater  is  given  by  the  equation 

bk-T-Z 

M  = (28) 

8  ^ 

In  the  case  of  the  standard  cable  the  voltage  attenua- 
tion per  mile  is  0-1,  and  hence  the  power  attenuation 
for  a  length  I  miles  is  given  by  the  factor  e-o-2«  Accord- 
ingly we  can  say  that  the  repeater  magnification  M  is 
equivalent  to  a  gain  of  I  miles  of  standard  cable  when 

I  =  5  log,  il/  =  11  •  5  logio  M       .      .      (29) 

and  M  is  given  by  Equation  (28).  The  effect,  then,  in 
practice  of  the  introduction  of  this  type  of  repeater 
has  been  to  enable  a  great  reduction  to  be  made  in 
the  weight  of  copper  used  per  mile  in  trunk  lines, 
because  the  repeater  can  nullify  line  attenuation. 
Thus  the  London  to  Glasgow  aerial  trunk  telephone 
lines  employed  a  double  copper  conductor  each  weigh- 
ing 600  lb.  per  mile  ;  in  other  words  the  whole  450- 
mile  length  involved  the  employment  of  540  000  lb. 
or  nearly  250  tons  of  copper.  We  may  contrast  with 
this  the  recentlv  laid  underground  trunks  from  London 
to  Manchester,  183  miles  long,  which  were  completed  last 
year  by  the  Post  Office.  This  line  has  been  equipped 
with  repeater  stations  and  the  copper  conductors 
weigh  40  lb.  to  the  mile  in  place  of  the  300  lb.  which 
would  have  been  necessary  without  repeaters.  This 
fact  alone  shows  the  enormous  economy  in  first  cost 
which  could  have  been  effected  in  the  trunk-line  tele- 
phone system  of  this  country  if  the  thermionic  repeater 
had  been  in  existence  when  they  were  first  projected. 
The  completed  inv'ention  of  the  thermionic  repeater 
has  rendered  commerciallv  possible  a  \ast  extension 
of  telephonic  range  and  the  establishment  of  telephone 
exchanges  which  may  extend  over  the  area  of  empires 
or  continents  rather  than  cities  or  countries  as  sug- 
gested by  our  President,  Mr.  Gill,  in  his  valuable 
Presidential  Address  at  the  beginning  of  this  session. 

Vin.  The  Problem  of  Multiple  Telephony. 

(15)  Years  ago  the  problem  of  the  use  of  a  single 
telegraph  wire  to  carry  simultaneously  several  tele- 
graph messages  was  solved  by  the  invention  of  duplex, 
quadruplex,  and  later  on  by  systems  of  multiplex  tele- 
graphy, especially  by  such  ingenious  machine  tele- 
graphs as  those  of  Baudot  and  Murray.  The  analogous 
advances  in  telephony  have  been  slower  in  arriving, 
but  the  magic  thermionic  valve  has  given  us  not  only 
the  solution  of  the  telephone  repeater  problem  but 
also  the  valuable  carrier-wave  multiple  telephony. 
The  adoption  of  phantom  working  was  one  of  the 
first   steps    in    effecting   an    economy    of    conductors.* 

*  The  earliest  patent  application  in  Great  Britain  for  that 
mode  of  connertion  called  phantom  working  was  made  bv 
Mr.   F.  Jacob  in   Britisli   Patent  Specification    No.    liSl,  of    1882. 


When  we  ha\'e  a  pair  of  mutually  non-inductive  double- 
wire  circuits,  whether  twisted  aerial  or  quad  cable, 
we  have  a  pair  of  circuits,  called  the  side  or  physical 
circuits,  through  which  two  independent  telephone 
conversations  can  be  conducted.  But  we  can  employ 
also  one  pair  taken  together  as  the  lead  and  the  other 
pair  taken  together  as  the  return  of  a  third  or  phantom 
circuit.  In  some  cases  we  can  use  all  four  wires  as  a 
lead  and  an  earth  return  to  make  a  fourth  circuit. 

Not  only  can  we  load  with  Pupin  coils  the  two  side 
circuits,  but  extremely  ingenious  modes  of  coil  winding 
with  four  wires  have  been  devised  which  enable  us 
to  load  the  phantom  circuit  independently  of  the  two 
side  circuits.  Phantom-circuit  working  and  loading  is 
now  very  extensively  carried  out  in  the  telephone 
circuits  of  the  United  Kingdom  and  in  the  United 
States. 

A  further  mode  of  effecting  economy  in  conductors 
is  the  utilization  of  existing  telegraph  wire  circuits 
for  simultaneous  telephony. 

It  would  occupy  too  much  space  to  describe  in 
barest  outline  a  fraction  of  the  work  done  in  this 
department  since  the  method  first  introduced  in  1882 
by  F.  Van  Rysselberghe  ga\'e  an  impetus  to  further 
invention,  which  was  continued  by  Mr.  C.  L.  Langdon- 
Davies  in  his  ingenious  Phonopore  and  finally  reached 
a  stage  represented  by  the  Fullerphone  of  Major  Fuller.* 
The  most  recent  practice  in  this  development,  particu- 
larly the  use  of  circuits  called  composited  circuits,  was 
described  in  a  paper  last  year  by  Mr.  J.  G.  Hill  entitled 
"  Phantom  Telephone  Circuits  and  Combined  Tele- 
graph and  Telephone  Circuits  Worked  at  Audio 
Frequencies."  f  Hence  it  will  not  be  necessary  to 
make  further  reference  to  this  part  of  the  subject. 

(16)  On  the  other  hand  new  and  important  methods  of 
multiple  telephonic  working  have  been  lately  introduced 
in  the  form  called  "  carrier-wave  "  telephony,  which 
depend  on  the  use  and  properties  of  the  thermionic 
valve.  A  few  explanations  of  this  method  may  there- 
fore be  of  interest.  It  will  be  necessary  to  assume 
that  the  methods  of  connection  and  the  process  by 
which  the  three-electrode  valve  is  used  to  produce 
high-frequency  oscillations  are  familiar.  Also  a  know- 
ledge of  the  broad  general  principles  of  apparatus 
used  for  radio-telephony  must  be  taken  for  granted. 
In  radio-telephony  we  set  up  high-frequency  oscilla- 
tions in  an  aerial  wave  by  means  of  a  valve  generator, 
and  we  control  the  amplitude  of  these  oscillations  by 
appliances  which  include  a  speaking  microphone  so 
that  the  amplitude  of  the  high-frequency  oscillations 
is  varied  in  accordance  with  the  wave-form  of  the 
speech  sounds.  We  therefore  produce  two  simulta- 
neous sets  of  electric  vibiations,  one  a  high-frequency 
sine-form  oscillation,  and  superimposed  on  this  a  low- 
or  audio-frequency  speech  current  (see  Fig.  12).  These 
complex  aerial  currents  radiate  electromagnetic  waves 
of  an  identical  character.  At  the  recei\-ing  end  the 
waves  are  absorbed  by  the  receiving  aerial  and  recti- 
fied by  the  receiving  valve  and  then  passed  through  a 
receiving  telephone  which  reproduces  the  speech  sounds 
made  to  the  transmitter  microphone. 

*  See  Journal  I.E.E.,    1919,   Supplement   to  vol.    57,   p.    20. 
t  See  Journal  I.E.E.,    1922,   vol.   60,   p.   675. 
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In  the  above-described  arrangement  the  high-fre- 
quency electric  waves  are  used  to  carry  to  a  distance 
variations  of  their  own  amplitude  and  are  therefore 
called  carrier  waves. 

If  we  imagine  the  sending  and  receiving  aerials  to 
be  connected  bv  a  wire,  these  waves  would  not  be 
able  to  disperse  in  all  directions  but  would  be  guided 
along  the  wire.  The  arrangement  is  then  called 
guided-wave  or  carrier-wave  telephony,  as  contrasted 
with  radio-telephony. 

In  the  above  very  rough  description  of  the  process 
we  have  not  sufficiently  indicated  the  manner  in  which 
the  voice  currents  are  superimposed  on  the  carrier 
currents  at  the  sending  end,  or  disentangled  from 
them  at  the  receiving  end.  It  is  necessary  then  to 
e.xplain  a  little  more  in  detail  the  properties  of  the 
thermionic  valve  which  enable  it  to  be  used  as 
a  modulator  and  demodulator  in  carrier-wave  telephony. 

The  general  form  of  the  plate  current-grid  voltage 
characteristic  curve  of  the  three-electrode  valve  has 
already  been  described.  It  consists  of  a  nearly  straight 
middle  part  and  two  curved  extreme  portions  which 
are  nearly  semi-parabolas  in  shape. 

No  simple  algebraic  e.xpression  can  be  given  as  the 
equation  to  the  whole  curve,  but  as  long  as  we  limit 
our    attention    to    the    lower    parabolic    part    we    can 
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Fig.  12. — Diagram  showing  the  mode  of  superimposing 
low  frequency  (L.F.)  and  high  frequency  (H.F.)  voltage 
variations  on   the  grid  of  a  thermionic  valve. 

nearly  e.xpress  the  plate  current  i  in  terms  of  the  grid 
voltage  V  by  an  equation  of  the  form 


bv  -\-  cv~ 


(30) 


where  a,  b  and  c  are  certain  constants.  As  already 
stated,  we  utilize  the  straight-line  part  of  the  charac- 
teristic curve  in  amplifying,  repeating  or  generating 
oscillations  by  the  valve.  We  have  now  to  explain 
the  manner  in  which  we  use  the  curved  e.xtremities 
in  modulating  and  demodulating  electric  oscillations. 
Suppose  we  give  to  the  grid  of  a  valve  a  sufficient 
negative  potential  to  bring  the  operating  point  down 
on  the  lower  curved  part  of  the  characteristic  curve, 
and  then  superimpose  upon  that  steady  voltage  a 
small  high-frequency  alternating  voltage.  It  is  easy 
to  see  that  the  result  will  be  to  produce  ripples  on 
the  plate  current  or  to  create  a  plate  current  which 


has  a  steady  part  and  a  superimposed  alternating 
part,  and  is  slightly  distorted  as  compared  with  the 
alternating  grid  voltage  (see   Figs.    13   and   14). 

If  we  apply,  in  series  with  the  high-frequency  vol- 
tage, a  low-frequency  voltage  to  the  grid  so  that  the 
resultant  grid  potential  is  represented  by 

V  =  E^  sin  pt  +  E.2smqt     .      .      .      (31) 

where  pI2tt  is  the  high  frequency  and  9/27r  the  low 
frequency,  then  by  substitution  in  Equation  (30), 
neglecting  the  constant  term,  we  have  for  the  resulting 
plate  current  the  expression  :  — 

i  =  bE^  sin  pt  +  bE-,  sin  gt  +  cEj  sin-  pt 

+  cEI  sin2  qt  +  2cE^E.2,  sin  pt  sin  qt     .     (32) 


Fig.  13. — Diagram  showing  the  manner  in  which  small 
equal  increments  of  grid  voltage  represented  by  Oa, 
O'a',  0"a",  applied  at  various  points  in  the  curved 
part  of  the  characteristic  curve  of  a  thermionic  valve 
produce  different  increments  of  plate  current  repre- 
sented by  ab,  a'b',  a"b",  and  so  modulate  the  anode 
current. 

But  sin  pt  sin  qt  =  \  cos  (p  —  ?)<  —  J  cos  (p  -f  q)t  and 
sin-  pt  =  \  —  \  cos  '2pt.  Hence  it  is  seen  that  in  the 
resulting  complex  plate  current  there  are  oscillations 
of  six  different  frequencies,  viz.  2p,  p,  p  —  g,  p  +  q, 
q  and  '2q,  each  divided  by  27r. 

The  plate-current  wave-form  is  then  not  a  copy  of 
the  grid  potential  wave-form  when  we  are  operating 
on  the  curved  parts  of  the  characteristic  curve,  as  it 
is  when  we  employ  the  straight  central  part,  but  the 
plate  current  has  a  different  wa\e-form  from  that  of 
the  grid  potential  and  is  said  to  be  modulated.  A 
valve  so  used  for  this  purpose  is  called  a  modulating 
valve.  Suppose  then  that  the  high-frequency  current 
of  frequency  pI2tt  lies  near  or  above  the  limits  of 
audition,  say  10  000  or  so.  This  frequency  is  called  a 
carrier  frequency  and  currents  of  that  order  of  fre- 
quency are  called  carrier  currents. 
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Let  the  low-frequency  current  of  frequency  qj^lii  lie 
within  the  voice  frequency  range,  say  200  to  2  000  p.p.s. 
Let  us  suppose  that  pj-l-n  =  10  000  and  g/27r  =  1  000. 
Then  in  the  modulated  current  there  will  be  components 
of  frequencies   11000,   10  000,   9  000  and   1000. 


Ouqm'i.  current 


Fig.  14. — Diagram  showing  the  mode  of  variation  of  the 
plate  current  of  a  three-electrode  thermionic  valve 
when  simultaneous  variations  of  low  and  high  frequency 
potential  are  imposed  on  the  grid  at  the  lower  part 
of  the  characteristic  curve. 

It  is  possible  to  sift  out  currents  of  certain  ranges 
of  frequency  by  means  of  devices  called  electric  fillers, 
which  are  short,  artificial  lines  built  up  of  inductance 
coils  and  condensers  arranged  in  certain  ways.  Thus 
if   the   inductances   are   placed    in   series   and  the  con- 


Low-pass  filter 


Trequency 
Fig.   15. — Diagram  of  a  low-pass  filter  circuit. 

densers  in  shunt  (see  Fig.  15)  we  have  a  filter  called 
a  low-pass  filter  because  it  permits  low-frequency  cur- 
rents to  be  transmitted  through  it,  but  very  rapidly 
attenuates  currents  of  high  frequency. 

If  we   arrange   the   condensers  in   series  and  induct- 


ances in  shunt  (see  Fig.  16)  we  construct  a  high-pass 
filter,  so  called  because  it  blocks  out  low-frequency 
currents  below  a  certain  frequency. 

Again,  bv  arranging  certain  inductance-capacity 
shunts  as  in  Fig.  17  we  construct  a  filter  called  a 
ba7id  fitter,  so  called  because  it  has  the  property  of 
allowing  currents  the  frequency  of  which  falls  within 
a  certain  band  or  limits  to  pass,  but  rapidly  attenuates 
those  of  higher  and  lower  frequency. 

It  has  been  primarily  due  to  the  invention  and 
study  of  these  filters,  especially  by  G.  A.  Campbell 
and  others,  that  carrier-wave  telephony  has  been 
rendered  possible. 


High-pass  filter 


Prequericj' 
Fig.   16. — Diagram  of  a  high-pass  filter  circuit. 

Returning  then  to  our  modulating  valve  let  us 
suppose  that  the  low-frequency  applied  grid  voltage 
has  not  a  pure  sine-curve  form  but  is  complex  and 
therefore  resolvable  into  components  of  different  fre- 
quencies as  in  speech  waves,  lying  between  the  limits 
of  200  and  2  000  or  thereabouts.  It  is  clear,  then, 
that  the  q  in  our  above  formula  is  to  be  taken  as 
representing  a  whole  range  or  band  of  frequencies 
forming   a   sort   of   electrical   spectrum,  and    the  same 
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Band -pass  filter 


Frequency 
Fig.   17. — Diagram  of  a  band-pass  filter  circuit. 

applies  to  the  p  +  q  and  p  —  q  frequencies  in  the 
above  formula.  It  is  possible  to  arrange  a  band  filter 
which  when  interposed  in  the  circuit  of  the  plate 
current  of  the  modulating  valve  will  block  out  all 
frequencies  except  those  of  pjiTT  and   (p  -\-  i?)/27r,   viz. 


FLEMING:    THE   FOURTEENTH    KELVIN    LECTURE. 


633 


those  of  the  pure  carrier  current,  and  are  of  the  bands 
due  to  the  addition  of  the  range  of  voice  frequencies 
to  the  carrier  frequency.  In  the  instance  given  above 
this  would  mean  that  the  filter  transmits  frequencies 
of  the  baud  from  12  000  to  10  200  and  also  10  000 
for  the  carrier  current.  Currents  of  these  frequencies 
can  then  be  transmitted  along  an  ordinary  telephone 
line  without  interfering  with  the  propagation  of  the 
ordinary  telephone  currents  of  voice  frequency.  Let 
us  consider  in  the  next  place  the  result  of  allowing 
the  group  of  high-frequency  currents,  or  rather  electro- 
motive forces  created  by  them  by  means  of  a  suitable 
transformer,  to  act  on  the  grid  of  a  thermionic  valve 
at  the  receiving  station,  called  a  demodulating  valve. 
We  have  seen  that  when  frequencies  pflTr  and  g/27r 
act  on  the  grid  at  a  point  on  the  lower  part  of  the 
characteristic  curve,  we  have  produced  a  plate  current 
involving  4  different  frequencies,  viz.  p/277,  (p  —  9)/27T, 
(p  —  q)l'2'TT  and  ql'ln.  Hence  it  is  clear  that  if  voltages 
involving  frequencies  7^/277-  and  (p  +  q)l'2TT  act  as  a 
grid,     the    resulting    plate     current     will     contain     fre- 


voltages  (see  Figs.  12  and  14).  These  carrier  fre- 
quencies pI^tt  must  be  so  selected  that  the  respective 
bands  of  modulated  frequencies  represented  by 
(p  +  1)1^'"'  (where  9/277-  is  the  range  of  voice  frequency) 
do  not  overlap.  We  then  transmit  all  these  currents 
along  the  telephone  line  and  at  the  receiving  end 
separate  out  the  several  groups  of  oscillations  by  suit- 
able band  filters  and  apply  the  electromotive  forces 
created  by  suitable  transformers  to  the  grids  of 
demodulating  values.  In  the  plate  circuits  of  these 
last  valves  we  have  coupled  ordinary  telephone 
receivers  which  are  acted  upon  by  the  voice  currents 
disentangled  by  these  demodulating  valves  from  their 
respective  carrier  currents  (see  Fig.   18). 

Each  telephone  recei\-er  then  repeats  the  speech 
sounds  made  to  the  corresponding  microphone  trans- 
mitter at  the  sending  end. 

In  this  manner  we  can  make  a  single  telephone  line 
convey  simultaneouslv  a  number  of  telephonic  con- 
versations through  the  agency  of  a  number  of  super- 
imposed   separate    carrier    currents,    the    frequencies   of 
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Amplifier 


Fig.  is 


Oscillator 

-Diagrammatic  scheme  of  circuits  (omitting  all  filters)  to  illustrate  the  general  principle  of  carrier-wave 
multiple  telephony  (Colpitts  and  Blackwell). 


quencies   pjirt,   (2p  -f  q)l2TT,    (p  +  g)l27r  and  g/2TT;    all    i 
but    the    last    are    relatively    high-frequency    currents 
and  can  be  filtered  off  from  the  band  of  voice  currents 
of  frequency  ?/27r.  j 

These  last  can  then  be  rectified  and  allowed  to  act 
on  a  telephone  receiver  and  thus  re-create  the  speech 
sounds  made  to  the  transmitter  coupled  to  the  grid 
of  the  modulating  valve  at  the  sending  end.  Hence 
the  broad  principles  of  multiple  carrier-wave  telephony 
can  be  outlined  as  follows  : — 

At  one  end  of  an  existing  long-distance  telephone 
line  used  in  the  ordinary  way  for  telephonic  speech 
we  can  attach  a  certain  number  of  modulating  valves 
with  their  plate  circuits  coupled  to  the  line  through 
appropriate  transformers  and  filters.  We  can  then 
generate  by  means  of  a  number  of  oscillating  valves 
high-frequency  carrier  currents  of  certain  different 
frequency  and  apply  electromotive  forces  due  to  these 
in  series  with  the  electromotive  forces  of  low  or  speech 
frequency  produced  by  ordinary  carbon  microphone 
transniitters,  so  as  to  give  to  the  grids  of  the  several 
modulating  valves  carrier-frequency  plus  voice-frequency 


which  are  far  enough  apart  to  prevent  the  correspond- 
ing bands  of  modulated  currents  from  overlapping  as 
regards  frequency. 

In  securing,  however,  good  results  as  to  speech 
clearness  in  this  carrier-wave  telephony  certain  pre- 
cautions are  necessary,  which  perhaps  may  best  be 
stated  in  the  words  of  Messrs.  E.  H.  Colpitts  and 
O.  B.  Blackwell  in  their  paper  on  "  Carrier  Current 
Telephony  and  Telegraphy,"  read  at  the  Midwinter 
Convention  of  the  American  Institute  of  Electrical 
Engineers,  February,  1921.  They  say  :  "  It  is  neces- 
sary to  consider  the  interactions  between  the  frequency 
components  of  the  side  band  itself,  for  if  in  the  case 
of  telephony  the  voice  wave  includes  components  of 
more  than  one  frequency,  each  will  be  represented  by 
a  corresponding  component  in  the  side  band.  The 
interaction  of  two  of  these  component  frequencies 
simultaneously  present  in  the  side  band  give  rise  to  a 
component  in  the  output  circuit  of  the  demodulator, 
the  frequency  of  which  is  the  difference  between  those 
of  the  corresponding  two  components  in  the  original 
voice  wave.     Such   currents  will  have  a  serious  effect 
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on  the  quality  of  the  reproduced  speech  if  their  arnpli- 
tude  is  comparable  with  that  of  the  reproduced  voice 
currents.  The  amplitude  of  this  distorting  component 
is  proportional  to  the  product  of  the  amplitudes  of 
the  two  side-band  components,  whereas  the  amplitude 
of  each  of  the  two  components  of  the  desired  voice 
current  is  proportional  to  the  product  of  the  ampli- 
tudes of  its  correspopding  side-band  component  and 
that  of  the  carrier.  The  reproduced  voice  current  can 
be  made  large  compared  with  the  distorting  current 
only  by  ensuring  that  the  carrier  current  is  large  com- 
pared with  every  component  of  the  side  bajid.  As 
the  result  of  this  it  follows  that  in  order  to  secure  a 
good  quality  of  speech  it  is  necessary  that  the  greater 
part  of  the  energy  applied  to  the  demodulator  consist 
of  unmodulated  earlier  frequency." 

It  is  clear  therefore  that  to  obtain  good  carrier-wave 
telephony  we  have  to  send  along  the  line  a  relatively 
large  amount  of  electric  current  in  the  form  of  unmodu- 
lated carrier  current.  This  has  led  to  a  curious  im- 
provement which  is  called  the  suppressed  carrier-wave 
system,  in  which  the  required  surplus  of  unmodu- 
lated carrier  current  required  to  prevent  speech  dis- 
tortion is  not  sent  along  the  line,  but  supplied  from  a 
local  source  at  the  receiving  end.  This  necessitates, 
however,  special  arrangements  to  secure  that  the 
added  carrier  current  at  the  receiving  end  shall  have 
exactly  the  same  frequency  as  that  supplied  to  the 
modulating  valve  at  the  sending  end.  The  reduction 
of  the  carrier  current  has  two  advantages  besides  that 
of  emploj'ing  smaller  line  currents.  It  has  been  pointed 
out  that  the  amplitude  of  the  speech  currents  in  the 
demodulator  output  circuit  is  proportional  to  the 
product  of  the  amplitudes  of  the  carrier  current  and 
that  of  the  corresponding  side-band  component.  Any 
changes  in  the  leakance  of  the  line  by  affecting  the 
attenuation  of  the  carrier  current  affects  the  loudness 
of  the  reproduced  speech.  This  cannot  occur  when  the 
greater  part  of  the  high-frequency  carrier  current  is 
supplied  at  the  recei\-ing  end.  Again,  interactions 
between  the  carrier  current  and  any  other  stray  cur- 
rents due  to  cross-talk  or  want  of  perfect  balance  in 
the  circuits  are  less  prominent  in  the  suppressed 
carrier-wave  system.  The  carrier-wave  system  can 
be  applied  also  in  the  transmission  of  telegraphic 
signals  on  Morse  code,  as  well  as  to  telephony.  In 
the  case  of  telegraphy  it  is  not  necessarj'  to  transmit 
such  wide  side-bands,  or  bands  the  frequency  of  which 
range  over  the  same  extent  as  are  required  for  tele- 
phony. The  result  is  that  a  much  larger  number  of 
independent  side-bands  can  be  accommodated  on  one 
line  without  mutual  interference,  and  therefore  a 
larger  number  of  simultaneous  telegraph  messages  can 
be  transmitted  than  is  possible  with  multiple  telephony. 
To-day  one  telephone  wire  between  New  York  and 
Chicago  carries  at  the  same  time  with  complete  privacy 
five  independent  telephone  conversations,  and  also 
certain  sections  of  the  line  carry  40  different  telegraph 
messages  each  way.  In  this  manner  a  single  line  does 
duty  for  85  communications  at  once,  if  necessary-. 
Having  regard  to  the  fact  that  in  long-distance  work- 
ing the  capital  outlay  on  the  line  and  therefore  the 
corresponding   jmnual   charges   for  interest   and   depre- 


ciation are  the  heaviest  items,  it  will  be  seen  that  this 
carrier-wave  telephony  and  telegraphy  is  of  immense 
importance. 

(17)  Some  special  difficulties  in  cpnnection  with  the 
propagation  and  amplification  of  these  high-frequency 
currents  may  be  mentioned  very  briefly. 

The  propagation  of  high-frequency  currents  along 
telephone  aerial  lines  or  through  cables  follows  the 
same  general  principles  as  in  the  case  of  low-  or 
audio-frequencv  currents.  The  inductance  and  capa- 
city of  the  lines  have  much  the  same  values  for  high 
as  for  low  frequencv.  The  resistance  taken  into 
account  must,  however,  always  be  the  high-frequency 
resistance  as  determined  by  the  frequency.  It  is 
well  known  that  the  leakance  of  an  aerial  line  is  very 
much  greater  for  high  than  for  low  frequency ;  at 
25  kilocycles  it  may  even  be  200  times  as  great,  even 
in  quite  dr\'  weather.  This  appears  to  be  connected 
with  the  well-ascertained  fact  that  the  conductance 
of  dielectrics  increases  rapidly  with  the  frequency  in 
many  cases.* 

Hence  we  find  that  the  attenuation  of  a  line 
increases  \ery  rapidly  with  the  frequency.  For 
reasons  which  it  is  hardly  necessary  to  state  in 
detail,  lines  which  are  coil-loaded  on  the  Pupin 
system  are  not  suited  for  carrier-wave  telephonj', 
owing  to  the  reflection  losses  which  take  place  at  the 
points  where  the  loading  coils  are  inserted.  There  is 
not  such  difficultv  with  uniformly  loaded  cables. 
Through  the  uniformly  loaded  submarine  cables  laid 
between  Key  West  in  Florida  and  Havana  in  Cuba 
the  already  mentioned  carrier-wave  telephony  and 
telegraphy  are  quite  successfully  conducted  in  both 
directions.  In  the  case  of  uniformly  loaded  sub- 
marine telephone  cables  it  is  an  advantage  to  keep 
the  carrier  frequencv  as  low  as  possible  because  the 
attenuation  rapidly  increases  with  frequency  and  it  is, 
of  course,  impossible  to  insert  repeaters  in  the  run 
of  a  submarine  cable.  In  the  case  of  land  lines  and 
at  the  ends  of  submarine  cables  the  attenuation  can 
be  neutralized  by  the  introduction  of  thermionic 
repeaters.  There  are  some  peculiarities  in  connection 
with  amplification  in  lines  conveying  multiple  carrier 
telephonic  currents,  which  may  be  mentioned.  It 
would,  of  course,  be  possible  to  separate  out  the  \arious 
bands  of  frequencies  belonging  to  different  channels 
of  telephonic  speech,  at  any  locality  by  suitable  band 
filters  and  then  amplify  each  by  a  separate  thermionic 
repeater  and  return  the  amplified  currents  to  the 
common  line.  But  it  is  not  necessary-  thus  to  separate 
them  out.  We  can  amplify  the  whole  complex  group 
by  one  or  more  thermionic  repeaters  in  parallel. 
There  is,  however,  in  the  case  of  carrier-wave  telephony, 
a  liability  for  the  repeater  to  act  as  a  modulator  if  we 
extend  the  grid  potential  variations  beyond  narrow 
limits.  To  nullify  this  action  the  repeaters  are 
worked  in  pairs.  The  incoming  currents  act  so 
that  the  grid  of  one  valve  is  increased  in  poten- 
tial at  the  instant  when  that  of  the  other  is  lowered 
by    an    equal    amount.     The    output     currents     then 

*  See  J.  A.  FLE.MIXG  and  G.  B.  Dyke:  "On  the  Power  Factor 
and  Conductivity  of  Dielectrics,"  Journal  I.E.E.,  1912,  vol.  49, 
p.  323. 
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co-operate  together  through  the  transformer  and  their 
combined  energy  is  conveyed  to  the  line.  On  the 
other  hand,  any  currents  which  have  their  origin  in 
the  valves  owing  to  modulation  are  in  opposition  as 
regards  phase  and  cut  each  other  out. 

It  should  be  mentioned  that  a  two-way  repeater 
plant  suitable  for  use  with  carrier-wave  telephony 
has  been  developed,  and  also  that  the  arrangements 
for  full  duplex  in  the  case  of  carrier-wave  telegraphy 
have  ajso  been  worked  out  by  the  American  Tele- 
phone and  Telegraph  Company  in  conjunction  with 
the  Western  Electric  Company  of  America. 

It  may  perhaps  be  added  that  carrier-wave  tele- 
phony and  telegraphy  in  the  present  state  of  the  art 
find  their  commercial  justification  only  in  application 
to  relatively  long  and  therefore  expensive  lines. 

IX.  The  Problems  of  Commercial  Telephony. 

(18)  The  great  advances  in  the  development  of 
commercial  telephony  centre  round  three  remarkable 
groups  of  inventions  connected  with  the  working  out 
of  the  telephone  exchange  system.  These  are  (i)  the 
Common-Battery  System,  (ii)  the  Multiple  Switchboard 
and  (iii)  the  Automatic  Telephone  Exchange.  The 
use  of  the  telephone  would  probably  have  been  com- 
paratively limited  if  it  had  not  been  for  the  conception 
of  a  telephone  exchange  for  mutual  conversation. 
This  ma}'  be  said  to  have  originated  with  Bell  almost 
immediately  after  he  and  others  had  given  us  the 
means  of  talking  along  a  wire.  It  was  the  success 
which  attended  even  the  first  crude  attempts  to  estab- 
lish an  exchange  system  which  created  the  necessity 
for  grappling  seriously  with  the  unsolved  problems  in 
connection  with  it.  To  deal  even  in  barest  outline 
with  the  manner  in  which  the  problems  of  exchange 
telephony  have  been  approached  and  fairly  well  solved 
would  require  not  merely  a  fragment  of  a  lecture,  but 
a  long  course  of  lectures.  Moreover,  the  literature  of 
the  subject  is  extremely  extensive.  The  masterly 
treatise  of  our  member,  Mr.  J.  E.  Kingsbury,  on 
"  The  Telephone  and  Telephone  Exchanges  "  (Long- 
mans, Green  A:  Co.),  covers  the  broad  general  history 
and  special  treatises,  and  papers  without  number 
supply  .abundant  technical  details.  Hence  I  shall  not 
attempt  to  repeat  that  which  has  already  been  so  well 
said. 

The  development  of  the  automatic  exchange  is  a 
story  of  fascinating  interest.  It  presents  us  with  a 
galaxy  of  inventions  of  astounding  ingenuity,  the  result 
of  which  has  been  to  give  us  a  mechanical  appliance 
which  is  almost  a  living  organism  in  its  capabilities 
and  adaptability  to  the  requirements  of  human  inter- 
course. 

X.  Some  Problems  of  Radio-telephony. 

(19)  The  very  remarkable  progress  in  radio-tele- 
phony during  and  since  the  European  war  has  been 
chiefly  due  to  the  wonderful  intrinsic  powers  of  the 
three-electrode  thermionic  valve,  which  have  been 
brought  to  light  by  the  researches  and  inventions  of 
numerous  investigators  of  the  liighest  ability. 

An    achievement    which    a    few    years    ago    was    the 


occasional  and  imperfectly  performed  feat  of  experts 
has  now  become  a  popular  pastime,  with  apparatus 
for  it  sold  in  countless  shops. 

Still  there  are  many  problems  connected  with  radio- 
telegraphy  as  yet  imperfectly  solved,  although  aston- 
ishing progress  has  been  ma<Je  in  some  respects  in 
the  last  few  years. 

Limiting  our  consideration  solely  to  the  subject  of 
speech  transmission  by  radio  we  find  that  in  the  trans- 
mitting part  of  the  appliance  as  generator  of  the 
carrier  electromagnetic  waves  required,  the  thermionic 
valve  has  displaced  all  other  ri\-als  such  as  the  arc 
and  high-frequency  spark.  It  is  questionable  whether 
high-frequency  alternators  or  Poulsen  arcs  will  survive 
in  competition  with  the  valve.  As  long  as  we  are 
concerned  only  with  small-power  radiation  the  glass- 
bulb  high-vacuum  three-electrode  valve  provides  a 
very  convenient  generating  appliance.  Assuming  that 
it  is  not  too  badly  treated  during  the  progress  of  manu- 
facture by  the  electron  bombardment  of  the  metallic 
parts  and  consequent  wear  of  the  filament,  it  has  a 
fairly  satisfactory  life. 

Even  up  to  a  power  of  5  k\\  the  glass-bulb  valve 
is  still  a  very  practical  appliance,  although  silica  bulbs 
have  been  used  for  somewhat  larger  powers.  Methods 
of  using  a  large  number  of  valves  of,  say,  5  k\V  capacity 
in  parallel  have  been  perfected,  as  in  the  large  valve 
panel  at  Marconi's  Wireless  Station,  Carnarvon,  where 
60  or  more  valves  of  the  above  size  are  employed  in 
parallel.  For  larger  powers  and  in  prolonged  use 
the  heating  of  the  anodes  sometimes  gives  trouble. 

An  advance  which  has  been  made  during  the  past 
year  is  therefore  the  discovery  of  a  method  of  con- 
structing high-power  valves  with  bulbs  partly  of 
metal  and  partly  of  glass.  The  metal  part  also  forms 
the  anode  and  can  be  kept  cold  by  water  circulation 
or  air  cooling.  This  new  type  of  valve  was  rendered 
possible  by  the  discovery  of  a  method  of  sealing 
together  a  glass  and  a  copper-plated  nickel  tube. 
Hitherto  it  has  been  necessary  to  convey  the  currents 
into  and  out  of  the  glass  bulb  by  platinum  wires  sealed 
through  lead  glass.  The  present  high  price  of  platinum 
(about  £23  per  ounce)  prohibits  any  extensive  use  of 
this  metal. 

Some  years  ago  Mr.  W.  G.  Housekeeper,  of  the  Bell 
Research  Laboratory  of  the  Western  Electric  Com- 
pany, U.S.A.,  endeavoured  to  cheapen  the  production 
of  telephone  switchboard  incandescent  lamps  by  the 
use  of  copper  instead  of  platinum  for  leading-in  wires. 
Copper  is  possessed  of  one  of  the  qualities  necessary 
for  an  air-tight  seal  through  glass,  viz.  that  it  is 
"  wetted  "  by  molten  glass  and  adheres  to  it.  Copper 
and  glass  have,  however,  quite  different  coefficients  of 
expansion.  It  has  been  found  that  a  thin  nickel 
copper-plated  tube  provided  with  a  knife-edge  end 
can  be  sealed  air-tight  to  a  glass  tube  and  the  joint 
will  not  crack  on  cooling  or  on  re-heating.  Hence 
the  construction  of  a  metal-glass  bulb  thermionic 
valve  for  large  power  can  be  carried  out  as  follows  : — 

A  copper  tube  3  or  4  inches  or  more  in  diameter 
closed  at  one  end  has  a  copper-plated  nickel  ring 
welded  to  one  end  which  has  a  sharp  bevel  at  the  free 
edge.     This   can    be   sealed   on    to   a   glass   tube.     The 
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copper   tube    is    provided    with    a   jacket    and    can   be 
water-cooled. 

The  glass  portion  has  a  re-entrant  end  through 
which  copper  leads  are  sealed  to  convey  the  filament 
heating  current  and  also  the  connection  to  the  grid, 
provided  it  is  a  three-electrode  vahe.  It  will  be 
remembered  that  our  President,  Mr.  F.  Gill,  exhibited 
some  months  ago  to  the  Institution  some  lO-kW 
three-electrode  valves  of  this  t\-pe  made  by  the 
Western  Electric  Company.  The  filaments  of  these 
valves  are  stout  tungsten  wires,  and  take  24  •  5  amperes 
at  32  volts  to  bring  them  to  bright  incandescence. 
The  normal  plate  voltage  is  10  000  volts  supplied 
from  a  d.c.  dynamo  or  by  rectified  low-frequency 
alternating  voltage.  The  power  intake  of  the  tube, 
including  filament-heating,  is  15  kW  and  the  efficiency 
7.5  per  cent.  The  General  Electric  Company  of 
America  have  also  been  working  along  the  same  lines 
in  the  development  of  high-power  valves.  Thev  have 
produced  a  20  k\V  \alve,  comprising  a  copper  anode 
tube  which  forms  part  of  the  bulb  and  is  about 
1  •  9  inches  in  diameter  and  8  inches  long.  This  is 
sealed  to  a  glass  tube  2-75  inches  in  diameter  at  the 
widest  part. 

The  filament  of  this  valve  is  a  stout  tungsten  wire 
1/25  inch  in  diameter  and  is  heated  by  a  current  of 
50  amperes  supplied  at  20  volts.  The  plate  voltage 
is  15  000  volts  and  the  overall  efficiencv  of  the  valve 
as  a  generator  is  about  70  per  cent. 

A  100  kW  valve  of  the  same  type  is  being  developed 
by  the  same  corporation.  I  have  seen  some  similar 
valves  of  150  k\V  power  made  by  a  firm  in  Holland. 
An  additional  advance  wliich  may  have  important 
consequences  in  connection  with  high-power  generating 
valves  consists  in  abolishing  the  grid  and  returning 
to  the  simple  two-electrode  or  Fleming  valve  as  an 
oscillation  generator  on  the  following  principles.  If  a 
straight  rod,  say  of  tungsten,  is  made  incandescent 
in  a  high  vacuum,  it  emits,  as  we  know,  electrons 
normal  to  its  surface.  If  the  filament  is  surrounded 
by  a  cylindrical  anode  kept  at  a  high  positive  poten- 
tial, these  electrons  move  radially  towards  the  anode, 
creating  a  thermionic  current.  The  filament-heating 
current,  however,  produces  a  circular  embracing 
magnetic  field  and  the  moving  electrons  are  therefore 
acted  upon  by  a  force  tending  to  make  them  move 
across  these  lines  of  force  in  a  direction  parallel  to 
the  filament,  or  even  bring  them  back  towards  it. 

If,  then,  the  filament  is  heated  bv  a  high-frequency 
alternating  current  the  temperature  and  therefore 
electronic  emission  keeps  nearly  constant,  but  during 
the  instants  of  ma.ximum  filament  current  there  will 
be  a  force  reducing  the  thermionic  current,  which 
last,  however,  will  rise  to  its  full  strength  during  the 
instants  when  the  filament-heating  current  is  zero. 

Accordingly,  if  the  straight  filament  of  a  two- 
electrode  valve  with  cylindrical  anode  is  heated  bv 
a  strong  high-frequency  alternating  current,  sav  of 
20  000  p.p.s.,  and  if  a  high  positive  voltage  is  put 
upon  the  anode,  the  thermionic  current  in  an  external 
circuit  connecting  the  anode  and  the  filament  will 
have  pulsations  in  it  having  a  frequency  twice  that 
of  the  filament-heating  current.     These  pulsations  mav, 


by  a  proper  transformer  in  the  external  anode  circuit, 
be  converted  into  high-frequency  alternating  current. 

The  valve  so  used  becomes  a  sort  of  alternating- 
current  transformer  or  converter  of  part  of  the  energv 
of  a  direct  high-voltage  current  into  high-frequency 
alternating  current.  In  place  of  the  electrostatic 
control  of  the  thermionic  current  bv  the  grid  potential 
we  have  magnetic  control  by  means  of  the  field,  due 
to  the  filament-heating  current. 

In  the  author's  fundamental  patent  for  the  ther- 
mionic valve  in  1904  it  was  pointed  out  that  if  the 
filament  were  heated  by  a  high-frequency  alternating 
current,  the  thermionic  current  in  an  external  circuit 
connecting  the  anode  and  filament  was  a  direct  cur- 
rent, but  it  appears  to  have  been  first  suggested  by 
Dr.  A.  W.  Hull  that  the  field  of  the  filament  currents, 
if  alternating,  would  produce  pulsations  in  the  ther- 
mionic current  as  above  described.  On  these  lines 
the  Cieneral  Electric  Company  of  America  are  said  to 
be  developing  a  1  000  kW  metal-bulb  thermionic 
generator  in  which  the  external  water-cooled  anode 
which  forms  part  of  the  bulb  is  30  inches  long  and 
1  •  75  inches  in  diameter.  In  the  axis  of  this  anode 
cylinder  is  a  tungsten  rod  0  •  4  inch  in  diameter  which 
acts  as  filament  and  is  made  incandescent  by  an  alter- 
nating current  of  1  800  amperes  at  a  frequency  of 
10  000  p.p.s.,  the  filament  taking  20  kW.  The  anode 
d.c.  voltage  is  20  000  volts  and  the  valve  will  suppl}' 
1  000  kW  with  an  efficiency  of  70  per  cent. 

Since  the  frequency  of  the  generated  current  is 
twice  that  of  the  filament-heating  current,  it  may  be 
possible,  by  a  series  of  such  valves  starting  with  a 
low-frequency  filament-heating  current  for  the  first 
valve,  to  build  up  a  high-frequency  high-voltage  current 
using  the  thermionic  current  of  one  valve  to  heat  the 
filament  of  the  next,  and  so  on. 

No  great  difficulty  seems  to  have  been  found  in  making 
and  keeping  a  high  vacuum  in  these  metal-bulb  valves. 
Quite  small  generating  valves  are  now  being  made  in 
which  part  of  the  bulb  is  an  air-cooled  metal  cylinder 
which  forms  the  anode  or  plate,  and  the  remainder  of 
the  bulb  is  of  glass.  The  anode  can  be  kept  cool  by 
keeping  the  metal  part  in  water. 

Hence  the  valves  can  be  run  for  long  periods  of 
time  at  a  theimionic  current  density  on  the  anode 
which  would  destrov  in  a  short  time  the  internal  anode 
of  a  glass-bulb  valve.  Time  alone  will  show  how 
these  metal-bulb  valves  compare  in  life  and  efficiency 
with  the  glass-  or  sihca-bulb  ^•alves.  It  cannot  be 
said,  howevei,  that  at  the  present  time  there  is 
a  field  of  operation  for  such  large  sizes  in  single 
valves. 

The  utility  of  long-distance  wireless  telephony  is  to 
a  considerable  extent  frustrated  by  the  great  difference 
between  the  day  and  night  transmission  range,  and 
especially  by  the  as  yet  unconquered  problem  of  atmo- 
spheric disturbances.  So  far,  most  of  the  remedies  or 
schemes  for  the  ehmination  of  these  disturbances 
have  in  actual  practice  been  found  to  fall  ver\-  far 
short  of  the  claims  made  for  them  by  their  inventors. 
The  chief  unsohed  problem  in  long-distance  radio 
working  is  this  annulment  of  strays.  Much  which 
ma\'  in  time  lead  to  further  inventions  for  their. con- 
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quest    is    being   done   towards   a   clear   comprehension 
of  the  origin  and  source  of  these  disturbances. 

(20)  Another  radio  problem  which  awaits  full  solu- 
tion is  the  manner  in  which  the  electromagnetic  waves 
sent  from  broadcasting  stations  are,  so  to  speak,  lifted 
over  certain  districts  so  that  the  speech  and  music 
are  in  certain  cases  better  heard  at  remote  than  at 
nearer  distances.  It  has  been  stated  that  the  London 
radio  broadcast  is  heard  better  in  Scotland  than  in 
Yorkshire,  and  that  that  from  Manchester  is  better 
heard  at  Southampton  and  Portsmouth  than  in 
London.  Furthermore,  there  are  "  blind  spots  "  in 
certain  areas  where  the  radio  speech  or  signals  are 
very  badly  heard  or  not  heard  at  all,  even  when  well 
within  normal  range  of  the  transmitting  station. 
Moreover,  it  is  well  known  that  there  is  a  phenomenon 
called  "  fading  "  in  which  the  sounds  or  signals  carried 
by  cei'tain  wave-lengths,  especially  over  long  distances, 
fade  away  and  then  reappear  and  fluctuate  in  strength 
in  an  exaspeiating  manner.  These  abnormalities  are 
probably  capable  of  explanation  by  reflection  from 
higher  ionized  levels  of  the  earth's  atmosphere,  by 
absorption  of  wave  energy  by  ionized  masses  of  atmo- 
spheric gases,  or  by  absorption  in  passing  over  certain 
kinds  of  terrestrial  surface.  There  are  very  similar 
phenomena  in  the  case  of  sound  waves  in  air.  Loud 
sounds  are  sometimes  heard  at  great  distances  from 
the  source  better  than  at  places  nearer  to  it.  This  is 
explained  as  being  due  to  the  action  of  winds  or  air 
currents  which  advance  and  then  ultimately  retard 
the  progress  of  the  upper  part  of  the  air-wave  front 
which  causes  the  wave  direction  to  be  directed  first 
upwards  and  then  brought  down  again  so  that  the 
sound  wave,  so  to  speak,  plays  "  leap-frog  "  over 
certain  districts. 

In  the  case  of  electric  waves,  especially  of  the  some- 
what short  wave-length  used  in  broadcasting,  the 
wave  might  be  deflected  upwards  by  reflection  from  : 
certain  inclined  ground  surfaces  or  by  retardation  of 
the  part  of  the  wave-front  due  to  an  increase  of  the 
dielectric  constant  of  the  air  by  water  vapour,  and  ! 
then  brought  down  again  by  reflection  from  the  under 
surface  of  masses  of  ionized  air  in  the  upper  atmo- 
sphere and  so  convey  more  energy  to  a  distant  receiv- 
ing station  than  to  a  nearer  one.  The  "  blind  spots  " 
may  perhaps  be  due  to  interference  between  waves 
which  have  reached  that  spot  by  two  independent 
paths  of  different  length.  In  these  and  innumerable 
other  unsolved  problems  of  radio-telephony  very  valu- 
able contributions  could  be  made  towards  their  solution 
by  the  combined  action  of  the  very  numerous  amateurs 
who  now  possess  radio-telephonic  receiving  apparatus. 

In  all  large  towns  there  are  now  radio  societies  and 
wireless  clubs  the  offspring  of  the  parent  Institution, 
The  Radio  Society  of  Great  Britain. 

If  programmes  could  be  drawn  up  and  certain 
standard  apparatus  used  and  methods  of  recording 
results  unified,  extremely  useful  information,  which 
would  greatly  aid  in  arriving  at  explanations  of  some 
of  the  above-mentioned  effects,  could  be  obtained  in 
time  as  to  atmospheric  disturbances  and  audibility  of 
given  broadcast  in  various  districts,  by  observations 
made  by  amateur  listeners-in. 


Many  of  the  most  interesting  problems  as  yet 
unsolved  in  radio-telephony  can  only  be  attacked  by 
team  work  and  will  not  yield  to  isolated  efforts.  The 
various  problems  connected  with  commercial  radio- 
telephony  have  been  mentioned  and  briefly  discussed 
quite  lately  in  a  report  made  by  a  Sub-Committee  on 
Radio-telephony  to  the  Radio  Research  Board  of  the 
Department  of  Scientific  and  Industrial  Research. 
They  have  considered  the  matter  from  the  point  of 
view  of:  (1)  Long-distance  working,  viz.  3  000  miles  or 
so  ;  (2)  medium  distances,  over  1  000  miles  or  so  ;  and 
(3)  short  distances,  of  over  100-200  miles  or  so. 

They  point  out  that  the  very  long  wave-lengths 
most  suitable  for  long-distance  radio-telegraphy,  viz. 
10  000  to  25  000  metres,  are  unsuitable  for  radio- 
telephony,  and  that  the  power  required  for  given 
long-distance  radio-telephony  would  be  from  3  to 
20  times  that  required  for  similar  radio-telegraphy 
over  the  same  range.  Also,  of  course,  the  absence  of 
privacy  and  the  atmospheric  interferences  are  draw- 
isacks  as  yet  not  overcome.  We  are  probably,  there- 
fore, not  yet  within  reach  of  means  by  which  world- 
wide broadcasting  is  practicable,  although  many  feats 
of  long-distance  radio-telephony  ha\-e  been  carried 
out  where  cost  and  secrecy  were  of  no  account.  The 
same  criticisms  apply,  but  perhaps  not  so  strongly, 
to  the  medium-distance  working  of   1  000  miles  or  so. 

On  the  other  hand,  for  short  distances  radio-tele- 
phony finds  a  distinct  field  of  usefulness,  apart  alto- 
gether from  the  broadcasting  which  may  be  regarded 
chiefly  as  a  new  form  of  popular  entertainment.  The 
employment  of  short  waves  10  to  15  metres  in  length 
in  conjunction  with  parallel-wire  parabolic  reflecting 
mirrors,  as  described  by  Mr.  C.  S.  Franklin  in  a 
paper  *  to  this  Institution  a  year  ago,  has  made  a 
distinct  advance  towards  privacy  of  communication. 

With  this  short-wave  apparatus  atmospheric  disturb- 
ances are  much  less  easily  picked  up  at  the  receiving 
stations,  and  listening-in  by  outsiders  is  rendered 
more  difficult  by  reason  of  the  special  receiving 
arrangements  required. 

On  the  other  hand,  for  short  or  moderate  ranges 
radio-telephony  enables  us  now  to  bridge  over  gaps 
in  wire  telephonic  systems  and  to  cross  sea  channels 
by  means  which  are  often  less  costly  than  the  laying 
of  submarine  telephone  cable  might  be. 

The  thermionic  repeater  and  amplifier  enables  us  to 
relay  from  wire  to  wireless  and  vice  versa,  and  thus 
automatically  to  interconnect  two  exchange  systems 
or  from  an  exchange  system  to  an  aeroplane  or  airship. 

In  the  interconnection  of  exchanges  the  two-way 
transmission  is  best  achieved  by  the  use  of  carrier 
waves  of  slightly  different  frequencies.  This  method 
can  be  illustrated  by  the  recent  interconnection  by 
the  American  Telephone  and  Telegraph  Company  of 
the  mainland  telephone  exchange  s>^sten;  on  the  west 
coast  of  the  United  States  embracing  Los  Angeles  in 
California,  and  the  exchange  system  of  Avalon,  a 
town  in  Santa  Catalina  Island,  30  miles  off  the 
mainland  in  the  Pacific  Ocean. 

The    mainland    exchange    system    operates    a    radio 

•  Journal  I.E.E.,  1922,  vol.  60,  p.  930 ;  also  the  Wireless 
World  aiut  Radio  Review,  1922,  vol.  10,  p.  219. 
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transmission  to  Santa  Catalina  with  a  carrier  wave 
470  m  in  length,  and  Avalon  speaks  back  to  the  main- 
land with  a  carrier  wave  of  400  m. 

The  telephonic  currents  arri\ing  from  the  exchange 
system  are  amplified  by  a  valve  repeater,  and  after 
passing  through  a  low-pass  filter  are  employed  to 
modulate  the  radiated  carrier  waves  sent  out  by  a 
valve  transmitter. 

In  reception  the  arriving  wa\-es  are  caught  on  a 
frame  aerial  so  set  as  not  to  be  influenced  by  the 
sending  aerial  on  the  same  side  ;  and  then  after  ampli- 
fication by  a  valve  repeater,  and  filtration,  pass  back 
through  a  hybrid  coil  or  Edison  circuit  into  the 
exchange  circuits. 

The  difficulties  of  simultaneous  reception  and  trans- 
mission or  "  cutting  in  "  are  for  practical  purposes 
overcome  by  the  use  of  this  two-wave  system,  and  by 
the  frame  and  open-wire  aerials  separated  by  a  little 
distance.  Limitations  of  time  and  space,  however, 
prevent  further  reference  to  the  details. 

XI.    COXCLUSIOX. 

(21)  A  brief  reference  may  be  made  in  conclusion 
to  the  position  of  research  on  telephonic  problems  in 
Great  Britain. 

The  great  technical  corporations  in  the  United 
States,  such  as  the  American  Telephone  and  Telegraph 
Company,  the  '\\'estern  Electric  Company  and  the 
General  Electric  Companv  maintain  research  staffs 
and  laboratories  for  this  purpose  with  equipments 
which,  as  far  as  I  know,  have  few  equivalents  in  this 
country.  They  retain  the  services  of  scientific  investi- 
gators of  the  highest  ability  who  direct  their  attention 
not  exclusively  to  problems  of  immediate  commercial 
advantage  but  look  far  ahead  into  the  possible  require- 
ments of  the  future.  The  only  research  establish- 
ments we  in  Great  Britain  possess  which  are  on  a  par 
with  those  of  America  are  the  new  and  finely  equipped 
laboratories  of  the  General  Electric  Company  at  North 
Wembley,  the  National  Phvsical  Laboratory  at  Ted- 
dington,  and,  on  a  smaller  scale,  the  British  Post 
Office  Research  Laboratory  at  DolUs  Hill.  There  is, 
however,  in  Great  Britain  too  much  tendency  to 
demand  an  immediate  commercial  return  or  at  any 
rate  a  very  close  connection  between  the  character  of 
the  research  work  done  and  its  industrial  applications, 
and  also  to  consider  that  it  can  be  fostered  by  small- 
scale  expenditure  on  scholarships  or  committees,  or 
usefullv  conducted  by  men  of  mediocre  power.  The 
first  essential  is  to  find  the  men  with  great  initiative 
and  original  power  and  then  to  place  at  their  disposal 
adequate  resources  for  research. 

It  is  a  lamentable  thing,  for  example,  that  low- 
temperature  research,  of  which  the  foundations  were 
laid  at  the  Royal  Institution  of  Great  Britain  20  or 
30  vears  ago  (when  the  late  Sir  James  Dewar  first 
liquefied  oxvgen,  air  and  hvdrogen  in  bulk  in  open 
vacuum  vessels),  practically  ceased  after  the  war  for 
want  of  financial  support  ;  whereas  it  is  still  active  in 
other  countries  such  as  Canada  and  Holland.  Telegraphy 
and  telephonv  being  imder  Government  control  in  this 
country   there  is   less   inducement   for   private  investi- 


gators of  high  ability  to  make  it  the  subject  of  their 
labours.  There  is  not,  as  far  as  I  am  aware,  a  single 
University  in  this  country  which  possesses  in  its  elec- 
trical engineering  departments  the  necessary  equip- 
ment for  conducting  advanced  experimental  investi- 
gations in  telephony  and  telegraphv. 

Nevertheless,  research  in  this  subject  is  a  matter 
of  national  importance,  especially  to  Great  Britain 
with  an  Empire  scattered  over  many  seas. 

We  have  never  been  deficient  in  the  possession  of 
men  of  the  highest  scientific  originality  in  this  country, 
but  the  pioneer  work  of  such  great  investigators  as 
D.  E.  Hughes,  Oliver  Heaviside,  the  late  Lord  Rayleigh 
and  even  that  of  Lord  Kelvin  himself  was  not  at  the 
time  of  its  performance  estimated  at  its  true  value  or 
followed  up  with  sufficient  resources  in  the  field  of 
large-scale  experiment,  with  the  result  that  much  of 
its  practical  outcome  has  reached  us  from  other 
countries  than  our  own.  The  unsolved  problems  in 
telephony  are  still  many  and  of  absorbing  interest, 
and  it  is  desirable  that  the  attack  on  them  should  be 
from  many  sides,  and  not  limited  to  the  personnel  of 
Government  Laboratories  or  to  the  official  initiative 
of  small  Government  Committees,  but  that  facilities 
should  exist  for  bringing  to  bear  upon  them  the 
highest  theoretical  knowledge  and  most  copious  experi- 
mental skill  wherever  found.  These  two  rarely  united 
kinds  of  ability  were  combined  together  in  a  surpassing 
degree  in  Lord  Kelvin,  and  we  cannot  afford  to  allow 
the  country  which  gave  birth  to  him  to  fall  behind  in 
the  effort  to  advance  our  knowledge  of  electric  and 
magnetic  phenomena,  especially  in  relation  to  the  arts 
of  telephony  and  telegraphy,  \\hich  have  become  of 
such  supreme  impcjrtance  in  relation  to  the  intercourse 
of  all  mankind. 


APPENDIX    I. 

Ln  the  case  of  wave  motion  through  a  medium,  each 
specific  quantity  which  defines  the  state  of  the 
medium  at  any  point  in  space  and  at  any  time  must 
satisfy  a  certain  differential  equation  called  the  wa\-e 
equation.  This  equation  is  the  mathematical  expres- 
sion for  the  fact  that  the  quantity  under  consideration 
is  periodic  both  in  space  and  with  time  and  is  there- 
fore propagated  as  a  wave. 

The  wave  equation  is  : — 

dfi  Vrfx-2    '   dy^    '   dz^J    ■      ■      •      ^> 

where  x,  y  and  z  are  the  co-ordinates  of  a  point  at 
which  the  variable  state  <^  exists  at  a  time  t,  and  c  is 
the  velocity  of  propagation. 

In  the  case  of  wave  propagation  from  a  centre  uni- 
formly in  all  directions,  if  we  take  the  centre  as  origin 
and  r  as  the  radial  distance  of  any  point  the  co-ordi- 
nates of  which  are  x,  y  and  z,  then  : — 


and 


rdr  =  xdr 


y-  -r  2- 
-  ydy  +  zdz 


(ii) 
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By    a    simple     transformation    the    wave   equation    (i) 
then  becomes  : — 


But 


d-<t> 


'P  _  .•'  {z2 


d<f, 

rf7 


1^      dHr^ 
r   '      dr- 


(iii) 


and   if  r  is  independent  of  t  we  can  write  the  wave 
equation  in  the  form  : — 


dHrcj,)         .,  clHr4>) 


dfi 
The  solution  of  (iv)  is  :- 


dr2 


^  =  -{^i('-  -  cO  +  F.2,(r  +  ct)\ 


(iv) 


(V) 


where  Fi  and  F-^  are  any  single-valued  functions  of  r 
and  t.  This  equation  signifies  a  wave  (or  rather  two 
waves)  propagated  from  and  towards  the  origin. 
When  we  are  dealing  with  irrotational  motion  of  fluids 
we  can  find  a  function  called  the  velocity  potential  such 
that  its  space  differential  in  any  direction  gives  us 
the  measure  of  the  velocity  of  the  fluid  in  that  direc- 
tion. This  velocity-potential  function  must  then 
satisfy  the  wave  equation  (i)  or  (iv).  For  a  simple 
harmonic  or  sine-form  wave  this  velocity  potential  6 
for  radial  propagation  from  a  centre  takes  the  form  : — 


B       cos  (mr 
477  '  r 


cut) 


(vi) 


where  m  =  27t/A  and  w  =  27T/r,  A  being  the  wave- 
length and  T  the  periodic  time.  The  velocity  of  the 
fluid  at  the  distance  r  in  the  direction  of  r  is  then 
given  by  dbjdr. 

If  a  be  the  displacement  of  any  particle  of  the  fluid 
from  its  zero  position  then  dajdt  (which  may  be  written 
d)  is  given  by  :• — • 


da     dh       B 

a  =  —  =--= J  cos  (mr  — cut)  -A-mr 

dt      dr     ■iTTr-\        ^  ' 


sm  (mr  —  o). 


')} 


If  we  are  considering  air-wave  motion  or  condensa- 
tional waves,  then  Lord  Rayleigh  has  shown  in  his 
"  Treatise  on  Sound  "  (vol,  2,  §  244,  p.  14)  that  if  p  is 
the  variable  part  of  the  pressure  and  p  is  the  density 
of  the  air,  the  value  of  p  is  given  by  73  =  —  pidb/dt). 
But  from   (v)  we  have 


db 
dt 


ojB 

47Tr 


ait) 


Also  the  energy  W  conveyed  in  the  direction  of  r 
through  unit  of  area  in  unit  of  time  is  the  mean  value 
of  p  and  d  throughout  one  complete  period.  Hence 
from  (vii)  and   (viii) 

]xi  =      .    .)  .j  J  sm  {tnr  —  ojt)  cos  {mr  —  a>t) 

-f-  mr  sin-  {mr  —  ujt)  \    .      (ix) 

The  mean  value  of  sin-  (mr  —  cjt)  throughout  a  period 
is  J,  and  the  n\ean  value  of  the  first  term  in  the 
bracket  of  (ix)  is  zero. 


Hence  for  the  value  of  W  we  have  the  expression  : — 
poi-B- 


W  = 


(47rr-)  (87TC) 


X) 


If  we  write  Wt  for  the  whole  energy  sent  out  per  imit 
of  time  through  a  spherical  surface  of  radius  r 
described  round  the  origin,  we  have  iirr-W  =  Wf 


Hence 


W, 


pcS-B^ 

87TC 


(xi) 


Now  from  Equation  (vii)  it  is  seen  that  the  maximum 
value  of  the  velocity  (a)  during  a  period,  which  may 
be  denoted  by  A,  is  given  by  : — 


A 


B 


m-r-) 


(xii) 


Also    we    have    A  =  Aoj,    where    A    is    the    maxinium 
value  of  the  displacement  a  during  the  period. 
Therefore  we  have  ; — 

(^■nr^)'^A-coi 


cj-B-  =  ,   , 

1  +  m-T^ 

and  hence  from   (xi)  and   (xiii) 

p        (iTTr-)-A~uj* 


W, 


87TC 


1 


(xiii) 


(xiv) 


But  the  product  A(-iTTr-)  =  V  denotes  the  maximum 
quantity  of  the  fluid  moved  across  the  surface  of  the 
enclosing  sphere  of  radius  r  by  the  wave  motion. 
Accordingly  we  have,  finally  : — 


W,  =  ^  . 


V^uji 


87TC  '  I  +  m'-r- 


(XV) 


There  are  then  two  cases  to  be  considered  :  (1)  when 
the  distance  r  is  large  compared  with  the  wave-length 
A  (where  m  =  277/A),  and  (2)  when  r  is  small  compared 
with  A.  In  the  first  case  mr  and  therefore  m-r-  are 
large  compared  with  unity.  Then  Equation  (xv) 
reduces  to  ; — 

p       F-oj^ 

Sttc  '  m-r- 


W, 


(xvi) 


But     cu-ltn-  =  C-,     and     I'-  =  A'-lG-rr-r*.     Hence    (xvi) 
becomes  : — 

Wt  =  hpcco-A-i-inr-) 


W  =  ipca>-A- 


(xvii) 


This  is  the  same  expression  as  that  for  the  energy 
passing  through  unit  of  area  in  unit  of  time  in  the 
case  of  a  plane  wave,  and  this  is  obviously  correct 
because  at  very  large  distances  the  wave-front  of  the 
spherical  wave  becomes  equivalent  to  a  plane  wave 
[see  Equation   (7)  on  page  6141. 

Then  in  the  second  case  when  r  is  small  compared 
with  A  we  have  m'-r-  small  conipared  with  unity.  The 
expression   (14)  then  becomes: — 


Wt 


Sttc 


j4yz 


(xviii) 
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Now  for  air,  p  =  0-00129  grammes  per  cm^  and  c  for 
sound  waves  =  3-3  x  lO*  cm  per  second.  Also 
7J-3  =  31,  and 

2pTT^Ic  =  (00026  X  31)/(3-3  X  10*)  =  1/400  000 
Hence  we  have  : — 

n*V- 

Wi  =  —       ....      (xix) 

'       400  000  ■      •      \      ) 

This  is  the  expression  used  in  the  text  of  the  lecture 
in  Equation  (22)  on  page  621.  In  the  case  of  a  tele- 
phone, if  we  consider  the  energy  passing  through  the 
surface  of  a  sphere  with  radius  small  compared  with 
mean  wave-length  of  speech  waves,  which  is,  for  a 
frequency  of  800,  about  40  cm,  and  if  we  consider 
that  the  quantity  V  in  the  above  formula  (xix)  is 
the  volume  included  between  the  surfaces  of  the 
diaphragm  in  its  two  extreme  positions,  then  (xix) 
approximately  applies  and  gives  us  the  total  energy 
emitted  per  second  as  speech-wave  energy  by  the 
receiver.  The  ideal  method  of  measuring  the  acoustic 
efficiency  of  a  telephone  receiver  would  be  to  measure 
the  electric  power  given  to  it  at  a  certain  frequency 
and  constant  current  by  means  of  a  wattmeter, 
(a)  when  the  telephone  was  emitting  sound  waves, 
and  (6)  when  the  receiver  was  enclosed  in  a  vessel 
exhausted  of  its  air  so  that  no  sound  waves  could  be 
produced.  If  the  electiic  current  was  adjusted  to  be 
the  same  in  both  cases,  the  ratio  of  the  readings  of 
the  wattmeter  would  give  the  efficiency.  No  watt- 
meter yet  made  is  sufficiently  sensitive  to  carry  out 
this  experiment  with  accuracy. 


APPENDIX    II. 

The  following  statistics  relating  to  telephone  cir- 
cuits and  plant  in  the  United  States  and  in  Great 
Britain  have  been  supplied  by  the  kindness  of  the 
President,  Mr.  F.  Gill,  for  the  United  States,  and  by 
Colonel  T.  F.  Purves,  O.B.E.,  Engineer-in-Chief  of  the 
British  General  Post  Office,  for  Great  Britain.  They 
are  valid  up  to  the  end  of   1922. 

I.  Statistics  Relating  to  Telephone  Plant  in  the 
United  States  Owned  by  the  Long  Lines 
Department  and  Associated  Companies. 


No. 

Tj-pe  of  Plant 

Miles 

1 

Miles  of  aerial  wire  loaded  with  side- 

circuit  loading  coils 

340  000 

2 

Miles   of     aerial    wire     in    phantom 

circuits  loaded  with  coils 

288  000 

3 

Miles  of  wire  in  cables  loaded  with 

side-circuit  coils 

450  000 

4 

Miles  of  wire  in  cables  loaded  with 

phantom-circuit  coils 

290  000 

5 

Through  line  repeaters 

2  070 

6 

Cord  circuit  repeaters 

400 

7 

4-wire  repeaters 

440 

8 

Repeater  stations 

220 

Note  : — Items  1  and  2  and  3  and  4  are  not  additive 
because  the  same  wires  form  side  and  phantom  cir- 
cuits. Reckoned  in  miles  of  circuit  the  data  are  as 
follows  : — 

(1)  Miles  of  physical  circuit  in  aerial  wires 
forming  side  circuits,  loaded  with  coils  .  .     172  000 

(2)  Miles   of   phantom  circuit  in  aerial  wires 

on  which  loading  coils  are  used  .  .  .  .       72  000 

(3)  ]\Iiles    of   physical    circuit   in    cables    on 

which  loading  coils  are  used     . .  .  .  .  .    225  000 

(4)  Miles   of   phantom    circuit  in   cables   on 

which  loading  coils  are  used     . .  .  .  . .    725  000 

II.  Statistics  Relating  to  Telephone  Circuits  in 
Great  Britain  Controlled  by  the  British 
Post  Office. 


Item 
No. 

T>'pe  of  Plant 

MUes 

1 

Miles   of  aerial  telephone   circuit  in 
which  the  physical  or  side  circuits 

are  equipped  with  loading  coils . . 

800* 

2 

Miles  of  side  circuit  which  are  coil- 
loaded  in  underground  cables,  com- 

pleted             

156  OOOt 

Ditto,  in  progress 

102  000 

3 

Miles   of  phantom  circuit  in   under- 
ground cables  which  are  coil-loaded. 

completed     .  . 

27  000 

Ditto,  in  progress 

41  600 

4 

Total    number   of    loading   coils   in- 

stalled, completed  . . 

83  500 

Ditto,  in  circuits  in  progress 

102  500 

(5)  There  are  at  present  13  telephone  repeater 
stations  equipped  with  thermionic  repeaters  in  opera- 
tion, 8  in  course  of  construction,  and  4  to  be  begun 
in  1923.     These  stations  are  at  : — 


Glasgow 

Leeds 

Manchester 

Derby 

Fenny  Stratford 

Birmingham 

Bristol 

Leicester 


London 

Dover 

Carlisle 

Shrewsbury- 

Morfa  Nevin 

Taplow 

Marlborough 

Guildford 


Ipswich 

Aldeburgh 

Newport 

Gloucester 

Canterbury' 

Catterick 

Newcastle 

Edinburgh 

Jedburgh 


(6)  The  British  Post  Office  has  at  present  16  auto- 
matic telephone  exchanges  in  public  service,  having  a 

•  This  small  amount  of  aerial  line  loading  is  clue  partly  to  the 
unsuitable  climatic  conditions  of  this  country,  which  make  aerial 
line  loading  difficult  or  disadvantageous,  and  to  the  fact  that  the 
longest  present  aerial  lines  in  a  country  so  small  as  Great  Britain 
are  fully  efficient  when  imloaded.  It  is  also  due  partly  to  the 
intention  to  replace  as  soon  as  possible  aerial  trunk  lines  by  under- 
ground cables  loaded  and  equipped  with  repeaters. 

t  The  percentage  of  underground  telephone  cable  mileage  to 
total  wire  mileage  in  Great  Britain  is  considerably  greater  than  in 
any  other  countr>'.  All  underground  circuits,  both  physical  and 
phantom,  are  now  loaded.  This  is  due  to  the  policy,  intentionally 
pursued,  of  late  years  of  placing  all  important  trunk-line  telephone 
circuits  underground  as  soon  as  possible. 
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total  capacity  for   30  000  subscribers.     There  are  also 
6  more  in  progress  having  a  capacitj-  for  11  000  lines. 
Six  systems  are  represented,  viz.  : — 

The  Automatic  Telephone  Manufacturing  Co.,  Ltd. 

Siemens  Brothers  and  Co.,  Ltd. 

The  Western  Electric  Co.,  Ltd. 

The  Relay  Automatic  Telephone  Co.,  Ltd. 

The  General  Electric  Co.,  Ltd.,  and 

The  Lorimer  Automatic  Co.,  of  Canada. 


The  use  of  automatic  exchanges  for  large  public 
and  private  establishments  is  greatly  increasing,  such 
as  the  Bank  of  England,  the  London  County  Council 
Hall,  etc.  The  public  exchanges  var>'  from  large 
ones  such  as  Leeds  with  a  capacity  of  15  000  lines  to 
small  exchanges  such  as  Chepstowe  with  100  lines. 
It  is  thus  clear  that  the  British  Go^'emment  tele- 
phone service  is,  as  regards  all  recent  advances  in 
telephonic  inventions,  well  to  the  front  in  its  adoption 
of  them. 


PERMANENT   MAGNETS,    AND   THE   RELATION    OF    THEIR    PROPERTIES 
TO   THE   CONSTITUTION   OF   MAGNET   STEELS.* 


By  E.  A.  Watson,  Associate  Member. 

(Paper  received  31i/  October,   1922.) 


Summary. 


The  first  portion  of  the  paper  deals  with  the  properties 
required  in  a  permanent  magnet.  It  is  shown  that  in  all 
cases,  provided  the  magnet  is  properly  proportioned  to  its 
work,  the  true  criterion  is  the  {BH)max.  value.  The  relation- 
ship existing  between  the  values  of  saturation  density, 
remanent  density,  coercive  force  and  (BH)max.  is  then 
considered,  and  a  modified  form  of  Kennelly's  or  Lament's '.aw 
is  developed,  which  enables  this  relationship  to  be  expres.sed 
both  analytically  and  graphically.  It  is  .shown  that  in 
actual  practice  magnets  of  homogeneous  composition  obey 
this  law  very  closely  indeed. 

The  paper  next  deals  with  the  case  of  magnets  which  are 
microscopically  not  of  uniform  composition,  and  which 
contain  two  principal  constituents.  The  relation  between 
the  magnetic  properties  of  the  magnet  and  the  grouping  of 
the  constituents  is  considered,  in  addition  to  its  relation  to 
their  magnetic  properties.  The  constituents  may  fall  under 
three  headings  :  (a)  non-magnetic,  (b)  magnetic  and  possessed 
of  high  coercive  force  (magnetically  hard),  and  (c)  magnetically 
soft,  i.e.  magnetic  but  of  low  coercive  force.  Evidence 
shows  that  the  highest  values  of  {BH),nax.  are  obtained 
when  the  magnet  consists  uniformly  of  a  material  of  class 
(h),  and  that  with  the  right  steels  and  appropriate  heat 
treatment  other  constituents  are  absent.  The  constituent 
in  question  is,  however,  only  a  transition  product  between 
the  other  two  classes  (a)  and  (c),  and  its  presence  in  the 
pure  state  is  therefore  not  always  easy  of  attainment. 

Data  taken  chiefly  from  modern  cobalt  steels  are  given  in 
support  of  the  theories  put  forward,  and  some  suggestions 
are  made  for  further  research  and  development  work  in 
this  connection. 

•  The  Papers  Committee  invite  written  rommnnirations  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  publisheil  in  tlie  Juurnal  witliout  being  iea<l 
at  a  meeting.  Comniunirations  should  rearli  the  Secretary  of 
the  Institution  not  later  than  one  month  after  imblication  of  the 
paper  to  which  they  relate. 


Part  I. 


While  the  determination  of  magnetic  flux  in  a  circuit 
comprising  a  permanent  magnet  is  subject  to  the  well- 
known  and  generally  understood  laws  of  magnetic 
induction,  it  was  not  until  Mr.  Evershed's  recent  paper  * 
that  the  subject  of  the  design  and  calculation  of  such 
circuits  was  put  on  a  satisfactory  basis  comparable 
with  the  position  of  the  more  generally  used  circuits 
in  which  an  electromagnet  provides  the  necessary 
magnetomotive  force.  Mr.  Evershed's  treatment  of 
the  subject  is  so  comprehensive  that  it  is  felt  that  but 
little  can  be  added  to  it.  At  the  same  time,  as  the 
theoretical  work  on  which  this  paper  is  based  was  in 
the  main  done  prior  to  the  publication  of  his  paper, 
and  as  the  subject  has  been  approached  somewhat 
differently,  it  is  felt  that  a  short  description  of  the 
lines  of  reasoning  invohed  may  not  be  out  of  place. 

A  permanent  magnet  mav  be  treated  as  a  seat  of 
magnetomotive  force  possessed  also  of  a  reluctance 
which  is  not  a  constant,  but  varies  with  the  flux  linked 
with  the  magnet,  the  reluctance  further  depending  not 
only  on  the  flux  linked  at  any  moment  but  on  the 
previous  history  of  the  magnet  up  to  the  point  of 
establishment  of  the  flux. 

For  any  given  flu.x  linking  the  magnet  there  will 
always  be  a  certain  proportion  of  the  total  magneto- 
motive force  which  is  u.sed  up  in  driving  the  lines 
through  the  magnet  itself,  the  remainder  being  available 
for  maintaining  the  flux  in  the  external  circuit. 

The  relation  between  the  flux  linking  tlie  magnet 
and  the  magnetomotive  force  available  for  use  in  the 

•  "  Permanent  Magnets  in  Theorv  and  Practice,"  Journal  I.E.E., 
1920,  vol.  58,  p.  780. 
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external  circuit  is  best  expressed  bv  the  well-known 
BH  curve  of  the  steel,  forming  a  small  section  of  the 
hysteresis  loop  between  the  positive  B  and  negative 
H  axes.  For  any  point  on  this  curve  the  ordinate  of 
B  represents  the  flux  density  in  the  magnet,  while  the 
abscissa  H  represents  the  demagnetizing  force  necessary 
to  reduce  the  density  to  this  point.  If,  therefore,  the 
conditions  throughout  the  length  of  the  magnet  are 
constant,  the  product  HI,  where  /  is  the  length  of  the 
magnet,  gives  the  M.M.F.  available  in  the  external 
circuit,  while  the  product  BA,  \yhere  A  is  the  area  of 
the  magnet,  will  give  the  total  flux  linking  the  magnet, 
which  is  equal  to  the  sum  of  the  useful  flux  in 
the  external  circuit  and  the  leakage  flux  between  the 
extremities  of  the  magnet  and  other  parts  of  the 
circuit. 

If  d  the  total  flux  required  and  .1/  the  total  M.M.F. 
are  both  ti.xed  by  the  design  of  the  instrument  in  con- 
nection with  which  the  magnet  is  to  be  employed, 
we  ha\'e  : — 

.  ,  ■  d       M 

\  olume  of  steel  ni  magnet  =  7;  X  — 

B       H 

and  this  will  clearly  be  a  minimum  when  BH  is  a  maxi- 
mum, so  that  to  make  the  best  use  of  the  steel  the 
magnet  must  be  worked  at  the  point  at  which  BH  has 
a  maximum  value. 

\^"e  have  now  to  determine  at  what  point  the  magnet 
fitted  to  an  instrument  of  any  kind  is  normallv  working, 
and,  in  the  case  of  instruments  such  as  magnetos,  in 
which  the  working  condition  is  cyclical,  what  relation 
the  normal  working  point  should  bear  to  the  extreme 
conditions  of  service. 

The  BH  curve  as  usually  given  for  a  magnet  is  that 
obtained  when  the  flux  in  the  magnet  has  been  pushed 
to  its  saturation  value,  and  the  magnetizing  force  then 
removed.  It  is,  of  course,  only  one  of  an  infinite  series 
of  curves  forming  portions  of  loops  between  different 
maximum  values  of  B  and  H.  The  BH  cur\e  is,  more- 
over, irreversible,  and  holds  only  when  H  increases 
negatively  from  O  to  --  H.  It  is  obviously  useless  to 
design  a  magnet  to  work  normally  at  the  point  BiHj 
(see  Fig.  1)  when  occasional  overloads  or  extreme 
conditions  of  service  may  bring  about  the  conditions 
denoted  by  B^Ho. 

Consider  first  the  case  of  a  magnet  in  a  meter,  or 
similar  class  of  apparatus,  in  which  the  conditions  of 
service  are  reasonably  constant  but  in  which  it  is 
important  that  any  momentary  variation  in  magnetic 
conditions,  such  as  that  due  to  a  heavy  overload,  the 
presence  of  stray  fields,  or  a  severe  mechanical  vibration, 
shall  not  affect  its  accuracv. 

It  is  clear  that  the  normal  working  point  of  the 
magnet  must  lie  on  a  reversible  cycle,  and  that  the 
length  over  which  the  cycle  is  truly  reversible  must 
exceed  the  variation  in  conditions  which  may  be  met 
with  in  practice. 

If  starting  at  any  point,  such  as  Ho  in  Fig.  1,  we 
increase  H  positively,  or  in  other  words  reduce  the 
demagnetizing  force  applied  to  the  magnet,  the  condi- 
tion will  be  represented  not  by  the  original  BH  curve, 
but  by  another  one  starting  from  the  point  B^Ho  and 
much  less  steeply  inclined  to  the  axis  of  H  than  the 


original  one.  This  curve,  if  carried  far  enough  for 
positively  increasing  values  of  H,  ultimately  bends 
upwards,  and  joins  the  BH  loop  at  the  point  of  saturation. 
This  curve  really  forms  portion  of  a  subsidiary  hvsteresis 
loop,  which  is  described  if  the  material  is  taken  to  anv 
point  to  the  right  of  Hj.  and  then  back  again  to  H.y 
itself.  For  values  of  H  between  Ho  and  zero,  the  width 
of  this  loop  is,  however,  very  narrow,  so  that  the  cvcle 
is  very  nearly  reversible.  If  now  we  choose  our  working 
point  on  this  subsidiary  loop  at,  say,  the  point  B3H2 
in  Fig.  1,  then,  provided  any  disturbing  influence  or 
momentary  overload  never  causes  the  value  of  H  to 
exceed  Ho,  on  the  removal  of  the  overload  the  point 
BgHj  will  be  resumed,  and  the  accuracy  of  the  instru- 
ment will  be  unaffected.  In  the  same  way,  if  the 
disturbing  influence  is  such  as  to  strengthen  the  magnet. 
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Fig.   1. — Typical  main  and  subsidiarj-  BH  loops. 

the  change  in  magnetic  condition  will  be  only  slight, 
corresponding  in  fact  to  the  breadth  of  the  subsidiary 
loop. 

In  the  case  of  an  instrument  subjected  to  known 
electrical  overloads  the  location  of  the  working  point 
with  respect  to  the  BH  curve  is  a  matter  of  calculation, 
although  it  would  appear  that  some  research  is  necessary 
in  order  to  determine  what  allowance  is  necessary  to 
cover  the  effect  of  mechanical  vibration  and  changes 
of  temperature. 

The  case  of  a  magneto  in  which  the  magnet  is  sub- 
jected to  a  rapidly  repeated  series  of  cyclic  changes 
has  been  dealt  with  in  a  previous  paper.  Here  energy 
is  continuallv  being  stored  in  the  field  provided  by  the 
magnet,  and  then  transferred  to  the  electric  circuit. 
In  an  ideal  magneto  the  energy  stored  in  each  cycle 
would  vary  between  the  values  of  zero,  when  the 
armature  is  in  the  position  of  maximum  induction, 
and  a  maximum  when  the  flux  is  distorted  to  the 
position  corresponding  to  maximum  energy  storage. 
The  energv  which  the  magnet  is  sustaining  in  the  external 
circuit  is  proportional  to  the  product  of   ^   the  total 
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flux  and  M  the  magnetomotive  force  associated  with 
it,  and  is  equal  to  ili^/87T,  or,  writing  M  as  HI  and  (f> 
as  BA  we  have  : — 


Energy  stored  in  distorted  field 


BH 


X  volume  of  magnet 


Owing  to  the  peculiar  construction  of  the  ordinary 
magneto  the  total  energy  storage  is  twice  this  amount, 
the  field  being  distorted  simultaneously  at  two  points, 
so  that  the  total  energy  storage  becomes 

BH 

X  volume 

477 

Here  again  the  condition  of  maximum  output,  which 
is  the  same  as  maximum  energy  storage,  becomes 
simply  that  of  maximum   BH.     In  an  actual  magneto 


the  changes  in  reluctance  being  merely  those  due  to 
the  configuration  of  the  armature  and  pole-shoes. 

(3)  The  working  range  when  the  armature  is  removed 
from  the  tunnel  and  replaced. 

(4)  The  working  range  when  the  armature  is  short- 
circuited  at  a  high  speed.  This  is  equivalent  to  (3) 
above,  except  that  the  space  occupied  by  the  armature 
may  be  regarded  as  being  replaced  by  a  medium  with 
a  permeability  less  than  unity.  Consequently  the 
conditions  are  still  more  severe  than  in  the  case  when 
the  armature  is  withdrawn.  In  order  to  render  the 
figures  comparable  without  regard  to  the  dimensions 
of  the  machine  investigated,  they  have  been  reduced 
to  values  of  B  and  H  instead  of  total  flux  and  magneto- 
motive force.  The  design  in  question  was  one  emploving 
cobalt  steel,  hence  the  large  values  of  H  involved, 
although   these  figures,   being  mean  values  taken  over 
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Fig.  2. — Working  range  of  magneto  magnets.      Same  remanence  values  of  H^. 


the  conditions  are  not,  of  course,  strictly  the  same  as 
in  the  ideal  case.  In  particular  the  reluctance  of  the 
flux  path  never  falls  to  zero,  and  in  most  cases  seldom 
falls  much  below  20  per  cent  of  the  value  when  the 
energy  storage  is  a  maximum.  Fig.  2  represents  the 
conditions  in  an  actual  machine.  In  this  case  the  flux 
measurements  were  made  by  search  coils  on  the  magnet, 
and  the  values  for  the  M.M.F.  were  obtained  by  means 
of  a  Chattock  magnetic  potentiometer,  a  most  useful 
although  little-known  instrument,  of  which  extensive 
use  has  been  made  in  connection  with  this  work. 
Fig.  2  shows  : — 

(1)  The  point  at  which  the  magnet  is  working  immedi- 
ately after  magnetization.  This  point  Pj  is  simph-  that 
at  which  the  armature  magnetization  curve  and  the 
BH  curve  of  the  magnet  intersect. 

(2)  The  working  range  of  the  magnet  when  the  arma- 
ture is  slowly  revolved  with  the  windings  on  open-circuit. 


the  total  length  of  the  magnet,  are  in  the  particular 
machine  investigated  about  1.5  per  cent  less  than  the 
maximum  values  in  the  centre  of  the  magnet  itself, 
the  difterence  being  due  to  the  leakage  which  occurs 
towards  the  ends  of  the  magnet  and  the  point  of  contact 
between  the  magnet  and  pole-shoes. 

The  points  Pj,  P-^,  P3  and  P4  are  the  points  of  inter 
section  of  lines  representing  the  reluctance  of  the  path 
traversed  by  the  flux  outside  the  magnet  itself  and 
the  BH  curve  for  the  magnet.  For  the  magnet  to  be 
used  to  the  best  advantage  the  point  whicli  corresponds 
to  the  most  severe  condition  of  normal  working  should 
coincide  with  the  point  on  the  cur\e  for  which  BH  is 
a  maximum,  and  hence  if  the  length  and  section  of  the 
magnet  are  known  we  can  obtain  a  definite  relation 
of  B„,„,  to  He-  In  the  case  of  magnetos  the  occasion 
is  bound  to  arise  at  some  period  when  the  armature  is 
short-circuited  while  running  at  a  high  speed,  so  that 
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the  point  P4  should  be  made  that  corresponding  to 
(BH),„^^  A  design  in  which  P4  lies  appreciablv  to 
the  left  of  the  (BH)^^^  point  will  give  good  performance 
under  easy  conditions  of  service,  but  is  almost  certain 
to  fall  oflf  after  long  periods  of  service  under  varied 
conditions. 


Relations  between  -Brew.,  ^e   ^"'^   (BH)^ 


foregoing  it  is  clear  that  in  order  to  obtain  a  simple 
method  of  proportioning  a  magnet  it  is  very  desirable 
that  we  should  be  able  to  express  the  relation  between 
the  quantities  involved  otherwise  than  by  the  use  of 
a  graph  on  squared  paper.  Fortunately  it  is  possible 
to  obtain  such  a  relation,  which,  although  it  may  not 
be  absolutely  correct,  appears  to  be  well  within  the 
limits  of  error  which  can  be  tolerated  in  ordinary 
commercial  design.  The  relation  is  based  on  Lamont's 
law  of  magnetizability,  further  developed  by  Dr. 
Kennelly,  Prof.  Crapper  and  the  present  author. 

Lamont's  law  may  be  stated  thus  :    The  permeability 
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Fig.    3. — Lamont's   law   as   modLfied   for   material   of   high 
coercive  force. 

of  a  steel  is  proportional  to  the  difference  between  the 
saturation  density  of  the  steel  and  the  density  at  the 
point  under  consideration,  or 


fjL  =  k(B,  -  B) 
Writing  ^  =  BjH  this  gives  us 


H 

5  =  " 


bH 


(1) 


(2) 


where  6  =  1/S,  and  a  is  the  slope  of  the  curve  at  the 
point  H  =  0. 

Kennelly  has  pointed  out  that  Lamont's  law  only 
holds  strictly  when  we  consider  B  as  the  magnetization 
of  the  iron  alone,  and  not  that  as  normally  read,  i.e. 
it  is  the  ferro-magnetic  density  Bi  which  is  equal  to 
(B  —  H).  Consequently,  in  all  that  follows,  when  we 
refer  to  B  we  shall  regard  it  as  the  true  induction  in 
the  iron  itself  which  is  being  considered.  B^,  the 
saturation  density,  has  then  a  definite  value  and  can 


-From  the 


with  certain  precautions  be  readily  measured.  Further, 
in  all  the  curves  given  in  the  paper  the  values  of  B 
given  are  the  true  ferro-magnetic  induction,  and  not 
the  total  induction  in  the  magnet.  These  values  were 
readily  obtained  by  a  special  testing  gear,  particulars 
of  which  are  given  in  an  appendix. 

An  alternative  statement  of  Lamont's  law  is  to  say 
that  ft  (i.e.  BjH)  bears  a  linear  relation  to  B,  or  that 
HjB  bears  a  linear  relation  to  H.  This  can  easily  be 
tested  for  any  steel  by  plotting  either  /x  against  B  or 
1//X  against  if,  when  the  points  obtained  should,  if  the 
law  be  true,  fall  on  a  straight  line. 

In  the  case  of  any  steel  initiallv  free  from  magnetism 
it  will  be  found  that  the  law  onlv  holds  to  any  extent 
when  the  point  of  inflexion,  which  occurs  in  the  early 
part  of  the  curve,  has  been  passed,  and  the  greater  the 
coercive  force  of  the  steel,   and  the  more  pronounced 


New  axi5  of  //' 


Old  axis  o£  B 


Fig.  4. — BH  curve  referred  to  pair  of  conjugate  axes,  showing 
hyperbolic  character. 


the   point  of  inflexion,    the   larger   is   the   region   over 
which  the  law  breaks  down. 

The  ordinary  statement  of  Lamont's  law  does  not, 
therefore,  hold  for  a  magnet  steel  taken  from  an  initially 
unmagnetized  condition  up  to  the  saturation  point. 
An  inspection  of  the  portion  of  the  BH  loop  between 
the  points  of  B^  and  -B  =  0,  H  =  —  H^  discloses  a 
very  marked  resemblance  to  the  magnetization  curve, 
with  the  exception  that  the  point  of  inflexion  is  absent, 
and  we  might  therefore  expect  that  this  portion 
of  the  curve  would  obey  a  similar  law,  behaving  in 
fact  as  a  curve  subject  to  the  law,  but  displaced 
through  the  distance  H^.  Lamont's  equation  for  such 
a  displaced  curve  would  be  : — 


(H  +  H,)IB  ^a  +  b{H  +  H,) 


(3) 


where    a    is    the    slope    of    the    curve   at    the    point 
H  =  H,.  and  b  is  equal  to   l/B^. 

On  Fig.  3  is  drawn  the  straight  line  represented  by 
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this  equation,  the  values  of  (H  +  Hi,)IB  being  plotted 
against  the  values  of  H,  while  Fig.  4  gives  the  corre- 
sponding BH  curve.  The  straight  line  (H  +  i?c)/-B 
cuts  the  axis  H  =  0  at  the  point  B,  and  OB  =  HJB^^^ 
At  the  point  H  =  0  we  obtain  from  the  equation 


-'rem. 
Hc(Bs  —  -B„„,) 


He    3 


Br, 


OB 


J3« 


B,. 


B. 


In  Fig.  3,  AD,  the  ordinate  at  the  point  H  =  —  H^  is 
equal  to  a,  since  (H  -f-  H^)  =  0. 


Hence  AD  =  OB 


B.  —  B., 


Produce  BD  to  cut  OA  in  C.     Then 


OB 


OC 


OA       OB  -  AD 


1 


B. 


B. 


-B., 


Br 


B., 


Let  us  denote  the  ratio  of  B^  to  B„^  ,  i.e.  of  satura- 
tion to  remanent  density,  by  r.     Then  OC  =  rH^. 

H,     r  -  1 


H  +  H, 


Brem. 

r 

H,      r- 

1 

.    H  +  H, 

Brem.         r 

'         B, 

Heir  -  1) 

+ 

H  +  H, 

B, 


(4) 


which  is  the  equivalent  form  of  the  equation  in  terms 
of  the  three  quantities  H^,  iJ,p,„.  and  B^,  which  can 
be  readily  measured.  This  form  is  therefore  preferable 
to  that  involving  a,  the  slope  of  a  curve  at  a  particular 
point. 

B,-  B       HJr  -  1) 


B.B 


B. 


H  +  He 
B 


[B,  -B)  =  He(r  -  I) 


Refer  the  equation  to  a  pair  of  axes  through  the 
points  H  =  —  rHc  and  B  =  Q,  and  H  =  0,  B  ^  B„  i.e. 
write  B  =  {B,-  B')  and   -  H  =  (rH^  -  W).     Then 


[W  +  He(\-  r)]B' 


H. 


1) 


B,-  B' 

B'H'  +  B'H,{\  -  r)  =  Bfl,(r-  1)  -  B'H,(r  -  1) 
B'H'  =  B,He[r  -  1) 

=  constant (5) 

This  is  the  equation  of  a  hyperbola,  hence  the  curve 
is  a  portion  of  a  hyperbola  lying  between  the  new  axes 
chosen  through  the  points  B,  and    —  rHc- 

Evaluation  of  {BH)„a^— Since  B  =  {B,  -  B')  and 
H  ={H'  -  rHc).  we  have 

BH  =  [B,-  B')(H'  -  rH,) 

Vol.  gi. 


Differentiating    with   respect   to   H'  and    equating    to 
zero  gives 

dB' 
0  =  -  5^,(H'  -  rH,)  +B,-B'    .      .      (6) 

From  Equation  (5)  we  obtain,  by  differentiation, 

dB'  ^       BJI,(r  -  1) 
dH'  (H')2 

and,  by  substituting  in  (6),  we  obtain 
B,H,{r-  1){H'  ~rH,: 


0 


+  B,-  B' 


B^,(r  -  1)       B,H,{r  -  \)rH. 


=  BJ   1 


H'  [H')' 

HMr  -  1) 


B,-  B' 


r         HMr  -  1)~| 

L  (H'y-    J 


Also 


H'  =  H,^[r[r  -  1)]       . 
Q 


D 

\\ 

\ 

^^^ 

\           N^ 

\ 

N 

(7) 
A 


C  AN  0 

Value  ot  Jf 

Fig.  5. — Graphical   construction   for   point   of    {BH)„ux., 
and  construction  of  BH  curve. 


Whence  from  (5)  we  obtain 


Wir{r~  1)] 


(8) 


The  corresponding  values  of  B  and  //  on  the  original 
axes  are  found  to  be  : — 


H^HlVi^r-  l)}-r] 


B 


B 


=  >['■-  ^^ {'■('•-  ')}] 


BH  =  B,H,[2^/{nr  _  1)^-  2r  +  1] 

The  algebraic  expression  for  (BH),„ax.  is  thus  somewhat 
complicated,   but  fortunately   a  very  simple  graphical 
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construction  can  be  found  which  will  enable  the  calcula 
tion  to  be  avoided. 
Writing 

B  _     ^,[/--v{r(r-  l)}j 


(9) 


H       rH,[v{Wr-  1)}  -  r]  ■ 

we  see  that  the  point  of  (BH)^^  must  lie  on  a  straight 
line  passing  through  the  origin  and  the  point  B  =  B„m.. 
H  =  —  H^.  The  intersection,  therefore,  of  this  line  with 
the  BH  curve  will  at  once  give  the  point  of  (BH)^ax. 

The  foregoing  relations  further  enable  us  to  obtain 
a  very  simple  graphical  construction  for  the  BH 
loop.  This  construction,  due  in  the  first  place  to  Dr. 
D.  K.  Morris,  and  shown  in  Fig.  5,  is  as  follows  :  From 
O',  the  origin  of  the  new  system  of  axes,  and  the  point 
^  =  -Bj,  H  —  —  rHc  on  the  old  one,  draw  a  series  of 
sloping  lines  to  cut  the  ordinate  in  points  M  and  the 
axis  of  H  in  point  N.  Draw  perpendiculars  to  these 
axes  to  meet  in  P.  Then  P  is  a  point  on  the  curve. 
For  we  see  from  inspection  that : 

H'  =  PL  =  O'C  tan  CO'N  =  B,  tan  CO'N 

-B'  =  PO  =  ML  cot  CO'N  =  H^(r  -  1)  cot  CO'N 

^sHci''  —  1),  which  is  the  equation  to 


Hence  B'H' 
the  curve. 


Part  2. 


In  the  foregoing  we  have  developed  a  construction 
which,  if  Lamonfs  modified  law  is  correct,  should  enable 
us  to  predict  the  BH  curve  for  a  magnet  when  only 
three  points  are  known,  in  just  the  same  way  that  a 
circle  is  determined  when  three  points  on  it  are  given. 
It  now  remains  to  be  seen  how  closely  this  construction 
holds  in  practice,  and  to  what  extent  our  conclusions 
can  be  applied  to  actual  magnets. 

In  attempting  to  verify  them  we  may  follow  se\'eral 
different  courses.  The  most  extreme  probably  is  to 
determine  by  actual  measurement  the  values  of  B., 
^rem.  and  He  for  a  magnet,  to  construct  the  curve 
from  these,  and  see  how  far  it  agrees  with  the  curve 
actually  observed.  This  is  naturally  rather  a  severe 
test.  In  the  first  place  the  value  of  B^  is  not  easv  to 
measure  accurately,  and  in  the  second  place  it  would  be 
expected  that  if  the  law  breaks  down  at  all  it  will  be 
when  pushed  to  extremes,  such  as  is  represented  by  the 
point  B  =  B,. 

As  a  matter  of  fact,  fairly  close  agreement  is  some- 
times obtained  when  the  curve  is  constructed  from 
these  three  determinants,  but  only  in  cases  when  the 
microstructure  of  the  magnet  shows  exceeding  uniformitv, 
and  in  most  cases  considerable  discrepancies  becorne 
apparent. 

Another  method  of  checking  the  law  which  does  not 
involve  its  holding  over  such  an  extreme  range  as  the 
foregoing  is  to  calculate  or  determine  graphically  an 
artificial  value  of  B^  from  three  points  which  can  be 
easily  measured  accurately,  say  the  points  B  ,  H 
and  an  intermediate  one,  such  as  (BH)„,^^.  From  the 
artificial  value  of  B^  thus  obtained  a  curve  can  be  con- 
structed which  can  be  compared  with  the  observed  one. 
This    usually   gives  very   close    agreement   indeed.     If 


desired,   this  artificial  value  of    Bg  can    be    compared 
with  the  figure  obtained  by  actual  measurement. 

An  alternative  but  equivalent  method  to  the  fore- 
going is  to  reverse  the  graphical  construction  given  for 
drawing  the  curve  when  the  point  O'  is  known. 
Referring  to  Fig.  5  we  see  that  if  the  cur\'e  is  found  by 
experiment,  and  perpendiculars  from  various  points  on 
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Fig.    6. — Graphical    construction    for    BH    curve.     Typical 
tungsten  steel. 

it  are  drawn, to  the  axis  of  H  and  the  perpendicular 
through  the  point  H  =  —  H,.,  the  diagonal  lines,  such  as 
MN,  should  all  meet  in  a  point  O.  This  check  is  easily 
carried  out  in  practice.  In  most  cases  a  ver}-  clcse 
agreement  is  found,  the  points  of  intersection  of  the 
diagonals  all  being  coincident. 
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Fig.  7. — BH  loop  for  typical  cobalt  steel,  correctly  hardened. 
Estimated  and  observed  value  of  Bg  coincident. 

For  example.  Fig.  6  shows  this  construction  as  applied 
to  a  typical  case  of  a  tungsten-steel  magnet,  while  in 
Fig.  7  is  shown  the  curve  obtained  for  a  correctly 
hardened  cobalt-steel  magnet,  and  also  the  points 
obtained  hy  construction  from  the  observed  values  of 
Bg,  B„rn.  and  Hf..  In  this  case  the  circles  mark  the 
actual  observed  points  on  the  BH  loop,   as  found  by 
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experiment,  and  it  will  be  seen  that  they  agree  very 
closely  with  the  points  determined  by  graphical 
construction. 

In  the  caurse  of  the  past  three  years  the  author  has 
had  occasion  to  examine  the  BH  loops  of  many  hundreds 
of  magnets,  and  frequent  occasions  have  been  taken 
to  check  the  accuracy  of  Lamont's  law.  Although  in 
many  cases  good  agreement,  sucli  as  is  shown  in  Figs.  6 
and  7,  has  been  obtained,  in  others  there  has  been 
considerable  divergence,  and  generally  speaking  it  has 
been  noticed  that  the  magnets  which  showed  the  greatest 
divergence  were  those  which  were  magnetically  poor. 
This  seemed  to  suggest  that  although  the  properties 
of  a  homogeneous  magnetic  material  might  be  repre- 
sented in  the  manner  outlined,  yet  in  many  cases  an 
actual  magnet  behaved,  not  as  a  homogeneous  material, 
but  as  a  mixture  of  constituents  of  different  magnetic 
properties,  all  of  which  contributed  to  the  final  result. 
Further,  since  the  best  magnets  showed  the  closest 
agreement  to  theory  it  appeared  that  there  was  in 
every  case  some  one  constituent  which  should  form  the 
whole  of  the  magnet,  and  it  was  clearly  of  importance 
to  determine,  if  possible,  what  this  constituent  was, 
and  also  to  find,  if  possible,  the  conditions  under  which 
this  constituent  was  formed  to  the  exclusioia  of  others 
of  inferior  magnetic  properties. 

The  next  section  of  the  paper,  therefore,  is  a  considera- 
tion of  the  possible  constituents  which  may  be  present 
in  a  magnet  steel,  and  the  way  in  which  the  properties 
of  the  magnet  may  depend  not  only  upon  their  several 
properties  and  proportions  but  also  upon  the  manner 
of  their  occurrence  and  relative  grouping. 

In  setting  forth  his  ideas  the  author  has  used  to  a 
large  extent  the  language  of  the  allotropic  theory,  not 
that  he  is  necessarily  a  supporter  of  this  theory,  but 
because  it  forms  a  convenient  way  of  expressing  the 
changes  which  occur  when  carbon  passes  out  of  solution 
in  a  magnet  steel.  Whether,  however,  this  passing  out 
of  solution  is  accompanied  by  any  allotropic  change  in 
the  iron  itself  he  will  leave  for  the  metallurgists 
to  solve. 

Part  3. 

The  metallurgical  aspect  of  the  constitution  of  a 
permanent  magnet  is  a  subject  which  has  received  but 
scanty  attention.  In  all  probability  considerable 
unpublished  work  has  been  done  upon  it  by  various 
firms  engaged  in  the  manufacture  of  magnets,  but  the 
results  obtained  appear  to  have  been  regarded  as  a 
trade  secret,  and  no  publication  or  discussion  of  them 
has  taken  place.  It  is,  in  fact,  safe  to  say  that  there 
is  no  general  agreement  among  metallurgists  as  to  what 
is  the  source  from  which  a  permanent  magnet  derives 
its  properties.  It  is  generally  agreed  that  the  power 
of  retentivity,  i.e.  the  coercive  force,  is  a  function  of 
the  amount  of  carbon  intimately  associated  witli  the 
steel,  but  as  to  the  exact  nature  of  the  association  no 
definite  pronouncement  has  been  made,  nor  has  any 
agreement  been  arrived  at.  There  is  no  doubt  whatever 
that  the  carbon,  probably  in  the  form  of  carbide,  is  in 
very  intimate  if  not  in  molecular  association  with  the 
iron,  but  on  the  other  hand  it  is  generally  accepted  that 
iron  in   the  form  in   which  it  can   dissolve   carbon  is 


non-magnetic,  and  that  in  the  ordinary  magnetic 
condition  its  power  of  dissolving  carbon  is  practically 
nil.  According  to  the  allotropic  theor>^  which  is  widely 
if  not  universally  held,  the  power  of  iron  to  dissolve  the 
carbide  is  associated  with  a  particular  allotropic  form, 
generally  denoted  as  the  y  condition,  which  in  the 
ordinary  case  is  stable  only  at  high  temperatures.  The 
allotropic  form  which  is  possessed  of  the  usual  ferro- 
magnetic properties  is  the  a  condition,  which  is 
normally  stable  at  low  temperatures.  Between  the 
a  magnetic  condition  and  the  y  non-magnetic  condition 
there  is,  according  to  many  authorities,  an  intermediate 
^  condition,  in  which  the  iron  probably  has  a  certain 
amount  of  dissolving  power  for  carbon,  but  here  again 
its  magnetic  properties  would  appear  to  be  verj'  feeble, 
if  not  altogether  non-existent.  The  carbide  of  iron, 
FeC;},  has  in  itself  very  appreciable  .magnetic  properties 
and  is  possessed  of  considerable  coercive  force,  so  much 
so  in  fact  that  the  coercive  force  of  an  annealed  steel 
appears  to  be  chiefly,  if  not  wholly,  due  to  the  carbide 
particles  which  have  separated  from  the  mass,  but  the 
properties  of  a  permanent  magnet  cannot  be  explained 
by  a  mere  mechanical  admixture  of  carbide  with  pure 
iron,  no  matter  how  finely  divided. 

List  of  constituents. — It  will  be  as  well  at  this  stage 
to  enumerate  the  various  constituents  which  may  occur 
in  a  hardened  magnet,  together  with  a  definition  of 
each  of  these.  It  is  believed  that  the  definitions  given 
are  in  general  agreement  with  modern  metallurgical 
practice,  although  there  is  some  difference  of  opinion 
in  regard  to  certain  of  them. 

(1)  Austenite. — Non-magnetic.  Undecomposed  solid 
solution  of  carbide  of  iron  in  iron.  Normally  stable 
only  above  the  ARj  point,  but  capable  of  retention  at 
atmospheric  temperature  under  special  conditions. 

(2)  Martensite. — Magnetic.  The  first  stage  in  the 
decomposition  of  austenite  as  defined  above.  Its 
properties  depend  upon  the  carbon  content.  With  a 
sufficiently  high  carbon  content  it  is  intensely  hard  and 
possesses  high  coercive  force.  It  is  unstable  and  can 
only  be  retained  at  ordinary  temperatures  if  the  rate 
of  cooling  through  the  range  of  the  normal  change-point 
has  been  sufficiently  rapid. 

(3)  Troostite. — The  decomposition  product  immedi- 
ately subsequent  to  martensite,  and  in  which  the  iron 
has  completely  passed  into  the  alpha  or  magnetic  con- 
dition. The  carbide  is  still  in  extremely  intimate 
association  with  the  iron. 

(4)  Sorbite.  (5)  Pearlile. — Successive  further  stages 
in  the  decomposition  in  which  the  ferrite  and  cementite 
definitely  separate  out  from  the  mass.  There  is  no 
hard  and  fast  distinction  between  the  two.  In  sorbite 
the  ferrite  and  cementite  particles  are  ultra-microscopic, 
while  in  pearlite  they  are  capable  of  resolution.  The 
magnetic  properties  are  those  of  a  mechanical  admix- 
ture of  ferrite  and  cementite. 

Consideration  of  constituents  required  in  a  permanent 
magnet. — Let  us^  imagine  a  piece  of  steel  originally  in 
the  austenitic  state  to  pass  progressively  through  the 
stages  just  enumerated,  and  let  us  endeavour  to  follow 
the  changes,  magnetic  and  otherwise,  which  will  occur. 
In  the  austenitic  state  the  material  is  perfectly  non- 
magnetic.   The  microstructure  (Fig.  8)  shows  a  mass  of 
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polygonal  grains,  each  grain  being  in  itself  structureless. 
On  passing  to  the  martensitic  state  there  will  be  a  very 
distinct  evolution  of  heat,  a  considerable  expansion  in 
volume,  and  a  change  in  the  microstructure.  The  former 
wUl  show  itself  by  a  recalescence  point  (the  ARj  point) 
in  the  cooling  curve,  and  the  expansion  in  volume 
(from  0-5  to  1  per  cent)  can  easily  be  measured.  The 
polygonal  grains  develop  an  internal  structure,  which 
gives  rise  to  characteristic  markings  (well  seen  in  Fig.  9). 
If  the  change  is  due  merely  to  the  passage  of  the  iron 
from  the  y  to  the  ^  state  the  material  should  still  be 
non-magnetic,  but  if,  on  the  other  hand,  ^  iron  is 
non-existent  and  the  change  is  due  to  the  formation  of 
a  iron,  magnetic  properties  should  appear.  As  a  matter 
of  fact  all  steels  yet  observed  in  the  martensitic  state 
show  magnetic  properties,  although  in  many  cases  these 
are  only  feeble.  \Miat  magnetic  properties  the  marten- 
sitic  material  possesses    must   clearly   be   due   to   the 


Fig.  8. — Typical  austenitic  structure. 
150  diameters. 


Magnification : 


magnet  may  be  explained  by  the  presence  of  j3  iron, 
while  at  the  same  time  its  relatively  high  saturation 
density  may  be  satisfactorily  accounted  for. 

If,  on  the  other  hand,  we  consider  that  the  iron  in 
a  permanent  magnet  is  in  the  a  condition  and  has  conse- 
quenth-  no  dissolving  power  for  carbon,  yet  the  distribu- 
tion of  the  carbide  is  so  intimate  that  it  is  able  to  affect 
the  properties  of  the  iron  itself,  with  the  result  that 
the  properties  are  no  longer  those  of  a  mechanical 
admixture  of  iron  and  carbide,  nor  yet  of  y  iron  con- 
taining carbide  in  solution,  but  are  those  of  a  totally 
distinct  material. 

There  is  at  the  present  time  a  tendency  to  treat  the 
condition  of  the  carbide  in  a  hardened  steel  as  being 
in  many  ways  akin  to  a  colloidal  solution,  and  it  would 
appear  that  this  analog\r  gives  a  very  clear  representation 
of  the  condition  of  the  material  in  a  hardened  permanent 


presence  of  a  iron,  and  if  it  can  be  proved  that  the 
■evolution  of  heat  and  change  of  volume  occur  definitely 
before  the  assumption  of  the  magnetic  state  it  would 
appear  that  the  supporters  of  the  ^  iron  theorj'  have 
a  very  strong  case. 

The  author  has  made  several  attempts  to  determine 
whether  in  the  case  of  permanent  magnet  steels  it  is 
possible  to  obtain  the  volume-change  and  heat  evolu- 
tion which  accompanies  the  y-^  transformation  with- 
out the  appearance  of  magnetic  properties.  So  far, 
however,  the  results  have  been  negative,  and  it  would 
appear  that  in  a  magnet  steel  the  saturation  density  is 
proportional  to  the  extent  of  the  volume-change,  and 
also  of  the  heat  evolution  which  has  occurred  in  passing 
from  the  y  state.  This  has  been  generally  recognized 
by  most  workers,  and  the  theory  has  been  suggested 
that  P  iron  may  exist  in  two  states,  the  non-magnetic 
state  stable  only  at  high  temperatures,  and  the  magnetic 
state  which  can  exist  at  ordinary  temperatures.  On 
this  basis  the  intense  mechanical  hardness  of  a  permanent 


Fig.  9. — Partially  transformed  austenite,  showing  character- 
istic martensitic  markings.     JIagnification  :  150  diameters. 

magnet.  It  is  naturally  difficult  to  make  a  statement 
which  will  apply  equallv  to  both  theories,  but  the  author 
believes  that  the  following  expression  of  his  views  will 
be  equally  acceptable  to  both  the  ^  and  the  a  partisans. 

(1)  In   a  correctly  hardened   magnet  steel  the  non- 

magnetic y  iron  must  be  completely  transformed, 
or,  as  an  alternative  statement,  if  the  allo- 
tropic  theory'  is  not  accepted  the  austenitic 
solid  solution  must  be  completely  broken  up. 

(2)  No  segregation  of  the  carbides  and  ferrite  must 

be  permitted  to  take  place,  or,  in  other  words, 
the  normal  carbon  change  generally  associated 
with  the  ARj  point  must  be  completely  sup- 
pressed. 

Now  although,  as  indicated,  the  perfect  magnet  should 
consist  entireh'  of  one  constituent  onh-  complying  with 
the  foregoing  definition,  in  many  cases  other  constituents 
may  be  present,  and  it  is  proposed  to  consider  what 
will   be    the    properties    of    magnets    containing    other 
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constituents  besides  the  ideal  one.  It  may  even  be 
that  the  laws  governing  the  states  of  equilibrium  of  the 
various  constituents  preclude  the  possibility  of  obtaining 
any  one  in  the  complete  absence  of  the  others. 

Relation  of  magnetic  properties  to  structure. — Certain 
properties  of  a  magnet  may  depend  in  the  case  of  a 
non-homogeneous  material  both  upon  the  properties  of 
the  various  constituents  and  also  upon  the  method  of 
grouping.  Other  properties  may  depend  upon  the 
relative  amounts  of  the  constituents  and  their  properties, 
but  may  be  independent  of  the  way  in  which  the 
constituents  are  grouped.  The  problem  is  therefore  a 
complicated  one,  and  in  order  to  simplify  it  as  far  as 
possible  we  shall  consider  the  following  magnetic 
properties  only  : — 

(a)  Saturation  density. 

(6)  Coercive  force. 

(c)  Remanence. 

[d)  (BH)^„,, 

We  shall  consider  first  the  presence  of  two  constituents 
only,  viz.  a  non-magnetic  y  constituent,  for  which  all 
the  properties  above  named  are  zero,  and  a  magnetic 
constituent  for  which  they  have  a  definite  value. 

We  shall,  for  the  sake  of  convenience,  denote  these 
as  the  y  and  ^  constituents,  but,  as  before  mentioned, 
without  in  any  way  committing  ourselves  to  the  allo- 
tropic  theory,  or  identifying  the  latter  with  the  presence 
of  B  iron  as  generally  understood. 

We  may  imagine  (among  others)  the  following  types 
of  structures ; — 

(1)  Minute    particles    of   y    and    /3   perfectly    evenly 

intermixed,  their  disposition  being  governed 
by  the  laws  of  probability  only  and  not  by  any 
system  of  crystallization.  This  in  a  crystalline 
material,  such  as  a  metal,  is  of  course  extremely 
improbable.  It  would  correspond  to  a  very 
thorough  mechanical  intermixing  of  two  finely- 
ground  powders  of  the  y  and  j8  constituents. 

(2)  Minute   particles  of   jS  material    embedded   in   a 

mass  of  y  material,  corresponding  to  ^  nuclei 
forming  and  growing  in  the  mass  of  y  solid  solu- 
tion during  the  transformation  of  the  material. 

(3)  The  converse  of  (2),  i.e.  a  network  of  j8  material 

distributed  throughout  a  ground  mass  of  y. 
In  a  material  in  which  the  structure  takes  the 
form  of  polygonal  grains  (the  structure  associated 
with  y  iron  and  most  pure  metals),  this  will 
correspond  to  a  transformation  of  y  to  ^  along 
the  grain  boundaries.  The  structure  will 
therefore  consist  of  a  cellular  network  of  j8 
constituent,  the  cells  containing  masses  of  y. 

It  is  not  proposed  to  consider  (I)  in  any  detail.  The 
occurrence  of  such  a  structure  in  any  crystalline  material 
is  extremely  unlikely.  Moreover,  it  is  hard  to  conceive 
of  a  structure  of  this  nature  which  will  not  fall  under 
that  dealt  with  under  (2).  If  the  particles  of  ^  and  y 
are  of  irregular  dimensions,  or  even  if  they  are  regular 
figures  which  are  not  packed  together,  there  must  of 
necessity  be  spaces  between  them  which  magnetically 
are  equivalent  to  particles  of  y  constituent,  and  the 
structure  becomes  equivalent  to  particles  of  /3  embedded 


in  y,  i.e.  to  that  dealt  with  under  (2).  Considering  then 
(2)  and  (3)  only  we  arrive  at  the  following  conclusions. 

Structure  type  (2)  ;  j8  grains  in  y  matrix. 

(a)  Saturation  density. — This  will  clearly  be  propor- 
tional to  the  area  of  j8  constituent  lying  in  a  section 
taken  across  the  path  of  flux.  Or  if  any  line  taken 
through  the  material  cuts  p  per  cent  of  /3  constituent, 
the  saturation  density  will  be  (pllOO)Bi.,  where  B^  is 
the  saturation  density  of  the  /3  constituent.* 

(6)  Coercive  force. — Assuming  that  the  flux  passes  in 
a  straight  line  through  the  mass  and  does  not  follow 
a  devious  path  from  one  ^  particle  to  another,  the 
coercive  force  will  clearly  be  proportional  to  the 
percentage  of  j8  constituent  present  in  the  mass,  i.e.  if 
He  be  the  coercive  force  of  the  j8  constituent  that  of 
the  composite  will  be  (p/100)i/j. 

(c)  Remanence . — This  will  depend  upt  n  the  remanence 
of  the  ^  constituent,  the  percentage  of  this  present 
and,  in  addition,  the  coercive  force  of  the  jS  constituent. 
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Fig.   10. — Construction  for  effect  of  added  gap  reluctance. 

The  y  constituent  will  in  effect  introduce  a  reluctance' 

into  the  magnetic  circuit  which  will  have  the  effect  of 

moving   the   apparent   remanence   along   the   BH  loop 

towards  the  point  B  ^  Q,  H  =  —  ff^.     The    extent  to 

which  this  point  is  moved  will  clearly  depend  not  only 

on  the  reluctance  in  the  circuit,  i.e.  the  amount  of  y 

constituent  present,   but  also  upon  the  coercive  force 

of  the  ;8  constituent. 

The  value  of  the  apparent  remanence  is  best  found 

by  the   graphical  construction   shown  in   Fig.    10.     In 

*  It  might  at  first  be  thought  that  if  any  line  cuts  p  per  cent  of 
/i  material  the  percentage  of  ;S  in  a  sectional  plane  would  be  ps/lOO 
and  that  in  the  whole  volume  p3/10  000.  This  is,  however,  incor- 
rect, for  we  may  consider  the  whole  of  a  sectional  plane  to  be  built 
up  of  a  number  of  elemental  strips,  each  consistinp;  of  p  per  cent  of 
/i  constituent.  If  the  proportion  of  fi  constituent  is  the  same  at  all 
points  and  in  all  iHrcctions,  each  strip  will  contain  p  per  cent  of  ,i 
and  the  section  will  also  contain  p  per  cent.  Or,  expressed  mathe- 
matically, each  strip  of  width  dx  and  length  y  contains  (/j/100)y  dx  of 

(3  constituent,  and  the  whole  area  containsi (p/100)i/  dx  ;   or,  since  p 

is  constant,  it  contains  (p/100)|i/  dx,  i.e.  p  per  cent  of  its  total  area. 
The  same  reasoning  may  be  extended  from  the  plane  to  the  solid 
figure,  which  also  contains  p  per  cent  of  /3  constituent. 
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this  case  the  line  OD  is  drawn  at  an  angle  to  OB  such 
that  tan  BOD  =  (100 -p)/p.  Then  B,  the  point  of 
intersection  of  OD  with  the  BH  curve  for  the  )3  con- 
stituent, gi%'es  the  apparent  remanence  of  the  composite 
material,  and  the  apparent  BH  curve  for  the  material 
will  be  one  which  can  be  obtained  by  setting  all  the 
horizontal  intercepts  between  OB  and  the  original  curve 
back  to  the  axis  OB,  i.e.  making  EG  (in  Fig.  10)  =  HF. 

(d  {BH)^g^ — The  value  of  this  quantity  will  be 
reduced  both  on  account  of  the  reduction  in  H^  and 
also  owing  to  the  reduction  in  the  values  of  B  as 
described  above.  Consequently  the  reduction  in 
iBH)max.  will  be  greater  than  the  reduction  in  either 
-Brem.  or  -E^c  considered  separately. 

Structure  type  (3)  ;  y  grain  tratisformed  to  j8  along 
grain  boundaries. 

(a)  Saturation  density. — Here,  as  under  (2),  the 
saturation  density  will  be  proportional  to  the  area  of 
P  constituent  lying  in  a  section  taken  across  the  path 
of  flux,  and  will,  as  before,  be  equal  to  (p/lOOjBj. 

(b)  Coercive  force. — In  general  the  ^constituent  which 
comprises  the  grain  boundaries  will  form  continuous 
chains  extending  throughout  the  material.  There  will 
hence  be  continuous  magnetic  circuits  formed  of  ferric 
material.  The  coercive  force  in  such  a  case  will  never 
be  less  than  the  true  coercive  force  of  the  material  and 
will  in  general  be  greater,  as  the  length  of  path  of  the 
flux  in  the  material  will  be  greater  than  the  shortest 
distance  between  two  polar  faces.  In  general,  if  6  be 
the  mean  inclination  which  the  flux  path  along  the 
grain  boundaries  makes  with  the  shortest  distance 
between  the  two  polar  faces,  the  apparent  coercive 
force  will  be  HJcos  6. 

(c)  Remanence. — This  will  be  less  than  the  remanence 
of  the  P  constituent  for  two  reasons  ;  first,  owing  to  the 
fact  that  a  portion  only  of  the  cross-section  of  the 
material  is  carrying  flux,  and  secondly,  for  the  reason 
that  the  average  direction  of  flux  is  not  parallel  to  the 
axis  of  the  material.  Hence  the  density  as  usually 
calculated  normally  to  the  axis  will  be  reduced  in  the 
proportion  of  1  to  cos  9,  and  the  remanence  will  therefore 
be  equal  to  {pcosdllOO)B^gm,  where  B„„,  is  the  true 
remanence  of  the  ^  component. 

(d)  (BH}„„^ — If  the  j8  constituent  forms  closed 
chains  which  behave  truh'  as  a  series  of  magnetic  cir- 
cuits in  parallel,  the  {BH),„„j.  figure  of  the  whole  mass 
will  clearly  be  proportional  to  the  amount  of  magnetic 
material,  and  will  therefore  be  equal  to  pj  100  times 
the  (BH),^j.   figure  of  the  yS  constituent. 

Summarizing  the  conclusions  we  have  just  reached 
we  may  sa}'  that  : — 

(1)  The  saturation  density-  is  determined  only  by  the 

amount  of  ^  constituent  present,  and  is  indepen- 
dent of  the  structure. 

(2)  The  remanence  is  diminished  to  a  much  greater 

extent  when  the  y  constituent  takes  the  form 
of  envelopes  surrounding  masses  of  j8  than 
when  the  y  is  itself  surrounded  by  /3. 

(3)  The  coercive  force  may  be  increased  bv  the  pres- 

ence of  the  y  constituent  when  the  j8  forms  the 
envelope  of  y  grains,  but  is  diminished  when 
the  converse  is  the  case. 


(4)  The  value  of  (BU)max.  is  proportional  to  the  ^ 
content  when  this  forms  the  grain  envelopes. 
In  the  converse  case  the  {BH)^ax.  diminishes 
more  rapidly  than  the  ^  content  does. 

Evidence  in  support  of  foregoing  theory. — The  theory 
just  put  for^vard  is  to  a  large  extent  conjectural,  and  in 
order  to  establish,  or  disprove,  its  correctness,  a  large 
amount  of  work  on  a  number  of  difierent  steels,  both 
plain  carbon  and  alloy,  will  be  necessary.  Although 
much  work  has  been  done  on  the  magnetic  properties 
of  steels,  little  has  so  far  been  attempted  in  the  direction 
of  a  correlation  of  their  magnetic  properties  and  their 
microstructure.  The  class  of  steels  which  have  been 
available  to  the  author  for  testing  the  correctness,  or 
otherivise,  of  his  assumptions  are  limited  in  extent, 
and  the  work  in\olved  had  to  form  part  of  a  works 
routine  and  could  not  be  treated  as  a  matter  of  pure 
research.  It  is  felt,  therefore,  that  much  more  work 
is  desirable,  and  that  such  work  should  be  carried  out 
under  conditions  which  will  better  enable  the  different 
variables  to  be  kept  under  careful  control. 

The  steels  which  have  been  particularly  examined 
belong  to  the  cobalt-chromium  group,  containing 
from  10  to  35  per  cent  cobalt,  with  varj'ing  per- 
centages of  chromium  and  carbon,  and  in  some  cases 
other  elements  such  as  tungsten  and  molybdenum. 
The  steels  with  the  higher  chromium  percentages 
were  air-hardening  steels,  while  those  with  the  lower 
percentages  required  hardening  in  oil.  Practically  all 
the  evidence  has  been  drawn  from  the  air-hardening 
steels,  as  in  this  case  the  changes  which  take 
place  in  the  steel  are  better  under  control,  and 
take  place  so  slowly  that  they  can  be  accurately 
observed.  The  steels  all  possessed  very  similar  charac- 
teristics. The  temperature  for  hardening  ranged  from 
950'  C.  to  about  I  030°  C.  Heating  to  temperatures  of 
1  150°  C  and  upwards  and  cooling  in  air  retained 
practically  all  the  iron  in  the  y  state,  giving  a  non- 
magnetic steel.  On  reheating  this  non-magnetic 
material  a  verj'  pronounced  recalescence  occurred  at 
from  700°  C.  to  750°  C,  accompanied  by  an  expansion 
in  volume,  and  a  change  to  the  magnetic  condition, 
accompanied  by  a  low  coercive  force.  Cooling  at  the 
appropriate  rate  from  the  hardening  temperature  gave 
in  evers'  case  a  material  of  high  coercive  force,  remanence, 
saturation  density  and  (BH)mai.  In  such  a  case  the 
microstructure  revealed  a  practically  structureless  grey 
mass,  occasionally  exhibiting  the  grey  needle-shaped 
markings  characteristic  of  martensite.  In  the  case  of 
high-chromium  alloys  small  rounded  masses,  doubtless 
complex  carbides,  were  frequently  obser\'ed. 

The  author  is  of  opinion  that  the  following  notes, 
dealing  with  one  particular  grade  of  steel,  afford  a 
I  considerable  amount  of  evidence  in  connection  with  the 
theory  put  for\vard.  The  microstructure  of  the  material, 
after  heating  to  I  150°  C.  and  cooling  in  still  air,  is  shown 
in  Fig.  8.  It  consists  of  a  number  of  polygonal  grains 
of  y  iron  remaining  white  after  long  exposure  in  nitric 
acid  and  practically  all  other  reagents,  the  thin  grain 
boundaries  only  showing  dark.  The  size  of  the  grains 
appears  to  depend  upon  both  the  maximum  temperature 
and   the  length   of  time  it   is   maintained,   the   grains 
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tending  to  grow  and  the  rate  of  growth  being  more 
rapid  at  the  high  temperatures.     The  material  shows 
no  signs  of  heat  absorption  or  emission  during  cooling 
from  the  highest  temperature  reached,  indicating  the 
absence  of  any  change  of  state.     The  material  is  almost 
completely      non-magnetic.      The      remanence      rarely 
exceeds  1  500,  the  saturation  density  (reached  only  in 
very  high  fields)   is  rarely  more  than  4  500  to  5  000, 
and  the  coercive  force  ranges  from    100   to    150.     On 
reheating   the    material   practically   no    change,    either 
in  volume  or  magnetic  properties,  appears  below  650°  C. 
Between  this  point  and   750°  C.   there  is,   however,   a 
sudden  and  extremely  well-marked  point  of  heat  emission, 
the  temperature  usually  rising  spontaneously  to  800°  C. 
or  over.     This  is  accompanied  by  an   equally  sudden 
expansion  in  volume  and  a  recovery  of  magnetic  proper- 
ties,  the  remanence  rising  to  7  000  and   upwards,  the 

one  or   two   cases  it   was    possible   to   obtain  evidence 
of  the  existence  of  a  composite  structure  of  a  pearlitic 
character,  although  in  general  the  grey  boundaries  were 
not  capable  of  resolution. 

The  fact  that  portions  only  of  the  grains  are  trans- 
formed from  y  to  a  iron  would  appear  to  require  some 
explanation.     It  might  be  accounted  for  by  either  of 
two  suppositions  : — 

(1)  A    difference    in    chemical    composition    between 

the    outside    layers    of    the    grains    and    their 
centres,  or 

(2)  A  retardation  due  to  the  change  of  state  along 

the  grain  boundaries. 

Of  these  alternatives  the  second  is  by  far  the  more 
probable.     In  a  true  solid  solution,  such  as  the  y  con- 
stituent undoubtedly  is,  there  is  no  reason  to  expect  a 
separation  into  regions  of  varying  chemical  composition 
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Fig.  12. — Cobalt  steel  heated  to  1  150^  C,  cooled  in  air  and 
heated  again  to  750°  C. 

White  areas  :    untransfornied  .Tusten'te.     Dark  areas  ;    eulectoid  akin   to 
sorbite  and  containing  segregated  carbides,     Magniiication  :  150  diameters. 

The  second  alternative  is,  on  the  other  hand,  entirely 
in  agreement  with  the  properties  of  the  materials  con- 
cerned. The  very  considerable  expansion  which  accom- 
panies   the     (y-P)      or      (y-a)     change     would     have 
the  effect    of    setting    up  heavy  internal    pressure    on 
the  grain  centres,  and  this  pressure  would  undoubtedly 
have  the  eflfect  of  inhibiting  the  (y~a)  change.     Further 
evidence  is,  moreover,  afforded  by  the  fact  that  in  the 
skin  of  the  material  the  (y-a)    change  does    not    take 
the  form  of  a  transformation  along  the  grain  boundaries, 
but  of  actual  changes  in  the  grains  themselves.     I-ig.  13 
is  a  microphotograph  of  the  material  taken   near  the 
edge  of  the  bar.     It  will  be  clearly  seen  that  the  change 
on  the  surface  has  occurred  inside  the  crystalline  grains, 
while  inside  the  material,  where  the  compressive  stresses 

652 


WATSON  :   PERMANENT    MAGNETS,  AND   THE   RELATION    OF 


have  full  play  and  cannot  be  relieved  by  yielding 
of  the  metal,  the  change  has  occurred  along  the  grain 
boundaries  only. 

It  can  readily  be  imagined  that  cooling  and  reheating 
to  750°  C.  or  so  will  be  more  effective  in  completely 


not  the  (y-a)  change,  yielding  a  soft  product,  but  the 
{y-/i)  one,  yielding  a  hard  material. 

Range  of  (y-j3)  transformation. — The  (y-^)  change 
as  determined  either  thermally  or  magneticall)^  does 
not    occur    at   one   definite   point  but    is    spread    over 


1 


Edge 


Fig.  13: — Cobalt  steel  heated  to  1  150°  C,  cooled  and  reheated  to   750°  C.     Microphotograph  at  edge  of 
bar,   showing  alternative  types  of  breakdown  of  austenite.     Magnification  :  150  diameters. 


breaking  down  the  y  constituent  than  retaining  the 
material  at  this  temperature  for  a  prolonged  time. 
There  is  doubtless  a  condition  of  comparatively  stable 
equilibrium  between  the  bulky  a.  material  along  the 
grain  boundaries  and  the  highly  compressed  y  grain 
centres  which  makes  any  change  of  state  very  slow. 
Cooling  and  reheating  the  material  will  in  all  probability 
cause  a  redistribution  of  stress  throughout  the  material, 
and  this  will  permit  the  grain  centres  also  to  change 
state.  Actual  experience  with  the  steel  in  question 
certainl}-  shows  that  in  cases  where  one  reheating  to 
750°  C.  is  insufficient  properly  to  break  up  the  y  structure, 
cooling  to  atmospheric  temperature,  followed  by  a 
second  heating,  is  successful  in  practically  every  case. 

On  heating  the  material  in  the  a  condition  just 
described  there  is  of  course  no  point  of  recalescence 
such  as  accompanied  the  (y-a)  change,  and  no  change 
of  state  occurs  below  about  880°  C.  At  this  point, 
however,  a  well'marked  heat  absorption  takes  place, 
and,  if  the  material  be  cooled  from  a  temperature  at 
which  this  heat  absorption  is  complete,  the  steel  is  both 
mechanically  and  magnetically  hard. 

Influence  of  cooling  rate. — The  steel  has  the  usual 
characteristics  of  an  air-cooled  alloy  steel.  That  is  to 
say,  with  ven,'  low  rates  of  cooling  recalescence  occurs 
at  about  750°  C.  and  a  iron  is  formed,  the  resulting 
material  being  both  magnetically  and  mechanically 
soft.  An  increase  in  the  rate  of  cooling  suppresses  the 
change  at  750°  C,  but  a  fresh  change-point  occurs  at 
a  considerably  lower  temperature,  the  exact  value  of 
which  depends  upon  the  temperature  from  which  cooling 
starts.     The  change  occurring  at  this  point  is,  however. 


a  considerable  range.  Fig.  14,  which  illustrates  the 
rate  of  growth  of  magnetic  properties  in  a  steel  cooled 
from  various  temperatures,  shows  not  only  the  effect 
of   initial   temperature   upon    the   point  at    which   the 


I 


100  200 

Temperature 

Fig.  14. — Growth  of  magnetic  properties  in  cobalt  steels 
cooled  from  various  temperatures  to  room  temperature 
(20°  C.)   and  subsequently  to   18°  C. 


change  commences,  but  also  the  range  of  temperature 
over  which  the  change  occurs.  It  will  be  noticed  that 
with  this  particular  steel  the  change  is  completed  at 
atmospheric  temperature,  provided  the  initial  tempera- 
ture does  not  exceed  about  1  050°  C,  but  that  for  higher 
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initial  temperatures  than  this,  untransformed  y  con- 
stituent is  clearly  present  in  the  hardened  steel. 

The  width  of  range  over  which  the  change  occurs  is 
in  all  probability  due  to  the  reaction  of  the  expanding 
j8  constituent  upon  the  untransformed  y  portion.  The 
change  is,  in  fact,  of  a  very  similar  nature  to  that  which 
occurs  when  the  y  material  is  reheated  to  750°  C,  with 
the  exception  that  the  change  is  to  the  j8  state  instead 
of  to  the  a  state.  It  would  appear  that,  to  a  large 
extent  at  all  events,  the  (y-^)  change  occurs  along 
the  grain  boundaries,  and  in  so  doing  exerts  a  pressure 
on  the  grain  centres,  preventing  further  change.  For 
any  temperature  there  will,  therefore,  be  a  condition  of 
equilibrium  between  the  grain  centre  and  the  surrounding 
material,  and  it  is  not  until  the  pressure  which  the 
expanding  material  can  exert  is  unable  to  restrain  the 
change  that  the  grain  centre  becomes  entirely  trans- 
formed. 

Since   it   is   of    importance    that    the    (y-^)    change 


Fig.   la 


-Badly  hardened  magnet,  showing  austenitic  grain 
centres.     Ma9;nification  :   150  diameters. 


shall  be  complete  throughout  the  mass,  we  will  briefly 
consider  the  factors  which  will  assist  its  inhibition. 

The  effect  of  initial  temperature  has  already  been 
considered.  It  would  appear  that  it  is  advisable  to 
keep  this  as  high  as  possible  consistent  with  the  (y-^) 
change  being  complete.  Especially  will  this  be  the 
case  in  a  high-carbon  steel.  The  cooling  rate  must  be 
sufficient  to  suppress  completely  the  (y-a)  change 
at  750°  C.  Too  rapid  a  cooling  rate  may  conceivably 
suppress  also  a  portion  of  the  (y-^)  change,  and  is 
therefore  undesirable.  In  the  steel  in  question,  however, 
the  factor  which  limits  the  cooling  rate  is  the  danger 
of  the  steel  cracking.  Too  low  a  cooling  rate,  below 
750°  C,  does  not  give  rise  to  the  {y-a)  change,  but 
assists  the  expanding  material  along  the  grain  boundaries 
in  inhibiting  the  (y-j8)  change  in  the  grain  centres. 
A  steel  which  has  been  cooled  too  slowly  below  750°  C. 


should,  therefore,  actually  have  a  higher  coercive 
force  and  lower  remanence  than  one  which  has  been 
cooled  at  a  quicker  rate,  and  this  is  actually  borne  out 
by  experience  with  this  particular  steel.  Much  better 
and  more  uniform  results  are  in  fact  obtained  by 
quenching  in  oil  or  hot  water  at  the  point  at  which 
magnetism  reappears,  than  by  cooling  outright  in  air. 
Since  the  transition  occurs  in  many  cases  at  a  tempera- 
ture but  little  above  that  of  the  atmosphere,  it  is  clear 
that  the  nature  and  temperature  of  the  quenching 
medium  will  have  an  important  bearing  upon  the  result. 
In  the  case  of  oil  quenching  the  latent  heat  of  volatiliza- 
tion will  be  of  no  importance,  as  the  transition  point 
will  be  below  the  boiling  point  of  the  oil.  The  tempera- 
ture and  fluidity  of  the  oil  will  therefore  be  the  controlling 
factors.  In  the  case  of  water-quenching  the  temperature 
of  the  bath  may  have  an  appreciable  bearing  upon  the 
magnetic  properties   should   it   greatly   exceed   that   of 


Fig.  16. — Badly  hardened  magnet.  Retention  of  austenite, 
probably  assisted  by  large  grain  size.  Magnification : 
150  diameters. 


the  atmosphere,  while  in  the  case  of  an  air-cooled  steel 
the  amount  and  temperature  of  the  cooling  air  will  be 
of  importance.  The  rate  of  cooling  at  a  temperature 
of,  say,  80°  C.  will  vary  quite  considerably,  depending 
on  whether  cooling  takes  place  in  cold  outside  air  or 
in  the  neighbourhood  of  a  hot  furnace.  If,  therefore, 
the  hardening  temperature  employed  is  such  as  to 
bring  any  part  of  the  transformation  into  this  region  of 
temperature,  the  exact  conditions  of  cooling  must  be 
carefully  controlled. 

Figs.  15  and  16  are  illustrative  of  the  way  in  which 
partial  transformation  along  the  grain  boundaries  may 
occur.  The  increase  in  coercive  force,  due  to  the 
increased  length  of  magnetic  path  in  the  case  of  incom- 
pletely transformed  y  constituent,  is  quite  well  marked. 

It  is  further  of  interest  to  note  that  measurements 
taken  on  a  magnet  during  the  process  of  cooling  from 
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the  ARo  point  indicate  that  the  coercive  force  has  a 
maximum  value  during  the  period,  and  that  in  the  final 
stages  of  cooling  at  atmospheric  temperature  the  coer- 
cive force  is  decreasing.  This  is  completely  in  accordance 
with  the  supposition  that  the  major  portion  of  the  (y-^) 
transformation  occurs  along  the  grain  boundaries. 

The  size  of  grain  undoubtedly  has  an  important 
bearing  upon  the  inhibition  of  the  (y-j8)  change. 
Large  grain  size  assists  the  bulky  ^  constituents  in 
bringing  intense  pressure  to  bear  upon  the  grain  centres, 
and  therefore  promotes  the  retention  of  the  y  constituent. 
It  is  of  importance,  therefore,  to  limit  the  maximum 
temperatures  to  which  the  steel  is  subjected,  also  the 
length  of  exposure  to  such  temperature,  as  both  these 
factors  tend  to  promote  grain  growth.  On  the  other 
hand,  in  certain  classes  of  steels,  including  the  one 
considered,  a  preliminary  heating  to  about  1  150°  C. 
appears  to  be  of  great  value  as  it  increases  the  coercive 


Fig. 


17. — Non-magnetic    grain    boundaries,    giving    rise    to 
low  remanence.      Magnification  :   150  diameters. 


force  by  about  25  per  cent.  The  reason  for  this  is  not 
quite  clear,  but  it  would  appear  that  tliis  preliminary 
high-temperature  treatment  assists  in  getting  the 
carbides  into  solution  at  the  hardening  temperature. 

The  converse  of  Figs.  15  and  16,  viz.  the  formation 
of  a  non-magnetic  constituent  along  the  grain  boundaries 
causing  more  or  less  complete  isolation  of  the  magnetic 
^  grains,  is  fortunately  only  of  rare  occurrence,  but  is, 
as  has  already  been  pointed  out,  much  more  serious 
in  its  results.  A  steel  in  which  this  defect  is  present 
is  generally  characterized  by  both  low  remanence  and 
coercive  force.  The  microstructure  of  such  a  steel  is 
shown  in  Fig.  17.  The  nature  of  the  white  constituent 
which  has  formed  along  the  grain  boundaries  is  not 
clear,  but  it  is  probably  not  identical  with  that  forming 
the  centres  of  the  grains  in  Figs.   15  and   16. 

The  suggestion  is  put  forward  that  it  is  excess  of  some 
constituent  which  is  rejected  along  the  grain  boundaries 
during    the   hardening   operation,    and   not,    as   in   the 


case  of  Figs.  15  and  16,  masses  of  untransformed 
austenite.* 

Effect  of  ageing. — The  (y-^)  change  in  the  hardened 
magnet  would  appear  to  follow  a  logarithmic  law.  At 
all  events  a  slight  increase  of  remanence  and  Bg  can 
be  detected  for  several  days  after  hardening.  This  is 
probably  due  to  shght  adjustments  in  the  condition  of 
equilibrium  between  the  ^  grain  envelopes  and  the 
y  centres.  There  is  at  the  same  time  a  slight  tendency 
for  Hf.  to  diminish,  but  this  is  more  than  offset  by  the 
increase  in  Brem.i  so  that  {BH)max.  tends  to  increase 
and  the  magnet  therefore  improves  in  quality. 

Effpct  of  supercooling. — Since  the  effect  of  too  high 
a  hardening  temperature  is  to  depress  the  whole  or  a 
portion  of  the  (y-jS)  change  below  atmospheric  tem- 
perature, it  would  follow  that  a  steel  low  in  reman- 
ence on   this  account  should  be  appreciably  improved 


Fig.  18. — Commencement  of  formation  of  conditions  shown 
in  Fig.  17.  The  excess  of  carbides  is  segregating  along 
the  grain  boundaries.     Magnification:   150  diameters. 

by  further  cooling.  This  is  undoubtedly  the  case,  and 
in  several  cases  quite  noticeable  improvement  has  been 
effected  by  cooling  the  magnets  either  in  a  freezing 
mixture  or  in  liquid  air.  The  precise  amount  of  the 
improvement  which  may  be  effected  will  clearly  depend 
not  only  upon  the  extent  of  the  supercooling,  but  upon 
the  temperature  from  which  hardening  occurs,  and  in 
fact  it  should  be  possible  to  obtain  a  series  of  curves 
similar  to  those  on  Fig.  14  for  various  hardening 
temperatures  and  ainounts  of  cooling.  It  would  appear, 
however,  to  be  somewhat  open  to  doubt  whether  the 
same  mechanism  of  hardening  holds  throughout  the  lower 
temperatures,  and  in  particular  whether  for  temperatures 
lower  than  atmospheric  the  (y~/3)  change  takes  the  form 
of  a  growth  inwards  from  the  grain  boundaries. 

*  This  is  confirmed  by  examination  of  steels  in  which  the  forma- 
tion of  the  white  grain  boimdaries  is  incomplete.  The  microphoto- 
graph  of  such  a  steel  is  shown  in  Fig.  18,  which  illustrates  how 
the  white  patches  (presumably  carbides)  tend  to  coalesce  aud 
arrange  themselves  along  the  grain  boundaries. 
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Experiments  which  were  made  upon  a  series  of  steels 
rendered  almost  completely  non-magnetic  by  cooling 
from  1  150°  C.  and  subsequently  cooling  to  —  180°  C.  in 
liquid   air  showed    that    the    (y-jS)    change,   although 
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occurring  under  this  treatment,  was  spread  throughout 
the  whole  mass  of  the  grains.  The  microstructure 
shows  the  whole  grain  mass  to  be  broken  up  without 
any    sign    of    thickened    or    transformed    grain    boun- 


formation  at  low  temperatures  were  substantially 
different  to  that  occurring  at  temperatures  in  the 
neighbourhood  of  300°  C,  and  it  would  further  appear 
from  some  experiments  made  on  the  supercooling  of 
a  magnet  only  partially  transformed  at  20°  C,  as  if  a 
break  in  the  coohng  curve  altered  the  mechanism  of 
the  change.  In  these  experiments  the  growth  of  Brpm. 
was  observed  from  about  300°  C.  to  20°  C.  and  was 
found  to  follow  a  smooth  curve.  After  a  period  of 
several  hours  the  magnet  was  further  cooled  to  —  20°  C. 
A  slight  gain  in  B,e„j.  was  noticed,  but  the  gain  was 
much  less  than  would  correspond  to  extrapolation  of 
the  original  curve  connecting  B^  and  temperature.  It 
would  appear,  therefore,  as  if  the  transformation  of  the 
grain  borders  once  arrested  could  not  be  started  again 
by  further  cooling,  but  that  further  transformation 
could  only  take  place  in  the  body  of  the  grain  itself. 

Before  any  definite  pronouncement  can  be  made  more 
research  work  is  required  at  temperatures  below- 
atmospheric,  but  it  would  appear  to  be  fairly  well 
established  that  although  supercooling  on  a  bad  magnet 
is  beneficial,  the  gain  is  not  sufficiently  great  to  make 
it  a  commercial  proposition. 

In  illustration  of  the  foregoing  attention  is  drawn  to 
Fig.  19,  which  expresses  the  relation  between  hardening 
temperature  and  magnetic  properties  for  two  typical 
steels.  It  will  be  seen  that,  as  the  hardening  tempera- 
ture is  raised  above  that  corresponding  to  the  optimum 
value  of  (BH).max.<  the  remanence  and  saturation 
value  fall  off  first  of  all,  followed  later  by  the  (BH),„ax. 
and  coercive  force.  The  remanence  at  first  falls  com- 
paratively slowly,  but  later  with  much  greater  rapidity. 
The  ratio  of  remanence  to  saturation  density,  at  first 
nearly  constant,  diminishes  rapidly  at  a  later  stage. 
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daries.  Moreover,  the  coercive  force,  the  remanence 
and  the  ratio  of  remanence  to  saturatibn  value  show 
conclusively  that  the  transformed  ^  material  did 
not  form  a  continuous  chain  throughout  the  mass, 
but  was  surrounded  by  untransformed  y  matrix.  It 
would  appear,  therefore,  as  if  the  mechanism  of  trans- 


The  correct  interpretation  of  these  results  is  probably 
that  the  first  effect  of  too  high  a  hardening  temperature 
is  to  retain  the  grain  centres  in  the  y  state,  but  that 
on  the  temperature  being  taken  still  higher,  unchanged 
y  material  becomes  interspersed  between  the  magnetic 
grains.     The  structure,  originally  of  Type  (3),  therefore 
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changes     with    increased     hardening    temperature    to 
Type  (2). 

Steels  containing  both  ^  and  a  phases. — Between  the 
y  and  ^  phases  of  a  steel  there  is,  as  we  have  seen,  a 
well-marked  division  accompanied  by  pronounced 
thermal  and  volume  changes,  and  a  sudden  assumption 
of  the  magnetic  condition.  But  between  the  hard  or 
jS  state  and  the  soft  a  condition  there  is  no  such  definite 
line  of  demarcation.  The  transition  from  one  to  the 
other  is  gradual,  spread  over  a  wide  range  of  temperature, 
and  is  unaccompanied  by  any  of  the  sharph-  defined 
thermal,  volume  and  magnetic  changes  such  as  occur 
when  the  y  constituent  changes  its  state.  It  does  not 
greatly  matter  for  our  purpose  whether  there  is  an  actual 
allotropic    change   of   state   in    the   iron    when    the    ^ 
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constituent  is  heated,  or  whether  the  changes  are  merely 
due  to  a  gradual  regrouping  and  crystallization  of  the 
carbide  particles,  leaving  practically  pure  carbon-free 
a  ferrite  behind.  The  results,  and  their  bearing  upon 
the  magnetic  properties  of  the  material,  are  in  any 
case  the  same. 

The  effect  of  reheating  or  tempering  a  hardened 
magnet  is  in  every  case  to  produce  an  increase  in 
remanence  accompanied  by  a  decrease  in  coercive 
force.  This  occurs  to  a  slight  extent  with  quite  moderate 
amounts  of  heating.  The  extent  of  the  "  tempering  " 
doubtless  varies  greatly  with  the  class  of  steel,  and  will, 
for  a  given  temperature,  be  much  greater  for  a  plain 
carbon  steel  than  for  a  tungsten  or  chromium  alloy. 

For  the  steel  which  forms  the  basis  of  these  notes 
the  change  in  magnetic  properties  begins  to  be  per- 
ceptible above  about  150°  C,  and  Fig.  20  gives  the 
BH  curve  for  a  magnet  of  this  material  after  successive 


heatings  to  a  series  of  gradually  increasing  temperatures. 
Fig.  21  summarizes  these  results  and  shows  how  the 
important  magnetic  properties,  B„  S^nn..  -^c  ^-nd 
{BH)max.  change  with  the  successive  degrees  of  temper- 
ing. It  will  be  noticed  that  a  steady  gain  in  remanence 
is  accompanied  by  a  steady  diminution  in  coercive 
force,  with  the  result  that  the  value  of  (BH)^az..  at 
first  nearly  constant,  commences  to  fall  off  above  about 
300°  C.  and  decreases  veir^'  rapidly  for  temperatures  of 
500°  C.  and  upwards.  Further  it  will  be  noticed  that 
the  shape  of  the  BH  loop  undergoes  a  marked  change 
from  the  full  loop  of  hyperbolic  shape  conforming  to 
Lament's  law  to  a  "  lean  "  curve,  almost  a  straight 
line,  which  cannot  be  so  represented. 

This  lean  curve  is  very  similar  in  shape  and  general 
appearance  to  the  curve  which  would  be  obtained  if 
we  considered  two  magnetic  paths  in  parallel,  of  widely 
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different  coercive  force.  Let  us  suppose  two  magnetic 
paths  in  parallel  with  their  terminal  faces  at  the  same 
potential.  The  resultant  flux  for  any  given  M.M.F. 
between  these  terminal  faces  can  be  found  by  taking 
the  algebraic  sum  of  the  fluxes  in  the  two  paths.  This 
construction  has  been  carried  out  in  Fig.  22.  It  will 
be  noticed  that  the  point  of  inflexion  where  the  curve 
for  the  material  of  low  coercive  force  crosses  the  axis 
of  H  has  introduced  a  corresponding  depression  in  the 
combined  curve  very  closely  resembling  the  "  lean  " 
curve  of  Fig.  20.  Of  course  we  cannot  expect  a  tempered 
magnet  to  behave  in  quite  such  a  simple  manner  as  two 
circuits  in  parallel,  as  the  constituents  comprising  its 
structure  may,  as  in  the  case  just  considered,  arrange 
themselves  in  various  ways,  but  the  resemblance  is 
sufficiently  great  to  give  a  very  strong  support  to  the 
theory  that  the  peculiar  shape  of  the  "  lean  "  curves 
which  do  not  obey  Lament's  law  is  due  to  the  presence 
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of  two  constituents,  both  ferro-magnetic,  but  of  widely 
different  coercive  force. 

Attention  is  also  drawn  to  Fig.  23,  which  gives  the 
BH  loop  for  a  steel  cooled  too  slowly  through  the 
critical  range  at  750°  C.  Fig.  24  gives  the  cooling  curve 
of  this  magnet  and  shows  clearly  the  heat  evolution  at 


the  upper  critical  point  will  permit  the  (y-a)  change 
to  take  place  directly,  and  must  be  prevented.  It  is 
well  to  remember  that  at  this  pwint  a  very  considerable 
heat  evolution  occurs,  and  that  this  heat  evolution 
will  tend  to  maintain  the  temperature  at  this  point, 
and  will  thus  tend  to  permit  the  whole  of   the   (y-j8) 
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750°  C.  due  to  formation  of  the  a  phase.  It  also  shows 
the  further  heat  evolution  due  to  the  transformation  of 
the  remaining  y  material  to  the  /3  condition.  Fig.  23 
clearly  shows  that  the  properties  of  the  resultant  magnet 
are  those  of  a  mixture  of  /3  and  a. 

It  is  not  proposed  to  deal  in  this  paper  with  the 
question  of  why  tempering  should  cause  an  increase 
of  remanence.  The  reason  for  the  decrease  in  coercive 
force  is  fairly  obvious  if  we  assume  that  the  coercive 
force  is  due  to  the  presence  of  dissolved  carbides,  for 
any  tempering  which  gives  rise  to  the  separation  of 
carbides  as  a  separate  constituent  will  of  necessity 
diminish  the  amount  in  solution.  It  would  appear  to 
be  fairly  certain  that  tempering  is  not  accompanied  by 
any  change  in  untransformed  y  iron  which  is  present 
in  the  hardened  magnet,  as  a  number  of  experiments 
which  have  been  made  show  that  the  y  iron  is  untrans- 
formed below  about  750"  C.  (see  Pig.  11),  so  that 
apparently  tempering  is  due  to  gradual  transformation 
of  the  ^  constituent.  As  tempering  is  found  to  reduce 
invariably  the  value  of  (BH)max..  e'^'en  if  only  slightly, 
it  would  appear  that  the  most  satisfactory  magnetic 
materials  are  those  in  which  the  ^  constituents  form 
the  whole  of  the  material  present. 

If  we  concede  that  the  aim  in  a  permanent  magnet 
is  to  produce  the  jS  constituent  to  the  exclusion  of  the 
a,  it  will  be  ad\isable  to  consider  under,  what  conditions 
the  a  constituent  may  be  formed  during  cooling  or 
quenching.     In    the    first    place    slow    cooling    through 


change  to  occur.     As  at  this  point   the  ^  constituent 
transforms  immediately  to  a,  the  net  result  is  that  the 
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(y-a.)   change   occurs    and    the   magnet   is    soft.      Very 
quick  cooling  through  the  upper  critical  point  is  there- 
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fore  essential,  but  below  this  point  it  would  appear 
that  the  cooling  rate  is  not  of  such  great  importance. 

The  (y-/S)  change  is,  as  we  have  seen,  spread  over 
a  considerable  range,  and,  since  it  is  clearly  necessary 
that  it  shall  be  complete  at  atmospheric  temperature, 
it  appears  as  if,  at  all  events  with  the  steel  considered, 
this  change  must  commence  at  a  temperature  not 
lower  than  about  200°  C.  It  would  therefore  seem  that 
certain  portions  of  the  material  which  assume  the  ^ 
state  at  this  temperature  must  pass  successively  through 
all  temperatures  between  this  and  atmospheric,  and,  if 
the  tempering  of  the  ^  constituent  is  a  process  that 
occurs  equally  on  a  rising  or  falling  temperature,  no 
further  tempering  of  these  portions  should  occur  on 
heating  the  magnet  up  to  the  temperature  at  which 
they  were  formed.  Converselv,  if  the  /3  constituent 
formed  at  a  lower  temperature  and  reheated  to,  say, 
200°  C.  has  a  certain  maximum  value  of  H^  and 
(BH),^ax.:  it  would  appear  that  the  portions  of  the 
magnet  of  earlier  formation  cannot  exceed  these  proper- 
ties, although  other  portions  formed  subsequently 
might  conceivably  do  so.  It  would  seem  also  that  in 
a  magnet  in  which  the  (y-jS)  change  is  spread  over  a 
considerable  range,  perfect  homogeneity  of  constitution 
is  not  to  be  expected. 

Although  recent  work  on  the  hardening  of  steels 
seems  to  show  that  a  constituent  may  be  formed  above 
and  cooled  without  change  through  a  temperature 
range  at  which  its  properties  would  be  greatly  modified 
by  tempering  if  it  were  reheated  to  such  range,  yet 
experience  with  the  class  of  steel  described  would  seem 
to  bear  out  this  hypothesis  in  that  the  best  magnets 
are  obtained  when  the  initial  temperature  and  cooling 
rate  are  such  that  the  (y-j8)  change  is  only  just 
complete  at  atmospheric  temperature.  It  is  probably 
partly  for  this  reason  that  alloy  steels,  such  as  tungsten 
or  chromium  steel,  give  much  better  magnets  than 
plain  carbon  steels,  but  it  is  likely  also  that  a  further 
contributory  cause  lies  in  the  relative  immobility  of 
the  complex  molecular  groups  which  are  formed  by 
these  alloys.  Not  only  is  the  change-point  of  the  steel 
lowered,  but  the  rate  at  which  regrouping  into  the 
transition  products  of  troostite,  sorbite  and,  finally, 
pearlite  can  occur  is  very  materially  reduced  so  that 
it  is  easier  to  retain  the  ^  constituent  at  atmospheric 
temperature  even  with  low  rates  of  cooling. 

There  would  appear  to  be  the  fundamental  difference 
between  the  change  we  have  described  as  the  (y-j8) 
change  and  that  which  we  have  termed  the  (j8-a) 
in  that,  while  further  cooling  below  the  point  at  which 
transformation  begins  increases  the  instability  of  the 
y  constituent,  it  has  no  corresponding  effect  upon  the 
^  phase,  the  transformation  of  which  can  only  be  brought 
about  by  heating  above  the  temperature  of  its  forma- 
tion. As  to  whether  the  j8  phase  is  trulv  stable  or 
whether  any  very  slow  transformation  is  continually 
taking  place  it  is  difficult  to  state.  Certainlv  in  the 
case  of  tempering  by  heating  abov-e  the  formation 
temperature  there  is  a  distinct  time  interval  which  is 
necessary  before  a  steady  condition  is  attained,  i.e.  a 
hardened  magnet  heated  to,  say,  400°  C.  for  one  minute 
is  not  reduced  in  coercive  force  to  such  a  great  extent 
as  if   heated   for  one   hour,  so   that    any  (^-a)    trans- 


formation occurring  during  quenching  will  depend 
greatly  upon  the  cooling  rate  as  well  as  upon  the 
temperatures  passed  through. 

Conclusions. 

(1)  The  properties  of  a  properly  hardened  permanent 
magnet  may  be  represented  to  a  sufficient  degree  of 
accuracy  for  most  practical  work  by  the  relation  of 
Lament's  law,  and  the  graphical  construction  derived 
therefrom  may  be  used  to  predict  the  complete  per- 
formance of  the  magnet  when  three  points  on  the  curve 
are  known. 

(2)  The  properties  of  an  actual  magnet  depend 
upon — 

la)  The  constituents  present. 

1^6)   Their  grouping  and  micrographical  constitution. 

With  the  same  constituents  arranged  in  different  ways 
widely  divergent  results  may  be  obtained. 

(3)  The  constituent  which  should  be  aimed  for  is 
the  first  transformation  product  below  the  y  or  non- 
magnetic condition.  This  should  form  the  whole  mass 
of  the  magnet.  In  actual  magnets  it  may  occur 
associated  with — 

(a)  Unchanged  y  material. 

(h)   Further  stages  in  the  transformation  to  the  soft 
or  a  condition. 

(4)  In  magnets  in  which  a  non-magnetic  constituent 
is  present,  much  less  harm  is  produced  by  its  presence 
when  it  forms  the  centres  of  cells  of  magnetic  material 
than  when  it  is  interspersed  between  magnetic  particles. 

i  In  most  magnets  which  have  a  granular  structure  any 
y  constituent  is  usually  present  in  the  centre  of  the 
grains  and  acts  chiefly  as  a  diluent.  It  may  sometimes 
cause  a  slight  increase  in  coercive  force.  In  cases  where 
the  non-magnetic  constituent  surrounds  and  separates 
the'  magnetic    particles    a    very    great    reduction    of 


remanence   and    (Bi/) 


occurs.     In    such  a  case   the 


ratio  of  saturation  to  remanent  density  is  verj-  large. 
Such  a  condition  appears  to  occur  in  steels  which  are 
made  magnetic  by  subsequent  supercooling,  e.g.  in 
liquid  air.  A  steady  cooling  from  the  hardening 
temperature  without  any  pauses  which  may  arrest  the 
process  of  transformation  appears  to  be  desirable. 

(5)  In  order  to  comply  with  (3)  above  the  (y-^) 
transformation  should  take  place  at  the  lowest  tempera- 
ture consistent  with  the  transformation  being  completed 
at  atmospheric  temperature.  The  cooling  rate  appro- 
priate to  this  will  depend  upon  the  composition  of  the 
steel  and  the  hardening  temperature. 

In  order  to  ensure  uniformity  throughout  the  mass 
of  the  magnet  the  temperature  gradient  throughout  it 
must  be  small  so  that  the  whole  of  the  material  cools 
at  the  same  controlled  rate.  Hence  the  superiority  of 
air-  or  oil-cooled  steels,  especially  for  large  sections. 

(6)  The  expansion  of  the  material  when  changing 
from  the  y  to  the  j8  state  has  an  important  bearing 
upon  the  phenomena  of  hardening.  It  tends  to  broaden 
the  region  covered  by  the  transformation  and  to  assist 
the  retention  of.  non-magnetic  centres  in  the  grains. 
On  this  account  a  coarse-grain  structure  is  liable  to 
give  poor  magnetic  results. 
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Suggestions  for  Further  Work. 

It  is  felt  that  this  paper  is  very  incomplete.  In 
many  ways  the  theories  put  forward  are  conjectural. 
They  are  based  generally  upon  a  certain  amount  of 
practical  experience  in  the  workshop  treatment  of 
cobalt-steel  magnets.  To  substantiate  them  and  push 
them  to  a  logical  conclusion  requires  much  careful 
laboratory  work  which  the  author  is  not  in  a  position 
to  carry  out,  and  it  is  hoped  that  this  paper  maj'  be 
of  some  value  in  suggesting  possible  lines  of  attack 
upon  this  admittedly  complex  subject.  Quite  possibly 
many  of  the  theories  will  be  shown  to  be  wrong,  but 
this  will  be  of  no  matter  should  others  be  evolved  which 
give  us  a  better  grasp  of  the  mechanism  of  hardening 
and  the  production  of  a  permanent  magnet.  In  par- 
ticular it  is  desirable  that  much  more  careful  studies 
should  be  made  of  the  magnetic  changes  in  a  cooling 
magnet,  and  that  these  should  be  taken  over  a  large 
range  of  cooling  temperatures  extending  in  many  cases 
well  below  atmospheric.  Careful  correlation  also  should 
be  made  of  the  magnetic,  thermal  and  volume  changes, 
and  the  microstructure  should,  of  course,  be  examined 
wherever  this  can  be  done  with  profit. 

Having  established  what  may  be  termed  the  basic 
principles  of  hardening,  studies  should  be  made  of  the 
influence  of  the  various  allojdng  elements  upon  magnet 
steels,  in  every  case  investigating  their  effect  upon  the 
position  and  character  of  the  various  transformations, 
as  well  as  upon  the  chemical  compounds  which  thev 
may  form.  Particular  attention  should  be  paid  to  the 
metal  cobalt  which,  instead  of  being  chiefly  of  impor- 
tance in  so  far  as  it  affects  the  transition  points  of  iron 
as  do  the  metals  tungsten,  molybdenum,  chromium, 
etc.,  appears  to  be  capable  of  forming  with  metallic 
iron  an  alloy  FeoCo,  which  is  possessed  of  quite  remark- 
able magnetic  properties,  and  which,  in  association  with 
carbon,  chromium,  etc.,  will  give  very  high  coercive 
forces.  This  alloy,  moreover,  appears  to  form  an 
uninterrupted  series  of  solid  solutions  with  metallic 
iron  which  make  available  a  whole  range  of  materials 
of  widely  varying  magnetic  properties,  but  all  superior 
to  the  existing  tungsten  and  chromium  steels. 

The  harmful  effects  of  impurities  and  the  power  of 
the  usual  ingredients  such  as  manganese,  silicon, 
sulphur,  phosphorus,  etc.,  to  affect  the  structure  of 
steel,  has  been  already  worked  out  as  far  as  applies 
to  tool  steels  and  kindred  materials,  but  a  critical 
study  showing  exactly  what  effects  these  may  have 
upon  a  permanent  magnet  is  yet  waiting  to  be  carried 
out. 

The  problems  involved  are  difficult,  but  should  lead 
to  important  results.  Already  steels  are  available  and 
in  daily  use  which  are  four  times  as  good  as  the  old 
tungsten  steel  which  held  sway  for  so  many  years, 
and  it  can  hardly  be  thought  that  finality  has  yet 
been  reached. 

In  conclusion  the  author  would  express  his  indebted- 
ness to  the  various  steel  firms  whose  materials  have 
furnished  the  information  which  has  been  put  forward. 
Among  others  he  would  mention  the  Cobalt  Magnet 
Steel  Co.,  Messrs.  Steel  (Sheffield),  Ltd.,  and  Messrs. 
Vickers,     Ltd.     He    would     particularly    mention    his 


indebtedness  to  Mr.  J.  F.  Kayser  of  the  Cobalt  Magnet 
Steel  Co.  for  very  much  information  and  assistance, 
for  several  of  the  microphotographs  and  for  most 
valuable  advice  at  all  stages  of  the  work.  He  is  also 
indebted  to  the  M-L  Magneto  Syndicate,  Ltd.,  in  whose 
works  and  laboratories  all  the  information  was  obtained. 
He  would  also  acknowledge  the  help  and  assistance  of 
his  assistants  Messrs.  Betteridge  and  Laird  in  the 
experimental  work  which,  involving  as  it  did  the 
recording  and  plotting  of  some  hundreds  of  BH  curves, 
was  often  of  an  arduous  nature. 


APPENDIX. 

The  Method  Employed  for  Testing  Permanent 
Magnets. 

The  device  employed  for  making  the  tests,  the  results 
of  which  are  given  in  the  paper,  is  not  in  any  way  novel, 
but    the    apparatus    described    has    gone    through    a 
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Fig.  25. — Diagram  of  connections  for  magnet-testing  gear. 

considerable  process  of  evolution,  as  the  result  of  which 
a  testing  gear  has  been  developed  which  is  direct  reading 
over  a  large  range  of  sections  and  lengths  of  magnets, 
and  in  which  there  is  no  necessity  for  the  magnet  to 
fit  the  magnetizing  coils  closely. 

The  actual  measuring  portion  of  the  apparatus  consists 
of  a  small  iron  disc  revolved  at  a  constant  speed  between 
a  pair  of  pole  faces,  on  which  rests  the  magnet  under 
test.  A  magnetizing  coil  is  slipped  over  the  magnet, 
and  the  current  in  the  coil  varied  as  desired  for 
magnetizing  and  demagnetizing  purposes. 

The  iron  disc  is  mounted  on  a  bronze  spindle  and  has 
a  bronze  ring  fixed  on  its  outer  edge,  and  brushes  run 
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on  the  spindle  and  on  the  ring,  constituting  a  small 
unipolar  generator.  The  voltage  induced  in  the  disc 
is  therefore  a  measure  of  the  flux  provided  by  the 
magnet. 

In  order  to  make  the  instrument  read  the  value  of 
B,  without  the  necessity  for  calculations,  a  variable 
resistance  (SC  in  Fig.  25)  is  inserted  between  the  revolving 
disc  and  a  millivoltmeter,  which  measures  the  induced 
voltage.  This  resistance  has  a  slider  working  on  a 
graduated  scale,  and  the  resistance  and  graduations  are 
so  proportioned  that  when  the  slider  is  set  to  the 
calibration  on  the  scale  corresponding  to  the  sectional 
area  of  the  magnet,  the  millivoltmeter  gives  a  reading 
indicative  of  the  flux  density  in  the  magnet.  In  the 
same  way  compensation  is  made  for  various  lengths 
of  magnets  by  placing  a  variable  resistance  (LC  in 
Fig.  25)  between  the  shunt  in  the  demagnetizing 
circuit  and  the  ammeter  which  measures  the  current, 
and  which  gives,  therefore,  a  reading  of  the  value 
of  H. 

A  further  correction  is  necessary  if  the  coils  do  not 
fit  the  magnets  closely,  as  when  the  current  is  flowing 
in  the  coils  there  will  be  a  flux  in  the  air  space  surrounding 
the  magnet,   and  this    flux  will  be  picked    up    by  the 


measuring  instrument  and  recorded  as  if  it  were  flux 
in  the  magnet  itself.  To  compensate  for  this  a  shunt, 
AC,  is  placed  in  the  demagnetizing  circuit.  A  sliding 
contact  on  this  taps  ofi  a  certain  proportion  of  the 
voltage-drop  and  opposes  it  to  the  voltage  induced  in 
the  revolving  disc.  The  voltage-drop  in  this  shunt  is, 
of  course,  proportionate  to  the  current,  and  so  also  is 
the  voltage  induced  in  the  revolving  disc  by  that  portion 
of  the  flux  which  is  contributed  by  the  air  space  in  the 
magnetizing  coils.  It  is  therefore  possible  to  compensate 
exactly  for  this  air  flux  and  make  the  reading  on  the 
millivoltmeter  indicate  truly  the  density  in  the  magnet 
itself.  Further,  if  the  shunt  AC  be  so  adjusted  as  to 
compensate  not  for  the  air  space  between  the  magnet 
and  the  surrounding  coil,  but  for  the  whole  of  the  air 
space  enclosed  by  the  coil,  including  that  of  the  magnet 
itself,  the  reading  obtained  will  be  not  the  value  of  B 
in  the  magnet  as  ordinarily  given,  but  the  value  of 
4it/,  or  the  true  ferric  density  in  the  iron  itself.  The 
apparatus  can  therefore  be  very  readily  adapted  for 
taking  quick  readings  of  the  saturation  density  in  the 
iron.  For  this  purpose  it  is  only  necessary  to  move 
the  reversing  switch  S  (Fig.  25)  into  the  magnetizing 
position  and  take  the  reading  on  the  millivoltmeter  D. 
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The  Research  on  Insulating  Oils  was  initiated  by  ths 
Institution  of  Electrical  Engineers,  continued  by  the 
Electrical  Research  Committee  and  transferred  to  this 
Association. 

The  subject  has  been  growing  in  importance  in  view 
of  the  increasing  size  and  greater  demand  put  upon 
transformers  and  oil  switches,  and  would  appear  never 
to  have  received  the  thorough  investigation  it  deserved. 
The  results  of  the  research  should  be  of  considerable 
assistance  to  designers  and  users  of  transformers  and 
oil  switches. 

Part  I. 

GENERAL    REVIEW   OF    WORK. 

Previous  publications. — Previous  preliminary  work 
done  has  been  published  in  the  I.E.E.  Journal  (1915, 
vol.  53,  p.  146,  and  1916,  vol.  54,  p.  497),  and  an  article 
on  the  "  Selection  of  the  Best  Form  of  Spark  Gap  for 
Electric  Strength  Tests  "  has  been  published  in  the 
electrical  Press  (see  Electrician,  3  December,  1921,  and 
Electrical  Review,  18  November,  1921). 

The  technical  report  Ref.  E/T15  ("  Comments  on  the 
Method  proposed  by  the  American  Society  for  Testing 
Materials,  for  determining  the  Electric  Strength  of 
Transformer  and  Switch  Oils  ")  has  been  issued  to 
members  of  the  Association,  and  forwarded  to  the 
American  Society  for  Testing  Materials  for  its  infor- 
mation. 

Present  investigations. — The  present  report  embraces 
the  most  important  details,  abstracted  from  the  reports 
on  its  files,  of  the  investigations  on  the  chemical  and 
physical  properties  carried  out  by  the  Association,  and 
the  Association  is  indebted  to,  amongst  others,  Mr. 
A.  R.  Everest,  Mr.  A.  P.  M.  Fleming,  Mr.'  J.  L.  Langton, 
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Dr.  A.  C.  Blichie,  the  National  Physical  Laboratory, 
Mr.  W.  B.  Parker,  j\Ir.  L.  G.  RadcUflfe  and  Dr.  A.  RusseU, 
for  the  execution  of  the  work. 

Methods  of  testing. — In  selecting  methods  of  testing, 
two  principal  considerations  have  been  kept  in  view  : — 

(i)  The  quantities  measured  should  be,  as  far  as 
possible,  chemical  or  physical  constants  and 
not  empirical  quantities. 

(ii)  \Miere  the  quantities  observed  var\-  with  the 
conditions  of  testing,  the  conditions  should 
correspond  as  closely  as  possible  to  working 
conditions. 

In  deaHng  with  such  complex  bodies  as  oUs  these 
conditions  have  been  by  no  means  easy  to  observe, 
and  the  value  of  the  work  done  mav  be  measured  to 
a  large  e.xtent  by  the  success  attained. 

New  sources  of  supply. — With  a  \-iew  to  extending 
the  sources  of  supply  of  insulating  oils,  and  especially 
the  utilization  of  possible  sources  in  the  British  Isles, 
inquiries  have  been  made  into  the  possibihties  of  Coal 
Tar  Distillation  B}--products  and  of  Shale  OUs  as  sources 
of  insulating  oils.  It  has  been  concluded  that  there 
are  no  immediate  prospects  of  assistance  in  these 
directions,  but  the  matter  will  not  be  lost  sight  of. 

Colour  tests. — Change  of  colour  on  heating  has  baen 
employed  on  the  Continent  as  an  indication  of  sludging 
characteristics,  but  after  thorough  investigation  it  is 
concluded  that  tliis  method  of  testing  could  not  be 
employed  as  a  substitute  for  methods  recommended, 
and  that  colour  cannot  be  taken  per  se  as  giving  any 
indication  of  the  sludging  characteristics  of  an  oiL 

British  Standard  Specification. — Based  on  the  infor- 
mation supphed  by  the  Association,  after  extensive 
inquiries  and  experimental  investigations,  a  British 
Standard  Specification  for  Insulating  Oils  for  use  in 
Transformers,  Oil  Switches  and  Circuit  Breakers 
(No.  148—1923)  has  been  issued  by  the  British 
Engineering  Standards  Association. 

The  Specification  wLLl  be  revised  and  added  to  from 
time  to  time  as  the  results  of  further  investigations, 
which  this  Association  is  carrying  out,  come  to  hand. 
A  fuU  description  of  the  apparatus  and  methods  to  be 
used  in  the  proposed  tests  will  be  found  therein. 

Work  of  foreign  countries. — ^The  Association  has  kept 
in  touch  ^^•ith  work  done  in  other  countries,  and  it  is 
felt  that  while  the  Specifications  are  rather  more 
elaborate  than  others  now  in  use,  this  represents  a 
definite  advance  and  will  lead  to  improvements  in  the 
material  obtained  and  in  knowledge. 

Researches  in  hand. — Experimental  investigations  are 
in  hand  on  : — 

(a)  Thermal  conductivity  and  transference. 

(b)  The  effect  of  arcing  on  the  physical  and  chemical 

properties  of  oils. 

(c)  Resisti\-itj-    and    its    correlation    with    moisture 

content  and  electric  strength,  with  special 
reference  to  the  effect  of  contaminating  particles 
on  the  electric  strength  in  the  hght  of  new  facts 
and  data. 

In  this  connection,  investigations  \\\\\  be  made  on 
the  centrifugal  separator  as  a  means  of  purifying  oils. 


In  addition  to  the  above,  furthjr  work  is  in  hand  for 
th?  improvement  of  standards,  and  especially  for  further 
development  of  sludge  testing,  with  a  view  to  improve- 
ment and  simplification  of  method. 


Part  n. 

r£su:\i£  of  experimental  work. 

Programme. — The  programme  of  the  Insulating  Oil 
Research  Committee,  as  initiated  by  the  Institution 
of  Electrical  Engineers,  embraced  the  foUo-i^-ing  : — 


Test  N 

0.                        Xature  of  Test 

la 

Tendency  to  Sludge. 

\b 

Change  of  Colour  due  to  Sludging. 

2 

Loss  by  Evaporation  at  100°  C. 

3 

Flash  Point  "  Closed." 

4 

\'iscositj'  at  Different  Temperatures. 

5 

Chemical  Reactions. 

(a)  Acidity. 

(b)   Alkahnity. 

(c)  Hiibl's  Iodine  Absorption  Value 

6a 

Density. 

&b 

Coefficient  of  Expansion. 

7 

Cold  Test  (Sohdification). 

8* 

Moisture  Absorption. 

9* 

Electric  Strength. 

10* 

Specific  Resistance. 

11* 

Thermal  Transference. 

12 

Specific  Heat. 

In  addition  to  the  investigations  on  the  above  tests, 
a  resume  of  the  following  three  investigations  is  included 
in  this  report ; — 

(a)  Latent  Heat. 

(6)   Vapour  Pressures. 

(c)   The  Action  of  Catalysers. 

Test  No.  1a  :  Texdencv  to  Sludge. 

General  remarks. — It  may  be  said  that  the  main 
cause  of  trouble  from  oil  in  transformers  can  be  traced 
to  the  presence  of  air,  which  under  the  action  of  heat 
and  accelerated  by  contact  with  certain  metals  oxidizes 
and  poh-merizes  the  oil,  with  the  result  that  solid 
deposits  are  formed  which  settle  on  the  windings  and 
result  in  overheating.  At  the  same  time  water  and 
organic  acids  may  form,  which  reduce  the  electric 
strength  of  the  oil  and  may  attack  the  materials  of  the 
transformer  and  casing.  The  best  method  of  preventing 
these  troubles  is  undoubtedly  to  exclude  air  from 
coming  into  contact  with  the  oil.  This  is  a  matter  of 
transformer  design  and  in  many  cases  could  be  readil)- 
accomphshed. 

As  an  in.^tance  of  the  effect  of  air,  it  may  be 
mentioned  that  during  a  period  of  seven  years  one  of 
the  investigators  heated  a  sample  of  transformer  oU 
to  a  temperature  of  150°  C.  for  ov3r  14  000  hours, 
air  being  excluded.  There  was  no  perceptible  altera- 
tion in  the  oU,  no  formation  of  acids,  no  water  and 
no  deposits. 

It  is  not  maintained  that  all  transformer  oUs  would 
*  See  "  Researches  in  hand  "  in  prewous  column. 
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give  as  good  a  result  as  this,  even  if  air  were  excluded, 
as  many  of  the  poorly  refined  oils  have  a  certain  pro- 
portion of  oxygen  in  their  composition.  It  is  probably 
not  possible  to  exclude  air  from  all  transformers  and 
it  was  therefore  necessary  to  standardize  a  test  which 
would  give  not  only  an  indication  of  the  tendency  of 
the  various  oils  to  deposit  solid  matter,  but  also  a 
measure  of  their  liability  to  form  water  and  organic 
acids. 

Object  of  research. — The  sludging  test  is  the  most 
important  test  of  the  series. 

The  prime  object  of  the  research  on  sludging  was  to 
ascertain  by  a  series  of  tests  carried  out  by  different 
laboratories  upon  one  and  the  same  set  of  oils  and 
using  a  selected  method  of  test,  whether  a  sludging 
test  was  suitable  for  standardization  for  purchasing 
specifications  of  insulating  oils.  This  includes  the 
question  of  rapidity,  ease  of  performance,  concordance 
of  results  between  duplicate  tests  and  between  different 
experimenters  ;  also  the  degree  of  accuracy  to  which 
the  determination  can  be  performed  and  the  discovery 
of  any  possible  improvements  in  the  method  itself. 

Methods  of  test. — Dr.  Michie's  original  test  employed 
air  at  150°  C,  but  it  was  decided  to  make  investigations 
over  a  range  of  temperatures  from  60°  C.  to  120°  C. 
in  order  to  find  the  temperature  at  which  sludge  in 
measurable  quantities  first  forms. 

Tests  were  also  carried  out  with  oxygen,  which,  it 
was  anticipated,  would  somewhat  increase  the  severity 
of  the  test,  but  whether  it  made  other  more  drastic 
changes  in  the  character  of  the  test  and  the  products 
produced  was  then  uncertain  though  considered  prob- 
able. 

Results  of  tests. — The  oils  submitted  represented 
three  sources,  viz. 

East  Asiatic  (Burmah). 
West  Asiatic  (Russian). 
North  American  (U.S.A.). 

The  results  indicated  that  the  pale  Russian  oils  were 
the  best,  but  some  American  modern  refineries  have 
produced  an  American  oil  of  equal  merit  under  this 
form  of  test. 

Table  1  gives  the  percentages  of  sludge  formed  by 
the  different  oils,  using  oxj'gen,  between  the  tempera- 
tures of  60°  C.  and  120°  C.  Table  2  shows  the  amount 
of  deposit  formed  with  air  between  the  temperatures 
of  100°  C.  and  150°  C.  The  figures  given  in  these 
tables  were  finally  adopted  after  carefully  considering 
all  discrepancies  due  to  variations  in  the  conditions  of 
the  test,  including  the  personal  equation. 

In  all  cases,  both  with  oxygen  and  with  air,  the  oil 
darkened  in  colour,  the  darkening  increasing  as  the 
temperature  was  raised.  The  deposits  which  separated 
out  were  also  darker  in  colour  with  the  higher  tem- 
perature. 

Consideration  of  results. — The  following  conclusions 
were  formed  :  — 

(a)  Rapidity. — Upwards  of  six  tests  can  be  performed 
simultaneously  in  apparatus  in  which  arrangements  are 
made  to  pass  the  oxygen  (or  air)  through  the  flasks  in 
parallel. 

(6)  Ease   of  manipulation. — The    test   per   se    is    not 


difficult,  and  the  reaction  flask  shown  in  Fig.  1  renders 
the  manipulation  of  the  sludge  easier  than  was  the  case 
with  the  original  flask  used. 

(c)  Concordance  of  duplicate  tests. — Duplicate  tests 
obtained  by  individual  workers  appear  to  agree  fairly 
satisfactorily. 

Table   1. 

Percentage  Sludge  formed,  using  Oxygen  at  Temperatures 
from  60°  C.  to  120°  C. 


Percentage  sludge  at 

Oil  No. 

60°  C.  to 
80°  C. 

90°  C. 

100°  c. 

110°  c. 

120°  C. 

1   (Burmah) 

nil 

001 

0-07 

0-27 

0-82 

2  (Burmah) 

nil 

nil 

0-02 

0-07 

0-43 

3  (Russian) 

nil 

nil 

nil 

nil 

Oil 

4  (Same  as  No.  3 ; 

partly  used) 

nil 

nil 

nil 

016 

2-6 

5  (Partly  used) 

nil 

nil 

004 

013 

0-37 

6  (Russian) 

nil 

nil 

nil 

0-03 

041 

7  (American)     .  . 

nil 

nil 

nil 

11 

2-5 

8  (American)     .  . 

nil 

nil 

0-01 

012 

003 

9  (American)     .  . 

nil 

nil 

nil 

nil 

0-46 

10  (American)     .  . 

nil 

nil 

0015 

0-04 

0-42 

Table  2. 

Percentage  Sludge  formed,  using   Air   at    Temperatures 
from  100°  C.  to  150°  C. 


Oil  No. 

Percentage  sludge  at 

100°  C. 

110°  c. 

120°  C. 

150°  C. 

1   (Burmah) 

004 

015 

0-7 

3-2 

2  (Burmah) 

trace 

004 

0-2 

2-8 

3  (Russian) 

— 

— 

— 

trace 

4  (Same  as  No.  3 ;  partly 

used) 

— 

— 

— . 

006 

5  (Partly  used) 

— 

002 

01 

0-6 

6  (Russian) 

— 

— 

006 

0-35 

7  (American) 







trace 

8  (American) 

— 

— 

003 

1-4 

9  (American) 

— 

— 

— 

0-5 

10  (American) 

— 

001 

0-08 

1-1 

[d)  Concordance  of  results  by  different  experimenters. — 
The  agreement  between  different  experimenters  was  not 
good  if  all  the  reported  results  are  considered,  and  all 
are  given  equal  weight  from  the  point  of  view  o£  intrinsic 
worth.     Owing   to   the   following   causes,    it   was   not 
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possible    to    attach    equal    weight    to 
obtained  : — 


(i)  Some  experimenters  used  distinctly  different 
methods  of  weighing  up  the  precipitates  of 
sludge  obtained. 

(ii)  One  experimenter  reported  results  only  for  the 
maximum  temperature  (120°  C). 

iii)  In  the  case  of  Sample  4 — a  partly  used  Russian 
oil — the  differences  suggested  imperfect 
samphng.  This  is  a  probable  explanation, 
because  this  oil  was  "  partlj'  used "  and 
probably  contained  sludge  which,  owing  to 
its  tendency  partly  to  settle  and  partly  to 
remain  in  solution,  would  not  be  evenly  dis- 
tributed in  the  samples  as  issued  to  the 
individual  experimenters. 


Scale  :- 
%fall  size 


Pure  oxygen 


Oxygen  outlet 


(iv) 

(V) 


Fig.  1. — Jlodified  sludgmg  apparatus. 

In  most  cases  no  meter  was  used  for  measuring 
the  quantity  of  gas  passed. 

In  the  case  of  the  American  oils  Nos.  7,  8,  9 
and  10,  using  oxygen,  the  precipitate  of  sludge 
was  difficult  to  manipulate  owing  to  its  physical 
condition.  These  sludges  were  sticky  colloidcd 
varnish-hke  substances,  verj'  difficult  to  wash 
and  dissolve.  This  characteristic  is  undoubt- 
edly connected  with  the  use  of  oxygen,  since 
.  the  same  oils  gave  granular  precipitates  wth 
air. 

L^These  difficulties  have  been  fuUy  considered  in  drafting 
the  specification,  and  also  in  the  selection  of  the  figures 
appearing  in  Tables  1  and  2. 

(f)  Air  or  oxyge^t. — In  everj'  case  where  air  was  used 
the  deposits  were  in  the  form  of  powders,  while  with 
oxygen  sticky  vamish-Uke  substances  were  usually 
obtained. 

The  Association  did  not  favour  the  use  of  oxygen 


all    the    results       instead  of  air  (as  originally  suggested  by  Dr.  Michie) 
for  the  following  reasons  : — 

(i)  Air  and  not  pure  oxygen  comes  in  contact  with 
the  oil  under  actual  working  conditions. 

(ii)  The   action   of   air   is   not   the  same  as  that  of 

oxygen, 
(iii)  The  results  of  the  air  sludge  test  correspond 
better  than  those  of  the  oxygen  sludge  test 
with  the  Uabihty  of  insulating  oils  in  actual 
practice  to  form  soUd  deposits, 
(iv)  The  iodine  values  correspond  better  with  the  air 
values  than  with  the  oxygen  values.  The 
citt\'es  in  Fig.  2  show  the  relation  between 
the  iodine  values  and  the  sludge  values  with 
air  and  oxygen. 

(v)  Taking  all  the  results  into  consideration,  it 
appesired  that  when  using  oxygen  the  accuracy 
as  between  different  experimenters  was  not 
sufficiently'  good. 

For  the  above  reasons  it  was  recommended  that  air 
be  used  in  the  standard  method  for  specification  pur- 
poses, that  is,  reverting  to  the  original  form  of  the 
test  devised  by  Dr.  Michie. 

Modifications  to  apparatus. — The  following  modifica- 
tions to  apparatus  were  adopted  : — 

(a)  Reaction  flask. — The  form  used  by  some  of  the 
experimenters,  consisting  of  a  detachable  bulb  portion 
(flask  proper)  fitting  into  an  all-glass  condenser  tube 
by  means  of  a  carefully  ground-in  joint  (Fig.  1)  is 
recommended,  with  the  proviso  that  the  ground-in 
joint  should  be  situated  above  the  surface  of  the  oil 
in  the  hot  oil-bath  in  order  to  ensure  that  there  is  no 
leakage  of  the  oil  from  the  bath  into  the  apparatus. 

(6)  Oil  bath. — The  electrically  heated  forms  appear 
satisfactory,  but  to  make  certain  of  uniform  heating 
mechanical  stirring  should  be  used  in  all  cases.  Control 
of  the  temperature  must  be  thermostatic. 

(c)  Flow  and  regulation  of  gas  through  reaction  flasks. — - 
This  is  undoubtedly  the  most  important  feature  of  the 
test. 

(i)  It  is  very  important  that  the  flasks  be  joined 
up  to  the  gas  (oxygen  or  air)  supply  on  the 
parallel-flow  principle,  and  not  in  series. 

(ii)  The  gas  flow  must  be  measured  by  an  accurate 
meter  or  some  form  of  volumetric  measurer 
which  can  be  attached  in  rotation  to  the 
flasks.  Tliis  matter  requires  much  more 
attention  than  was  given  to  it  in  the  original 
investigation. 

(iii)  It  is  essential  that  the  quantity  of  gas  should  be 
\-ery  uniform  for  every  test  made,  and  it 
should  be  dehvered  at  a  steady  rate  of  flow. 
At  present  this  feature  seems  the  weakest 
point  in  the  method.  The  use  of  air  presents 
less  difficulty  than  does  the  use  of  oxygen. 

The  Kissling  test. — This  test  is  used  to  a  large  extent 
on  the  Continent,  and  especially  in  Germany.  It  is  a 
measure  of  the  tar  content  of  some  of  the  acid  com- 
pounds formed  by  the  oxygen  used,  others  being  driven 
off  at  the  high  temperature.  The  material  obtained  by 
this  test  is  small  and  would  not  precipitate  in  a  trans- 
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former.     The    test    does    not    take    into    account    the 
catalytic  action  of  copper. 

It  is  considered  that  there  is  no  connection  between 
the  tar  value  as  given  by  the  Kissling  test  and  the 
sludge  formed  in  a  transformer.  Some  of  the  best  oils 
give  high  KissUng  values  but  practically  no  sludge. 

Test    No.     1b  :     Tintometric    Determination    of 
Colour  of  Oils  before  and  after  Sludging. 

The  Lovibond  apparatus  used  in  this  investigation 
was  originally  designed  for  testing  petroleum  oils, 
chiefly  of  the  lamp-oil  class. 

The  investigation  showed  that  thers  did  not  appear 
to  be  any  direct  indication  of  commencement  of  sludging 
by  colour-change,  and  the  colour-change  appeared  to 
be  gradual. 

Colour/temperature  curves  for  a  definite  stratum 
thickness  indicated  that  the   colour  number  increases 


method.  Only  one  set  of  values  for  the  B.T.H.  method 
is  available  and  this  was  furnished  by  the  B.T.H.  Co. 

The  chief  reason  for  including  the  Archbutt  vapori- 
meter  method  was  that  it  had  been  in  use  for  lubricating- 
oil  testing  for  many  years,  but  it  was  found  that  the 
apparatus  had  not  been  definitely  standardized  and  was 
open  to  considsrable  improvement  in  such  matters  as 
method  of  heating  and  control  of  temperature. 

Results  of  tests. — Table  3  gives  the  results  obtained 
with  the  three  methods  by  different  investigators. 

Consideration  of  results. — The  quantity  of  oil  used 
and  the  shape  of  the  container  have  a  great  influence 
on  the  rate  of  evaporation. 

As  regards  the  degree  of  accuracy  required,  speed  of 
test,  and  general  usefulness,  both  the  first  two  methods 
appear  satisfactory. 

With  regard  to  the  significance  of  the  evaporation 
results,  it  was  evident  that  these  afford  a  measure   of 
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Fig.  2. — Relation  between  iodine  and  sludge  values. 


slowly  at  first,  but  as  the  temperature  is  raised  the 
increase  becomes  more  rapid.  For  the  better  oils  the 
change  takes  place  at  90°  C,  while  for  those  which 
deposit  sludge  the  change  appears  to  be  at  60°  C.  to 
70°  C.  This  appears  to  be  the  clearest  indication  of 
sludging  tendency  given  by  the  curves. 

The  presence  of  sludge  in  the  oil  does  not  appear  to 
exercise  any  appreciable  influence  on  the  colour  number. 

The  tests  proved  that  this  method  is  greatly  influenced 
by  the  personal  equation.  After  considerable  experi- 
mental work  it  was  concluded  that  colour  tests  could 
not  be  relied  upon  as  criteria  of  the  sludging  character- 
istics of  an  oil,  and  could  not  therefore  be  substituted 
for  other  methods  of  examination. 

Test  No.  2  :  Loss  by  Evaporation  at  100°  C. 
Methods  of  test. — Three  methods  were  suggested  for 
comparison,  one  devised  by  Dr.  Michie,  another  utilized 
by  the  B.T.H.  Company,  and  the  third  was  Archbutt's 


the  economy  of  the  oil  in  use  for  transformers  and 
switches,  also  of  the  safet^^  of  the  oil,  i.e.  they  show 
whether  dangerous  quantities  of  vapour  are  evolved 
which  (having  a  flash  point  of  130°  C.  to  185°  C.)  could 
produce  large-scale  explosions  if  mixed  with  air  and 
ignited. 

It  should  be  particularly  noted  that  the  evaporation 
does  not  afford  any  indication  of  the  dryness  of  the  oil, 
and  cannot  be  made  to  do  so  with  any  really  satisfactory 
result. 

Test  No.  3  :  Flash  Point  (Closed  Test). 

The  whole  of  the  results  reported  are  summarized 
in  Table  4.  It  is  only  by  extremely  careful  and  sys- 
tematic attention  to  details  (many  of  which  have  not 
yet  been  standardized)  that  concordant  work  is  attain- 
able. 

All  the  precautions  mentioned  in  Sir  Boverton 
Redwood's  book  "  A  Treatise  on  Petroleums  "  must  be 
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Table  3. 

Test  Xo.  2  ;  Loss  by  Evaporation  at  100°  C.  Percentage  by  Weight.  Comparison  of  Results  obtained  by  Standard 
B.T.H.,  Standard  Michie,  and  Standard  Archbutt  Methods  of  Determining  Loss  by  Weight  at  100°  C.  ;  also 
Modifications  of  Archbutt' s  Method  to  ascertain  its  Relation  to  the  other  Methods. 


Oil  No. 

B.T.H. 

Mfthod. 

Standard  2  g ; 

8  hours 

I  Dr.  Michie's  method  ;  toluene  vapour-bath. 

Standard    5  cm3  (about  5  e) ;    S  hours. 

Mean  results  reported  by 

Archbutt's  vaporimeter  method. 

Standard,  0-5  g;   1  hour. 

Means  of  tests  reported  by 

Modified 

Archbutt's 

method  :  tnean 

of  dup.  B.T.H. 

Investigator  A  • 

Investigator  B  t 

Investigator  C  % 

Investigator  C  ; 
air  at  ?  "  F.§ 

[nvesligator  B ; 
air  at  212°  F.  || 

Investigator  .\ ; 
air  at  172°  F.|| 

Investigator  A  '• 
air  at  212°  F.i; 

results,  using 

2  ^  for  8  hours 

at  212°  F.l| 

1 

1-9-1 

1-2 

1-43 

1-31 

0-70 

1-03 

0-32 

1-4 

1-25 

2 

1-82 

0-9 

1-46 

0-835 

0-53 

0-38 

0-26 

1-0 

0-88 

3 

1-08 

0-9 

1-09 

0-615 

0-74 

0-64 

0-28 

0-84 

0-77 

4 

2-60 

1-7 

2-27 

1-46 

0-82 

0-88 

0-45 

1-6 

1-53 

5 

0-33 

0-4 

0-35 

0-29 

0-20 

0-35 

010 

0-3 

0-275 

6 

2-98 

2-5 

2-73 

1-42 

1-10 

0-93 

0-67 

2-35 

204 

7 

0-53 

0-5 

0-50 

0-225 

0-31 

0-50 

0-22 

0-5 

0-31 

8 

3-21 

2-3 

2-61 

1-425 

1-25 

0-77 

0-68 

2-1- 

1-625 

9 

1-70 

1-4 

1-89 

1-29 

0-54 

0-53 

0-52 

1-6 

116 

10 

22 -06 

15-5 

15-11 

11-05 

7-70 

8-27 

3-0 

13-1 

11-27 

*  Investigator  .\  used  5  cm'  volume  for  this  test. 

t  Investigator  B  used  5  g  for  this  test  ieqaals  5--14  to  604  cm'  volume,  according  to  the  specific  gravity  of  the  oils). 

X  It  is  not  clear  from  the  report  issued  whether  investigator  C  used  5  g  or  not :  he  states  that  "  a  standard  weight  "  of  oil  was 
used,  but  gives  no  weighings. 

§  There  is  some  uncertainty  regarding  the  real  temperatures  of  the  air  passed  over  the  oil  in  this  experiment,  no  record  of  the 
same  being  given  in  the  report  issued. 

II  Teniperatures  determined  by  actual  experiments.  In  the  c.ise  of  investigator  B's  tests,  a  new  double-tube  vaporimeter  was  used, 
whereas  in  investigator  A's  and  investigator  C's  reports  an  old  single-tube  apparatus  was  used. 
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40  50 

TemperatuTe 
Fig.  3. — Test  Xo.  4  :    Average  viscosity  at  different  temperatures  for  oUs  in  Table  5. 
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Table  4. — Test  No.  3;    Flash  Point  (Closed).     Re 

suits  Collected  for  Comparison. 

Results  obtained 

Oil  No. 

Investigator 

TnttnimfiTi t   if^Pfi 

1 J 13  Ll  liAU^ll  k     U^^*.* 

Minimum 

Maximum 

Remarks 

'D 

Gray 

°C. 
175 

°C. 

Average   (a)    174-8 

A 

Pensky,  M. 

176 

177 

Average   (b)   174-8 

C 

Gray 

179-4 

— 

Maximum    179 

1 

< 

E 

Pensky,  M. 

177 

— . 

Minimum     169 

B 

Gray 

169 

170 

F 



not  tested 

not  tested 

Difference      10 

^-D 

Gray 

176 

— . 

Average  (a)    176-7 

A 

Pensky.  M. 

178 

179 

Average  (6)   176-7 

C 

Gray 

179-4 

— 

Maximum    179-4 

2 

< 

E 

Pensky,  M. 

176 

— 

Minimum     174-4 

B 

Gray 

174-4 

174-4 

F 

not  tested 

not  tested 

Difference        5-0 

^D 

Gray 

184 

— 

Average   (a)   184-9 

A 

Pensky,  M. 

181 

183 

Average  (b)   184-6 

C 

Gray 

187-7 

— 

Maximum   188 

3 

< 

E 

Pensky,  M. 

188 

— 

Minimum     181 

B 

Gray 

182 

— ■ 

F 



186 

— 

Difference        7 

'D 

Gray 

177 

— 

Average   (a)   175-1 

A 

Pensky,  M. 

175 

— . 

Average  \b)   175-0 

C 

Gray 

180 

— 

Maximum    180 

4 

< 

E 

Pensky,  M. 

173 

— 

Minimum    171 

B 

Gray 

171 

• — 

F 

' — 

175 

— 

Dififerencf       9 

'B 

Gray 

174* 

— 

Average  (a)   192-3 

A 

Pensky,  M. 

197 

198 

Average  (b)   195-3 

5 

C 

Gray 

197 

— 

Maximum    198 

. 

E 

Pensky,  M. 

198 

— 

Minimum     174 

B 

Gray 

190 

191 

F 

196 

— 

Difference      24 
(or  8  if  value  *  is  omitted) 

'D 

Gray 

164 

— 

Average   (a")  167-4 

A 

Pensky,  M. 

169 

170 

Average  (b)    167-4 

C 

Gray 

165-5 

— 

Maximum   170 

6 

< 

E 

Pensky,  M. 

168 

— . 

Minimum     164 

B 

Gray 

170 

— 

F 

— 

165 

— 

Difference        6 

>D 

Gray 

185 

— 

Average   (a)    182-3 

A 

Pensky,  M. 

188 

— 

Average   (i)   183-5 

C 

Gray 

185 

— 

Maximum    188 

7 

- 

E 

Pensky,  M. 

183 

— . 

Minimum     181 

B 

Gray 

181 

182 

F 

— 

187 

— 

Difference       7 

=D 

Gray 

168 

— 

Average  (a)   167-2 

A 

Pensky,  M. 

168 

171 

Average  (b)    167-2 

C 

Gray 

165-5 

— 

Maximum    171-0 

8 

- 

E 

Pensky,   M. 

168 

— 

Minimum    163-3 

B 

Gray 

163-3 

— 

>l 

— 

167 

— 

Difference       7-7 

Gray 

172 

— . 

Average  (a)   172-9 

A 

Pensky,  M. 

173 

— 

Average  (6)   172-9 

9 

C 

Gray 

175-5 

— 

Maximum    175-5 

< 

E 

Pensky,  M. 

173 

— 

Minimum    171-0 

B 

Gray 

171 

— 

F 

— 

173 

— 

Difference        4-5 

■D 

Gray 

132 

— 

Average  (a)   131-3 

A 

Pensky,  M. 

132 

133 

Average  (6)   131-8 

C 

Gray 

128* 

— 

Maximum    133 

10 

- 

E 

Pensky,  M. 

133 

— 

Minimum     128 

B 

Gray 

131 

— 

F 

— 

130 

— 

Difference       5 

I 

,r, 

(or  3  if  value  ♦  is  omitted) 

Average:   (a)  =  Gross;    (6)  =  Selected. 

Note. — Investigator  D   definitely  states   that  he   used  standardized  thermometers. 

Investigator  A  does  not  specifically  mention  this  fact. 

Investigator  C  recommends  standard  thermometers,  but  does  not  state  that  they  were  used. 

Investigator  E  states  that  his  values  are  the  means  of  several  tests,  but  omits  to  state  specifically  if  standardized 
thermometers  were  used. 

Investigator  B  used  standardized  thermometers,  which  had  been  in  use  some  years  since  standardization  ;    they  were 
not  specially  re-standardized  for  this  research. 

Investigator  F  makes  no  comments. 

•  These  results  are  obviously  incorrect. 
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taken,  also  those  suggested  by  the  National  Physical 
Laboratory's  work,  detailed  by  Dr.  Harker  and  W.  F. 
Higgins  (Collected  Researches,  vol.  8). 

Whenever  petroleum  spirits  or  similar  low-flash-point 
solvents  are  used  for  washing  out  the  oil  cup  of  flash- 
point apparatus,  it  is  most  necessary  to  put  the  oil  cup 
into  a  well-ventilated  oven  which  is  maintained  at 
•120°  C.  and  to  keep  it  there  for  about  30  minutes  in 


better.  However,  the  results  as  they  stand  are  probably 
indicative  of  the  quality  of  work  and  degree  of  agree- 
ment usually  attained  in  commercial  testing. 

Test  No.  4  :  Viscosity  at  Different  Temperatures. 
Table  5  gives  the  maximum,  minimum  and  average 
viscosity  of  the  various   oils   tested   at  different  tem- 
peratures. 


Table  5. 
Test  No.   4  ;    Viscosily  at  Different   Temperatures. 
Time  of  Efflux  of  50  cm^  of  Oil,  in  Seconds,  using  Stsindard  Redwood  Viscometers. 


Oil  No. 


15-5°  C. 
60°  F. 


Temperatures  (Centigrade  and  Fahrenheit) 


30°  C. 
86°  F. 


32-2°  C. 
90°  F. 


35°  C. 

95°  F. 


37-7°  C. 
100°  F. 


50°  C. 

122°  F. 


65°  C. 

149°  F. 


65-5°  C.  80°  C. 

150°  F.  176°  F. 


90°  C. 

194°  F. 


10 


Times  of  Efflux,  in  Seconds. 

Maximum 

308-3 

— 

— 

— 

— 

67-2 

50-0 

— 

42-0     1 

Minimum 

286 

0 

— 

— 

— 

— 

63 

0 

47-9 

— 

38 

0 

Average 

305 

3 

145 

1230 

106-2 

102 

64 

9 

48-9 

— 

40 

1 

Maximum 

350 

0 

— 

— 

— 

— 

71 

0 

50-0 

— 

42 

0 

Minimum 

309 

0 

— 

— 

— 

— 

64 

7 

48-6 

— 

39 

0 

Average 

314 

3 

149 

— 

1100 

104 

67 

5 

49-3 

— 

40 

3 

Maximum 

1268 

2 

— 

— 

— 

■ — 

165 

0 

— 

— 

60 

4 

Minimum 

1  190 

0 

— 

— 

— 

— 

155 

0 

— 

— 

58 

3 

Average 

1222 

7 

— 

398-5 

314-0 

307 

159 

5 

89-0 

87-0 

59 

6 

'Maximum 

502 

0 

— 

— 

— 

— 

90 

0 

. — 

— 

47 

0 

Minimum 

478 

0 

— 

— 

— 

— 

85 

0 

— 

— 

44 

1 

Average 

495 

4 

— 

1890 

1620 

148 

87 

2 

58-8 

58-5 

45 

5 

Maximum 

442 

0 

— 

— 

— 

— 

92 

0 

— 

— 

47 

1 

Minimum 

400 

0 

— 

— 

. — . 

— 

80 

0 

— 

— 

46 

0 

Average 

422 

9 

— 

175-0 

152-8 

141 

89 

5 

60-0 

58-7 

46 

9 

Maximum 

475 

0 

— 

— 

— . 

— 

84 

0 

55-0 

— 

49 

0 

Minimum 

394 

0 

— 

— 

— 

— 

79 

0 

54-3 

— 

42 

6 

Average 

421 

5 

184 

1670 

142-6 

125 

80 

8 

54-6 

. — 

43 

5 

Maximum 

317 

5 

— 



— 

72 

5 

52-0 

— 

42 

5 

Minimum 

276 

0 

— 

— 

— 

— 

66 

0 

50-6 

— 

40 

0 

Average 

294 

5 

142 

127-0 

1130 

100 

68 

8 

51-3 

50-5 

41 

4 

Maximum 

155 

0 

— 

— 

— 

— 

54 

0 

— 

— 

37 

6 

Minimum 

150 

0 

— 

— 

— 

— 

49 

0 

— 

— 

36 

7 

Average 

152 

9 

— 

— 

71-0 

65 

51 

1 

41-8 

42-0 

37 

4 

Maximum 

155 

0 

— 

— 

— 

— 

52 

0 

— 

— 

31 

0 

Minimum 

148 

0 

— 

78-5 

— 

— 

50 

5 

— 

— 

30 

0 

Average 

151 

5 

— 

78-5 

70-4 

69 

51 

3 

41-8 

41-7 

37 

4 

Maximum 

57 

3 

— 

— 

— 

— 

35 

4 

— 

— 

31 

0 

Minimum 

51 

0 

— 

— 

— 

— 

34 

8 

— 

— 

30 

0 

Average 

53 

0 

— 

40-4 

391 

38 

35 

0 

32-0 

32-4 

30 

3 

37 


36 


39 


38 


order  to  drive  off  thoroughly  all  traces  of  these  cleansing 
solvents,  otherwise  they  will  cause  abnormally  low 
flash-point  results  when  the  apparatus  is  next  used. 

The  differences  between  the  results  reported  (Table  4) 
are  in  some  cases  excessive.  By  an  oversight  no  inter- 
comparison  of  the  thermometers  of  the  various  instru- 
ments used  was  made  prior  to  the  commencement  of 
the  research.  If  such  comparison  had  been  instituted 
it  is  hkely  that  the  agreement  would  have  been  much 


The  three  temperatures  stipulated  were  15-5°  C, 
50°  C.  and  80°  C,  but  some  of  the  experimenters  made 
tests  at  additional  temperatures  in  order  to  obtain 
better  curves.  From  the  average  values  the  curves  in 
Fig.   3  have  been  dra\vn. 

With  the  exception  of  the  results  for  the  lowest  tem- 
perature (15-5°C.)  the  agreement  between  the  various 
experimenters  is  satisfactory. 

The  differences  cover  all  variables  likely  to  be  met 
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Table  6. 

Test  A'o.   5c  ;   Iodine  Absorption    Value   {Hiibl's  Process). 

Weight   of   Sample   used:    1-0   to    1-25   g   in    10   cmS  Chloroform.      Standard  Iodine  Solution   used:    50  cm'. 

Duration   of   reaction  :     18  to   24  hours. 


Invcsti^-itor 

a" 

Investigator 

Investigator 

Investigator  B 

Investigator 

Smnmary 

Oil  No. 

Percentage  iodine 

absorption,  by  weight 

Maximum 

Minin3um 

Average, 
excluding  • 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

1 

100 

9-83 

8-4* 

11   1     to    11-2 

not  done 

11-2 

8-4 

10-58 

2 

10-5 

10-37 

8-0* 

11   0     to    11-76 

not  done 

11-76 

8-0 

10-90 

3 

0--1 

0-86 

10 

0-51  to     0-53 

0-72 

1-0 

0-4 

0-67 

4 

0-4 

0-88 

0-6 

0-32*   to   0-60 

0-72 

0-88 

0-32 

0-64 

5 

9-2* 

11-4 

11-3 

12-3      tol2-71* 

13-00* 

130 

9-2 

11-7 

6 

1-3 

1-33 

1-2 

1-27     to   1-54 

1-58 

1-58 

1-2 

1-37 

7 

0-2 

0-44 

0-3 

012*  to     018 

0-49 

0-49 

012 

0-32 

8 

15-1 

150 

14-7 

15-12     to    16-53* 

15-16 

16-53 

14-7 

15-01 

9 

1-1 

1-42 

1-3 

1-03     to      1-40 

2-60* 

2-60 

103 

1-25 

10 

9-4 

101 

9-6 

9-88     to    10-67 

10-54 

10-67 

9-4 

1003 

Note. — The  large  variation  in  results  for  Sample  5  is  probably  largely  connected  with  the  condition  of  this 
oil.  It  was  oil  which  had  been  in  use  and  was  not  very  clean.  In  order  to  show  that  individual  operators  get 
fair  agreement  in  their  own  tests,  the  full  set  of  results  found  for  this  oil  by  investigator  B  are  given  below  : — 

Oil  No.  5:  12-59,  12-48,  12-40,  12-30,  12-69,  12-71.  Maximum  12-71,  minimum  12-30,  difference  0-71, 
average  12-53. 

*  These  results  are  obviously  incorrect. 


with  in  general  work,  \dz.  differences  in  thermometers, 
the  jets  and  other  dimensions  of  the  viscometers, 
measuring  flasks,  stop-watches  and  the  personal  equa- 
tion. 

Test  No.  5  :  Chemical  Reaction's. 

(a)  Acidity  and  {b)  Alkalinity. — Results  of  the  acidity 
and  alkalinity  tests  proved  that  these  oils  were  pure 
and  free  from  injurious  quantities  of  either  acids  or 
alkalis.  These  two  tests  are  of  a  purely  precautionary 
value.  Normally  there  should  be  no  reaction,  and 
even  in  old  stock  the  reactions  should  not  show  more 
than  the  equivalent  of  2  to  3  mg  of  caustic  potash 
(KOH)  per  gramme  of  oil.  The  tests  therefore  will 
show  up  any  carelessness  which  has  occurred  in  ths  oil 
refinery. 

To  prevent  imperfectly  purified  oils  being  used,  these 
tests  are  proposed  as  part  of  all  specifications.  They 
also  form  checks  upon  the  behaviour  of  the  oils  during 
use,  because  they  will  indicate  whether  ; — 

(i)  The  sludging  is  producing  undesirable  amounts  of 
acidity,  and  the  rate  of  its  formation,  or 

(ii)  If  the  oil  is  dissolving  acid-resinous  and  free-acid 
bodies  from  insulations  or  paints  which  have 
been  used  in  the  construction  of  the  apparatus. 

(c)   Iodine  absorption  value   {Hiibl's  process). 

Results  of  tests. — Only  five  experimenters  undertook 
this  test.     The  results  are  shown  in  Table  6. 

Consideration    of   results. — The    results    confirm    the 


opinion  that  there  is  a  distinct  practical  and  chemical 
relationship  between  the  iodine  value  of  an  oil  and  its 
sludging    propensity    under    commercial    conditions     of 


Scale  :- 

Vifull  size 


Fig.   4, — Conical  flask  for  determination  of  iodine  values. 

use.  The  relation  is  far  more  clearly  traced  when  the 
sludging  has  been  performed  when  using  air  than  when 
employing  oxygen  (see  Fig.  2). 

This  test  is  of  value  cis  providing  an  alternative  rough 
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Temperatures  (Centigrade  and  Fahrenheit) 

OUNo. 

15- 5°  C. 
60°  F. 

21- re. 

70°  F. 

26-  6°  C. 
80°  F. 

32- 2°  C. 
90°  F. 

50°  c. 
122°  F. 

80°  C. 
176°  F. 

Average  density  (water  a 

t  same  tem 

perature  =  1) 

1 

0-9159 

0-8938 

0-8740 

2 

0-9170 

— 





0-8942 

0-8750 

3 

0-8913 

— 



0-8698 

0-8513 

4 

0-8839 

— 





0-8618 

0-8424 

5 

0-8683 

— 





0-8474 

0-8286 

6 

0-8822 

0-879 





0-8606 

0-8424 

7 

0-8610 

0-858 

0-854 



0-8388 

0-8206 

8 

0-8603 

0-857 

0-854 

0-850 

0-8378 

0-8182 

9 

0-8446 

0-842 

0-838 

0-834 

0-8227 

0-8037 

10 

0-8271 

0-824 

0-821 

0-817 

0-8041 

0-7846 

Test    Xo.    6b  : 


Coefficient    of    Volumetric 
expansiox. 


Method  of  test. — This  determination  required  accurate 
specific  gravity  determinations  of  the  oils  at  different 
temperatures,  and  the  use  of  the  following  formula  in 
conjunction  with  figures  from  Table  41a  on  page  212, 
vol.  1  of  "  Physico-Chemical  Tables  "  bj-  J.  Castell 
Evans. 

_  Vti  -  Vt 
°  ~  Vt{t,  -  t) 
where  a  =  coefficient  of  expansion  ; 
t  =  lower  temperature  taken ; 
<!  =  higher  temperature  taken  ; 
V  =  volume. 

Or  '^-'^^ 


check  of  oil  deliveries  with  respect   to   their  sludging 
quEuhties. 

The  iodine  value  can  be  determined  hy  the  Hubl 
method  in  18  to  24  hours  as  against  72  to  80  hours  for 
the  completion  of  the  sludging  test  {i.e.  before  the 
weight  of  the  separated  and  dried  sludge  can  be  obtained) . 

It  is  recommended  that  the  form  and  size  of  the 
flasks  used  for  this  test  be  made  standard,  and  the 
inexpensive  but  efficient  flask  shown  in  Fig.  4  is  recom- 
mended. 

Test  ZSTo.  6a  :  Density. 

Although  the  density  test  as  carried  out  is  primarily 
simple,  yet  there  are  several  possible  sources  of  error, 
and  the  small  differences  fnot  exceeding  a  maximum 
difference  of  0-4  per  cent  from  the  mean)  found  in  the 
results  were  probably  due  to  incorrect  temperature 
control. 

The  special  importance  of  correct  results  for  the 
density  arises  from  the  fact  that  the  data  obtained 
were  required  for  the  calculation  of  the  coefficient  of 
thermal  expansion. 

Table  7. 
Test     No.     6a  ;     Density     at     Different    Temperatures, 
compared  with  that  of  Pure  Water  at  the  Same  Tem- 
peratures. 


where  a  =  coefficient  of  expansion  ; 

d  =  density  at  the  lower  temperature  (t)  ; 
dj  =  density  at  the  higher  temperature  (<i). 

Results  of  tests. — The  results  are  given  in  Table  8.     In 
most  cases  the  mean  expansion  alone  was  reported. 

Table  8. 
Test  Ko.  6b  ;  Coefficient  of  Volumetric  Expansion. 


di(<i  -  0 


Temperature  of  experiment 

Oil 

Investigator 

No. 

15- 5°  C.  to  50' C. 
60°  F.  to  vir  F. 

50°  C.  to  80°  C. 

122°  F  to  176°  F. 

15- 5°  C.  to  80°  C. 
60°  F.  to  176°  F. 

'A 
-  C 

0-000754 

1 

0-000707 

0-000732 

0- 000720 

lE 

— 

— 

0-000756 

.  C 
E 

. — 

— 

0-000749 

2 

0-000746 

0-000669 

0-000707 

. — 

— 

0-000756 

'A 

— 

— 

0-000732 

3 

C 

0-000693 

0- 000652 

0-000672 

'E 

— 

— 

0-000731 

IF 

— 

— 

0-000746 

C 

— 

— 

0-000754 

4 

0-000729 

0-000707 

0-000718 

^E 
F 

— 

— 

0-000769 

— 

— 

0-000753 

rA 
C 

— 

— 

0-000769 

0-000691 

0-000641 

0- 000666 

5 

If 

— 

— 

0-000784 

— 

— 

0-000780 

f-A 

— 

— 

0-000753 

6 

C 

0-000683 

0-000752 

0-000717 

'  E 

— 

— 

0-000767 

If 

— 

— 

0-000724 

rA 
c 

— 

— 

0-000784 

7 

0- 000796 

0-000722 

0- 000758 

IE 
LF 

— 

— 

0-000780 

— 

— 

0- 000789 

rA 

— 

— 

0-000795 

8 

C 

0-000726 

0-000802 

0- 000764 

^E 

If 

— 

— 

0- 000801 

— 

— 

0- 000842 

rA 

— 

— 

0-000808 

9 

c 

0-000732 

0-000812 

0-000772 

If 

— 

— 

0-000793 

— 

— . 

0-000719 

^c 

1e 
lf 

— 

— 

0-000859 

10 

0-000810 

0-000867 

0- 000838 

— 

— 

0- 000853 

— 

— 

0- 000793 

Consideration  of  results. — As  noted  under  the  heading 
"  Density  Test,"  the  main  cause  of  the  discrepancy 
between  the  reports  is  probably  due  to  insufficient  care 
in  temperature  control  and  the  utilization  of  glass 
apparatus. 

Very  few  good  data  exist  respecting  the  \olumetric 
expansion  of  refined  oils.     The  data  published  in  text- 
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books  and  treatises  refer  mainly  to  crude  oils  or  imper- 
fectly refined  oils  of  the  lubricating  oil  type,  and  such 
data  cannot  be  considered  to  hold  good  for  the  highly 
refined  modern  products  used  for  insulating  oils ; 
therefore  the  data  obtained  by  the  Association  are  of 
special  value. 

Quartz  vessels  may  be  used  with  advantage  for  the 
experiments,  and  special  care  must  be  taken  to  control 
the  temperature  with  very  close  accuracy. 

Test  No.  7  :  Cold  Test  (Solidification). 
Methods  of  test. — The  results  for  this  test  obtained 
by  using  the  original  method  of  the  Electrical  Research 
Committee  proved  more  discordant  than  was  antici- 
pated. The  general  conclusion  of  the  investigator 
was  that  consistent  results  were  not  obtained  by  this 


Test  No.   7 


Table  9. 
Cold   Test  (Avchbutt's   Method). 


Solidification  temperature 

Oil 

No. 

Investigator  A 

Investigator  B 

Investigator  C 

1 

+  6-5°C. 

0°  C.  soUd 
Re-liquefied +  4- 5°  C. 

+  2-5° C. 

2 

4-7-0°C. 

O^C. 
Re-liquefied +  4- 5°  C. 

+  2-5°  C. 

3 

not  done 

-  19°  C. 
Re-liquefied  -  13°  C. 

-  16-6°  C. 

4 

not  done 

not  done 

below- 17-7°  C. 

5 

-2-0°C. 

-  4-5° C. 
Re-iiquefied  —  3°  C. 

-  8-3°  C. 

6 

not  done 

below  -  24°  C. 

below- 17-7°  C. 

7 

-  13°C. 

-  13-5°  C. 
Re-liquefied-  11°  C. 

below- 17-7°  C. 

8 

-8-8°  C. 

-  13-5°  C. 
Re-liquefied  —  10°  C. 

-  15°  C. 

9 

-6°C. 

-  4-25°  C. 
Re-liquefied- 3  ■0°C. 

-  11-9°  C. 

10 

-4°C. 

-  4-45°  C. 
Re-liquefied- 3- 5°  C. 

-  3-8°  C. 

method  because  a  good  deal  depends  upon  the  rate  of 
stirring. 

Much  more  consistent  results  were  obtained  by  cooling 
the  oil  and  gently  stirring  with  the  thermometer  until 
within  a  degree  or  two  of  the  solidifying  point  or  the 
temperature  at  which  solid  matter  separates  out,  and 
then  allowing  the  oil  to  cool  further  very  slowly  and 
without  stirring,  until  the  oil  will  no  longer  flow  in  the 
tube. 

As  a  result  of  the  discussions  in  Committse  it  was 
decided  to  use  an  older  method  which  is  known  as  the 
Archbutt  method  and  is  described  in  "  Lubrication 
and  Lubricants  "  by  L.  Archbutt  and  R.  M.  Deeley 
[Chas.  Griffin  and  Co.,  London]. 

Consideration  of  results. — The  results  obtained  are 
given  in  Table  9  and  show  some  improvement  upon 
those  obtained  by  the  original  E.R.C.  method.  But 
so  much  depends  upon  the  personal  equation  that 
agreement  within  ±  5°  C.  is  as  much  as  can  be  expected 


with  any  form  of  cold  test.  This  partly  arises  from 
the  necessity  of  defining  the  setting  point  in  terms  of 
viscosity,  which  is  practically  what  a  cold  test 
amounts  to. 

Insulating  oils  are  not  pure  substances,  but  variable 
mixtures  of  many  homologous  substances  of  two  or 
three  different  homologous  series  of  chemical  substances 
(hydrocarbons),  each  member  possessing  its  own  true 
and  definite  solidification  temperature — some  higher 
and  some  lower  than  the  average  of  the  series  present. 
There  is  therefore  no  sharp  solidification  temperature 
or  setting  point  for  mineral  oils,  but  a  range  of  tem- 
peratures over  which  the  oil  gradually  becomes  more 
and  more  solid  and  at  last  appears  to  be  too  solid  to 
flow. 

The  oil  is  not  necessarily  solid  throughout  its  mass 
at  the  temperature  at  which  it  will  not  flow  along  an 
inclined  test-tube.     It  is  usually  only  partly  solidified. 

The  differences  noted  between  the  results  of  different 
experimenters  bear  testimony  to  the  real  difficulty  of 
devising  a  satisfactory  Cold  Test  for  such  materials  as 
insulating  oils. 

It  was  finally  decided  to  recommend  the  adoption  of 
the  .Archbutt  method  because  it  had  already  attained 
considerable  status  and  had  been  used  for  several  years 
in  connection  with  oil,  fat  and  wax  industries. 

Test  No.  12  :  Specific  Heat. 

Method  of  test. — Tests  on  the  specific  heats  of  trans- 
former oils  were  carried  out  by  two  investigators.  In 
both  cases  the  electrical  method  was  employed.  The 
oil  was  stirred  throughout  the  experiment  and  the 
necessary  corrections  for  cooling  were  applied  in  each 
case. 

Results  of  tests. — Both  investigators  obtained  values 
in  the  neighbourhood  of  air  temperature,  while  one 
gave  ligures  for  the  specific  heat  in  the  neighliourhood 
of  47°  C.  and  the  other  examined  four  of  the  oils  over 
the  range  15°  C.  to  80°  C,  in  which  latter  case  the  oils 
were  dried  prior  to  test. 

Tables   10  and    11   give  the  results  obtained. 

Table  10. 
Specific  Heat. 


Investic 

'ator  A 

Investigator  G 

Oil  No. 

Mean 
Temp. 

Specific 
Heat 

Mean 
Temp. 

Specific 
Heat 

Mean 
Temp. 

Specific 
Heat 

1 

°C. 

19-1 

0-425 

°C. 
47 -G 

0-453 

"C. 

15-5 

0-422 

2 

17-0 

0-429 

46-7 

0-455 

15-5 

0-427 

3 

17-4 

0-442 

46-7 

0-469 

15-5 

0-431 

5 

lG-8 

0-457 

47-6 

0-481 

15-5 

0-458 

6 

16-2 

0-437 

46-3 

0-471 

15-5 

0-433 

7 

19-3 

0-454 

47 -G 

0-484 

15-5 

0-400 

8 

lG-8 

0-457 

47-5 

0-482 

15-5 

0-452 

9 

15-7 

0-4GG 

47-4 

0-495 

15-5 

0-457 

10 

171 

0-4G9 

46-8 

0-494 

15-5 

0-469 
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Consideration  of  resulls. — It  will  be  seen  that  both 
observers  give  results  in  reasonable  agreement  at  the 
lower  temperatures,  but  at  the  higher  temperatures 
greater  discrepancies  are  noted.  This  is  probably  partly 
due  to  the  method  of  measurement. 

The  differences  between  the  values  for  the  different 
oils  were  not  so  great  that  the  value  of  the  specific  heat 


of  which  is  maintained  the  same  as  that  of  the  interior 
of  the  vacuum  vessel.  Thus  any  heat  loss  or  gain  by 
the  oil  in  the  vessel  during  the  test  is  eliminated. 

The  flask  is  about  half  filled  with  the  oil,  in  which  a 
platinum  heating  coil  is  totally  immersed.  The  vessel 
is  closed  by  a  metal  cover  fitting  looselv  into  an  annular 
channel  on  the  top  of  the  flask,  and  a  seal  is  effected 


Table  11. 
Specific  Heat  {Investigator  G). 


Oil  No. 

Specific  Heats  at  mean  temperatures  of 

15- 5' C. 

20=  C. 

30°  C. 

40°  C. 

50°  C. 

60°  C. 

70°  C. 

80°  C. 

1 

0-427 

0-454 

0-467 

0-486 

0-497 

0-498 

0-502 

0-508 

5 

0-457 

0-469 

0-489 

0-503 

0-518 

0-532 

0-540 

0-538 

7 

0-455 

0-468 

0-469 

0-482 

0-497 

0-496 

0-510 

0-525 

8 

— 

— 

— 

— 

0-500 

0-514 

0-529 

0-529 

needed  to  be  taken  into  account  in  drawing  up  a  speci- 
fication. 

Specific  heat  of  unit  volume. — Table  12  gives  the  specific 
heat  of  unit  volume  of  each  oil,  and  shows  that  witfiin 
experimental  error  it  has  a  constant  value  of  0  ■  390 
at  about  15-5°  C.  Investigation  also  showed  that  at 
50°  C.  the  specific  heat  of  unit  volume  is  constant  at 
0-405. 

Table  12. 
Specific  Heat  of  Unit  Volume. 


0:1  No. 

Mean  specific 
heat 

Density  at 
15 -5° C. 

Specific  heat  of 
unit  volume 

1 

0-425 

0-916 

0-390 

2 

0-430 

0-917 

0-395 

3 

0-435 

0-891 

0-390 

5 

0-455 

0-868 

0-395 

6 

0-435 

0-882 

0-385 

7 

0-460 

0-861 

0-395 

8 

0-455 

0-860 

0-390 

9 

0-460 

0-845 

0-390 

10 

0-470 

0-827 

0-390 

by  flooding  this  channel  with  molten  tin  at  high  tem- 
peratures, and  mercury  at  low  temperatures.  A  mica 
disc  fits  down  on  the  top  edge  of  the  vessel,  so  that 
the  vapour  rising  from  the  oil  does  not  come  into  direct 


-Tule  maintained  at  slisKtly.  liighio: 
temperdture  than  tae  oil 


Condenser 


Latent  Heat  of  Vaporiz.\tion. 

Features  investigated. — For  the  purposes  of  this 
inquiry  it  was  necessary  to  measure  the  qiiantity  of 
heat  required  to  convert  unit  mass  of  oil  from  liquid 
to  vapour  at  its  boiling  point,  rather  than  the  heat 
given  out  on  condensation  of  the  vapour  to  liquid. 

Description  of  apparatus. — A  special  apparatus  (shown 
diagrammatically  in  Fig.  5)  was  designed  for  these 
experiments.  It  consists  essentially  of  a  vacuum- 
walled  vessel  supported  in  an  enclosure  the  temperature 


Fig.  5. — Apparatus  for  determining  latent  heat. 

contact  with  the  metal  cover  ;  the  hoUow  cover  thus 
constitutes  a  heat-insulating  air  space.  A  thermometer 
and  copper/constantan  thermo-j  unction  are  introduced 
through  packing  glands  in  the  cover. 

Method  of  test. — The   flask   is    totally  enclosed   in   a 
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copper  cylinder  the  exterior  surfaces  of  which  are  wound 
with  a  heating  coil  of  constantan  wire.  Throughout  the 
experiments  the  temperature  of  the  air  within  this  jacket 
was  maintained  the  same  as  that  of  the  oil  in  the  vacuum 
vessel  by  adjustment  of  the  current  flowing  through 
the  heating  coil  on  the  jacket.  Equalization  of  the 
temperature  in  the  interior  was  effected  by  means  of 
the  fan  and  baffle  shown  in  Fig.  5.  The  fan  forced  the 
air  up  past  the  surface  of  the  flask  and  down  along 
the  surface  of  the  outer  cylinder.  By  the  use  of  a 
differential  thermo-junction,  one  junction  of  which  was 
in  the  oil  and  the  other  in  the  air  space,  equality  of 
temperature  could  be  maintained  by  observing  the 
deflections  of  the  galvanometer  connected  in  the 
circuit  of  the  differential  thermo-junction. 

The  vapour  was  led  away  from  the  flask  through  a 
tube  heated  by  a  coil  to  a  temperature  slightly  above 
the  boiling  point  of  the  oil.  Thus  no  condensation 
could  occur  in  the  vertical  limb  of  the  tube  and  no 
liquid  dropped  back  into  the  interior  of  the  flask.  This 
leading-ofj  tube  was  cooled  beyond  the  bend,  over  a 
length  of  about  12  inches,  by  water  circulation.  The 
condensed  oil  was  collected  in  weighed  test-tubes,  a 
series  of  which  were  set  up  in  an  atmosphere  of  nitrogen. 

For  observational  purposes  windows  were  cut  in  the 
outer  jacket  and  the  baffle,  so  that  the  observer  could 
see  precisely  the  effect  of  the  heating  on  the  oil.  It 
was  observed  that  the  evolution  of  vapour  started  and 
ceased  instantaneously  with  the  switcliing  on  and  off 
of  the  electrical  supply  when  the  oil  was  at  its  boiling 
point.  A  number  of  experiments  were  made  using 
varied  amounts  of  energy,  a  5-fold  change  in  the  elec- 
trical supply  being  made  in  the  course  of  a  series  of 
experiments.  The  results  obtained  were  in  close  agree- 
ment, so  that  it  could  be  assumed  that  the  apparatus 
was  functioning  quite  satisfactorily. 

Results  of  tests. — The  results  obtained  on  seven  oils 
are  summarized  in  Table  13.  These  results  were 
roughly  checked  by  measuring  the  heat  given  out  when 
the  oil  vapour  was  condensed  in  a  calorimeter. 

Tabi,e  13. 
Latent  Heat. 


Oil  No. 

Temperature 

Latent  heat,  in 
gramme -calorie* 

°C. 

2 

372 

82 

8 

358 

47 

9 

370 

47 

10 

307 

89 

(a) 

397 

70 

ib) 

385 

52 

(d) 

370 

68 

exact  physical  interpretations  of  experimental  results 
would  be  compUcated  by  the  fact  that  ordinary  oils 
are  mixtures  of  a  number  of  components  of  different 
boiling  points,  but  the  tests  should  throw  some  light 
upon  present  methods  of  determining  rates  of  evapora- 
tion. 

Method  of  test. — Measurements  of  the  vapour  pressures 
were  carried  out  over  the  range  60'  C.   to   140°  C.     A 
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Fig.  6. — Relation  between  vapour  pressure  and  temperature. 
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Vapour  Pressures. 
The  vapour  pressure  of  oils  had  apparently  not  been 
previously  investigated,  although  this  constant  had  been 
determined  for  a  number  of  pure  hydrocarbons.     The 


variety  of  methods  was  emploj'ed,  that  finall5-  adopted 
being  one  in  which  a  little  of  the  oil  was  introduced 
into  the  vacuum  above  a  barometer  column  the  undis- 
turbed height  of  which  was  previously  noted.  The  tem- 
perature of  the  upper  part  of  the  tube  was  then  raised 
by  means  of  a  jacket  through  which  some  suitable 
vapour  was  circulated.     AMien  conditions  were  steady. 

Table   14. 
Vapour  Pressures. 


Temperature 

Vapour  pressure  in  mm  of 

mercuiy 

OU  No.  2 

Oil  No.  9 

Oil  No.  10 

°C. 

50 

12 

25 

22 

60 

13 

26 

23 

70 

14 

27 

24 

80 

15 

28 

25 

90 

17 

29 

26 

100 

20 

30 

27 

110 

24 

32 

30 

120 

29 

34 

35 

130 

38 

37 

43 

140 

49 

39 

55 

150 

68 

41 

72 

the  height  of  the  mercury  column  was  again  noted. 
The  difference  between  this  and  the  original  height, 
due  to  the  pressure  of  the  vapour  of  the  oil,  was  cor- 
rected to  0°  C.  (since  part  of  the  mercury  column  was  at 


674 


CHEMICAL  AND   PHYSICAL   PROPERTIES   OF   INSULATING   OILS. 


the  high  temperature  and  part  at  that  of  the  air).  A 
further  correction  was  made  for  the  vapour  pressure 
of  the  mercury,  which  at  the  higher  temperatures  is 
quite  appreciable. 

The  heights  were  read  to  the  nearest  0-5  mm  and 
the  pairs  of  readings  taken  at  each  temperature  are 
usually  accordant  to  within  this  limit.  No  correction 
was  considered  necessary  for  capillarity  nor  for  the 
pressure  exerted  by  the  unevaporated  portion  of  the 
oil,  as  the  quantity  used  was  only  just  sufficient  to 
cover  the  surface  of  the  mercury  at  the  temperature  of 
the  experiment. 

Results  of  tests. — The  results  of  the  experiments  are 
shown  in  the  curves  (Fig.  6)  and  in  Table  14,  which 
gives  the  vapour  pressure  of  each  oil  over  the  range 
from  50"  C.  to  150°  C.  in  steps  of  10  degrees. 

Consideration  of  results. — The  general  form  of  the 
curves  is  that  usually  found  for  vapour  pressures, 
increasing  slowly  at  first  and  with  greater  rapidity  at 
higher  temperatures.  One  of  the  three  oils  (No.  9) 
has  an  unusually  "  flat  "  curve  over  the  range  studied. 

Referring  to  the  report  on  the  latent  heat  of  vaporiza- 
tion of  these  oils  (see  page  672),  it  will  be  seen  that  this 
sample  gave  a  ver\-  low  value,  viz.  47,  compared  with 
82  and  89  gramme-calories  for  oils  Nos.  2  and  10 
respectively.  The  low  \'alue  of  the  vapour  pressure 
associated  with  low  latent  heat  for  No.  9  is  significant, 
and  further  information  as  to  the  nature  of  the  oil 
might  be  of  value  in  affording  an  explanation  of  these 
results. 

It  will  be  noted  that  in  no  case  is  the  vapour  pressure 
at  150°  C.  greater  than  about  70  mm  mercury  (less 
than  1/lOth  atmospheric  pressure)  so  that,  for  example, 
the  pressure  at  150°  C.  in  an  enclosed  space  containing 
oil  would  be  only  Ij  lb.  per  sq.  in.  above  atmospheric 
pressure. 

The  Action  of  Catalysers. 

Features  and  materials  investigated. — The  purpose  of 
this  investigation,  wliich  was  intended  to  be  of  a  pre- 
liminary character,  was  to  ascertain  quahtatively  the 
action  on  insulating  oils  of  those  metals  and  catalysers 
which  are  commonly  used  or  may  reasonably  be 
expected  to  be  used  in  the  construction  of  oU  switches 
and  transformers.  It  was  known  that  the  character 
of  the  sludge  varied  with  the  catalyser,  that  some 
metals  have  a  serious  effect  on  the  amount  of  sludging, 
and  that  under  certain  conditions,  not  yet  analysed, 
the  sludge  produced  may  have  a  bad  effect  on  a  switch. 

The  oils  used  were  Nos.  2,  6  and  9.  The  action  on 
these  oUs  of  17  different  materials  (kindly  supplied  for 
the  purpose  by  the  B.T.H.  Co.,  Ltd.)  was  tried. 

The  metals  were  in  the  form  of  sheet,  and  the  total 
area  exposed  to  the  oil  was  2i  sq.  in. 

In  the  case  of  the  powdered  materials  0-05  g  was 
used  in  each  case. 

Method  of  test. — Preliminary  tests  showed  that  in 
order  to  obtain  any  very  definite  results  in  a  reasonable 
time  it  would  be  necessary  to  work  at  a  temperature 
not  under  100°  C,  and  accordingly  this  temperature 
was  chosen.  After  500  hours'  heating  the  beakers 
were  removed  from  the  oil  bath  and   the  appearance 


of  the  oils  was  noted.  The  oils  were  then  diluted  with 
twice  their  volume  of  petroleum  spirit,  allowed  to 
stand  for  24  hours,  and  the  deposits  were  then  weighed. 

Results  of  tests. — In  all  cases  the  oil  had  darkened 
in  colour,  the  darkening  being  roughly  proportional  to 
the  amount  of  deposit  formed. 

No.  2  oil  darkened  ver\'  considerably,  and  in  this 
case  a  test  without  the  addition  of  any  catalyser  gave 
a  weighable  quantity  of  deposit.  Of  the  metals,  pre- 
cipitated copper  was  the  most  active,  then  lead  and 
strip  copper  and  the  copper  alloys.  The  other  metals 
showed  practically  no  action  on  any  of  the  oils.  Of 
the  other  materials  used,  litharge  showed  a  very  pro- 
nounced action  on  No.  2  oil.  In  all  cases  the  deposits 
were  of  a  powdery  nature,  with  the  exception  of  No.  9 
oil,  where  the  deposits  were  of  a  sticky  nature. 

The  figures  in  Table  15  represent  the  weight  of  sohd 
matter  in  grammes  obtained  from  50  cm'  of  oil. 

Table   15. 
Action  of  Catalysers. 


Metals  or  catalysers  used 

Oil 
No.  2 

Oil 
No.  6 

OU 
No.  9 

Litharge     .  . 

0-80 

014 

005 

Cobalt  acetate 

0-22 

0-05 

005 

Manganese  resinate 

0-12 

0-18 

005 

Lead           

009 

003 

001 

Aluminium    pure    strip    (British 

Aluminium  Co.) 

0-04 

— 

— 

Cobalt  pure  strip  (Henrv  NMggin 

&Co.)      .. 

004 

• — • 

— 

Nickel,  pure  (Henry  Wiggin  &  Co.) 

006 

— 

— 

Zinc,  pure .  . 

004 

— ■ 

■ — 

Iron,  pure  ("  Armco  Brand  ")    .  . 

005 

— 

— 

Gun-metal  ;      cast      Cu      88  °o. 

Sn   10  %,  Zn  2  % 

0-12 

trace 

— 

Copper  strip,  pure  electrolj'tic . . 

0-08 

trace 

— 

Copper  precipitate 

0-31 

trace 

trace 

Brass  60/40  hard  strip  .  . 

Oil 

trace 

— 

Brass  70/30           

014 

trace 

— 

Tin    Babbitt,    cast,  Sn    83-3%, 

Sb  8-4%,  Cu  8-5% 

005 

— 

— 

Lead  Babbitt  (Ho\-t  metal),  cast. 

Pb  77  %,  Sb  14  %,  Sn  9  % 

0-05 

— 

— 

Tin/lead  solder :  50/50  Sn,  Pb 

004 

— 

— 

Blank          

004 

' 

Conclusions. — In  \dew  of  the  above  results  it  was 
concluded  that  dry-ers  containing  lead  or  cobalt,  or 
manganese  resinates  or  acetates,  are  liable  to  increase 
the  quantity  of  sludge  formed  by  an  oU.  For  this 
reason  paints  or  varnishes  containing  these  drj-ers 
should  be  reduced  to  a  minimum  if  employed  at  aU. 
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By  H.  E.  Yerbury,  Member. 


{Paper  first  received  \7th  October,   and  in  final  form   \5lh 
nth  January,  and  before  the  North 

Summary. 

The  author  submits  that  the  highest  possible  efficiency  of 
an  electrical  undertaking  can  only  be  attained  by  studying 
all  the  factors  which  at  present  militate  against  a  low  selling 
price  per  unit.  The  low  average  power  factor  existing  on 
many  undertakings  could  be  raised,  and  consumers  should 
be  encouraged  to  improve  their  power  factor  by  the  establish- 
ment of  a  principle  of  granting  a  rebate  for  a  high  power 
factor. 

It  is  considered  that  a  kVA  charge  plus  a  kWh  charge  is 
more  equitable  to  power  suppliers  and  consumers  than  a  pure 
kWh  basis  of  charge,  and,  now  that  the  1922  Act  provides  for 
a  kVA  basis  at  the  option  of  any  supplier,  it  is  felt  that  a 
change  should  be  made  as  soon  as  possible. 

Consumers  should  be  educated  and  advice  given  gratui- 
tously by  a  supply  department  so  that  the  most  suitable 
plant  may  be  installed  in  order  to  obtain  the  highest  all- 
round  efficiency.  By  increasing  the  average  power  factor 
on  any  a.c.  system  the  capital  expenditure  on  generating, 
transforming  and  distribution  plant,  and  also  energy  losses, 
can  be  considerably  reduced  to  the  advantage  of  both  supplier 
and  consumer. 

Power-factor-correcting  apparatus  is  now  on  the  market  and 
is  suitable  for  all  requirements.  Each  type  should  be  con- 
sidered on  its  merits  for  every  installation.  The  selling 
price  of  electrical  energy  per  unit  should  be  reduced  on  an 
improvement  of  power  factor,  and  increased  where  it  falls 
below  a  pre-dctermined  standard. 


Introduction. 


Tliis  paper  has  not  been  written  with  tlie  intention 
of  dealing  with  the  fundamental  laws  of  alternating 
currents  and  the  properties  of  a.c.  circuits,  nor  to  show 
graphically  or  diagrammatically  the  production  and 
effect  of  lagging  power  factor,  as  most  engineers  are 
familiar  with  vector  diagrams,  etc. 

The  purpose  of  the  paper  will  be  served  if  it  results 
in  the  consideration  of  the  reasons  for  the  low  power 
factor  in  machines  and  apparatus  as  commonly  used, 
the  means  that  are  available  at  the  present  time  for 
improving  the  e.xisting  conditions,  and  what  can  be 
accomplished  in  the  reduction  of  charges  as  affecting 
the  supplier  and  consumer. 

Although  the  subject  must  necessarily  be  elementary 
and  platitudinous  in  character,  it  is  hoped  that  a  frank 
and  impartial  discussion  will  result,  and  that  arguments 
will  be  forthcoming  against  the  continuance  of  the 
present  general  kWh  basis  of  charge. 

Fig.  1  shows  the  relation  between  energy  load, 
kilovolt-amperes  and  power  factor  of  the  usual  per- 
centages found  in  everyday  experience  in  a  general 
supply  system. 

The  effect  of  load  factor  is  well  known  to  all  station 
engineers,  and  many  pubhshcd  official  statistics  contain 


December,   1922  ;  read  before  the  Sheffield  Sub-Centre 
Midland  Centre  6/A  March,   1923.) 

figures  on  the  matter,  but  the  effect  of  power  factor 
appears  to  assume  a  place  of  secondary  importance 
to  many  supphers  and  users  of  electrical  energy.  In 
the  early  days  of  the  industry  the  suppUer  was  only 
too  pleased  to  connect  any  apparatus  which  brought 
revenue  to  the  department,  irrespective  of  whether 
such  connection  was  conducive  to  the  efficiency  of 
his  plant.  Now  that  capital  charges  and  works  costs 
have  to  be  seriously  studied  in  order  to  produce  an 
attractive  and  low  selhng  price  of  electricit)-,  especially 
to  large  consumers  such  as  railway  companies,   tram- 
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Fig.  I. — Curves  showing  the  total  load  in  kV.A. 

ways,  rolUng  mills  and  steel  melters,  etc.,  it  is  believed 
that  no  more  useful  field  can  be  explored  than  the 
production  of  a  reasonably  high  power  factor  and  the 
savings  that  would  accrue  therefrom. 

Influence  of  Power  Factor  on  Costs. 

In  order  to  impress  forcibly  on  the  mind  what  power 
factor  really  means,  as  compared  with  a  direct-current 
supply  where  such  a  term  is  inappUcable,  let  us  con- 
sider a  specific  instance  of  a  town  with  two  power 
stations,  one  having  a  plant  capacity  of  80  000  kW  and 
the  other  a  capacity  of  20  000  kW. 

Let  us  assume  these  two  stations  to  be  interconnected 
by  duplicate  cables,  each  capable  of  carrying  a  load  of 
5  000  k\V. 

By   adjusting   the   field   strength   of   the   generators, 
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wattless  Idlovolt-amperes  can  be  made  to  flow  around 
the  circuit  of  the  generators  and  interconnecting  cables, 
and  energj-  may  be  transmitted  from  one  station  to 
the  other. 

Assuming  the  power  factor  of  the  entire  undertaking 
to  be  0-8,  if  tliis  could  be  raised  to  unity  the  smaller 
station  could  be  dispensed  with,  or  would  be  available 
for  supplying  energy  to  additional  consumers  taking  up 
to  at  least  15  000  kW  and  bringing  in  a  net  return  of 
at  least  £1  500  per   annum. 

A  station  of  that  capacity  represents  a  capital  expendi- 
ture of  about  £450  000. 

A  power  factor  of  0-8  calls  for  a  25  per  cent  increase 
in  the  number  of  kilovolt-amperes,  which  means  that 
the  capacity  of  generators,  transformers  and  cables,  etc., 
must,  for  the  same  revenue-earning  load,  be  increased 
in  this  percentage.  An  improvement  in  power  factor 
from  the  present  general  average  of  0-7  to  0-9  would 
produce  a  30  per  cent  greater  revenue-earning  capacity 
for  the  same  plant.  It  wll  therefore  be  readily  seen 
that  power  factor  has  a  ver\-  great  influence  on  the 
cost,  and  therefore  the  selling  price  of  electricity  and 
every  aspect  of  the  matter  is  worthy  of  serious  con- 
sideration. It  is  obvious  that  the  consumer  of  power 
will  not  consider  the  obHgation  which  he  owes  to  the 
community  in  the  matter  of  power  factor  unless  tarifi^s 
are  devised  whereby  he  is  offered  a  financial  inducement 
to  install  plant  and  apparatus  for  its  improvement. 
He  might  righth-  argue  that  if  both  a  direct-current 
and  an  alternating-current  supply  were  available  he 
would  choose  the  former,  in  which  case  the  question 
of  power  factor  would  not  appl}'.  It  has  often  been 
said  by  consumers  (with  some  degree  of  reason)  that  as 
long  as  a  suppUer  of  electricity-  takes  care  of  the  wattless 
component  of  the  power  in  any  system,  the  consumer 
is  not  concerned  in  the  matter  as  he  is  invariably 
charged  on  a  kWh  basis. 

If  present  consumers  could  be  persuaded  to  transfer 
from  a  kilowatt  to  a  standardized  kilovolt-ampere 
basis  of  charge,  the  result  would  eventually  be  to  the 
advantage  of  all  concerned. 

The  argument  has  often  been  put  forward  that  supply 
undertakings  and  consumers  are  concerned  cliiefly  TOth 
power  factor  at  the  time  of  maximum  demand.  This 
is  to  a  certain  extent  true,  but  the  fact  remains  that 
there  are  many  undertakings  vnih  a  low  average  power 
factor  which  could  be  raised  and  thus  bring  increased 
efficiency  to  both  supplier  and  consumer. 

In  the  drawing  up  of  tariffs  on  a  fair  and  equitable 
basis,  it  appears  that  in  all  business  concerns  no  strictly 
scientific  treatment  is  possible,  but  the  aim  generally 
should  be  to  combine  justice  with  expediency.  One 
cannot  fail  to  observe  the  difi^erence  between  the 
methods  adopted  by  municipal  authorities  and  com- 
panies. The  former  invariably  attempt  to  draw  up 
and  put  into  practice  a  tariff  in  which  the  selhng  price 
per  unit  to  each  consumer  is  based  on  the  actual 
cost  to  the  department  in  providing  the  specific  con- 
sumer's supply. 

In  the  administration  of  a  company's  affairs  it  is 
the  financial  result  of  each  year's  working  which  appeals 
to  tlie  shareholders,  and  any  business  wliich  adds  to 
the   all-round   financial    success    of   an    undertaking   is 


deemed  to  be  good,  irrespective  of  whether  any  particu- 
lar consumer  does  or  does  not  by  liimself  pay  Iris  pro- 
portion of  the  capital  and  running  costs  entailed  in 
the  provision  of  his  supph'.  If  a  company  is  benefited 
by  a  combination  of  the  whole  of  the  consumers  the  net 
result  maj-  be  considered  satisfactory,  even  if  certain 
consumers  only  pay  works  costs  on  available  plant 
on  which  other  consumers  pay  the  whole  of  the  standing 
charges ;  for  this  eventually  decreases  the  cost  of 
supply  generally  by  improving  the  load  and  diversity 
factors. 

The  argument  that  power  factor  is  onlv  troublesome 
at  times  of  maximum  load  is  similar  to  the  one  wliich 
declares  that  a  consumer  should  not  pay  anv  proportion 
of  capital  charges  if  his  supply  does  not  increase  the 
maximum  load  on  a  station.  Tliis  hne  of  argument 
is  imsound  only  as  far  as  it  becomes  impracticable  in 
the  same  manner  as  the  "  utility  "  of  the  service  ren- 
dered, together  with  the  cost  of  rendering  that  service, 
should  theoretically  result  in  a  "  market  price "  for 
the  commodity.  To  the  academic  mind  it  appears 
that  all  steam-raising  plant,  and  the  prime-mover  and 
coal  and  ash  plant,  etc.,  are  unaffected  by  power  factor 
and  tliat  the  kilowatt  output  is  therefore  the  only 
consideration. 

This  theoretical  conclusion  is  not  substantiated  in 
practical  working,  for  it  is  well  known  in  many  stations 
that  when  the  power  factor  on  the  entire  system  falls 
below  a  certain  hmit  it  is  necessary  to  run  an  addi- 
tional generator  with  its  auxiharies,  as  all  sets  doing 
remunerative  work  are  probably  being  then  run  at 
their  maximum  output  in  amperes.  This  fact  affects 
capital  charges,  and  also  running  costs,  and  should 
not  be  ignored. 

As  the  raising  of  the  power  factor  to  unit}-  is  not 
a  commercial  proposition  in  any  large  undertaking,  it 
might  be  of  interest  to  study  the  result  if  a  change 
from  0-8  to  0-9  could  be  attained.  To  give  an  output 
of  1  000  kW  at  0  •  8  power  factor  the  generator  or  trans- 
former supplying  the  power  has  actually  to  develop 
1  250  kVA,  with  a  wattless  component  of  750  kVA. 

By  raising  the  power  factor  from  0-8  to  0-9  only 
1  120  kVA  capacity  is  required,  and  the  wattless  com- 
ponent is  reduced  to  490  kVA. 

It  will,  therefore,  readily  be  seen  that  it  takes  far 
less  wattless  kVA  to  improve  a  power  factor  from 
0-8  to  0-9  than  to  improve  it  from  0-9  to  imity,  and 
it  takes  nearly  four  times  as  great  a  wattless  component 
to  change  the  power  factor  from  0  •  8  to  unity  as  would 
be  required  to  change  it  from  0-8  to  0-9. 

The  expressions  "  wattless  current "  and  "  extra 
current  "  are  still  used,  and  it  is  felt  that  these  redundant 
conceptions  could  be  dispensed  with.  The  effect 
of  an  alternating  current  at  its  source  and  when  spht 
up  by  passing  from  one  circuit  to  another  and  modify- 
ing the  phase  angle  may  be  compared  with  an  electro- 
static field  in  a  stationary  condition  and  also  when 
in  motion  as  an  electromagnetic  wireless  wave.  In 
the  latter  condition  the  wave  or  field  of  force  does 
not  consist  of  the  radiation  of  electric  and  magnetic 
energy,  for  the  magnetic  field  is  only  cognized  by  the 
observer  or  the  detector  in  the  path  of  the  impulse. 
In  other  words,  it  is  not  self-existing  but  is  a  function 
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of  the  electric  field  and  only  manifests  itself  when  its 
velocity  or  kinetic  energj'-  is  absorbed  or  detected  by  a 
receptive  apparatus.  An  electromagnetic  wave  may 
therefore  be  said  to  have  two  components,  one  a  latent 
potentiahty  and  the  other  kinetic,  the  former  only 
coming  into  existence  when  the  wave  passes  over  or 
through  a  detector  designed  to  be  affected  by  the  latent 
or  magnetic  component  of  such  field.  In  hke  manner, 
if  an  alternating  current  be  spHt  up  into  two  com- 
ponents by  machines  or  apparatus  containing  mag- 
netic circuits,  one  in  phase  with  the  E.M.F.  and  the 
other  90"  out  of  phase,  this  latter  is  the  idle  or  wattless 
component  of  the  current.  It  is  not  a  self-existing 
or  separate  entity  and  should  not  be  called  "  extra 
current  "  or  "  wattless  current."  "  Wattless  com- 
ponent "  is  beheved  to  be  the  correct  .expression  whether 
of  E.M.F.,  current  or  power,  although  the  term  "  reactive 
current  "  is  apphcable,  especially  where  the  current 
lags  beliind  the  voltage. 

The  disadvantage  of  all  a.c.  machinery  compared 
with  d.c.  machiner}^  whether  generators,  motors  or 
transformers,  lies  in  the  fact  that  their  magnetic  circuits 
draw  from  the  supply  system  current  which  lags  behind 
the  supply  voltage,  and  wliich  in  effect  may  be  regarded 
as  being  in  quadrature  or  at  right  angles  to  the  pressure. 
The  liigher  the  frequency  of  the  supply  the  greater 
becomes  the  wattless  component  of  the  power  necessary 
to  produce  the  alternating  field,  because  the  charging 
current  and  the  inductive  voltage  are  proportional 
to  the  frequency.  Low  frequency  is  therefore  used  on 
phase  advancers. 

Electrical  circuits,  including  transmission  lines,  contain 
inductance  and  capacity,  and  therefore  are  all  capable 
of  storing  electromagnetic  energy  in  the  magnetic  field 
due  to  the  current,  and  electrostatic  energy  due  to  the 
voltage. 

It  should  be  appreciated  that  power  factor  indicates 
the  amount  of  stored  electromagnetic  energy  in  a  circuit 
and  also  in  the  medium  enclosing  such  circuit. 

With  a  low  power  factor  the  duty  of  switches,  especi- 
ally where  placed  near  generating  sets,  is  much  more 
onerous,  owing  to  the  greater  dissipation  of  stored 
energy  at  the  moment  of  break.  Wlienever  a  change 
takes  place  in  the  electromagnetic  and  electrostatic 
conditions  of  a  circuit — say  by  a  fault  to  earth  or  other 
discharge — the  voltage  and  current  waves  oscillate 
or  travel  backwards  and  forwards  until  the  stored 
energy  is  dissipated,  usually  in  the  form  of  heat.  Owing 
to  this  dissipation  of  energy,  circuit  breakers  are 
therefore  called  upon  to  withstand  much  less  severe 
duty  when  connected  some  distance  from  generating 
sets,  and  their  duty  is  at  a  minimum  value  with  unity 
power  factor,  where  the  absence  of  self-induction 
minimizes  the  intensity  of  the  spark  at  the  switch 
contacts. 

If  we  consider  that  temperature  is  the  factor  which 
usually  determines  the  maximum  output  of  a  generator, 
we  must  reahze  that  the  effect  of  a  low  power  factor  or 
lagging  current  is  to  derriagnetize  the  field,  thus  demand- 
ing a  bigger  output  from  the  exciter,  overheating  the 
windings  generallv  and  limiting  the  useful  output  of 
the  set.  Armature  reaction  and  self-induction  function 
in  the  same  manner,  for  the  voltage  is  lowered  with  a 
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lagging   power  factor,   and  raised   by  a  leading  power 
factor. 

Now  that  it  is  agreed  that  the  transmission  of 
large  amounts  of  energy  bet^veen  interconnected  power 
stations  is  a  convenient  and  economical  way  of  operating, 
it  is  desirable  that  power  systems  should  be  operated 
at  constant  pressure,  and  that  where  large  amounts 
of  energj'  are  transmitted  the  respective  station  busbar 
pressures  should  not  be  varied  to  any  appreciable 
extent.  The  proper  ratio  of  reactance  to  resistance 
should  be  considered,  so  that  the  reactive  drop  will 
overcome  the  resistance  drop  in  the  interconnecting 
feeders,  and  thereby  maintain  the  receiving  stations 
at  a  correct  pressure  independent  of  the  load  trans- 
ferred. Power  factor  seriously  comphcates  the  problem 
and,  with  loads  of  very  poor  power  factor,  reactors 
increase  tliis  and  also  tend  to  interfere  with  good  regula- 
tion. Where  a  receiving  station  has  to  reduce  its 
pressure  and  step  back  in  phase,  the  result  of  this  phase 
displacement  and  consequent  cross  current  is  detri- 
mental to  tlie  efficient  use  of  the  generators,  and  it 
appears  that  boosters  in  most  cases  are  necessary 
to  vary  the  pressure  on  the  interconnectors  and  supply 
mains,  as  required  for  loading  conditions. 

It  may  be  assumed  tliat  at  the  point  of  generation 
the  power  factor  is  unity.  Any  improvement,  therefore, 
in  the  direction  of  raising  the  power  factor  over  an 
entire  system  should  be  effected  at  the  points  where 
it  is  reduced,  viz.  at  the  end  of  transmission  lines  and 
at  or  near  the  consumer's  load.  It  is  obviously  wrong 
to  install  power-factor-improving  plant  at  a  generating 
station,  as  cables  must  still  transmit  heavier  currents 
from  low  power  factors. 

Transformers  do  not  take  a  large  wattless  component, 
as  the  magnetomotive  force  required  to  produce  the 
necessarv'  flux  is  comparatively  small. 

Induction  motors  are  the  principal  offenders  in  causing 
a  low  power  factor,  that  of  the  average  motor  ^'ar^•ing 
from  0-7  to  0-85,  dependent  upon  its  size,  speed  and 
load.  It  is  often  found  that  a  low  power  factor  results 
from  the  installation  of  motors  of  larger  capacit\'  than 
is  necessary  for  the  maximum  requirements,  and  also 
from  the  running  of  induction  motors  on  certain  work 
which  necessarily  involves  intermittent  loading  condi- 
tions, e.g.  presses  and  rolling  mills,  etc.  It  is  far  better 
to  work  a  motor  on  hght  load  occasionally  than  to 
work  it  on  full  load  occasionally,  although  the  latter 
is  done  in  many  cases. 

Tariffs  ox  a  kVA  Basis. 

Although  restrictions  are  invariably  imposed  by  a 
supply  undertaking  as  to  the  hmit  of  lagging  power 
factor  on  a  motor,  as  this  varies  with  the  load  it  is 
almost  impossible  on  a  large  sj'stem  to  check  individual 
working  conditions  ;  hence  the  resultant  power  factor  of 
all  connected  apparatus  is  the  criterion  of  the  efficiency 
of  an  undertaking. 

In  order  to  correct  low  power  factor  it  is  necessary 
to  educate  consumers  as  to  its  undesirable  properties, 
and  also  to  frame  and  present  a  tariff  which  makes 
it  advantageous  for  a  consumer  to  correct  this  on 
his  premises  at  or  near  his  motor  terminals.  It  is 
suggested  that  advice  should  be  rendered  gratuitously 
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by  a  supply  department  to  new  power  consumers,  and 
that  where  synchronous  or  other  plant  is  installed 
wliich  draws  current  at  unit}'  or  leading  power  factor, 
a  rebate  should  be  allowed  on  each  monthly  or  quarterly 
account. 

Wliere  special  machines  or  apparatus  have  to  be 
installed,  whether  by  suppliers  or  consumers,  it  is 
essential  to  show  that  the  annual  saving  will  justify 
the  initial  expenditure  and  also  the  running  costs — 
including  depreciation — on  this  power-factor-correcting 
plant.  From  the  supplier's  standpoint  the  saving 
of  capital  expenditure  at  the  power  station  and  dis- 
tributing system,  together  \\-ith  the  increased  operating 
efficiency  and  better  voltage  regulation,  must  be  con- 
sidered, and  a  valuation  made  so  as  to  determine 
whetlier  the  savings  effected  by  raising  the  power 
factor  from,  say,  0-75  to  0-9  on  the  entire  system 
will  compensate  for  the  cost  of  rectifjang  the  low 
lagging  component. 

,  It  is  obvious  that  where  a  consumer  pays  on  a 
kVA  basis  and  subsequently  installs  rectifying  plant  to 
improve  his  power  factor,  his  cost  of  energy  is  reduced 
and  the  result  is  an  immediate  loss  in  revenue  to  the 
supply  department.  It  should  be  borne  in  mind, 
however,  that  the  supply  and  distribution  plant  has 
at  once  a  greater  potential  value,  and  additional  con- 
sumers can  be  connected  vdthout  increasing  the  capital 
charges,  wliich  often  amount  to  double  the  works  costs 
per  unit  sold. 

To  penalize  all  consumers  by  increasing  the  flat- 
rate  cost  of  power  to  pay  for  the  rectification  of  a  low 
power  factor  on  any  system  would  obvioush-  be  inequit- 
able. In  the  interlocking  mechanism  of  industry,  the 
happiest  and  most  successful  results  can  only  be  attained 
by  a  system  mutually  advantageous  to  both  buyer 
and  seller.  A  reciprocal  price  list  should  be  framed 
which  will  ensure  the  maintenance  of  a  reasonable 
power  factor  to  the  supply  authority  and  a  concession 
to  the  consumer  whenever  he  provides  a  better  power 
factor  than  is  declared  at  the  outset.  Alternators  and 
transformers  are  purchased  on  a  kVA  basis,  hence  it 
is  reasonable  to  suggest  that  each  consumer  should 
pay  the  capital  charges  and  running  costs  of  the  plant 
required  for  his  supply  on  a  kVA  basis,  with  a  concession 
where  such  supply  is  not  required  during  the  hours  of 
peak  load.  Verj-  little  useful  purpose  is  served  if  power 
factor  conditions  and  regulation  clauses  are  drawn  up  in 
such  a  manner  that  they  cannot  be  enforced. 

On  an  a.c.  system  the  simple  unit  charge  cannot  be 
scientific  in  principle  or  equitable  in  its  general  appli- 
cation. An  important  and  altogether  desirable  step 
towards  an  increase  of  efficiency  has  been  made  by  the 
Electricity  Commissioners  in  the  Electricity  (Supply) 
Act  1922,  in  repealing  the  section  of  the  Electric  Lighting 
Act  of  1899  which  embodied  a  compulsory  flat  rate 
per  unit  chargeable  at  the  option  of  any  consumer. 

Now  that  a  supph'  authority  may  charge  on  either 
a  kVA  or  kW  basis  it  appears  that  a  simple  and  equitable 
arrangement  would  be  to  base  the  tariff  on  the  aver- 
age kVA  demand  for  a  period  of  20  to  30  minutes, 
in  order  to  provide  for  capital  charges,  plus  a  charge 
per  unit  to  cover  the  operating  costs,  with  a  shding 
scale   or   basis   of   charge   below   or   above   the   agreed 


standard  power  factor.  This  sliding  scale  would 
operate  in  a  similar  manner  to  the  usual  coal-price 
clause  in  many  existing  agreements,  although  it  is 
unfortunate  that  consumers  could  not  so  easily  control 
and  check  their  accounts,  owing  to  the  more  complicated 
arrangements  for  metering. 

It  is  felt  that  all  consumers  should  appreciate  the 
fact  that  no  undertaking  is  desirous  of  selUng  a  com- 
modity wliich  is  useless,  and  that  wattless  energ>'  is 
a  bugbear  to  both  seller  and  buyer.  Even  to  call  it 
"  energy  "  is  to  flatter  it.  Instruments  must  therefore 
be  connected  at  consumers'  premises  wliich  will  differen- 
tiate between  the  active  energy  and  the  useless  energy 
which  is  brought  into  being  by  the  voltage  consumed 
by  self-induction  or  alternation  of  the  magnetism  of 
a.c.  machinery. 

Meters  and  Measurements. 

It  should  not  be  deemed  necessary  for  a  consumer 
to  have  a  knowledge  of  trigonometry  and  to  realize 
that  the  reading  of  a  sine  meter  divided  by  the  reading 
of  a  cosine  meter  gives  the  tangent  of  the  angle  of  lag, 
and  that  power  factor  is  the  numerical  equivalent  to 
the  cosine  of  the  angle  of  current  lag ;  in  other  words, 
the  ratio  of  the  total  watts  to  the  vector  sum  of  the 
volt-amperes  in  the  several  phases.  It  is  sufficient  for 
a  consumer  to  know  that  the  power  factor  of  a  circuit 
is  the  ratio  of  the  real  effective  watts  to  the  apparent 
watts  ;  and  the  former  are  the  only  ones  worth  paying 
for. 

It  appears  that  to  arrive  at  a  consumer's  general 
working  conditions  often  involves  averaging  one  or 
more  of  the  required  factors.  This  is  fairer  than  to 
take  maximum  records  which  may  not  be  sustained 
for  more  than  a  few  minutes  and  should  therefore 
have  no  appreciable  effect  on  any  part  of  a  supplier's 
system.  The  question  of  using  an  integrating  ampere- 
hour  meter  for  kVA-hour  measurements  has  received 
consideration,  but  such  an  instrument  has  not  yet 
been  perfected  and  used  to  any  considerable  extent 
on  a  c.  circuits.  There  is  a  difficulty  in  compensating 
for  voltage  fluctuations,  and  no  circuit  can  be  deemed 
to  be  of  constant  pressure.  A  simple  instrument  is 
still  required  to  integrate  and  record  direct  the  average 
kVA  during  any  time,  as  distinguished  from  the 
momentary  value.  Wattless-component  meters  are 
on  the  market  which  record  the  wattless-component 
consumption  (kVA-hours  multiplied  by  sin  <^).  These 
meters  are  generally  connected  in  series  with  watt-hour 
meters,  and  if  the  reading  of  the  wattless-component 
meter  be  divided  by  the  reading  of  the  watt-hour  meter 
the  tangent  of  the  mean  angle  of  lag  is  obtained  and  the 
phase  displacement  determined.  For  unbalanced  loads 
and  fluctuations  of  power  factor,  accuracy  is  not 
obtained,  but  for  all  practical  purposes  tliis  is  not 
vitiated  to  any  unreasonable  extent.  Where  a  leading 
wattless  component  exists  such  meters  may  be  fitted 
with  stopping  devices  to  prevent  them  from  running 
in  a  reverse  direction. 

It  is  not  desirable,  as  a  general  rule,  for  power-factor- 
correcting  devices — such  as  static  condensers — to 
be  kept  in  circuit  continuously,  thereby  cancelhng 
during  the  night-time  some,  or  the  whole  of  the  kVA 
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registered  by  the  meter  on  the  lagging  side  during 
usual  working  hours. 

There  appears  to  be  no  standardized  system  of  charging 
for  high-  or  low-tension  electrical  energy  on  a  kVA 
basis  at  the  present  time,  and  each  authority  has  its 
own  particular  tariff,  neither  is  there  any  standard 
method  of  arriving  at  the  power  factor  of  individual 
consumers'  loads.  It  is  generally  agreed  that  a 
recording  power-factor  meter  and  a  wattless-component 
meter,  together  with  a  maximum-demand  indicator  of 
the  thermal  type  and  a  kWh  meter,  form  too  expensive 
a  combination  for  small  consumers.  If  a  pol^-phase 
system  is  balanced,  viz.  if  it  carries  the  same  load 
at  the  same  power  factor,  the  total  power  can  be  cal- 
culated by  multiplying  the  power  delivered  to  one 
phase  by  the  number  of  phases.  In  practice  this 
balance  is  seldom  maintained,  hence  it  is  usual  on 
both  two-phase  and  three-phase  systems  to  measure 
the  power  by  means  of  two  wattmeters.  If  the  power 
factor  is  greater  than  0-5,  which  means  that  the  angle 
of  lag  is  less  than  60°,  both  meters  give  positive  readings 
and  their  sum  is  the  total  power.  In  many  industrial 
cases  the  power  factor  is  less  than  0-5,  in  which  case 
one  meter  will  read  positive  and  the  other  negative, 
and  the  difference  of  the  two  readings  is  the  total  power. 
If  the  angle  of  lag  is  90°  both  meters  register  the  same, 
but,  as  one  is  plus  and  the  other  minus,  the  current 
is  idle  and  the  total  power  is  zero.  At  unity  power 
factor  each  meter  reads  the  same,  and  the  sum  is  the 
total  consumption.  In  three-phase  measurements  it  is 
quite  common  to  have  a  phase  difference  of  more  than 
90°  between  the  currents  in  the  pressure  and  series 
coils  of  a  meter,  thus  causing  a  reversal  of  the  wattmeter 
reading.  Wliere  the  neutral  is  accessible,  three  watt- 
meters may  be  used  so  that  the  power  dehvered  is 
measured  on  each  phase  separately  and  independently, 
and  the  total  power  is  the  sum  of  the  three  meter 
readings.  It  is  suggested  that  the  energy  in  kW  and 
kVA  shoiild  be  separately  allocated  and  invoiced  so 
that  a  consumer  may  check  and  understand  the  state 
of  his  installation,  and  if  possible  improve  his  power 
factor  and  thereby  obtain  a  rebate.  Regardless  of  the 
number  of  meters  required,  no  rental  should  be  charged 
to  power  consumers. 

For  simplicity  it  is  recommended  that  for  two-phase 
and  three-phase  circuits  two  integrating  watt-hour 
meters  of  the  ordinary  construction  should  be  used, 
and  the  monthly  power  factor  ascertained  by  the  ratio 
of  the  units  registered  by  these  two  meters. 

Example. — Wattmeter  reading  R^  =  20  kWh. 
Wattmeter  reading  R.,  =  10  kWh. 

tan  .^='^/-^"^°-^")  =  0-577 
^  20-1-10 

This  corresponds  to  an  angle  of  30°.  Since  cos  30° 
=  0-866,  this  will  be  the  power  factor. 

It  is  felt  that  the  maximum  demand  in  kVA  with  a 
reasonable  time-lag  should  also  be  determined  monthly, 
for  if  this  is  taken  over  a  period  of,  say,  12  months,  it  is 
often  found  that  consumers  refrain  from  using  motors, 
etc.,    at    certain    times,    so    as    to    keep    the    ma.ximum 


demand  at  the  lowest  figure.  This  is  disadvantageous 
to  a  supply  department,  and  a  clause  has  had  to  be 
inserted  in  some  agreements  specifying  that  if  the  total 
price  under  a  kVA  charge  proves  higher  than  under  the 
flat-rate  kWh  charge,  the  accounts  will  be  invoiced 
at  the  lower  rate.  Where  the  average  power  factor 
over,  say,  one  month  has  been  obtained,  it  is  suggested 
that  the  basis  charge  per  kVA  of  demand  should  vary 
wherever  the  declared  or  standard  power  factor  is 
improved  or  reduced. 

Ignoring  the  usual  coal  clause  (which,  incidentally,  can 
neither  be  scientific  nor  equitable  without  a  standard 
calorific  value)  the  ultimate  price  would  be  : 

The  basic  price  at  standard  power  factor  (say  £4  per 

,  ,-. ,        standard  power  factor  (sav  0-8) 
kVA)  X ,     , ■. 


average  power  factor 


Example. — Average  monthly  power  factor  =0-7 
lagging;  0-8/0-7=  1-14,  i.e.  the  multiplying  coefficient 
wliich  raises  the  price  to  £4-568  per  kVA.     If  the  supply 
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Fig.  2. — Curve  of  total  ccsts  per  unit,  based  on  £4  per  kVA 
X  (standard  power  factor,  say  O'S  )/(average  power  factoi) 
-f  0-25d.  per  kWh. 

were  taken  at  unity  power  factor  then  £4  x  0-8/unity 
=  £3-2  per  kVA.  It  is  further  suggested  that  a  rebate 
of  1  per  cent  on  the  maximum-demand  charge  should 
be  allowed  for  each  1  per  cent  improvement  beyond 
unity,  for  this  improves  the  entire  undertaking, 
especially  the  generators,  as  the  work  on  the  rotors  is 
thereby  reduced.  Fig.  2  shows  curves  of  costs  on  this 
basis. 

Devices  for  correcting  Low  Power  Factor. 
There  are  several  ways  and  means  of  effecting  an 
improvement  of  power  factor,  and  each  should  be  con- 
sidered on  its  merits  for  eacli  individual  case  from  a 
technical  and  commercial  standpoint  before  a  decision 
is  made.  It  is  regrettable  that  in  the  present  advanced 
state   of   electrical   engineering   there   is   no   device  on 
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the  market  which,   while  simple,   cheap  and   effective, 
can  be  connected  to  small  induction  motors.     It  is  not 
beyond    the    realm    of    probabihtv'    that    some    device 
will  be  forthcoming,  in  addition  to  the  static  condenser, 
which  vriil  not  require  the  introduction  of  a  commutator 
or  an   extraneous  direct-current  supply.     Exciters   are 
commercially  unsuitable  for  motors  under,  say,  60  h.p. 
Two    devices    are    usually  employed   for    power  factor 
correction   on   large  motors,   one  of  which  affects   the 
characteristics  of  the   motor  and  the  other  does  not. 
The  first  is  kno'wn  as  a  phase  advancer  of  the  rotating 
or  vibrating  tj-pe.     Its  function  is  to  supply  the  mag- 
netizing current  of  the  motor  to  the  rotor,  so  that  mag- 
netizing current  is  not  drawn  from  the  mains.     With 
a  motor  excited  in  this  manner  a  smaller  current  flows 
in  the  stator  windings,  with  the  result  that  there  is  a 
slight  increase  of  efficiency  on  the  motor,  so  that  from 
a  design  standpoint  a  smaller  frame  might  be  used  for 
the   same   output.     An   increase   in    the   faUing-out-of- 
step    margin    is    also    effected.      Phase    advancers     are 
only  suitable  for  large  sMp-ring  tj-pe  motors  and  their 
action    is    to   increase   the    slip,    although    the   Walker 
phase  advancer   may  be   designed    to    reduce    the   shp 
sHghtly.     The   second   device   is    the   static   condenser. 
This  does  not  supph'  the  magnetizing  current  to  the 
motor,  and  therefore  the  efficiency  of  the  motor  itself 
is  not  increased.     It  has  been  stated  that  static  con- 
densers cause  resonance,  but  this  has  not  been  proved 
to  be  a  serious  matter.     Every  apparatus  on  the  market 
may  be  said  to  have  a  definite  field  of  usefulness,  and 
whetlier  it  is  more  advantageous  to  install  stationarj- 
or  mo\-ing  machinery  to  effect  the  desired  result  can 
only  be  determined  after  all  the  factors  are  considered. 
It  is  obvious  that  if  a  machine  instead  of  running  idle 
can   be  used  on  remunerative  work  and   at  the  same 
time  improve  the  power  factor  of  an  installation,  the 
appHcation    of    such    machine    should    be    considered. 
Where  direct  current  is  required  from  an  a.c.  supply 
the    rotarj-    converter    or   motor   converter   has    many 
advantages   over   a   motor-generator.     These   machines 
draw  current  at  unity  power  factor  and,  if  desired,  at 
a   low,    leading   power   factor,    which   ■^\-ill   compensate 
for   a   low,    lagging   power   factor   on   anj'   system.     If 
no  concession  is  given  to  a  consumer  it  is  obvious  that 
he  will  not  pay  for  a  liigher  kVA-rated  machine  which 
might  be  necessarj'  to  supply  a  leading  wattless  com- 
ponent,   or    to    install    synchronous    induction    motors 
or   single-phase   commutator  motors   at   a   higher   cost 
in  place  of  the  ordinan,-  ty^e. 

As  a  rotary  converter  is  essentiall}-  a  power-factor- 
correcting  machine,  a  great  improvement  in  efficiency 
is  attained  on  any  a.c.  system  where  such  machines 
are  connected.  An  average  power  factor  of  about  0-93 
is  obtained  on  some  company  and  municipal  under- 
takings where  a  large  d.c.  load  is  supplied  through 
rotarj'  converters. 

WTiere  there  are  long  overhead  transmission  fines  rotar\' 
s},Tichronous  condensers  have  been  largely  used  for  correct- 
ing power  factor  and  maintaining  the  required  voltage 


regulation.  Many  thousands  of  pounds  per  annum 
have  been  saved  by  instaUing  these  machines,  which 
are  capable  of  being  used,  if  required,  as  over-excited 
motors  instead  of  running  light,  in  which  case  a  com- 
paratively small  increase  in  their  kVA  rating  will 
enable  them  to  perform  continuous  work.  Idle-running 
machines  are  not  often  used  by  consumers,  as  the  energy 
losses  compare  verj'  unfavourably  with  those  of  phase 
advancers  or  static  condensers. 


APPENDIX. 

ToT.\L  Costs  per  Unit  at  50  per  cent  Lo.\d  F.^ctor 
WITH  Various  Power  F.\ctors  based  on  £4  per 
Annum  per  kVA  of  Demand  at  0-8  Power  Factor, 
PLUS   0-25D.  PER  kWh. 

(Curves  shown  in  Fig.  2.) 


Power 
factor 

Cost  per  kVA 
per  annum 

Cost  per  kVA 
perkWh 

Cost 
per  kWh 

Total  cost 

Unity 
0-9 

£ 

3-2 
3-6 

d. 

0-1752 
0-1972 

d. 

0-25 
0-25 

d. 

0-4252 

0-4472 

0-8 

4 

0-2190 

0-25 

0-4690 

0-7 

4-57 

0-2504 

0-25 

0-5004 

0-6 

5-333 

0-2922 

0-25 

0-5422 

0-5 

6-4 

0-3506 

0-25 

0-6006 

0-4 

8 

0-4382 

0-25 

0-6882 

0-3 

10-666 

0-5844 

0-25 

0-8344 

Comparison   between   St.^tic   and    Rotary   Syn- 
chronous Condensers. 


Capacit)^  of  condenser 
Total  cost 
Cost  per  kVA     .  . 
Kilowatt  loss  (Ught) 
Kilowatt  loss  (loaded) 
Yearly      energy-      losses 

(fight) 
Yearly      energy     losses 

(loaded) 
Necessary   correction   in 

total    kVA    before    a 

profit  can  be  obtained 


static 
condenser 


1  500  kVA 

£6  500 

£4-37 

0 

7-5 
0 

47  500  units 


Rotary 

s>-nchronous 

condenser 


1  500  kVA 

£3  700 

£2-44 

55 

75 

348  000  units 

475  000  units 

760 
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Typical  Examples  of  the  Application  of  Power-factor-correcting  Devices. 

Static  Condensers. 


Installation 


923-kVA  rolling  mill, 
3  000  volts 

576-kVA  general  a.c.  ser- 
vices, 440  volts 


Capacity  of 
condensers 


326 

(in  3  units) 
9  470 

(in  5  units) 


Average  power  factor  of  works 
(pre-condenscr  conditions) 


0-545 

Max.  demand,  peak 
kVA  =  4  020 


Average  power  factor  of  works 
(post-condenser  conditions) 


0-73  under  similar  work- 
ing conditions 

Max.  demand,  peak 
kVA=  3  373-5 


Total  cost  of 
condensers 


£4-37  per  kVA 
(inclusive  of 
switchgear) 


With  tliis  installation  the  total  cost  of  these  condensers  will  be  paid  for  witliin  three  years  b}-  the  savings 
in  kVA  under  the  maximum-demand  system  of  payment. 

Kapp  Oscillatory  Phase  Advancers. 


Installation 

Current  in  rotor 

Original  power  factor 

Improved  power  factor 

Total  cost 

300-h.p.  motor,  three- 
phase,    40   periods, 
2  750  volts 

amps. 
235     (without     ad- 
vancer) 
280  (with  advancer) 

0-855  at  1  load 

0  •  99  at  J  load 

£290        (including 
switchgear) 

With  this  installation  the  saving  in  kVA  is  51-9. 


Miles  Walker  Rotary  Phase  Advancers. 


Installation 

Capacity  of  phase  advancer 

Original  power  factor 

Improved  power  factor 

Total  cost 

430-h.p.   motor,   two- 
phase,    50    periods, 
6  600  volts 

12-5  kVA 

0-85  (lagging) 

0  -  6  to  0  -  9  (leading) 

£600 

Discussion  before  the  Sheffield  Sub-Centre,  at  Sheffield,  17  January,  1923. 


Mr.  H.  West  :  The  frequent  articles  appearing  in 
the  technical  Press,  and  the  discussions  which  have 
taken  place  at  meetings  of  kindred  societies  both  in 
this  country  and  abroad  as  to  the  best  method  of  deal- 
ing with  the  difficulties  arising  out  of  low  power  factor, 
are  a  clear  indication  of  the  importance  to  both  supplier 
and  consumer  of  the  subject  dealt  with  in  the  present 
paper.  It  is  generally  admitted  that  the  maintenance 
of  a  high  power  factor  acts  in  the  interests  of  all  con- 
cerned, and  I  therefore  feel  that  both  the  supplier  and 
the  consumer  should  take  steps  to  ensure  such  a  con- 
dition. To  be  most  effective,  power  factor  improve- 
ment must  be  carried  out  at  the  outer  end  of  the  feeder, 
i.e.  on  the  consumer's  premises.  There  is  no  technical 
difficulty  about  this,  and  a  number  of  devices  are  avail- 
able for  the  purpose.  Their  capital  and  running  costs 
are  generally  much  less  than  the  cost  of  a  bad  power 
factor,  so  that  their  installation  is  conimercially  sound 
and  must  eventually  result  in  the  cheapening  of  elec- 
tricity.    The    difficulties    of    supervision    and    divided 


responsibility  make  it  undesirable  for  the  supply  under- 
taking to  pay  directly  for  devices  which  are  accessories 
to  the  consumer's  plant,  and  so  the  part  to  be  played 
by  the  supply  engineer  would  seem  to  be  to  devise  a 
tariff  which  would  give  every  inducement  to  the  con- 
sumer to  install  such  devices.  I  agree  with  the  author 
that  the  continuation  of  the  present  general  kWh  basis  of 
charge  is  not  desirable  so  far  as  a.c.  supply  is  concerned, 
as  it  offers  no  inducement  to  correct  the  poor  conditions 
associated  with  many  installations  to-day.  To  be 
satisfactory,  the  tariff  must  make  sufficient  difference 
between  the  electricity  bills  for  good  and  bad  power 
factors,  respectively,  to  make  it  worth  the  consumer's 
while  to  effect  the  necessary  improvement.  It  must 
be  simple,  and  the  consumer  must  be  convinced  of  its 
fairness.  It  must  be  possible  to  determine  with  accuracy 
the  quantities  for  which  a  charge  is  made,  and  the 
instruments  for  doing  this  should  be  reliable  and  in- 
expensive. 

Mr.  W.  E.  Burnand  :  There   is  no  doubt  that  this 
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question  is  steadily  becoming  more  serious  and  is  keep- 
ing the  cost  of  electric  supply  considerably  higher  than 
it  should  be  with  good  power  factor.  At  the  same  time, 
as  this  subject  is  so  intimately  connected  with  tariffs, 
and  as  these  tariffs  are  devised  by  the  electric  supply- 
undertakings  who  now  complain  about  that  power 
factor,  one  is  inclined  to  think  that  they  have  only 
themselves  to  blame.  This  is  due  to  the  supply  tariffs 
not  being  based  in  accordance  with  the  elements  of  the 
cost  of  electric  supply,  with  the  result  that  wattless 
kVA  has  been  supplied  apparently  free  of  charge,  and 
has  in  consequence  been  wastefully  used.  The  cost 
to  the  suppliers  of  the  wattless  component  of  the 
current  is  about  one-third  the  cost  of  the  unity  power 
factor  current  per  kVA-hour,  and  the  logical  and,  I 
believe,  the  correct  way  to  tackle  this  problem  is  to 
charge  for  the  kVA-hour  on  a  basis  corresponding  to 
this.  If,  for  instance,  these  wattless  kVA .  units  are 
sold  at  three  for  Id.,  returning  the  same  percentage 
of  profit  to  the  supply  people  as  would  the  unity  power 
factor  current,  this  should  be  a  more  satisfactory  basis 
than  to  supply  a  large  number  nominally  free  of  charge 
and  impose  penalties,  or  more  often  threaten  penalties 
which  could  not  be  imposed,  for  any  wattless  current 
taken  beyond  the  nominal  maximum  value.  It  repre- 
sents, indeed,  the  difference  between  a  business  trans- 
action and  a  very  unbusinessUke  method,  giving  the 
maximum  of  friction  and  dissatisfaction  and  returning 
the  minimum  of  revenue  for  the  expenditure  involved. 
It  should  also  be  borne  in  mind  that  these  wattless  units 
are  by  no  means  useless,  as  they  form,  in  effect,  the 
fulcrum  on  which  the  power  units  react  in  the  induction 
motor,  so  that  on  a  proper  basis  a  consumer  gets  at  a 
reasonable  figure  a  commodity  of  value  which  he  could 
utilize  efficiently,  or  otherwise,  according  to  temperament 
or  the  conditions  of  working,  and  the  irritating  question 
of  penalties  and  the  like  does  not  arise.  This  system 
is  already  employed  in  France,  in  some  cases  two  meters 
being  used,  one  measuring  the  wattless  component  and 
the  other  the  watt  component  of  the  current.  These  are 
charged  at  the  corresponding  rates.  In  another  system 
the  two  meter  units  are  in  one  case,  the  wattless  com- 
ponent unit  being  geared  to  the  indicating  mechanism 
in  the  ratio  of  3  to  1  as  compared  with  the  watt  com- 
ponent. This  has  the  advantage  that  only  one  reading 
is  involved,  but  has  the  disadvantage  that,  should  the 
ratio  of  cost  of  supply  of  wattless  to  watt  component 
of  the  current  alter  its  present-day  ratio,  which  I  think 
it  is  quite  reasonable  to  expect  will  be  the  case  in  time, 
this  gear  ratio  would  have  to  be  changed.  The  system 
is  less  elastic  than  that  of  simply  altering  the  charge 
per  kVA-hour  for  the  two  components  in  the  event 
of  any  considerable  alteration  occurring.  If  the  two 
components  were  charged  as  separate  items,  and  were 
referred  to  as  "  magnetizing  current  "  and  "  power 
current,"  it  would  convey  a  more  correct  idea  of 
their  use  and  action  than  referring  to  them  as  "  watt- 
less current  "  and  "  unity  power  factor."  The  author 
appears  to  incline  towards  the  maximum-demand  system, 
but  in  my  opinion  this  is  fundamentally  wrong,  and 
it  would  require  much  ingenuity  to  devise  a  worse 
system  nominally  based  on  what  is  undoubtedly  a 
correct    principle    first    brought    prominently    forward 


by  Hopkinson,  who  showed  that  the  cost  of  supply 
could  be  split  into  two  main  components,  one  repre- 
senting the  capital  outlay  and  the  other  being  propor- 
tional to  the  amount  of  energy  taken.  But  Hopkin- 
son never  stated  that  the  capital  outlay  or  any  other 
cost  of  supply  varied  from  month  to  month  in  accord- 
ance with  20-minute  indications  of  a  device  resembling: 
the  maximum-demand  meter.  In  addition  to  charges 
under  this  system  bearing  only  a  slight  resemblance 
to  the  cost  of  supply,  this  indicator  acts  as  a  constant 
check  on  the  use  of  current  and,  by  inducing  to  some 
extent  a  cheeseparing  attitude  of  mind  on  the  part 
of  the  consumer  with  regard  to  using  current  at  anything 
above  the  minimum  possible  rate,  will  lose  more  revenue 
to  the  suppliers  than  the  mouse-trap  characteristics  of 
this  device  will  gather  in.  Numerous  devices  have 
from  time  to  time  been  put  forward  for  improving 
power  factor,  but  nearly  all  these  involve  very  con- 
siderable expense,  and  the  gain  in  efficiency  is  so 
insignificant,  even  under  favourable  conditions,  that  I 
think  that  under  average  working  conditions  the  actual 
efficiency  of  the  motors  utilizing  these  phase  advancers 
will  by  their  use  be  lowered  much  more  often  than  it  is 
raised.  In  addition,  phase  advancers  usually  involve 
considerable  complication,  and,  in  the  event  of  anything 
going  wrong  with  them,  the  characteristics  of  the 
machines  specially  made  for  use  with  these  advancers 
to  get  the  maximum  benefit  from  them  are  such  that 
the  power  factor  is  materially  lower  than  that  of  the 
standard  machines  made  for  use  without  phase  advan- 
cers. Also,  nearly  all  these  phase  advancers  are  really 
series  machines,  which  means  that  if  the  motor  is  run 
for  any  considerable  portion  of  its  time  on  no  load,  the 
power  factor  under  these  conditions  is  decreased  below 
that  of  the  machine  working  without  the  phase  advancer. 
This  will  be  seen  in  Dr.  Kapp's  paper  *  in  1913,  in  which 
are  given  curves  of  power  factor  with  and  without 
advancers,  and  it  will  also  be  seen  that  if  the  curves 
are  continued  to  no  load  they  will  cross  one  another 
at  the  lower  end.  This  may  not,  of  course,  apply  to 
many  cases,  but  as  it  is  on  no  load  when  the  power 
factor  is  lowest,  it  is  unfortunate  that  there  is  no  gain 
under  these  conditions,  and  a  successful  shunt-charac- 
teristic phase  advancer  has  not  to  my  knowledge  been 
devised  for  use  for  non-synchronous  machinery.  With 
synchronous  machines  the  case  is  better,  but  the  fact  that 
they  are  synchronous  machines  introduces  serious  limi-  ■ 
tations.  The  high  cost  and  extra  parts  still  remain,  and  • 
it  will  take  some  very  strong  argument  to  get  these 
into  use  sufficiently  to  have  any  considerable  effect 
on  the  power  factor  of  a  large  system  until  the  supply 
undertakings  charge  on  a  business  basis  directly  for 
the  wattless  component  which  costs  so  much  to  supply 
and  is  really  a  valuable  commodity  to  the  user.  It 
might  be  thought  that  the  cost  of  supply-ing  the  wattless 
component  over  a  long  line  would  be  much  greater 
than  over  a  short  distance,  but,  owing  to  the  capacity 
current  on  the  line,  the  actual  cost  to  the  supplier 
of  the  lagging  wattless  component,  where  supplied 
from  a  generating  station  20  miles  away,  will  not  be 
greatly  different  on  the  whole  from  that  it  would  be 
if  supplied  over  a  distance  of,  say,  1  mile,  so  that  the 
•  Journal  I.E.E.,   1913,  vol.   .51,  p.   243. 
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ratio  of  cost  of  wattless  to  watt  components  of  the 
supply  would  remain  approximately  constant  over  a 
big  supply  system. 

Mr.  A.  E.  Jepson  :  It  appears  to  be  absolutely 
necessary  for  some  charge  to  be  made  for  kVA  maximum 
demand,  in  the  efiort  to  put  an  end  to  the  very  bad 
power  factors  experienced  on  the  electricity  supply 
mains  and  generators.  My  view  of  the  matter  was 
that  the  difficulty  was  not  so  much  in  persuading  a 
number  of  engineers  to  adopt  such  a  scheme,  as  in 
offering  them  a  suitable  instrument.  As  a  matter  of 
fact,  at  the  present  time  there  is  no  meter  on  the  market 
which  can  be  considered  to  be  properly  accurate  for 
measuring  kVA  maximum  demand  with  any  prearranged 
time-lag.  There  are  various  substitutes  employed, 
e.g.  the  printometer,  the  thermal  demand  indicator, 
and  the  specially  adjusted  meter  arranged  to  read  high 
with  low  power  factors.  All  these  have  their  draw- 
backs, as  also  have  the  later  ones,  such  as  the  a.c. 
ampere-hour  meter  arranged  with  maximum-demand 
indicator.  The  printometer  is  certainly  the  most 
scientific,  but  it  is  impracticable  on  all  but  the  largest 
supplies.  What  is  actually  wanted  is  a  meter  which 
will  read  correctly  on  all  power  factors  and  on  all  loads, 
and  as  there  is  a  demand  for  it  there  is  no  doubt  that 
sooner  or  later  it  will  be  produced.  The  main  advantage 
in  the  kVA  charge  would  be  that,  due  to  the  penalty 
imposed  for  a  bad  power  factor,  consumers  would 
voluntarily  install  a  power-factor-improving  device, 
such  as  Kapp  phase  advancers,  sjmchronous  motors, 
condensers,  etc.,  and  thereby  enable  the  mains  and  plant 
to  give  greater  output.  We  have  some  Kapp  phase 
advancers  working  very  successfully  at  local  collieries, 
and  in  some  cases  they  have  enabled  an  e.xtra  turbine  to 
be  shut  down.  The  difficulty  of  measuring  the  maxi- 
mum kVA  in  a  large  works  having  three  or  four  supplies 
has  easily  been  overcome  in  many  cases  by  carrying 
leads  from  the  secondaries  of  current  transformers, 
having  a  fairly  high  volt-ampere  capacity,  and  summing 
all  the  readings  in  one  meter.  It  has  been  done  not 
only  for  two  a.c.  supplies,  but  for  two  or  three  a.c. 
supplies  and  two  d.c.  supplies,  on  a  kW  maximum- 
demand  basis,  although  this  method  is  not  generally 
necessar}',  as  the  d.c.  and  a.c.  supplies  should  be  dealt 
with  on  a  separate  basis. 

Mr.  S.  James  :  Fig.  2  shows  very  clearly  how  the 
cost  of  supplying  electrical  energy  increases  as  the 
power  factor  decreases.  It  is  obviously  unfair  to 
ignore  the  effect  of  power  factor  and  to  charge  all  con- 
sumers at  the  same  rate,  since  this  involves  supplying 
the  low-power-factor  consumer  possibly  at  a  loss,  which 
is  made  up  by  overcharging  the  consumer  who  has  a 
good  power  factor.  A  number  of  undertakings  in  this 
country  do  actually  vary  their  price  for  electrical  energy 
according  to  the  power  factor  of  the  load,  but  the  method 
of  determining  the  power  factor  is  frequently  unsatisfac- 
tory. The  author  gives  an  example  of  the  calculation 
involved  in  this  determination  and  it  will  be  observed 
that  after  the  meter  readings  have  been  taken  it  is 
necessary  to  refer  to  tables  of  cosines  and  tangents  or 
to  suitable  charts  from  which  the  readings  can  be 
correlated.  The  objections  to  this  method  are  several. 
The     average    power    user    does    not    understand    this 


method  of  determining  power  factor  and  is  likely  to  view 
the  proceedings  with  a  certain  amount  of  suspicion. 
The  services  of  some  technical  person  are  required 
to  make  the  calculation  which,  incidentally,  is  accurate 
only  provided  the  load  is  balanced.  If  condensers 
are  installed  for  the  purpose  of  improving  the  power 
factor,  it  is  possible,  by  leaving  them  connected  for 
24  hours  per  day,  to  improve  the  average  until  it 
approaches,  or  actually  reaches,  unity,  while  at  the 
same  time  the  power  factor  at  the  time  of  peak 
load  may  be  very  bad.  Thus  the  object  of  a  tariff 
based  on  the  average  power  factor  would  be  entirely 
defeated.  With  a  view  to  removing  these  objec- 
tions a  meter  giving  a  direct  indication  of  the  average 
power  factor  and  eliminating  all  calculations  has 
recently  been  placed  on  the  market  b}-  Messrs  Chamber- 
lain and  Hookham.  It  is  thus  possible  for  the  con- 
sumer to  see  at  a  glance  the  minimum  value  of  his 
average  power  factor  over  a  period  and  to  take  steps 
to  effect  improvement.  The  meter  reader  can  reset 
the  indicator  to  zero  after  taking  the  monthly  reading. 
The  method  of  making  this  measurement  is  very  simple. 
An  energy  meter  is  connected  in  series  with  a  wattless 
component  meter  fitted  with  a  maximum-demand  indi- 
cator. In  place  of  the  clock  used  in  connection  with  a 
maximum-demand  indicator,  a  contact-making  device 
is  fitted  on  the  energy  meter  and  arranged  to  close  a 
pair  of  contacts  periodically,  after  the  passage  of  a 
fixed  amount  of  useful  energy.  The  closing  of  these 
contacts  effects  the  resetting  of  the  demand  indicator 
on  the  wattless  component  meter  in  the  usual  manner. 
The  scale  of  this  indicator  is  graduated  in  terms  of 
power  factor  instead  of  maximum  demand  in  wattless 
kVA.  Referring  now  to  Fig.  1,  the  principle  of  this 
combination  will  be  made  clear.  Along  the  base  of 
the  graph  is  plotted  energy  load  in  kW,  and  up  the 
left-hand  side  is  plotted  the  wattless  kVA.  We  may 
substitute  for  these  quantities  energy  in  kWh  and  watt- 
less component  in  kVA-hours  without  affecting  the  other 
quantity  plotted  on  the  right.  Now  assuming  that 
this  graph  represents  the  readings  of  the  two  meters 
referred  to  and  that  the  contact  maker  on  the  energy 
meter  is  set  to  operate  each  time  1  000  kWh  has  been 
used,  it  will  be  seen  that,  if  both  meters  start  from  zero 
at  the  same  time,  the  readings  on  the  indicator  at  the 
end  of  the  first  period  between  two  successi^•e  contacts 
will  be  a  measure  of  the  number  of  wattless  kV.\-hours 
used  during  the  interval  represented  by  the  passage  of 
1  000  kWh  of  energy.  But  a  definite  ratio  exists 
between  the  number  of  kVA-hours  used  and  the  average 
power  factor  during  this  interval,  and  it  is  thus  an 
easy  matter  to  mark  the  .scale  of  the  indicator  in  terms 
of  power  factor  instead  of  wattless  kVA-hours.  In  a 
series  of  intervals,  the  indicator  will  give  the  minimum 
power  factor  equivalent  to  the  maximum  wattless  kVA- 
hours  occurring  in  any  one  of  the  intervals.  The  period 
between  successive  contacts  can  be  varied  over  wide 
limits  to  suit  varying  circumstances.  It  may  be  equiva- 
lent to  the  consumer's  normal  load  for  1  hour,  1  day, 
1  week  or  for  any  other  period,  and  I  think  that  two 
or  three  times  per  day  would  probably  be  satisfactory 
in  the  majority  of  cases.  In  practice  it  sometimes 
happens  that  a  consumer  has  a  small  load  at  a  low  power 
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factor  during  the  night  and  at  week-ends,  and  it  may- 
be urged  that  he  should  not  be  penalized  on  this  account. 
Fortunately,  the  use  of  this  instrument  does  not  involve 
any  such  penalty,  because  the  time  required  to  give  an 
indication  varies  inversely  as  the  power  factor  and  the 
load.  For  example,  an  instrument  arranged  to  make  j 
contact  everj'  two  hours  when  the  consumer  has  full 
load  at  unity  power  factor,  would  require  eight  hours 
to  give  its  maximum  reading  if  the  value  of  the  current 
remained  the  same  and  the  power  factor  fell  to  0-25. 
Further,  if  the  current  was  reduced  to  one-tenth  of 
its  previous  value  and  the  power  factor  remained  at 
0-25,  80  hours  would  be  necessary'  to  obtain  the  reading. 
Therefore,  unless  a  small  load  at  a  low  power  factor 
is  maintained  for  an  unreasonable  time,  there  is  no 
fear  of  penalizing  a  consumer  for  an  occasional  small 
load  at  low  power  factor.  On  the  other  hand,  if  it 
is  desired  to  make  the  consumer  pay  for  these  periods 
of  low  power  factor  and  small  load,  it  is  possible  to  do 
so  by  considerably  reducing  the  time  elapsing  between 
successi\-e  contacts,  and,  to  go  to  the  other  extreme,  it 
is  possible  to  measure  a  consumer's  average  power  factor 
instead  of  his  minimum  average  over  a  month  by 
simply  extending  the  contact  period  so  that  it  occurs 
only  once  or  twice  during  this  time.  Furthermore, 
the  power  factor  may  be  measured  at  the  time  of  peak 
load  onh',  if  desired,  by  inserting  a  time  switch  which 
cuts  out  the  indicator  at  other  times.  It  will  thus  be 
seen  that  this  instrument  is  most  adaptable  and  makes 
possible  the  use  of  tariffs  based  on  power  factor  which 
have  hitherto  been  impracticable  in  most  cases.  This 
method  of  measurement  also  gives  accurate  readings  on 
unbalanced  loads,  whereas  the  usual  method,  as  explained 
on  page  679,  is  accurate  only  on  balanced  loads.  At 
the  foot  of  page  678  the  author  states  that  a  simple 
and  equitable  charge  for  electrical  energ>'  would  be  to 
base  the  tariff  on  the  average  kVA  demand  for  a  period 
of  20  to  30  minutes.  There  is  much  to  be  said  in  favour  : 
of  a  kVA  demand  charge,  but,  on  the  other  hand,  it  is 
not  entirely  free  from  disadvantages.  If  the  demand 
is  measured  at  the  time  of  peak  load  it  is  not  objection- 
able, but  supply  undertakings  would,  I  think,  in  the 
majority  of  cases  welcome  additions  to  the  load  during 
off-peak  hours.  The  effect  of  a  kVA  demand  charge 
is  to  tend  to  limit  the  consumption  of  electrical  energ>' 
during  off-peak  hours,  unless  such  demand  is  measured 
only  at  the  time  of  peak  load.  The  author  truly  states 
that  a  simple  instrument  is  still  required  to  integrate 
the  average  kVA  during  any  time,  as  distinguished 
from  the  momentary  value.  Many  attempts  have 
been  made  within  recent  years  to  devise  a  kVA  demand 
indicator,  but  the  problem  is  very  difficult.  Such  instru- 
ments as  ha\'e  been  used  or  proposed  are  either  inaccurate 
or  too  costly.  Several  types  of  demand  indicators  have 
been  used,  the  indications  of  which  are  dependent  on 
the  current  in  the  circuit  and  which  ignore  the  voltage. 
Such  instruments  may  be  very  unfair  to  the  consumer 
in  cases  where  the  voltage  fluctuates  or  the  load  is  un- 
balanced. For  example,  take  the  case  of  a  consumer 
whose  maximum  current  is  100  amperes  at  normal 
voltage.  It  the  voltage  falls  to  10  per  cent  below 
normal  and  the  consumer's  kVA  demand  remains  the 
same,  the  current  will  increase  to   111   amperes.*   The 


demand  charge  would  thus  be  increased  by  11  per 
cent,  although  the  actual  kVA  demand  was  unaltered. 
If  a  single-phase  instrument  is  used  on  a  three-phase 
unbalanced  load,  considerable  discrepancies  may  arise 
in  the  charge  for  energy.  It  is  very  rare  that  the  load 
is  perfectly  balanced  and,  if  the  indicator  is  on  the  phase 
with  the  heaviest  load,  the  consumer  will  be  over- 
charged. If  the  demand  charge  is  a  large  proportion  of 
the  total,  a  small  error  in  arriving  at  the  maximum 
demand  may  involve  a  considerable  sum  in  the  account, 
either  for  or  against  the  supply  authority.  Another 
type  of  kVA  demand  indicator  is  also  made  which  takes 
into  consideration  the  variation  in  voltage,  but  this  is 
accurate  over  only  a  small  range  of  power  factor.  Such 
an  instrument  can  be  made  accurate  at  some  particular 
power  factor,  and,  provided  that  the  angle  of  lag  at 
the  time  of  maximum  demand  does  not  depart  more  than 
14°  from  the  angle  at  which  the  instrument  is  cali- 
brated, the  error  will  not  exceed  plus  or  minus  3  per 
cent,  in  addition  to  the  ordinary  meter  error.  An 
instrument  correct  at  0-8  power  factor  would  have 
errors  up  to  plus  or  minus  3  per  cent  on  power  factors 
betn-een  0-92  and  0-63.  Outside  these  limits  the 
errors  increase  vers-  rapidl}-. 

Dr.  T.  F.  Wall  :  The  section  of  the  paper  in  which 
I  am  especially  interested  is  that  in  which  tlie  means 
for  improving  the  power  factor  are  considered.  I 
refer  more  particularly  to  the  paragraph  in  which  the 
need  is  expressed  for  some  practical  and  economical 
method  of  phase  advancing  for  small  motors.  Since 
the  date  on  which  this  paper  was  first  communicated 
to  the  Institution,  I  have  given  at  a  meeting  of  the 
North  Midland  Centre  some  details  of  tests  with  a  new 
type  of  phase  advancer  which  is  specially  adapted  for 
use  with  small  and  medium-sized  motors,  say  from 
about  10  h.p.  to  100  h.p.  Briefly  stated,  the  de^■ice 
comprises  one  or  more  cells  connected  in  each  phase 
of  the  rotor  circuit.  Each  cell  has  two  electrodes 
immersed  in  sulphuric  acid,  the  electrodes  being  identical 
in  every  way  and  consisting  preferably  of  grids  pasted 
with  an  oxide  of  lead  such  as  is  used  in  manufacturing 
the  plates  of  a  lead  accumulator.  \Mien  an  alternating 
current  is  passed  through  such  a  cell,  it  acts  like  an 
accumulator  on  charge  and  stores  electricity  during  one 
part  of  the  cj'cle,  and  during  the  other  part  of  the  cycle 
the  stored  electricity  is  released  and  the  cell  becomes 
charged  in  the  opposite  direction.  In  other  words, 
each  cell  behaves  to  an  alternating  current  like  a  con- 
denser of  very  large  capacity.  Each  such  cell  is  capable 
of  giving  a  capacity  reactance  voltage  of  about  2  volts, 
and  forms,  as  the  subsequent  example  shows,  a  very 
suitable  means  for  phase-advancing  by  connecting  such 
cells  in  the  rotor  circuit  of  an  induction  motor.  That 
such  a  cell  actually  does  produce  a  leading  current  and 
therefore  acts  like  a  condenser  is  shown  by  the  oscillo- 
gram in  Fig.  A.  I  have  found  it  useful  in  dealing  with 
practical  phase-advancing  problems  to  use  a  simple 
formula  by  means  of  which  the  necessary  injected 
volt- amperes  to  produce  a  given  alteration  in  the  power- 
factor  at  a  given  load  may  at  once  be  determined, 
whether  the  desired  phase  alteration  is  produced  by 
injecting  the  ^'olt-amperes  into  the  stator  circuit  or 
into  the  rotor  circuit.     Referring  to  Fig.  B,  which  is  a 
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vector  diagram  for  one  stator  phase,  if  it  is  desired  to 
impro^•e  the  power  factor  from  cos  <f)  to  cos  (f)^  the  current 
must  be  reduced  from  OC  to  OB.  In  order  to  effect 
this  alteration  of  the  stator  current  the  wattless  com- 
ponent, BC,  per  phase  may  be  injected  into  the  stator 
winding.     The  total  wattless  volt-amperes  to  be  injected 


Current 


Pressure 


^^ 


FiG.~A — Grids  pasted  with  an  oxide  of  lead  and  immersed 
in  dilute  sulphuric  acid ;  supply  frequency  2-45  periods 
per  second. 

in  the  stator  winding  to  produce  the  required  improve- 
ment in  the  power  factor  is 

wF(CB)  =  toF(AC  -  AB) 

=  7nV{I  sin  <f)  —  J  cos  ip  tan  (^j) 

=  mVI{sm  (f>  —  cos  cf>  tan  cj)^)  volt-amperes 

where  m  is  the  number  of  stator  phases. 

The  same  effect  is  produced  if  there  is  injected  in  the 
rotor  circuit 

sinVI{sin  <f>  —  cos  (j>  tan  ^j)  volt-amperes 

where  s  is   the   rotor   slip.     The    above   formulae   give 
results  which  are  correct  to  a  verj'  close  approximation. 


The  enormous  practical  advantage  obtained  when 
phase-advancing  is  produced  by  injecting  a  leading  com- 
ponent of  pressure  into  the  rotor  circuit  mstead  of  into 
the  stator  circuit  is  evident. 

Exam  ph. — Suppose  it  is  required  to  improve  the 
power  factor  of  a  20  h.p.  motor  from  0-85  to  0-95. 
We  have 


cos  (j)  =  0-85  ;       cos  ^j  =0-95 

Assunii]ig  tlie  efficiency  of  the  motor  to  be 
cent,  then 


per 


mVI  cos  (p 


20  X  746 
0-88 


=  17  000 


mVI  =  20  000  volt-amperes 
=  20  kVA 


If  the  power  factor  is  to  be  improved  by  connecting 
static  condensers  across  the  stator  terminals,  the  con- 
densers must  be  capable  of  dealing  with 

20  (sin  (f>  —  cos  6  tan  (f>j)  kVA 
=  20(0-527  -  0-85  X  0-33)  kVA 

=  4-04kVA 

If,  however,  the  power  factor  is  to  be  improved  by 
connecting  a  phase  advancer  in  the  rotor  circuit,  the 
phase  advancer  need  only  be  capable  of  dealing  with 

s  X  4  •  94  kVA 

where  s  is  the  rotor  slip. 

If,  for  example,  the  slip  is  3  per  cent,  i.e.  s  =  0-03, 
it  is  onlj^  necessary  for  the  phase  advancer  to  inject 
0-03  X  4-94kVA  =0-148  kVA,  to  obtain  the  requisite 
improvement  of  power  factor.     If  the  rotor  current  is 
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40  amperes  per  phase,  then  the  phase  advancer  has 
to  inject  onl)'  v  capacity  reactance  volts  per  phase, 
where 

3  X  u  X  40  =  148  volt-amperes 
or  ^  =  1  •  24  volts 

It  is  therefore  apparent  that  the  correct  method  of 
impro\dng  the  power  factor  of  slip-ring  induction  motors 
is  to  inject  the  capacity  reactance  volts  in  the  rotor 
circuit  and  not  in  the  stator  circuit.  An  electrochemical 
phase  advancer  of  the  type  described  has  been  in  opera- 
tion in  a  factory  in  Sheffield  for  some  time  and  is  working 
in  a  very  satisfactory  manner.  In  order  to  obtain  some 
data  as  t.o  the  life  that  this  phase  advancer  may  be 
expected  to  have,  arrangements  were  made  to  put  one 
into  operation  in  connection  with  a  4  b.h.p.  motor  in 
daily  service  in  the  Suffolk-road  factory  of  the  Sheffield 
Corporation  Electric  Supply  Department,  and  Fig.  C 
gives  the  test  data  taken  after  the  phase  advancer  had 
been  in  operation  for  3  weeks.  This  apparatus  is  being 
left  in  circuit  with  the  motor,  and  tests  will  be  made  at 
intervals  to  ascertain  what  its  life  will   be. 

Mr.  G.  H.  Fletcher  :    There  is  a  threefold    aspect 
of  the  low-power-factor  problem,  as  follows  :    (1)  The 
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avoidance  of  low  power  factor  by  a  judicious  choice  of 
apparatus  ;  (2)  the  adoption  of  special  apparatus,  the 
sole  purpose  of  which  is  to  improve  the  power  factor  ; 
and  (3)  the  correct  method  of  charging  consumers  who 
draw  a  large  wattless  component  from  supply.  I 
intend  to  confine  my  remarks  to  the  question  of  the 
avoidance  of  low  power  factor,  and  I  think  it  will  be 
readily  agreed  that  the  chief  difficulty  in  this  connection 
is  the  induction  motor  and,  in  general,  the  small  indus- 
trial motors  of  this  type.  The  main  factors  in  the 
design  of  an  induction  motor  which  have  a  bearing  on 
the  power  factor  are  (1)  Maximuni  pull-out  torque  at 
full  load  ;  (2)  speed  ;  (3)  type  of  rotor  (squirrel-cage 
or  slip-ring)  ;  and  (-i)  output  margin.  Where  users  in- 
stall a  motor  with  a  very  much  larger  pull-out  torque 
than  is  required,  the  efiect  is  to  reduce  considerably 
the  power  factor  at  a  normal  working  load.  For 
instance,  a  motor  designed  for  a  maximum  pull-out 
torque  of  100  instead  of  150  per  cent  overload  may  give 
improvements  of  power  factor  of  from  4  to  5  per  cent. 
The  speed  of  an  induction  motor  has,  of  course,  very 
considerable  bearing  on  its  power  factor,  although  it 
is  realized  that  in  many  cases  where  direct  drive  is 
adopted  the  speed  of  the  motor  is  outside  the  control 
of  the  engineer  installing  the  motor.  Where,  however, 
an  indirect  drive  can  be  adopted  it  is  advisable  to 
adopt  the  highest  practicable  speed.  The  slip-ring 
motor  has  a  verj-  much  higher  leakage  coefficient  than 
the  squirrel-cage  motor,  and  consequently  gives  a 
lower  power  factor.  In  my  opinion  the  squirrel-cage 
motor  could  be  used  much  more  frequently  than  at 
present,  especially  for  small  sizes.  I  believe  that  in 
many  cases  there  is  a  much  bigger  margin  between 
the  normal  output  of  a  motor  and  the  actual  load  at 
which  the  motor  operates,  and  many  cases  have  come 
to  my  notice  where  the  normal  output  of  a  motor  is 
tvvo  or  three  times  the  service  requirements.  If  a 
margin  is  desired  it  will  be  preferable  to  have  this  in 
temperature-rise  rather  than  in  output.  For  instance, 
if  the  ser\ice  requirements  in  a  given  case  are  estimated 
at  50  h.p.,  and  a  margin  of  10  per  cent  is  required,  it 
would  be  better  from  the  point  of  view  of  power  factor 
improvement  to  specify  a  lower  temperature-rise  for  the 
estimated  horse-power,  rather  than  increase  the  nominal 
rating  of  motor  in  horse-power. 

Mr.  A.  R.  Chaytor  :  Speaking  as  a  consumer  who 
has  given  close  attention  to  the  subject  of  power  factor 
and  its  effect  on  the  electricity  account,  the  subject 
appears  to  me  in  a  somewhat  different  aspect  from  the 
opinions  expressed  by  most  of  the  previous  speakers. 
Whilst  I  do  not  disagree  with  the  method  of  charge 
being  based  on  a  kVA  maximum-demand  charge  plus 
a  kWh  charge,  I  agree  with  the  author  that  the  ideal 
type  of  maximum-demand  meter  and  system  of  charging 
has  not  been  evolved,  and  it  certainly  is  time  that 
something  tangible  was  done  by  the  supply  authori- 
ties to  agree  upon  a  basis  as  to  a  reasonable  average 
power  factor.  Some  undertakings  stipulate  70  per  cent 
as  a  reasonable  working  basis  for  the  consumers'  average 
power  factor,  and  others  stipulate  85  per  cent.  Further- 
more, there  appears  to  be  as  much  variation  in  the 
average  power  factor  basis  on  which  a  penalt\^  or  rebate 
is    brought   into   effect   in    the   different   undertakings. 


whilst  the  amount  of  the  penalty  or  rebate  \'aries  to  a 
still  greater  degree.  From  the  consumers'  point  of 
view,  low  power  factor  is  at  times  practically  unavoid- 
able, and  will  be  so  long  as  group  drives  and  inter- 
mittent variable  loads  are  requisite,  as  any  engineer 
who  has  had  to  run  a  works  during  variable  trade  con- 
ditions will  have  discovered,  particularly  if  his  method 
of  charging  is  based  on  kVA  of  maximum  demand.  The 
trouble  of  low  power  factor  in  the  former  case  can  be 
overcome,  where  it  lasts  for  an  extended  period,  by 
changing  the  motor  for  one  of  lower  horse-power,  but 
the  difficulty  of  different  dimensions  of  motor  and  cost 
of  changing  (assuming  that  the  smaller  spare  motor  is 
available)  has  also  to  be  considered.  In  a  large  number 
of  cases  it  has  been  found  more  economical  to  leave 
the  original  motors  in  position  and  to  run  them  with  the 
stator  windings  connected  in  "  star  "  as  the  running 
position  (instead  of  in  "  delta  ")  during  periods  when 
some  of  the  machines  were  idle  and  when  the  motor 
would  be  working  to  only  half  its  normal  rating,  with 
impro\ement  to  both  efficiency  and  power  factor. 
Conditions  which  affect  the  consumer's  account,  but 
which  arise  from  excessive  variation  in  either  pressure 
or  frequency,  or  both,  are  seldom,  if  ever,  mentioned  in 
technical  discussion,  but  my  experience  leads  me  to 
the  conclusion  that  an  excessive  pressure-drop  for  a 
period  of  10  to  15  minutes  during  a  period  of  normal 
load  has  been  responsible  for  the  registered  maximum 
demand  on  which  the  account  was  based.  Recently  a 
case  occurred  in  which  the  frequency  was  6  per  cent  low 
for  a  period  of  about  20  minutes,  and  although  the 
load  was  restricted  and  power  factor  improvement 
by  rotary  condenser  tried  to  the  full  extent,  the  result 
was  a  higher  maximum  demand  than  could  reasonably 
be  considered  equitable  to  base  the  account  on.  It 
therefore  behoves  large  consumers  who  are  considering 
new  agreements,  particularly  where  the  maximum 
demand  is  registered  as  kVA,  to  see  that  no  wider  varia- 
tion of  either  pressure  or  frequency  is  permitted  to 
the  supply  authority  than  those  considered  reasonable 
in  the  B.O.T.  Regulations,  otherivise  even  a  short  period 
of  excessively  low  frequency  or  low  pressure  may  result 
in  an  increased  account  due  to  the  higher  kVA  maximum 
demand  registered.  From  the  foregoing  it  would  appear 
that  there  is  some  justification  for  the  strong  objections 
which  have  been  expressed  by  previous  speakers  to 
the  maximum  demand  being  based  on  kVA,  but  with 
normal  conditions  of  supply  existing  even  these  would 
be  absent.  The  author  states  that  :  "  It  is  obviously 
wrong  to  install  power-factor-improving  plant  at  a 
generating  station.  .  .  ."  This  appears  to  me  to  be 
too  definite,  for  there  are  manv  occasions  of  long  dura- 
tion during  periods  of  moderate  load  when  the  additional 
current  due  to  poor  power  factor  will  be  little  detriment, 
so  far  as  the  carrying  capacity  of  the  cables  and  trans- 
formers is  concerned,  and  which  have  a  stabilizing  effect 
on  the  voltage  variation  at  the  supply  end,  but  which 
so  far  as  the  number  of  generators  is  concerned  might 
necessitate  an  extra  generator  at  the  station  to  carry 
the  wattless  current.  Under  these  circumstances  power 
factor  improvement  at  the  generating  station  might 
easily  release  one  generator  during  these  periods.  The 
period  stated  by  the  author  over  which  the  maximum 
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demand  should  be  taken,  viz.  20-30  minutes,  seems  to  be 
quite  reasonable  ;  but  this  appears  to  be  another  point 
on  which  uniformity  amongst  the  supply  authorities 
might  reasonably  be  arrived  at  with  advantage  to  all. 
The  imposition  of  meter  rent  on  large  consumers  appears 
to  be  another  debatable  point,  in  view  of  the  fact  that 
most  large  consumers  provide  a  duplicate  set  of  check 
meters  which  are  of  mutual  benefit.  It  therefore 
appears  equitable  for  the  supply  authority  to  provide 
one  set  of  meters  rent  free. 

Mr.  J.  R.  Williams  :  Whilst  agreeing  that  some 
method  should,  if  possible,  be  adopted  to  penalize  the 
consumer  who  is  responsible  for  a  low  power  factor,  it 
is  very  questionable  whether  the  method  put  forward 
in  the  paper,  which  is  based  upon  the  two  variables, 
power  factor  and  load  factor,  would  be  quite  so  simple 
and  satisfactory  as  the  author  suggests.  Electricity, 
like  every  other  commodity,  is  subject  to  the  laws 
of  supply  and  demand,  and  what  the  consumer  requires 
is  a  plain,  simple  and  easily  understood  method  of 
calculation.  Many  of  us  can  remember  the  trouble 
that  used  to  occur  with  the  old  maximum-demand 
indicator,  and  the  present  trouble  in  the  gas  industry 
over  the  so-called  "  scientific  "  method  of  charging 
by  therms,  instead  of  by  cubic  feet,  gives  us  due  notice 
of  what  we  must  expect  from  such  a  basis  of  charges  as 
put  forth  in  the  paper.  The  consumer  naturally  con- 
siders that  the  so-called  "  scientific  "  basis  is  simply  a 
trick  to  increase  the  price  of  the  commodity,  and  there 
is  no  doubt  that  he  is  right  in  so  far  as  it  opens  the  door 
to  such  an  increase,  if  desired.  Table  2  is  a  case  in 
point.  First,  the  basic  price  is  based  upon  pre-war 
conditions,  and  therefore  under  the  present  circum- 
stances is  from  50  to  70  per  cent  below  the  present 
actual  prices.  A  table  of  costs  of  20  of  the  largest 
generating  stations  in  the  country  shows  that  the  all-in 
costs  vary  from  Id.  to  l-88d.  at  the  present  time  (see 
Electrical  Times  tables).  Secondly,  the  majority  of  small 
consumers  (undoubtedly  the  small  induction  motor  gives 
the  greatest  trouble)  think  that  this  term  means  that 
motors  must  be  run  at  half  load,  whilst  actually  to 
obtain  this  impossible  figure  a  motor  must  be  run  fully 
loaded  for  12  hours  per  day  and  365  days  per  annum — 
a  distinction  with  a  very  big  difference  to  the  average 
consumer.  The  average  power  factor  is  much  nearer 
20  per  cent  than  50  per  cent,  and  this  at  once  increases 
by  150  per  cent  the  price  shown  in  Table  2,  and  it  will 
be  difficult  to  explain  to  a  new  consumer  who  has  been 
told  that  Table  2  will  give  his  probable  cost,  why  his 
actual  cost  was  three  times  as  much.  Dissatisfied 
consumers  of  this  type  are  very  detrimental  to  a  supply 
department.  Therefore,  with  all  its  faults,  there  is 
something  to  be  said  for  the  present  rough-and-ready 
method  of  charging  which,  after  all,  is  simple  and  easily 
understood.  As  a  general  rule,  it  is  safe  to  assert  that 
the  power  factor  of  induction  motors  decreases  as 
the  load  decreases,  and  therefore  that  a  lightly  loaded 
motor  gives  rise  to  a  low  power  factor.  This  is  due  to 
the  fact  that  two  currents  have  to  be  supplied,  one  for 
producing  the  mechanical  energy  and  the  other  for 
magnetization  purposes.  The  first  is,  of  course,  in 
phase  with  the  supply  voltage  and  the  latter  is  in  quad- 
rature.    The  magnetizing  current  is  practically  constant 


for  all  loads,  and  it  therefore  follows  that  the  greater 
the  load  the  higher  the  power  factor.  A  table  based 
purely  on  the  average  load  on  the  motor  against  the 
maximum  specified  load,  would  give  a  simpler  method 
of  calculation  than  that  put  forward  in  the  paper. 

Mr.  W.  T.  Wardale  :  Whilst  agreeing  that  the  power 
user  with  a  bad  power  factor  is  a  serious  nuisance  to 
the  public  supply  authority,  I  do  not  hold  with  the 
methods  suggested  by  the  author  or  by  two  speakers 
in  the  discussion  who  have  advocated  special  rates, 
methods  of  calculation,  or  special  instruments,  for 
the  determination  of  the  penalty  to  be  inflicted  on  the 
power  user  having  a  low  power  factor.  The  matter 
really  divides  itself  into  two  fairly  distinct  problems. 
One  is  the  large  power  consumer,  who  usually  has  a 
well-paid  engineer  in  charge  of  his  engineering,  and 
who  is  thus  able  to  obtain  all  the  benefits  from  providing 
a  good  power  factor  which  the  supply  people  may  offer, 
and  who  is  also  able  to  discriminate  between  applica- 
tions of  power  factor  correction  which  will  cost  more 
to  apply  than  they  will  save,  and  those  means,  some 
of  which  are  referred  to  in  the  paper,  which  enable  the 
large  power  user  to  make  considerable  economies  and, 
at  the  same  time,  to  benefit  the  supply  authority. 
These  people  can,  and  do,  look  after  their  interests. 
The  second  class  of  power  user  is  the  man  with  a  small 
works,  who  often  runs  a  25  h.p.  motor  on  a  20  h.p. 
job,  and  who  will  buy  a  motor  because  it  is  low  in  first 
cost  and  gives  a  margin  above  what  he  requires  at  the 
moment,  and  so  will  enable  him  to  face  a  rush  of  work, 
or  a  slight  extension  of  his  shops,  without  purchasing 
any  further  motors.  These  people  are,  in  the  aggregate, 
the  greatest  offenders.  Those  who  cannot  understand 
any  scientific  basis  of  charging  will  see  in  such  methods 
merely  a  means  of  trapping  them  into  heavier  charges, 
the  reason  for  which  they  cannot  understand.  It  will 
pay  far  better  to  set  one's  charge  for  such  small  motors 
on  the  basis  of  a  power  factor  of  0  •  (i  and  to  offer  con- 
cessions to  those  consumers  who  will  buy  and  install 
corrective  apparatus.  That  this  is  now  practically 
possible  is  shown  by  Dr.  Wall's  contribution  to  the 
discussion.  Any  system  of  special  meters  is  too  costly 
to  consider,  and  leads  to  uneasiness  on  the  part  of  the 
consumer.  The  method  of  finding  the  amount  of 
kVA  is  simple  to  an  electrical  engineer  and  a  mystery 
to  nearly  ever>'one  else  ;  therefore  its  use  in  this  con- 
nection is  not  advisable.  The  system  of  charging 
must  be  easily  comprehended.  Another  point  to  be 
noted  is  that  the  ordinary  consumer  does  not  realize 
that  a  50  per  cent  load  factor  means  50  per  cent  load 
factor  on  24  hours  X  full  load  x  365  days.  We  as 
electrical  engineers  do  understand  that  fact,  and  we 
should  be  careful  to  point  it  out  to  those  who  use  our 
energy.  The  owner  of  a  works  running  47  hours  a 
week  considers  that  he  is  giving  a  50  per  cent  load  factor 
if  his  motor  runs  at  half  load  all  his  working  hours  ; 
to  such  a  man  the  table  given  would  appear  misleading. 

Mr.  H.  E.  'V'erbury  {in  reply)  :  I  agree  entirely 
with  Mr.  West's  remarks,  which  are  based  on  his  actual 
experience  in  large  works.  The  capital  and  running 
costs  of  power-factor-improvement  devices  are  much 
less  than  the  cost  of  a  bad  power  factor,  hence  their 
installation  must  result  in  cheapening  electricity.     The 
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supplier  should,  I  think,  be  prepared  to  advise  con- 
sumers as  to  how  a  good  power  factor  may  be  brought 
about,  and  also  to  show  what  diflerence  it  would  make 
in  the  electricity  bill. 

I  agree  with  Mr.  Bumand  that  it  is  desirable  that  a 
consumer's  accounts  should  show  separately  kVA-hour 
units  and  kWh  units,  but  I  think  it  should  be  clearly 
understood  that  a  supply  authority  is  not  desirous  of 
selling  wattless  kVA  units.  I  disagree  entirely  with 
the  view  that  the  maximum-demand  system  is  funda- 
mentally ■\\Tong,  for  the  lowest  price  per  unit  to  con- 
sumers invariably  takes  place  under  this  system  of 
charging,  and  all  consumers  have  the  means  available 
of  decreasing  their  maximum  demand  by  phase  ad- 
vancing. The  capital  outlay  for  this  plant  is  usually 
paid  off  in  two  to  three  years.  As  Mr.  Bumand 
is  a  motor  manufacturer,  his  views  are  naturally 
different  from  those  of  suppliers  and  the  majority  of 
consumers. 

Mr.  Jepson  and  Mr.  James  point  out  the  difficulties 
in  obtaining  accurate  measurements  of  all  the  factors 
on  which  a  kVA  demand  should  be  obtained.  It  is, 
_  however,  generally  felt  that  the  happy  mean  can  be 
obtained  in  a  fairly  simple  manner,  and  if  this  is  satis- 
factory to  both  supplier  and  consumer  the  desired 
result  is  accomplished. 

I  am  very  pleased  to  hear  that  my  remarks  as  to  the 
absence  of  a  cheap,  simple  and  effective  phase  advancer 
suitable  for  small  motors  were  unfounded.  Since 
the  paper  was  written  I  have  had  an  opportunity 
of  testing  Dr.  Wall's  electrolytic  phase  advancer  (which 
introduces  capacity  effects  by  a  leading  reactance 
voltage)  on  a  4  h.p.  motor,  and  I  can  testify  as  to  its 
behaviour.  It  has  been  in  daily  operation  for  the  past 
three  months  unattended  and  has  produced  remarkable 
results,  as  shown  by  the  curves  and  oscillogram.  It 
is  now  being  subjected  to  an  endurance  test,  the  result 
of  which  will  be  followed  with  much  interest.  This 
device  emphasizes  the  important  point  that  for  the 
same  power  factor  improvement  only  about  one- 
thirtieth  of  the  injected  kVA  is  required  in  a  rotor,  as 
compared  with  a  device  operating  on  the  high-frequency 
stator  side. 

I  am  in  entire  agreement  with  Mr.  Fletcher's  remarks, 
and  recent  improvements  in  the  design  of  squirrel-cage 
rotors  embodying  tivo  windings  have  reduced  the  start- 
ing current  considerably.  It  may  therefore  be  expected 
that  squirrel-cage  motors  of  larger  capacity  will  be 
used  to  a  great  extent  in  the  future.  This  will  tend 
to  improve  the  power  factor.  Mr.  Fletcher  also  rightly 
points   out   that   the   capacity   of   a   motor   should   be 


determined  by  the  usual  load  it  has  to  carrj'  and  not  by 
the  possible  maximum. 

Mr.  Chaytor's  remarks  as  to  the  absence  of  anything 
approaching  standardization  of  tariffs  and  methods  of 
charging  for  electrical  energy  will  be  generally  endorsed. 
In  my  opinion  his  observations  on  the  difficulty  in 
maintaining  uniform  working  conditions  in  works 
justify  the  desirability  of  measuring,  resetting  and 
charging  monthly  maximum-demand  accounts  so  that 
any  consumer  in  a  particularly  bad  month  would  pay 
a  correspondingly  lower  maximum-demand  charge. 
Under  exceptional  conditions  a  minimum  annual  charge 
might  reasonably  be  demanded. 

I  agree  that  it  is  manifestly  unfair  to  call  upon  a 
consumer  to  pay  a  high  maximum-demand  charge  if 
this  is  brought  about  by  low  frequency  or  low  pressure. 
These  two  disturbing  influences  are  happily  infrequent, 
and  under  the  Electric  Lighting  Acts  the  consumer 
has  a  remedy  against  the  supplier  if  the  variation  of 
supply  pressure  and  frequency  are  rnore  than  4  per 
cent  and  2^-  per  cent,  respectively.  Mr.  Chaytor's 
method  of  changing  motor  connections  from  delta  to 
star  when  running  on  light  load  could  be  adopted  with 
advantage  by  many  consumers. 

I  still  submit  that  whenever  it  is  possible  to  install 
power-factor-improving  plant  at  a  consumer's  works  or 
in  substations  or  at  the  end  of  long  transmission  lines  it 
should  be  placed  there  instead  of  at  a  generating  station. 

In  reply  to  Mr.  Williams  and  Mr.  Wardale,  I  do  not 
agree  that  the  magnetizing  current  of  a  motor  is  prac- 
tically constant  for  all  loads,  as  this  may  vary  up  to 
20  per  cent  and  sometimes  more.  I  am  inclined  to 
think  that  they  are  not  familiar  with  present-day  costs  of 
electricity  and  the  thousands  of  installations  where  the 
maximum-demand  system  is  the  basis  of  charging,  hence 
they  submit  arguments  for  continuing  in  their  belief. 

At  the  present  moment  under  the  maximum-demand 
basis  of  charge  in  Sheffield  some  consumers  pay  between 
O-Sd.  and  0-6d.  per  unit  (which  includes  a  coal  increase 
of  0-I66d.)  and  this  total  price  could  be  lowered  if 
power-factor-improving  plant  were  installed.  Under  the 
flat  rate,  the  price  per  unit  at  the  same  load  factor 
would  be  more  than  double.  Another  Sheffield  firm 
is  saving  about  £3  000  per  annum  since  the  installation 
of  power-factor-correcting  plant. 

I  think  that  the  time  is  fast  approaching  when  a 
consumer  will  be  at  liberty  to  take  from  his  single 
service,  energy  for  power,  heating  or  lighting,  etc.,  and 
I  submit  that  the  two-part  tariff  is  the  best,  simplest 
and  most  equitable  under  these  conditions  for  both 
supplier  and  consumer. 


North  Midland  Centre,  at  Br.adford,  6  March,  1923. 


Mr.  H.  F.  Buttenshaw  :  The  following  case,  which 
came  under  my  notice,  may  be  of  interest.  One  of  the 
conditions  under  a  new  contract  was  that  a  compensator 
had  to  be  employed  for  raising  the  power  factor  from 
0-65  to  0-8,  and  the  consumer  therefore  installed  a 
50  kW  Crompton  auto-synchronous  motor,  coupled  to 
a  d.c.  generator.  In  consideration  of  this  being  done 
the    Corporation    offered    him    a   considerably   reduced 


tariff,  representing  a  saving  of  approximately  50  per 
cent.  Moreover,  the  effective  transformer  capacity  has 
been  increased  by  about  30  per  cent  and  there  has  been 
a  general  improvement  in  the  running  of  the  numerous 
induction  motors  installed  in  the  factory. 

Mr.  R.  M.  Longman  :  I  think  that  the. author  might 
have  extended  Fig.  1  to  include  a  power  factor  of 
50  per  cent.     I  have  had  several  consumers  with  that 
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power  factor  and,  unless  there  is  kVA  tariff  which  they 
fully  appreciate,  it  is  most  difficult  to  deal  with  such 
consumers.  The  author  has  chosen  a  case  showing 
large  figures,  80  000  and  20  000  k\V.  The  argument 
holds  good  even  with  smaller  figures  of  the  same  ratio, 
but  the  former  are  more  likely  to  attract  attention.  I 
fail  to  understand  his  figures  about  the  net  return,  nor 
do  I  follow  his  comparison  of  municipal  and  power 
companies'  tariffs  ;  I  am  not  sure  which  the  author 
thinks  to  be  correct  practice.  Power  companies  have 
to  consider  very  carefully  at  what  figure  they  can  give 
a  supply  at  any  specified  point.  Consumers  at  an  out- 
lying point  cannot  expect  to  be  supplied  at  the  same 
rates  as  those  close  to  the  power  station  ;  the  latter 
condition  more  often  prevails  in  a  municipal  supply. 
The  statement  on  page  676,  that  power  factor  has 
great  influence  on  the  cost,  is  correct,  but  it  is  difficult  to 
induce  a  consumer  to  improve  his  power  factor  unless  one 
can  show  him  that  some  saving  will  be  thereby  effected. 
Economy  and  general  improvement  are  effected  in 
several  ways:  (1)  Reduction  in  kVA  and  in  the  kVA 
charges,  the  supply  undertakings  thereby  contributing  to 
the  cost  of  the  power-factor-improvement  gear.  (2)  Im- 
proved voltage  regulation,  more  uniform  speed  of  motors 
and  better  output  therefrom.  (3)  Increase  of  supply 
available  at  the  point  in  question.  Referring  to  the 
last  item,  it  is  the  general  practice  for  the  consumer 
to  provide  accommodation  for  the  transformer,  etc.  ; 
with  improvement  of  the  power  factor  it  becomes  per- 
missible to  take  a  greater  load  from  the  transformer, 
which  in  some  cases  would  otherwise  have  to  be  replaced 
by  a  larger  one.  This  replacement,  in  turn,  would 
necessitate  increased  accommodation  and  perhaps  involve 
building  expenditure.  In  several  actual  cases  the  cost 
of  the  power-factor-improvement  apparatus  has  been 
defrayed  in  two  years  by  the  reduction  in  the  kVA 
charges.  The  author  states  that  it  is  obviously  -wrong 
to  install  power-factor-improvement  plant  at  a  generat- 
ing station.  Although  his  statement  is  correct  in  prin- 
ciple it  is  sometimes  an  advantage  to  run  a  generating  set 
over-excited  as  a  synchronous  condenser  in  order  to  deal 
vnth  the  wattless  current,  thus  obtaining  the  maximum 
kilowatt  output  from  more  economical  generating  plant. 
The  statement  that  transformers  do  not  take  a  large 
wattless  component  needs  a  little  qualification,  as  that 
component  depends  on  their  design,  the  voltage  at 
which  they  are  operated,  and  the  quality  of  the  iron. 
In  a  number  of  transformers  built  during  the  war  the 
iron  was  not  all  that  could  be  desired,  with  the  result 
that  ageing  has  occurred,  and  the  iron  losses  and 
magnetizing  current  are  considerably  increased.  Another 
statement  requiring  some  explanation  is  that  it  is  better 
to  work  a  motor  on  light  load  occasionally  than  to  work 
it  on  full  load  occasionally ;  it  all  depends  on  the 
definition  of  "  occasional  "  and  the  load  during  the 
"  non-occasional  "  period.  With  regard  to  the  question 
of  tariffs,  many  years'  experience  of  the  kW  maximum- 
demand  system  convinced  me  that  it  is  not  correct. 
The  question  of  power  factor  correction  is  very  well 
dealt  with  in  one  of  Messrs.  Pitman's  technical  primers 
entitled  "  Power  Factor  Correction  "  by  A.  E.  Clayton. 
Money  is  well  spent  in  purchasing  a  copv  for  presenta- 
tion  to  a  consumer  with  a  poor  power  factor.     I   am 


also  in  full  agreement  \\'ith  the  author  when  he  says, 
"  Very  little  useful  purpose  is  served  if  power  factor 
conditions  and  regulation  clauses  are  drawn  up  in  such 
a  manner  that  they  cannot  be  enforced  "  ;  it  is  high 
time  that  such  cases,  which  have  been  U^ng  dormant 
for  years,  should  be  seriously  tackled.  With  reference 
to  the  question  of  the  type  of  apparatus  to  be  used  for 
ascertaining  kVA  demand,  after  consideration  of  all  the 
possible  methods  one  is  forced  to  admit  that  the  thermal 
demand  indicator  has  much  in  its  favour.  It  has 
reasonable  accuracy ;  it  is  cheap,  simple  and  easily 
fixed  and  understood.  Another  system  which  is  used 
to  a  considerable  extent  consists  of  obtaining  the  maxi- 
mum kW  demand  by  means  of  a  Merz  indicator  and 
converting  this  to  kVA  by  dividing  by  the  average 
power  factor.  Whilst  this  takes  into  account  the 
voltage  at  the  time  of  maximum  demand,  the  consumer 
may  be  penaUzed  by  the  use  of  the  average  power 
factor,  because  in  all  probability-  the  power  factor  at 
the  time  of  maximum  load  vfill  be  higher  than  the 
average  power  factor.  I  think,  as  regards  metering,  that 
the  balanced-load  polyphase  meter  should  not  be  used. 
The  equality  of  the  currents  in  magnitude  and  phase 
displacement  in  the  three  phases  cannot  be  guaranteed. 
The  two  or  the  three  wattmeter  method  of  metering 
should  be  used  in  all  cases.  With  regard  to  the  use  of 
condensers  for  power  factor  improvement,  I  know  of 
p  group  of  collieries  in  which  a  number  have  been  in- 
stalled at  intervals  since  1913  on  a  3  000  volt  distribu- 
tion system  ;  they  have  given  entire  satisfaction,  the 
maintenance  has  been  practically  nil,  and  their  adoption 
has  increased  the  capacity  of  transmission  lines,  etc.,  by 
at  least  30  per  cent. 

Mr.  S.  E.  Hall :  The  last  speaker  has  talked  about 
penalizing  the  consumer.  The  consumer,  however, 
thinks  that  he  has  already  been  sufficiently  penalized. 
In  my  opinion  supply  companies  and  not  consumers 
will  have  to  tackle  this  subject,  for  the  reason  that  it  is 
the  former  who  appreciate  and  feel  the  difficulty  and 
it  is  to  their  advantage  to  improve  the  power  factor. 
It  seems  to  me  that  in  man^^  cases  the  supply  authority 
should  be  in  the  position  to  spend  the  necessary  capital, 
charging  the  consumer  for  it,  to  the  ultimate  benefit 
of  both.  In  some  industries  (the  author  has  mentioned 
some  particular  cases)  motors  may  constantly  be  revers- 
ing, the  starting  effort  representing  perhaps  60  or 
70  per  cent  of  the  total  time,  and  the  starting  effort 
may  be  two  or  three  times  the  normal  effort.  I  know 
of  an  instance  where  a  40  or  50  h.p.  motor  is  installed, 
the  normal  load  being  approximately  10  h.p.  In  this 
case  the  consumer  is  willing  to  incur  heavier  charges 
for  the  sake  of  reliabUity. 

Mr.  D.M.  Buist  (communicated) :  The  paper  is  a  good 
attempt  to  overcome  the  seeming  apathj'  of  supply 
authorities  towards  this  subject.  Only  in  certain  isolated 
cases  has  it  been  dealt  with  vigorously,  and  in  these 
cases,  needless  to  say,  urgent  necessity  demanded  action. 
The  subject  is  an  old  one  but  it  is  becoming  increasingly 
important,  and  therefore  the  more  often  it  is  brought 
to  the  notice  of  the  industry  the  sooner  will  the  dangerous 
policy  of  laissez-faire  be  abandoned.  One  might  well 
ask  what  is  the  reason  for  this  attitude.  Is  it  the  fear 
that  the  standardization  of  a  method  of  charging  on  a 
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kVA  basis  will  raise  a  storm  of  public  criticism  similar 
to  that  recently  encountered  by  the  gas  industry  when 
the  therm  system  of  charging  was  inaugurated  ?  If  so, 
we  must  be  prepared  to  face  it,  and,  profiting  by  the 
experience  of  the  gas  engineers,  we  should  educate  the 
public  consumers  beforehand  in  the  intricacies  of  the 
subject.  It  seems  axiomatic  to  state,  therefore,  that 
whatever  method  of  charging  is  adopted  should  ( 1 )  be 
as  simple  as  the  existing  method  ;  (2)  require  no  more 
instruments  than  are  at  present  used.  Having  warned 
the  consumer  that  he  is  to  be  charged  on  a  new  basis — 
we  must  take  care  not  to  mislead  him  into  thinking  that 
we  are  adopting  a  new  unit — the  next  step  we  have  to 
take  is  to  point  out  to  him  how  he  can  reduce  his  accounts 
under  the  new  system,  possibly  below  his  accounts  under 
the  old  system,  by  the  introduction  of  certain  devices 
for  power  factor  improvement.  It  would  appeal  more 
to  the  consumer  if  such  devices  were  to  be  called 
"  current  savers."  Further,  a  consumer  will  naturally 
view  with  suspicion  any  move  on  the  supply  under- 
taking's part  to  assist  him  in  reducing  his  account,  as 
to  him  such  procedure  would  seem  as  if  the  undertaking 
were  robbing  its  own  pockets.  Consequently  he  will 
have  to  be  educated  in  the  advantages  of  these  so-called 
"  current  savers  "  not  only  to  himself  but  to  the  supply 
undertaking  also.  This  is  what  will  constitute  by  far 
the  greater  and  more  difficult  part  of  the  problem,  viz. 
to  make  the  consumer  understand  that  the  steps  we  are 
advising  him  to  take  in  order  to  reduce  his  account, 
will  at  the  same  time  increase  the  capacities  of  our 
generators,  svvitchgear  and  cables,  and  improve  the 
efficiency  and  pressure  regulation  of  the  system.  The 
author  would  have  added  to  the  value  of  his  paper  had 
he  put  forward  some  suggestions  for  the  formulation  of 
a  standardized  system  of  charging.  Would  it  not  be 
possible  for  the  Institution  to  convene  a  special  meeting, 
at  which  could  be  appointed  a  sub-committee  to  tackle 
the  problem  immediately  ?  Such  a  step  has  already  been 
taken  in  the  electrical  industry  in  Germanv,  but,  despite 
the  equal  seriousness  of  the  matter  in  this  country,  it  is 
to  be  regretted  that  it  seemingly  has  not  yet  advanced 
beyond  the  "  pet  subject  "  stage,  except  in  those  cases 
already  referred  to  where  a  few  pioneers  are  taking 
preliminary  measures.  I  notice  that  the  author  does 
not  advance  any  opinions  for  or  against  the  respective 
methods  of  measuring  kVA.  It  should  be  borne  in 
mind  that  what  is  wanted  is  an  instrument  or  an 
arrangement  of  meters  capable  of  giving,  over  any 
period  of  time,  the  average  power  factor  during  that 
period.  The  arrangement  which  seems  to  be  most 
favoured  in  this  country  is  that  consisting  of  t\vo  single- 
phase  integrating  wattmeters,  and  this  arrangement  is 
recommended  by  the  author.  The  method  is  certainly 
not  so  accurate  as  others,  but  it  possesses  the  advantage 
of  being  simple,  and  can  be  used  to  check  the  reading 
of  the  main  meter.  I  agree  with  the  author  when  he 
states  that  recording  power  factor  meters,  wattless- 
component  meters,  and  kVA  maximum-demand  indi- 
cators of  the  thermal  type  are  expensive,  and  in  addition 
are  too  complicated  to  be  understood  by  the  con- 
sumer. It  seems  rather  futile  to  make  stipulations  with 
regard  to  average  power  factor  in  any  regulations  when, 
as  is  the  case  with  some  undertakings,  no  means  are 


provided  for  measuring  the  average  power  factor. 
Other  undertakings  measure  the  power  factor  on  inspec- 
tion, but  the  criticism  of  this  system  is  that  the  measure- 
ment may  be  made  at  an  unsuitable  moment  and  with 
instruments  of  disputable  accuracy.  With  regard  to 
what  constitutes  a  good  average  power  factor,  the 
general  feeling  seems  to  be  that  power  factors  below 
80  per  cent  should  be  corrected  or  the  consumers 
penalized.  With  reference  to  devices  for  correcting  low 
power  factor,  prevention  is  undoubtedly  better  than 
cure,  but  as  the  preventive  measures  which  we  possess 
at  present  are  applicable  only  to  large  motors,  our 
attention  must  be  of  necessity  confined  to  individual 
large  consumers.  In  the  case  of  the  small  consumers 
the  suppliers  themselves  must  provide  a  collective 
remedy  at  such  convenient  points  as  substations,  by 
instalhng  either  static  or  rotar\'  condensers  in  parallel 
with  the  low-tension  load.  In  this  respect,  as  pointed 
out  by  the  author,  rotary  converters  and  motor  con- 
verters in  substations  can  be  employed  under  certain 
circumstances  to  neutralize  a  lagging  power  factor.  As 
a  last  resource,  the  correction  can  be  made  at  the  generat- 
ing station  itself.  I  regret  to  note  that  the  author  has 
not  included  in  his  list  of  typical  examples  of  power 
factor  correction  that  of  a  rotary  synchronous  condenser, 
and  to  fill  the  gap  I  give  similar  particulars  of  an  instal- 
lation of  which  I  know. 


Installation 

Capacity  of  rotary 
condenser 

Original 
power 
factor 

Improved 
power 
factor 

Total  cost 
(approx.) 

3  000  kVA 

A. 

1  500  kVA 

0-70 

0-90 

£3  500 

plant  in- 

creased bv 

1  500  kVA 

B. 

3  400  kVA 

0-70 

1-00 

£8  000 

turbo- 

alternator 

• 

My  reason  for  giving  this  case  is  in  order  to  exemplify 
the  commercial  impracticabilitv  of  striving  for  unity 
power  factor  in  all  cases.  In  this  particular  case  it  was 
finally  decided  that,  owing  to  first  cost,  improvement 
of  the  power  factor  beyond  90  per  cent  was  not 
warranted. 

Mr.  H.  E.  Yerbury  [in  reply)  :  I  am  interested  to 
learn  from  Mr.  Buttenshaw  that  a  municipal  electricity 
department  has  reduced  its  price  per  unit  approximately 
50  per  cent  to  a  consumer  who  has  raised  his  power 
factor  from  0-65  to  0-8  by  installing  a  50  kW  syn- 
chronous motor.  This  is  a  far  higher  percentage  saving 
than  recommended  in  the  paper,  and  more  than  I 
think  is  justifiable. 

In  reply  to  Mr.  Longman  regarding  my  remark  as 
to  a  net  return  of  at  least  £1  500  per  annum  from  a 
15  000  kW  connected  load,  by  net  return  is  meant 
net  profit  to  a  municipahty  after  putting  aside,  say, 
5  per  cent  for  interest,  3  per  cent  for  sinking  fund, 
and  a  reasonable  sum  for  renewals  and  obsolescence. 
A  supply  company  would  declare  a  net  profit  after 
meeting  ordinary  charges  plus  a  sum  for  depreciation 
and  renewals.     Another  difference  between  a  company 
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and  a  municipality  appears  to  me  to  be  the  longer 
view  invariably  taken  by  a  company  in,  say,  the  laying 
of  mains  to  outlying  districts  where  the  immediate 
revenue  does  not  pay  for  the  capital  expenditure,  in 
which  case  an  electric  supply  committee  would  possibly 
refuse  to  give  a  supply  without  a  guaranteed  minimum 
revenue.  A  municipal  department  has  no  statutory 
powers  to  give  a  supply  at  a  lower  rate  to  a  consumer 
whose  works  are  situated  close  to  a  power  station. 
My  remark  that  it  is  better  to  work  a  motor  on  light 
load  occasionally  than  on  full  load  occasionally  is  made 
as  a  result  of  observations  of  works  where  it  is  the 
practice  to  install  motors  far  too  large  for  the  service 
requirements  and  where  full  load  occurs  only  during 
the  starting  up  of  the  plant.  Under  these  conditions 
low  power  factor  is  the  result.  I  still  submit  that  in 
proportion  to  their  output  and  compared  with  induction 
motors  which  require  a  wattless  component  of  25  per 
cent  and  upwards  of  their  kVA  rating,  transformers 
do  not  take  a  large  wattless  component.  Unsuitable 
iron  was  undoubtedly  used  during  the  war,  with  the 
result  that  losses  have  increased  with  age.  From 
periodical  tests  made  in  Sheffield  of  Hadfield's  "  Stalloy  " 
steel  containing  3-4  per  cent  of  silicon  in  transformers 
built  in  1905-6,  the  total  losses,  for  some  unknown 
reason,  have  actually  decreased  with  age.  Mr.  Long- 
man's decision  that  a  kW  maximum-demand  system  is 
incorrect  is  encouraging,  and  I  agree  that  the  balanced- 
load  polyphase  meter  should  not  be  used. 

Mr.  Hall  raises  the  question  as  to  whether  the  supplier 
should  correct  low  power  factor  and  charge  the  con- 
sumer on  the  necessary  capital  expenditure.  This 
could  be  done  in  individual  cases,  but  if  applied  to 
the  whole  of  the  consumers  it  would  obviously  be  unfair 
to  increase  the  price  per  unit  to  those  who  had  laid 
down  their  plant  on  good  engineering  lines  and  now 
take  current  at  about  0-8  power  factor.  The  instance 
cited  of  the  normal  load  of  a  motor  being  10  h.p.  and 
a  40  to  50  h.p.  motor  being  installed  for  the  sake  of 


so-called  reliability,  is  a  specific  instance  of  "  over- 
motoring  "  for  which  the  consumer  should  be  penaUzed 
for  low  power  factor.  A  motor  should  withstand  a 
fairly  high  overload  and  temperature-rise  and  still  bs 
absolutely  reliable,  and  I  think  that  the  normal  rating 
should  be  less  than  its  possible  intermittent  maximum 
load. 

Mr.  Buist  would  like  to  know  whether  a  standardized 
method  of  charging  on  a  kVA  basis  would  raise  a  storm 
of  public  criticism.  I  anticipate  that  only  where  the 
ultimat-i  price  per  unit  would  be  increased  would  any 
criticism  be  forthcoming,  and  I  venture  to  think  that 
if  an  attractive  form  of  tariff  could  be  evolved  so  that 
electricity  could  be  used  freely  and  cheaply  for  all 
purposes,  general  satisfaction  would  result.  Only  by 
increasing  the  all-round  efficiency,  by  the  better  utiliza- 
tion of  the  plant,  can  capital  charges  be  reduced  and 
the  selling  price  of  electricity  lowered. 

It  is  suggested  that  no  standardized  system  of 
charging  was  put  for^vard  in  the  paper.  I  submitted 
that  a  simple  unit  charge  was  inequitable  and  that  a 
uniform  kVA  two-part  tariff  was  in  my  opinion  the 
most  desirable  on  the  grounds  of  efficiency  and  equity. 
For  cheapness  and  simplicity  I  think  that  the  thermal 
demand  indicator  is  to  be  recommended  for  general 
purposes,  plus  a  sine  meter  and  a  cosine  meter.  I 
agree  that  to  attempt  to  ascertain  the  average  power 
factor  of  any  installation  on  a  casual  inspection  of  an 
indicator  is  useless. 

The  appendix  to  the  paper  shows  the  comparative 
energy  losses  of  a  static  and  a  rotary  synchronous 
condenser ;  as  the  losses  in  the  latter  are  10  times 
those  in  the  former  the  use  of  the  synchronous  condenser 
has  been  very  restricted.  As  to  whether  it  is  un- 
desirable commercially  to  raise  the  power  factor  to 
unity  depends  entirely  on  local  conditions  and,  apart 
from  the  use  of  rotary  converters,  it  is  generally  thought 
that  unity  is  too  high  an  attainment  from  a  purely 
commercial  standpoint. 
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THE    PULLING    INTO    STEP    OF    AN    INDUCTION-TYPE    SYNCHRONOUS 

MOTOR.* 

By  Laurence  H.  A.  Carr,  M.Sc.Tech.,  Member. 

(Paper  first  received  27th  October,  1922,  and  in  fined  form  1st  January,  1923.) 


Summary. 
The   paper   gives   a   mathematical   determination    of   the 
limiting    conditions    under    which    an    induction-type    syn- 
chronous motor  will  puU  into  step. 


In  a  recent  paperj  the  author  gave  an  approximate 
solution  for  the  limiting  conditions  under  which  the 
synchronization  of  an  induction-tjrpe  s>Tichronous 
motor  was  certain. 

Further  work  has  been  carried  out  on  the  subject, 
with  the  result  that  a  fuU  practical  solution  can  now 
be  given. 

List  of  Symbols. 
Let   r„,  =  maximum  synclironous  torque,  in  pounds- 
feet  ; 
Ti  =  load  torque,  in  pounds-feet ; 
I  =  Wr^/g,  in  pounds,  feet  and  seconds ; 
t  =  time,  in  seconds  ; 
p  =  number  of  pole-pairs  ; 

u)  =  slip  at  load  Ti  as  an  induction  motor,  in 
mechanical  radians  per  second  ; 
pet)  =  slip  at  load  T/  as  an  induction  motor,  in 
electrical  radians  per  second  ; 
a  =  angle   of   lag    of   centre   of   pole    of   rotor 
behind   synclironously  rotating  flux,    in 
mechanical  radians  ; 
pa  =  ^  =  angle    of   lag   of   centre    of   pole    of   rotor 
behind   synchronously  rotating   flux,   in 
electrical  radians  ; 
P  =  TJT^ ■ 

i/r  =  arc  sin  p  [Note  :  tp  lies  between  0  and  7r/2]  ; 
0.,  =  77  -  i/r ; 
6li  =  -  77  -  i/r  ; 
^0  =  arc  sin  (  —  0  •  57p)    [Note  :    ^o  lies  betiveen 

0  and   -  77/2]  ; 
coq  =  maximum    value    of    slip,    in    mechanical 
radians  per  second  ; 
pu)Q  =  maximum     value     of     slip,     in     electrical 
radians  per  second. 

Considering  synchronism  as  the  point  of  view,  and 
measuring  motoring  torques  in  a  positive  sense,  wliile 
the  angle  of  lag  of  the  rotor  is  also  measured  in  a  positive 
sense,  we  have  ; — 


Load  torque  =  —  pT„ 
Synchronous  torque  = 


T,„  sin  pa  =  T„^  sin  ^. 


T   J     .■       X  Ti    da        Ti    dB 

Induction  torque  =  —  •  —  =  — ■  •  — . 
CO     dt       poi     dt 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  pubUcation  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  pubUshed  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  pubUcation  of  the 
paper  to  which  they  relate. 

t  "  Induction-T\-pe  Synchronous  Motors," /oH?«aZ /.£.£.,  1922, 
vol.  60,  p.  165. 


Acceleration  (acting  in  the  contrary  direction  to  the 

Hence-/5r„-f  T^sinP  +  ^-f  =-^-^  .     (1) 

pu)    at  p    at- 


This  can  be  transformed  into 

pTm 


-  dT„ 


r„,  sin  ^  + 


0.{2) 


po)      dt    '   p    dt- 

Since  this  equation  also  represents  under  certain 
circumstances  the  swinging  of  a  rigid  pendulum  round 
a  complete  circle  in  a  vertical  plane,  the  physical 
meaning  of  the  various  factors  may  be  more  easily 
followed  if  reference  is  made  to  such  a  pendulum  system, 
which  thus  forms  a  mechanical  analogy  to  the  pheno- 
menon of  sjTichronization. 


37r/, 


Such  a  pendulum  is  shown  in  Fig.  1,  the  condition 
of  slip  being  represented  when  the  pendulum  rotates 
in  a  clockwise  direction.  ^  and  d^/dt  are  called 
positive  under  this  condition,  jS  being  zero  w-hen  the 
pendulum  hangs  vertically  downward.  The  condition 
of  rest  represents  synclironism. 

Torques  are  measured  in  a  counter-clockwise  direc- 
tion, r^  is  the  maximum  torque  exerted  b}'  the 
pendulum,  i.e.  weight  multiplied  by  radius,  and  T;  is 
the  "  load  "  torque  tending  to  drive  the  pendulum 
in  a  clockwise  direction,  which  equals  —  pT„  when 
measured   in   a  counter-clockwise  sense. 

Frictional  torque  is  imagined  to  exist  and  to  be 
proportional  to  the  speed,  pT^  being  the  frictional 
torque  when  d^/dt  =  pu>,  and  Jjp  the  moment  of 
inertia  of  the  combination  about  the  axis  of  rotation 
of  the  pendulum. 

If  p  is  less  than  1-0  then,  just  as  in  the  case  of  the 
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synchronous  induction  motor,  there  will  be  two  values 
of  ^  when  pT„i  balances  T^  sin  /3,  one  being  stable 
and  the  other   unstable. 

The  stable  position  occurs  when  p  =  sin  ^  and  jS  is 
less  than  tt/'I.  The  unstable  position  occurs  where 
p  =  sin  j8  and  ^  lies  between  7r/2  and  tt.  In  these 
two  positions  ^  =  >p  and  fi  =  {n  —  ij;),  respectively. 

If  the  pendulum  is  at  rest  in  the  unstable  position 
where  ^  =  tt  —  ijj,  which  may  also  be  written 
jS  =  —  TT  —  ip,  and  is  moved  ever  so  slightly  in  a 
clockwise  direction,  it  will  swing  right  round,  and  the 
critical  case  (which  is  the  critical  case  for  synchroniza- 
tion in  the  motor)  occurs  when  the  factors  are  such 
that  the  pendulum  just  comes  to  rest  again  at 
j8  =  (tt  —  i/r),  for  if  it  fails  to  reach  this  point  it  will 
swing  back  and  eventually  settle  at  ^  =  tjj,  while  if  it 
swings  past  this  point  it  will  continue  to  swing  round 
indefinitely. 

It  is  then  required  to  solve  Equation  (2)  (which  is 
true  whether  the  machine  synchronizes  or  not)  for  the 
special  case  described  above,  when  d^jdt  =  0,  both 
for  ^  =  ^1  =  -  TT  -  i/(  and  ^  =  ^2  =  77  -  i/r. 

Equation   (2)   may  be  rewritten  in  the  general  form 


dB         d^B 
a  +  6  sm  S  +  c-f  +  d~^  =  0  . 
dt  dt" 


where  a  =  —  p  ;   6  =  1-0;    c  =  p/pco  : 
If  !/  be  put  equal  to  d^/df 

rf-/3  _  dy  _  dy    dp  _    dy 
'dfi  ~  dt  ~  d^'  ~dt  "  ^•'d^ 
and  Equation  (3)   becomes 

a  -T  b  sin  jS  +  cy  -\-  dy  — .;;  =  0 


•      (3) 
and  d  =  I/r„,p. 


then 


(4) 


—  p  +  sin  /S  +  c?/ 


(5) 
(6) 


'd^ 

Direct  mathematical  solutions  of  either  of  these 
equations  appear  to  be  impossible,  despite  a  great  deal 
of  labour  spent  in  attempting  solutions  by  the  aid  of 
various  types  of  series,  and  a  step-by-step  method  had 
to  be  evolved,  in  which  the  constants  were  varied  until 
a  curve  was  obtained  which  had  the  desired  property 
of  d^ldt  =  0  at  both  j8  =  0^  and  jS  =  ^o. 

Filling  in  the  constants  a  =  —  p  and  b  =  1-0, 
Equation   (4)   becomes  : — 

dy       p  —  sin  ^       c 
d^  ^         dy  d     ' 

But  for  a  step-by-step  curve  over  the  range  from 
(/3,,  2/j)  to  (/So,  y-i),  dyjd^  must  be  replaced  by 
(y.  ~  yi)l(^-d  ~  Pi)'  while  the  mean  value  of  y  becomes 
(j/j  -f-  2/i)/2  and  the  mean  value  of  [p  —  sin  ^)  for 
each  step  may  either  be  read  off  a  curve  or  calculated 
by  an  easy  integration. 

Equation   (6)   then  becomes 

y-l  —  Vi  ^  2(p  —  sin/g)  _  c_ 
p..-pl~   d{y.,  -f  2/i)         d     ■ 
This  leads  to  a  simple  quadratic  equation 
2/0  =  -  M  ±  V{M^  -  Q)     ■ 
where  M  =  c(/3j  -  j3j)/2d      .      . 

and 
Q  =  cyi(P->-Pi]ld-y\-2{(p-  sin/3)(/3,,-^i)}/rf   (10) 
Vol.  61. 


(7) 

(8) 
(9) 


Since  when  P2.  —  Pi  =  0,  y>  =  y^,  the  positive  sign 
only  in  Equation  (8)  should  be  taken. 

Equation  (8)  is  still  further  simplified  if  the  figure 
for  (P.,  —  Pi)  is  filled  in ;  and  if  30°  steps  are  taken, 
that  is  to  say  {p.,  —  p^)  =  77/6  radians.  Equations  (8) 
to  (10)  reduce  to 


2/2  =  —  0-263 


d 

(11) 

These  equations  allow  the  curve  of  y  against  ft  to 
be  drawn  to  any  desired  degree  of  accuracy,  by  simple 
step-by-step  calculations  from  the  point  j8  =  ^j,  2/  =  0. 

With  given  constants  d  and  p,  in  order  to  obtain 
the  critical  curve,  the  constant  c  has  to  be  modified 
by  trial  and  error  until  the  curve  is  obtained  such  that 
2/  =  0  at  jS  =  0o. 

Fig.  2  shows  the  critical  curve  obtained  when  p  =  0-5 
for  a  machine  with  the  constants  r„,  =  2  000,  I  =  200, 
p  =  5,  and  d  =  I/T^  =  0-02,  and  in  order  to  make 
the  curve  close  at  jS  =  d^,  c  has  been  taken  as  0-0582, 
that  is  to  sav  pcu,  the  slip  at  full  load  in  electrical 
radians  per  second,  is  8-58.  In  this  figure  the  induction 
motor  torque 

Pll'  .  ^,   or  P^'y 
poj      dt '  pw 

is  plotted  positively. 

The  retarding  torque  (load  torque  minus  synchronous 
motoring  torque)  is  also  plotted  positively,  so  that  the 
difference  between  the  two  curves  gives  the  curve  of 
the  net  torque  producing  the  oscillation.  The  scale  of 
2/  =  dPidt  is  so  drawn  relatively  to  the  torque  scale 
that  the  same  curve  represents  both  slip  and  induction 
torque.  The  time  scale  can  be  determined  by  calcu- 
lating 1/2/  (that  is,  dt/dP)  for  successive  points  and 
plotting  dtldP  against   p.     The  integral  of  this    curve 


f.> 


dt 


constant 


so  that  by  graphic  integration  of  a  curve  showing 
dt/dp  or  by  a  corresponding  continuation  of  the  step- 
bv-step  calculation,  the  time  scale  can  be  obtained,  any 
arbitrary  point  being  selected  as  zero. 

The  curve  of  speed  against  time  obtained  in  this 
manner  for  the  foregoing  example  is  given  in  Fig.  3, 
and  if  continued  would  extend  to  infinity  in  both 
directions  before  synchronism  is  actually  reached. 

In  the  case  of  the  synclironous  induction  motor, 
before  switching  on  the  field  cirrrent  the  machine  is 
running  at  its  induction-motor  speed.  If  the  excitation 
is  switched  on  at  the  angle  of  rotor  lag  j3  corresponding 
to  the  induction-motor  speed  in  the  oscillation  shown 
in  Fig.  3,  the  machine  immediately  follows  the  speed 
curve  shown  in  that  figure. 

If  the  excitation  is  switched  on  at  some  other  angle 
of  lag,  the  effect  on  the  speed  curve  is  similar  to  the 
well-known  "  switching  effect."  For  example,  if  the 
excitation  is  switched  on  at  a  point  corresponding  to 
a  lower  speed  (greater  slip)  than  the  induction-motor 
speed,  the  curve  is  raised,  and  the  machine  will  easily 
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synchronize  on  the  first  swing.  If,  on  the  other  hand, 
the  excitation  is  switched  on  at  a  position  corresponding 
to  a  higher  speed  (less  shp)  than  the  induction-motor 
speed,  the  machine  will  fail  to  synchronize  on  the  first 
swing.  In  this  case,  however,  the  mean  induction- 
motor  slip,  and  hence  the  torque  averaged  over  the 
double  pole-pitch,  will  be  greater  than  the  full-load 
figures,  that  is  to  say  the  machine  will  accelerate  and 
slowly  climb  back  to  the  case  shown,  sj-nchronizing 
after  a  theoretically  infinite  number  of  oscillations. 

The  case  shown  is  therefore  the  critical  case,  i.e.  the 
case  of  the  maximum  possible  induction-motor  slip  at 


(3)  The  curve  of  induction  torque  cannot  run  to  a 
sharp  apex,  but  must  have  a  smooth  curve  at 
its  maximum,  which  must  therefore  be  less 
than  twice  the  mean  value  unless  there  are 
correspondingly  big  hollows  in  the  lower 
branches  of  the  curve. 

It  appears  from  the  curve  shown  in  Fig.  2  that  the 
maximum  of  the  induction  torque  curve  bears  almost 
exactly  the  same  relation  to  its  mean  value  as  does, 
the  maximum  of  a  sine  wave  to  its  mean  value.  In 
other  words,   each  half  of  the  induction  torque  curve 


3  000 


2  000"- 


Curve  A  :  Load  torque. 
„      B:  Load  torque  less  synchronous  motoring  torque. 


Fir,.  2. 


Curve  C  :  Induction  motoring  torque  and  slip 
,,      D  ;  Net  oscillating  torque. 


u 
o 
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Time  in  seconds  (from  arbitrary  zero) 
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Fig.  3. 


full    load    when    ultimate    synchronization    is    certain, 
whatever  be  the  time  of  switching  on  the  excitation. 
Returning  to  Fig.   2,  the  curve  of  induction  torque 
has  the  following  characteristics  : — 

(1)  Since   the   synchronous   torque   adds   up   to   zero 

over  the  cycle,  the  area  of  the  induction  torque 
curve  must  be  the  same  as  the  area  of  the  load 
curve. 

(2)  Where   the   induction    torque    curve    crosses   the 

(load  minus  synchronous  motoring  torque) 
curve,  as  drawn  in  Fig.  2,  the  total  torque  is  zero, 
the  slip  is  a  maximum,  and  hence  the  induction 
torque  curve  must  be  a  maximum  at  this  point. 


is  approximately  a  quarter  sine-wave,  the  base  in  one 
half  being  extended,  and  in  the  other  half  compressed. 
Consequently  the  maximum  slip  is  1-57  times  the 
mean  slip,  where  the  mean  slip  is  averaged  over  the 
double  pole-pitch. 

While  Fig.  2  only  shows  that  this  assumption  is  true 
for  p  —  0-5,  the  characteristics  of  the  induction  torque 
curve  laid  down  above  indicate  that  it  must  be  approxi- 
mately true  also  for  all  values  of  p.  It  therefore  follows 
that  at  maximum  slip  the  synchronous  torque  must 
be  —  0-  57pr„,  for  the  torques  to  balance.  This  fixes  the 
position  for  the  maximum  slip  condition,  and  the  work 
done  in  acceleration  on  the  one  side  of  this  position  is  equal 
to  the  work  given  out  in  deceleration  on  the  other. 
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Since  d^  =  —  tt  -  ijj,  0.,  =  tt  —  ip,  and  9o  (the 
position  of  maximum  slip)  =  arc  sin  (  —  0  ■  51  p) ,  where 
do  lies  between  0  and  -  77/2,  the  work  done  by  de- 
celeration of  the  pendulum  (or  in  accelerating  the  rotor 
from  maximum  sHp  speed  to  synchronism),  which  takes 
place  between  j8  =  ^o  and  ^  =  9->.  equals 

.      ■     o    .      P     ''^^ 

~  0  +  sin  p  -f  -^—  • 


f>^ 


(12) 


But  — ^  ■  -^  is,  by  the  foregoing  assumption,  equal  to 
p(i)      dt 

1  -  o-pT,n  sin  A-(02  -  ^) 
where  k  =  (7r/2)/(^2  -  ^0)- 


\-^r 


O  0-2        0-4       0-6       0-6        10 

Values  oi  p  =  Ti/t^ 

Fig.  4. 

Curve  A:  Carr  :  VtOSl  (cos  «o  -  ™s  flj)]. 

„      B :  Can's  first  approximation,  JoKr.ial  I.E.E.,  19-2-2,  vol.  60,  p.  16.'). 

„      C:  OttoBohm;  £.r.Z.,  30  March,  1022. 

,,      D:  I^osENBERG  :  Journal  I .E.E.,  19l:j,  vol.  51,  p.  71. 

,,      E:  Dreyfus:  EleUrotechnik  und  Maschinenbau,  1922,  vol.  40,  p.4.')7. 

Therefore  work  done 


=  r„     {-  p  +  sinjS  +  l-57p.sini(^o  -  j8)}rf/3   (13) 

=  r„,[-  p^  -  cos/S  +  {  1  -57p  cosi(^o  -  j8)  }/fc]'^ 

=  3'„.[-  p(^2  -  ^o)  +  (cos  ^0  -  cos  e.) 

■f  { 1  -  57p  ( 1  -  cos  k9-,  -  do)  }lk]    .      (14) 

but  k(e.j.  -  Op)  =  7r/2 

hence    l-57p(l  —  cosA^.,  —  do)lk  =  I'upji: 

=  i-5-p(d.,~eo)iM2) 

so  that  work  done  =  7',,,  (cos  Bq  —  cos  9->)      .      (15) 


but   the   work   given    out    bv   the    penduhim    in    being 
decelerated 

=  l-{pcoo)"- (16) 

2    p 

where  pujQ  is  the  velocity  at  ^  =  9o,  ie.  piOf,  =  1  ■  b'pui, 

hence  work  done  =  -  ■  -(l-57pa»)2  =  l-235lpaj2     (17) 
2    p 

Equating  the  two  expressions  for  the  same  work  we  get 

1  ■  235lpaj2  =  r,„  (cos  ^o  -  cos  9-,) 

pa>  =  V[0-81  (cos^o  -  cos9->)T,^fl]  =  K^/(T^ll)  .  (18) 

where  pco  is  the  limiting  slip  for  synchronizing ; 

ijj  =  arc  sin  p  =  angle  of  stable  equilibrium  ; 
9-y  =  TT  —  tfi  =  angle  of  unstable  equilibrium ; 
^0  =  arc  sin  (—  0-57p)  =  angle  where  minimum 
slip  occurs. 

The  following  table  of  values  of  K  may  therefore  be 
calculated,  the  results  being  plotted  in  Fig.  4  in  com- 
parison with  the  appro.ximate  solutions  obtained  by 
various  investigators  : — 


p 

■i^ 

e. 

P. 

K 

0 
0-1 

(leg. 

0 
5-75 

deg. 

180 
174-25 

deg. 
0 
-     3-3 

1-27 
1-267 

0-2 

11-55 

168-45 

-     6-55 

1-262 

0-3 
0-4 

17-45 
23-6 

162-55 
156-4 

-  9-85 

-  13-2 

1-255 
1-238 

0-5 

30-0 

1.50-0 

-  16-55 

1-212 

0-6 

36-9 

143-1 

-  20-0 

1185 

0-7 

44-4 

135-6 

-  23-5 

1-142 

0-8 

52-1 

126-9 

-  27-1 

1-10 

0-9 

64-15 

115-85 

-  30-9 

1-022 

1-0 

90 

90 

-  34-75 

0-815 

This  table,  being  based  on  the  curves  corresponding 
to  n  =  0-5,  is  necessarily  true  for  that  value,  but  before 
it  can  be  accepted  as  a  complete  solution  it  requires 
to  be  checked  for  the  limiting  values  of  p  =  0  and 
p  =  1-0. 

For  p  =  0,  which  in  practice  represents  an  oscillation 
where  there  is  no  induction  motor  torque  available,  the 
set  being  brought  up  nearly  to  synchronous  speed  by 
some  outside  source,  Equation  (2)  simplifies  to 


0 


(19) 


This  equation   is  capable  of  complete  mathematical 
solution,  as  follows  : — 

|8  =  4arctan€\  <r""'/I«  -  77 (20) 

l=s/(Y)-(f-I) '^" 

^  =  Z:^sin(;8+77)  =  -5^%in/3      .      .      (22) 
dt-  I  1 
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Equation  (21)  shows  that  the  shape  of  the  curve  of 
dfildt,  that  is  to  say  sUp,  plotted  against  j8  is  a  half 
sine-wave,  or,  in  other  words,  the  assumptions  made 
for  p  =  0-5  become  mathematical  truths  for  p  =  0, 
and  the  maximum  value  of  d^ldt  which  occurs  when 
^  =  0  is 

dP/dt  =  pcoo^2V{T^pll)     .     .     .     (23) 


The 
)8=- 


value    of    d^/dt 
to  ^  =  +  TT  is 


mean 


over    the    range    from 


p<o=  j_^=i.27v/(r„^/D 


(24) 


as  given  in  the  above  table. 

Reference  mav  here  be  made  to  Rosenberg's  paper,' 
where  this  no-load  problem  is  considered. 


Also,  it  is  well  known  that  with  absolutelv  no  load 
(if  such  a  condition  could  be  realized  in  practice)  an 
induction  motor  would  accelerate  right  up  to  syn- 
chronism, and  hence,  if  the  torque  per  unit  slip  is  large 
enough,  there  w-ould  appear  to  be  no  reason  why  a 
similar  occurrence  should  not  take  place  when  the 
load  torque  is  balanced  by  the  maximum  possible 
svnchronizing  torque. 

Fig.  5  is  calculated  for  the  same  motor  as  before, 
but  with  p  raised  to  1-0  and  pw  reduced  to  5-76  radians 
per  second  to  agree  with  the  tabulated  figure,  the  same 
step-by-step  method  of  calculation  being  employed. 
It  will  be  seen  from  the  figure  that  the  slip  curve  returns 
to  zero  at  j3  =  7r/2,  showing  that  the  machine  will 
just  pull  into  step  in  an  infinite  time.  Part  curves 
indicating  the  falling  out  of  step  with  no  induction  or 


2OO0 


Fig.  5. 


Curve  A :  Load  torque. 

„      B  :  Load  torque  minus  synchronous  motoring  torque. 
,,      C  :  Induction  motoring  torque  and  slip. 


Curve  D  :  Net  oscillating  torque. 

,.      E  :  Slip  (falling  out  of  step) ;  no  induction  torque. 

,.      F;  Induction  torque  and  slip :  no  load,  no  synchronous  torque. 


Simplified  into  the  same  tvpe  of  equation  and  s\Tnbols 
as  used  above,  it  is  found  that  Rosenberg's  figure  for 
maximum  slip  is  identicallv  the  same  as  given  in 
Equation  (23),  but  in  obtaining  the  value  of  mean 
slip,  or  necessary  speed  to  which  the  machine  must 
be  brought  by  an  outside  source,  Rosenberg  falls  into 
the  error  of  assuming  that  the  mean  slip  (with  reference 
to  j8)  is  one-half  the  maximum  value,  and  hence  his 
final  result  for  poj  is  \''(T,nPlJ),  a  result  that  is  in  error, 
as  the  above  reasoning  shows. 

There  remains  the  checking  of  the  formula  at  p  =  1-0. 
At  first  sight  it  mav  seem  unlikely  that  a  synchronous 
induction  motor  should  be  able  to  synchronize  against 
its  pull-out  torque.  At  the  same  time,  if  this  should 
occur,  the  load  and  svnchronous  torques  would  exactly 
balance,  leaving  no  load  for  the  induction  torque  to 
take  care  of. 

•  "  Self-sj-nchronizing  Machines,"  Journal  I.E.E..  1913,  vol.  51, 
p.  71. 


damping  torque,  and  the  rising  up  to  synchronous 
speed  as  an  induction  motor  with  no  load  and  no 
synchronous   torque,   are   also  given  in   this  figure. 

It  will  be  seen  that  although  the  curve  of  induction 
motor  torque  is  somewhat  distorted  from  the  simple 
shape  on  which  the  theory  was  founded,  nevertheless 
the  value  of  pio  obtained  by  the  general  equation  is 
j  found  to  agree  exactly  within  the  hmits  of  step-bv-step 
I  draughtsmanship  with  the  value  of  pw  corresponding 
to  the  actual  cur\'e  of  torque  traced  out  by  the 
machine. 

The  formula  for  limiting  slip  given  in  Equation  (18) 
and  illustrated  in  Fig.  4  may  therefore  be  taken  to  be 
absolutelv  correct  throughout  the  range  from  p  =  0 
to  p  =  1-0. 

Owing  to  the  form  in  which  this  equation  is  written, 
it  remains  true,  without  any  additional  constant, 
whether  T,„  and  I  are  taken  in  metric  or  British 
units. 
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A    BRIDGE    METHOD    FOR    DETERMINING    DIELECTRIC    LOSSES    AT 

WIRELESS    FREQUENCIES.* 

By    Morris    D.    Hart,    M.Sc,    Student. 

(Paper  first  received  \st  May,  and  m  final  form  '21th  November,  1922.) 


Summary. 

The  method  described  below  was  devised  with  a  view 
to  the  investigation  of  the  losses  which  occur  in  soil. 

The  principle  employed  was  that  of  a  modified  form  of 
Wheatstone  bridge,  and  a  description  is  given  of  the  arrange- 
ment of  the  apparatus  used. 

It  was  found  possible  satisfactorily  to  measure  at  various 
frequencies  the  capacity  and  equivalent  resistance  of  the 
condensers  employed,  and  the  latter  was  found  to  be 
unexpectedly  large. 

Some  suggestions  are  added  that  may  be  of  service  to 
those  who  contemplate  similar  work. 


The  general  principle  adopted  in  the  method  here 
described  was  to  conduct  the  experiment  throughout 
on  the  largest  practicable  scale,  in  order  to  reduce 
to  a  minimum  such  errors  as  those  due  to  the  capacity 
of  the  operator.  Subsequent  experience  confirmed  the 
belief  that  in  this  way  the  difficulties  inseparably 
associated  with  these  stray  capacities  are  best  sur- 
mounted. 

The  high-frequency  current  led  into  the  bridge  was 
produced  by  a  circuit  possessing  no  special  features  ; 
a  type  T2B  transmitting  valve,  consuming  about 
50  watts,  was  used  as  generator,  and  a  vacuum-tube 
wave-meter  was  coupled  thereta  in  order  to  measure 
the  wave-length  of  the  oscillations.  This  circuit  was 
reduced  to  the  smallest  possible  dimensions  so  as  to 
avoid  direct  radiation  to  the  detecting  circuit,  and 
was  for  the  same  reason  placed  at  a  considerable  dis- 
tance from  the  bridge,  to  which  the  current  was  led 
by  wires  traversing  the  room  as  near  the  ceiling  and 
as  far  apart  from  each  other  as  practicable. 

The  bridge  was  arranged  as  shown  in  Fig.  1,  in 
which  the  condenser  Cj  is  that  to  be  cahbrated,  and 
C2  is  a  standard  condenser  degraded  to  the  level  of 
the  former  by  means  of  a  series  resistance  R3.  Thus 
the  value  of  R3  is  a  measure  of  the  losses  occurring 
in  the  condenser  under  test,  and  Rj  of  the  effec- 
tive capacity,  these  values  being  of  course  taken 
when  a  balance  has  been  obtained.  Leads  1,  2,  3 
and  4  were  taken  from  the  points  shown  and  corre- 
spond to  those  of  the  same  numbers  in  Fig.  2,  and  it 
will  be  seen  that  both  the  telephones  and  the  point  of 
the  bridge  touched  by  the  operator  could  be  earthed. 

Since  resistance  boxes  for  Rj,  R^  and  R3  were 
clearly   impracticable,   these   resistances   were  made   of 

*  Tlic  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  appro\'e(l  b\-  the  Com- 
mittee) on  ])apers  publislied  in  the  Jnurmil  witlioiit  being  read 
at  a  meeting.  Conmuniirations  sliould  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 


fine  Eureka  wires  some  2  metres  long  and  50  ohms 
resistance,  stretched  about  1  metre  above  the  bench. 
Connection  was  made  to  the  variable  resistances  Rj 
and  R3  by  means  of  small  cubical  tanks,  about  0-5  cm 
side,  constructed  of  thin  sheet  copper  and  filled  with 
mercury  ;  in  opposite  sides  of  these  were  pierced  fine 
holes  through  which  the  wire  could  pass  without 
allowing  the  mercury  to  escape. 

A  number  of  different  circuits  were  tried  as  detecting 
devices  and  proved  unsatisfactorv  in  one  or  more 
respects.     The  final  arrangement  is  shown  in  Fig.  2. 

It  will  be  seen  that  three  valves  were  used,  the  first 
ampHfying  on  the  high-frequency  side,  the  second 
acting  as  a  heterodyne  generator,  and  the  third  as  a 
low-frequency    amplifier.     It    was    found    essential    to 


Fig.  1. — Arrangement  of  bridge. 

employ  two  separate  sets  of  high-tension  batteries, 
one  for  the  amplifying  valves  and  one  for  the  hetero- 
dyne generator,  in  order  to  avoid  reciprocal  interference 
effects  which  were  responsible  for  the  failure  of  seme 
of  the  earlier  circuits  used.  The  inclusion  of  the 
heterodyne  principle  was  found  to  be  of  the  greatest 
importance  as  it  affords  a  variation  of  pilcli  when 
the  capacity  of  the  appropriate  condenser  is  altered, 
so  long  as  the  bridge  is  out  of  balance  ;  and  the 
absence  of  this  effect  is  much  easier  to  detect  than  is 
a  minimum  intensity  of  a  sound  of  constant  pitch. 

Prehminary  experiments  showed,  however,  that  the 
magnitude  of  the  "angle  of  the  condenser"*  to  be 
measured  was  of  the  order  of  several  degrees  and  this 
involves  a  very  high  value  of  R3,  especially  at  long 
wave-lengths.  Thus,  it  was  necessary  to  sacrifice 
some  of  the  simphcity  of  the  bridge  by  providing 
resistances  of  constant  value  to  be  inserted  in  series 
with  the  variable  resistance  R3.  These  were  made  up 
of  No.  47  S.W.G.  Eureka  cut  to  lengths  to  give 
approxiinately  400,  300,  200,  100,  50  and  20  ohms. 
Since  the  actual  resistance  was  always  determined  by 

*  That  is  to  sav,  the  coiniilement  of  the  angle  by  wliich  the 
current  through  the  condenser  leads  tlie  voltage  across  it. 
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a  Post  Office  box  {Fig.  2)  the  exact  value  of  the 
resistance  was  immaterial.  These  fine  wires  were 
soldered  to  stout  copper  leads  and  attached  to  strong 
threads  slightly  shorter  than  themselves,  in  order  to 
relieve  them  of  tensional  strains. 

A  series  of  readings  was  taken  with  this  apparatus 
from  wave-lengths  of  about  2  000  to  15  000  m.  For 
wave-lengths  greater  than  these,  reliable  results  could 
not  be  obtained  as  the  sound  became  so  small  that 
adjustments  of  the  series  resistance  were  rendered 
almost  impossible.  The  method  of  deahng  ^\■ith  the 
results  was  as  follows  : — 

The  readings  of  Ri  and  R3  (Fig.  1)  were  plotted 
separately  (Figs.  3  and  4)  against  the  wave-length, 
and  fair  curves  were  drawn  through  these  points.  In 
the  figures  the  points  marked  X  are  actual  readings, 
and    the   points  marked  witli   a   small   circle  thus,    O, 


In  Fig.  5  the  abscissae  were  taken  to  indicate  frequency 
instead  of  wave-length  in  order  to  faciUtate  extrapolation 
to  direct-current  conditions  (i.e.  frequency  equals  zero). 
The  curve  of  cos  d  is  the  most  important,  as  it  indi- 
cates the  results  for  which  the  research  was  primarily 
carried  out,  and  it  will  be  seen  that  the  value  of  6 
tends  to  zero  at  direct-current  conditions  and  reaches 
the  high  value  of  about  30°  at  the  highest  frequency 
at  which  readings  were  taken.  The  value  of  cos  6  at 
audible  frequencies  is  about  0-995,  corresponding  to 
results  obtained  in  a  previous  calibration  of  these 
condensers. 

Since  6  has  been  taken  as  the  complement  of  the 
angle  between  current  and  potential  difference,  sin  9 
represents  what  is  usually  called  the  power  factor  of 
the  condenser,  and  for  this  reason  its  values  have  been 
plotted. 
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Fig.  2. — Detecting  circuit. 


are  on  tlie  curves  that  were  used  for  purposes  of  calcu- 
lation. All  the  readings  taken  in  the  series  mentioned 
above  appear  in  the  figures.  The  values  of  Rj  and 
R3  were  then  taken  from  the  curves  at  points  Q  and 
tabulated  ;  and  from  them  were  calculated  the  values 
of  (1)  frequency,  (2)  tan  6  =  loC^R^  (where  6  =  the 
angle  of  the  condenser,  w  =  27r  times  the  frequenc)-, 
and  C,  =  the  capacity'  of  the  standard  condenser 
=  8-43'm/xF),  (3)  6,  (4)  cos  6,  (5)  C^  =  CoRi/Ri  cos  6. 
where  i?2  =  54-1  ohms. 

The  values  of  cos  6  so  obtained  were  then  plotted 
against  277  rimes  the  frequency-  (Fig.  01,  and  on  the 
same  sheet  were  plotted  the  values  of  C'l.  Finally, 
curves  were  constructed  of  9  and  sin  9  against  27r 
times  the  frequency   (Fig.   6). 

With  regard  to  Figs.  3  and  4,  the  points  marked  X 
appear  to  be  very  scattered,  but  none  shows  a  greater 
error  from  the  value  indicated  by  the  curv'e  than 
about  I  per  cent  in  Fig.  3,  and  3  per  cent  in  Fig.  4. 


The  curve  of  Cj  (Fig.  5),  however,  is  not  so  saris- 
factor\-.  The  values  of  i?j  have  to  be  multiphed  by 
the  corresponding  values  of  cos  9  to  obtain  those  of 
Cj,  and,  although  neither  of  the  component  curves  has 
a  point  of  inflexion,  yet  the  resultant  curve  has  such 
a  point.  Also,  the  alteration  of  the  abscissae  from 
wave-length  to  frequency  alters  the  order  and  character 
of  the  curve.  Since,  then,  the  points  X  are  not  suffi- 
ciently regular  to  allow  the  curves  in  Figs.  3  and  4 
to  be  determined  exactly,  it  follows  that  the  shape  of 
the  Cj-frequency  curve  must  be  unreliable.  It  is,  as 
a  matter  of  fact,  most  unlikely  that  Ci  would  rise  and 
fall  in  the  manner  indicated  by  the  points,  and,  for 
this  reason,  the  curve  has  been  plotted  on  a  small 
vertical  scale  and  the  most  probable  curve  drawn. 
The  points  obtained  indicate,  in  the  author's  opinion, 
an  undoubted  tendency  for  Cj  to  fall  at  high  fre- 
quencies, and  the  curve  has  therefore  been  drawn  to 
show   this.     A  study  of  Figs.  3  and   4   at  short  wave- 
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lehgths  also  leads  to  this  conclusion.  The  extra- 
polation of  this  curve  to  audible  frequencies  gives  a 
value  for  Cj  which  is  9-3  per  cent  higher  than  that 
obtained  for  this  condenser  in  the  earlier  calibration 
referred  to  above. 

The  curve  then  of  Cj  is  generally  unsatisfactory,  but 
this  does  not,  the  author  considers,  invalidate  the 
curves  of  d,  and  these,  as  pointed  out  above,  are  the 
results  primarily  required. 

The  accuracy  of  the  results  is  difficult  to  determine. 
Care  has  been  taken  to  exclude  possible  sources  of 
error  (e.g.  capacity  and  inductance  in  the  bridge 
wires),  and  the  author  would  put  the  extreme  limit  of 
inaccuracy  at  ±  10  per  cent.     (It  should  be  noted  that 
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this  value  includes  the  discrepancy  in  the  audible- 
frequency  value  of  Cj.)  It  is  likely,  however,  that  a 
more  probable  figure  would  be  ^t  5  per  cent.  In  any 
case,  with  only  one  thorough  test  having  been  made 
(although  this  extended  over  several  days),   the  value 
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of  the  results  obtained  is  not  very  great,  but  the 
author  is  of  opinion  that  the  general  nature  of  the 
variation  of  the  quantities  is  adequately  shown. 

The  drawback  of  the  method  is  the  actual  physical 
difficulty  of  obtaining  readings.* 

•  Cf.   J.    A.    I'i.EMiNG    and  G.   B.   Dyke,  Journal  I.E.E.,   1912, 
vol.  49,  "footnote  to  page  348. 


The  readings  were  taken  under  unfavourable  con- 
ditions with  regard  to  external  noise.  Not  only 
mechanical  but  also  electrical  noises  constituted 
serious  sources  of  interference. 

The  following  suggestions  are  offered  for  the  purpose 
of  facilitating  future  work  of  a  similar  nature  : — 

Cells    should    be    used,  for    all    plate    voltages.     The 
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largest  possible  air  condenser  that  can  be  obtained 
should  be  used  as  a  standard.  This  reduces  the  values 
of  i?3  and  will  enable  easier  and  more  accurate  deter- 
minations of  that  quantity  to  be  made.  The  wires 
forming    the    resistances    should    also    be    as    long    as 
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possible  and  as  high  as  convenient  from  the  ground. 
If  both  these  conditions,  i.e.  large  condenser  and  long 
wires,  were  realized,  it  would  probably  be  convenient 
to  use  thicker  wire  for  these  resistances.  As  regards 
the  sliding  contacts  for  these  wires,  it  is  suggested 
that  a  small  length  (1  in.  or  less)  of  glass  tube,  filled 
with    mercury,    with    a   platinum    wire   sealed    through 
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the  side,  drawn  out  to  capillary  tubing  each  end  and 
slipped  over  the  Eureka  wire,  would  solve  all  diffi- 
culties. The  space  between  the  capillary  holes  and 
the  wire  would  of  course  be  so  small  as  to  preclude 
all  possibility  of  mercury  leaking  out. 

In  conclusion,  the  author  would  like  to  express  his 
acknowledgment  to  Prof.  G.  W.  O.  Howe,  D.Sc,  for  con- 
stant encouragement  during  the  progress  of  this  work. 

APPENDIX. 
Note  on  the  Construction  of  the  Condensers. 
It  may  be  of  interest  to  observe  that  although  the 
condensers  used  were  constructed  with  stock  laboratory 


materials,  they  proved  capable  of  carrying  a  current 
of  7A  at  a  frequency  of  about  500  000.  They  were  of 
the  ordinary  type  consisting  of  glass  and  tinfoil 
immersed  in  oil,  and  it  is  especially  noteworthy  that 
the  tinfoil,  previously  damped  with  paraffin,  was 
carefully  squeezed  on  to  the  glass  in  order  to  prevent 
the  formation  of  "  blisters,"  which  act  as  local  con- 
densers of  small  capacity  and  therefore  of  high  impe- 
dance, ultimately  causing  the  breakdown  of  the  con- 
denser. For  the  same  reason,  also,  the  tinfoil  ele- 
ments were  duplicated  and  each  pair  separated  by 
double  sheets  of  blotting  paper  so  as  to  ensure  a  perfect 
fit  on  both  glass  surfaces. 


PROCEEDINGS    OF    THE    INSTITUTION. 


27th  MEETING  OF  THE  WIRELESS  SECTION,   7  FEBRUARY,   1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Professor  C.  L.  Fortescue  took  the  chair,  in  the 
unavoidable  absence  of  Dr.  G.  \\'.  O.  Howe,  Chairman 
of  the  Section. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  10th  January,  1923,  were  taken  as  read 
and  were  confirmed  and  signed. 


A  paper  by  Mr.  J.  Hollingworth,  M..\.,  B.Sc,  Asso- 
ciate Member,  entitled  "  The  Measurement  of  the 
Electric  Intensity  of  Received  Radio  Signals  "  (see 
page  501),  was  read  and  discussed,  and  the  meeting 
terminated  at  7.55  p.m. 


694th  ORDINARY  MEETING,   15  FEBRUARY,   1923. 


(Held  in  the  Institution  Lecture  Theatre. ] 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  1st 
February,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

Professor  J.  T.  ^MacGregor-^NIorris  and  Mr.  G.  Broughall 
were  appointed  scrutineers  of  the  ballot  for  the  election 
and  transfer  of  members  and,  at  the  end  of  the  meeting, 
the  result  of  the  ballot  was  declared  as  follows  : — 

Elections. 

Member. 

Roffey,   Myles   Herbert,   M.Sc. 

Associate  Members. 


Aston,      Kenneth,      B.Sc. 

Tech. 
de  Lautour,  Francis. 
Douglas,  John. 
Macready,     Henry     John, 

B.Sc. 


Moss,  Arthur  Edward. 
Moullin,  Eric  Balliol,  M.A. 
Mutch,  George,  B.Sc. 
Sainsbury,     Graham    Wil- 
fred, B.Sc.  (Eng.). 
Shaw,  William  Albert. 
Thomasson,  James. 


Graduates. 


Brown,  Robert  Hartley  C. 
Chedzey,  Ernest. 
Dixon,  Reginald  Griffith. 
Doel,  Herbert  Randolph. 
Downes,  Frederick  .\lan. 
Fisher,  Wilfred. 
Fox,  John  Thomas. 
Heath,  George  Frederick. 
Lush,  Reginald  \'ernon. 
McAulay,  Ernest,  B.Sc. 


Milner,  Donovan  Robert  F. 
North,  Sydney  Ernest. 
Parton,  \"ictor  Gordon  B. 
Richardson,        William 

Ernest. 
Smith,  Harry  Foster. 
Srinevasa  Murthy,  Ponna- 

thapur. 
Woodman,  William. 


Astley,  Ronald. 
Atta,  Mohammed  .Aref  A. 
Avison,  Robert  Geoffrey. 
Bainbridge,      Stanley 

Rendle. 
Baker,  Claude  Frederick  G. 
Baxter,  Henry  Wright. 
Bellamy  -  Law,         John 

William. 


Students. 

Bent,  Fred. 
Berry,  Norman. 
Beswetherick,  Noel  Ivor. 
Booth,  Fred. 

Bowden,  Peter  McGregor. 
Boyd,  John  Stephen. 
Boyd,  William.^ 
Brooking,  Colin  Huntley. 
Buckner,  Henry  Ray  H. 


PROCEEDINGS   OF  THE   INSTITUTION. 


701 


Students — continued. 


Butterfield,  Leslie  John. 

Bygott,  Hugh  Cecil. 

Cattaneo,  Edward. 

Chapman,     Robert     Fred- 
erick. 

Cohen,  Isaac  Judah,  B.Sc. 
(Eng.). 

Ceilings,  Henry  Bernard. 

Cooke,  Maurice  Wyndham. 

Cooper,  Eric  Raymond. 

Cooper,  James  Cuthbert. 

Courtney,  Thomas. 

Couzens,  Albert  Harry. 

Cowlishaw,  Alwyn. 

Cox,  Stephen  Seaford. 

Creasser,  William  Birks. 

Dawe,  Frank  Walter. 

Douthwaite,  Thomas. 

Dudley,  Edward  Charles. 

Eccles,  Josiah,  B.Sc. (Eng.). 

Erskine,  David  Beveridge. 

Fehr,  Douglas. 
Fletcher,  Frederic  Harold. 
Fry,  Cedric  Edmund. 
Gladstone,  James  William 

B.,  B.Sc. 
Glenny,  Arthur  Philip. 
Goode,  Reginald  Walter. 
Guthrie,  Robert. 
Haigh,  Daniel  Grenfell. 
Hanilyn,    Arthur    Macfar- 

lane. 
Hitchcock,  Gerald  Edward. 
Hockin,  Philip  Richard  P. 
Hoit,  Archibald  William. 
Hollis,  Alfred  Charles. 
Holmes,  William. 
Hope,  David  Douglas  W. 
Hornby,  John  Reginald. 
Horsfield,  Eric  Bee. 
Hudson,     Albert,     B.Sc. 

(Eng.). 
Hunt,  Douglas  Hawthorn. 
Hurlbut,  Francis  John. 
Jenkinson,  Henry  Gibson. 
Jenvey,  Frederick  James. 
Johnson,  Stanley  Charles. 
Jones,  John. 

Kay,  Charles  McPherson. 
Kearley,  Norman  Edwin. 
Kemp,  Alfred  Norman. 
Kemp,  Walter  Langley. 
Kinghorn,     David,     B.Sc. 

(Eng.). 
Kinsman,  Albert  Reginald. 


Kirkby,  John  Martin. 

Kirkby,  Lionel  John  N. 

Kitto,  Francis  Mansel. 

Knott,  Bernard. 

Larnach,  Robert. 

Lloyd,  Eric  Martin. 

Longworth,  Frank. 

Lord,  Charles  Lubben. 

Luckman,     Joseph     Mon- 
tague G. 

McKenzie,  Duncan  Caden- 
head. 

Mann,  John  William  A. 

Matthey,  Henry  Albert. 
Milne,  William  Hamilton. 
Mitchell,  Arthur  Leslie. 
Nash,  William  Lees. 
Nightingale,  Donald  Alfred 

J.,  B.Sc.  (Eng.). 
Nicoll,  Henry  William. 
Norwood,  Herbert  Harold. 
Nurse,    Arthur    Philemon, 

Jun. 
Nuttall,  Branson. 
O'Farrell,    George    Callan- 
der. 
Palmer,  Edward  Barry. 
Parker,  Edward  Howard. 
Parkinson,  George. 
Perret,  Louis  Bryan. 
Pinto,  Cyril  Alexander. 
Pinto,  Oscar  Joseph. 
Polgreen, Geoffrey  Richard. 
Ouinton,  Harold  Frederick. 
Rao,  Channapatna  Subba, 

B.E. 
Reiss,  Conrad. 
Robertson,  Philip  White. 
Robson,  Oswald  Leonard. 
Ryder,  Clifford. 
Sadler,  Ernest  Henry. 
Sahgal,  Amarshand. 
Schofield,  Harry  Ronald. 
Scott,  Gordon  Irwin. 
Semple,  Leslie  George. 
Shepherd,  Joseph  Hubert. 
Shishini,  Mahmoud  El. 
Slater,  William  Hayton. 
Slight,  Charles  Stanley  B. 
Smitherman,     William 

Henry. 
Speedy,  Wilfred  Henry. 
Statham,  Basil  Fielding. 
Stephens,  Jack  William  S. 
Stonehouse,  Marshall  Dale. 


Students— 
Stott,  John  Chadwick. 
Strachan,   Andrew  Ander- 
son. 
Sykes,  Percy. 
Taylor,  Hugh  Leake. 
Teal,  John  Robert. 
Terry,  Victor  John. 
Theobald,  Kenneth  Leslie. 
Thomson,  Douglas  Charles. 
Thomson,  George  Gordon. 
Thress,  Leonard  Archibald. 
Trimen.  Alfred  Edwin. 
^'arcoe,  Harold  Hawkey. 
Wade-Cooper,  Frederick. 
Walker,  Allan  Matthias. 
Watson.  Donald. 
Watson,  Thomas  Hugh. 


•continued. 

West,  William,  B.A. 

White,  Joseph  John. 

Whitehead.  Fred. 

Whitehurst,  Arnold. 

Whiteing,  Albert  Stanley. 

Whittaker,         Stanhope 
Clarence. 

Whyman,      Leslie      Field- 
house. 

Wilmotte,         Raymond 
Maurice. 

Wilson,  Edward  Robert. 

Wilson,  Kenneth  Ellerby. 

Wvatt,     Bernard     Bullen, 
B.Sc. 

Wykeham,  William  Aubrey 
P. 


Transfers. 

Associate  Member  to  Member. 
Benham,  Ernest  Eustace.         Lepine,  Lionel  John. 
Kidd,  George  Watson.  Mark-Seymour,  Charles. 

Kirk,  George  Lingard. 

Associate  to  Member. 
Mertens,  John  Thompson. 

Graduate  to  Associate  Member. 
Freedman,  Paul.  Lewis,  Hubert  John. 

Jackson,  Harry  Yule   V.,         Moore,  George  Edward. 

M.C.  Williams,  Vernon  Eustace. 

Jones,  John  Williams. 

Student  to  Associate  Men'ber. 


Hillman,  Eric  Rodney. 

Student  to 
Birch,  Robert  Rule. 
Birmingham,  William. 
Coulthard,     William    Bar- 
wise. 
Dibben,  Ernest. 
Edwards,  Leslie. 
Eraser,  Sidney  Harold. 
Hinton,  Sydne}- 


Rendle,    Gerald   Alfred, 
B.Sc. 

Graduate. 
Nuttall,     Edgar    !\Ioore- 

house. 
Parkinson,  Darwen. 
Payne,  Norman. 
Scott,  Thomas  Robertson, 

B.Sc.(Eng.). 
^'anneck,    Richard   Grant, 

M.C. 


Wray,  Francis  D'Arcy. 

The  President  announced  that  at  the  Council  Meeting 
held  that  afternoon  the  second  award  of  the  Faraday 
^ledal  had  been  made  to  Sir  Charles  Parsons,  K.C.B., 
F.R.S.,   Honorary  Member. 

A  paper  by  Mr.  J.  Rosen,  Member,  entitled  "  Some 
Problems  in  High-Speed  .Alternators,  and  their  Solution  " 
(see  page  439),  was  then  read  and  discussed,  and  the 
meeting  terminated  at  7. .56  p.m. 


702 


BENEVQLENT   FUND. 


BENEVOLENT    FUND. 


25th    annual   general   MEETING,    31    MAY,    1923. 

(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
5.45  p.m. 

The  Notice  convening  the  meeting  was  taken  as 
read. 

The  minutes  of  the  24th  Annual  General  Meeting 
held  on  the  25th  May,  1922,  were  taken  as  read  and  were 
confirmed  and  signed. 

The  Report  of  the  Committee  of  Management  (see 
below)  and  the  Statement  of  Accounts  for  the  year 
1922  (see  page  703)  were  presented  and,  on  the  motion 
of  the  Chairman,  seconded  by  Mr.  LI.  B.  Atkinson,  were 
unanimously  adopted. 

On  the  motion  of  Capt.  R.  J.  Wallis- Jones  it  was 
unanimously  resolved  that  Mr.  J.  Attfield,  F.C.A.,  be 
elected  Honorary  Auditor  for  the  year  1923-24. 

The  Chairman  reported  that  under  Rule  10  the  Council 


Representing 
the  Council  ; 


had  appointed  the  following  Committee  of  Management 
for  the  year   1923-24  :— 

The  President   {ex-officio). 
Mr.  S.  Evershed 
Mr.  P.  V.  Hunter,  C.B.E. 
Lieut. -Col.     F.     A.     Cortez     Leigh, 

T.D.,  R.E.  Y 

Sir  A.  M.  J.  Ogilvie,  K.B.E.,    C.B. 
Dr.  A.  Russell 
Mr.  A.  A.  Campbell  Swinton,  F.R.S. , 

Mr!  ]:  E.'  m^gsburv     1  R^P^^f  "ti"^  ^^e 
Mr.P.  Roslmg  '      J       Contributors; 

and  the  Chairman  of  each  Local  Centre  in  the  United 
Kingdom. 

The  meeting  then  terminated. 


REPORT    OF    THE    COJBIITTEE    OF    :SIANAGEMENT    FOR     THE    YEAR     1922. 


Capital. 
The  Capital  Account  stood  on  31st  December,   1922, 
at  £9  969   lis.   3d.,  all  of  which  is  invested. 

Receipts. 
The   Income  for    1922   from   dividends,    interest   and 
annual  subscriptions  was  as  follows  ; — 

£  s.    d. 

Dividends  on  investments            ..          ..      391  10   11 

Interest         23  2     9 

303  annual  subscriptions              .  .          .  .      231  4     6 


£645   18     2 


In    addition    to    the    foregoing,    the    Fund    benefited 
during  the  year  as  follows  : — 
Ordinary  Donations  : 


Electrical  Engineers'  Ball  Committee    .  . 
Informal  Meetings  Committee     .  . 
Midland       Electrical       Engineers'       Ball 

Committee 
W.    T.    Henlev's    Telegraph    Works    Co., 

Ltd.  .  .'         

C.  S.  Franklin 

J.  D.  Dallas  

F.  R.  Marsh  

and     669     non-recurring     donations     of 

under  £5  .  . 


£  s.  d. 

57  15  0 

25  0  0 

20  0  0 

15  15  0 

10  0  0 

10  0  0 

10  0  0 

252  7  0 

£400  17  0 


Special  Donations  : 

(Sir  E.  M.  Hughman's  appeal) 


£1  767   11    10 


The  balance  of  the  Income  and  Expenditure  Account 
amounted  on  31st  December,  1922,  to  £1  463  Is.  3d., 
of  which   £1  002    19s.    3d.   was   invested,   and   £275   on 

deposit  with  the  Institution  bankers. 

Donors  and  Subscribers. 

Lists  of  the  names  of  donors  and  subscribers  during 
1922  have  been  published  in  the  Journal. 

The  Committee  of  Management  desire  to  acknowledge 
their  indebtedness  to  the  donors  and  subscribers,  and 
they  venture  to  urge  upon  members  the  pressing  need 
for  a  generous  support  of  the  Fund.  Apart  from 
donations,  the  Committee  will  be  grateful  for  annual 
subscriptions  even  of  small  amounts. 

Grants. 

Applications  for  assistance  were  made  by  or  on  behalf 
of  17  persons  during  1922,  and  the  Committee,  after 
due  consideration,  made  grants  in  16  of  the  cases.  One 
grant  was  made  of  £123.  one  of  £79,  one  of  £65,  one  of 
£63,  one  of  £61,  five  of  £50,  one  of  £35,  two  of  £30, 
one  of  £20  5s.,  and  two  of  £10,  a  total  of  £776  5s. 

Wilde  Fund. 

The  Capital  Account  stood  on  the  31st  December,  1922, 
at  £2  798  10s.  2d.,  the  whole  of  which  is  invested  and 
brings  in  an  annual  income  of  £99  12s.   5d. 

The  balance  standing  to  the  credit  of  the  Income 
Account,  from  which,  under  the  Trust  Deed,  full 
Members  only  can  benefit,  on  the  same  date  was 
£79   15s.  5d. 

No  grant  from  this  Fund  was  made  during  the  year. 
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704     DISCUSSION   ON   "MAINTENANCE   OF   VOLTAGE    ON   A   D.C.    DISTRIBUTION 


DISCUSSION     ON 

"  THE    MAIXTEXAXCE    OF    VOLTAGE    ON    A    D.C.  DISTRIBUTION    SYSTEM 

BY    MEANS    OF    A    FULLY    AUTOMATIC  SUBSTATION."* 

North-Western  Centre,  at  Manchester,  20  February,   1923. 


Mr.  B.  Welboum  :  I  have  already  taken  part  in 
the  discussion  on  this  paper  (see  page  425),  but  as  the 
President  in  closing  the  London  discussion  asked  for 
information  in  regard  to  semi-automatic  substations 
I  think  that  it  should  be  put  on  record  that  31  years 
ago  semi-automatic  substations  were  designed,  manu- 
factured and  put  into  regular  operation  by  British 
engineers  on  two-wire  systems  in  this  country,  par- 
ticularly at  Windsor,  Oxford,  Hull  and  Wolverhampton. 
In  those  £ases  the  substations  were  started  up  from  a 
distance,  and  the  indications  of  voltage  were  given 
through  pilot  wires.  Plants  were  run  up  to  speed  and 
then  they  automatically  switched  themselves  on  to  the 
busbars  when  the  correct  voltage  had  been  attained. 

Mr.  L.  C.  Benton:  On  page  421  the  author  states 
that  the  automatic  equipment  has  surpassed  expecta- 
tions in  its  performance,  and  also  that  it  has  dealt 
with  artificial  faults  almost  uncannily.  This  is  only 
to  be  expected,  as  the  operations  follow  in  exactly  the 
same  order  as  those  ordinarilv  performed  bv  an  attendant, 
the  gear  being  so  arranged  that  each  step  is  simply  the 
logical  sequence  of  the  previous  one.  There  is  no  hesita- 
tion, and  the  whole  operation  is  completed  in  consider- 
ably less  time  than  a  man  could  possibly  do  it.  Judging 
from  the  discussions  at  other  Centres  very  little  criticism 
has  been  raised  as  to  automatic  substations  being  an 
engineering  or  commercial  proposition.  The  points  at 
issue  appear  to  be  questions  as  to  the  extent  to  which 
automatic  control  can  be  applied,  and  the  best  method 
of  application.  Each  proposition  that  arises  must  be 
considered  on  its  own  merits  ;  there  is  no  hard  and  fast 
rule  to  apply  to  every  scheme.  The  first  essential  is 
reliability,  and  that  depends  upon  simplicity.  At  the 
first  glance  the  equipment  may  seem  to  be  somewhat 
lacking  in  simplicity.  Really,  however,  it  is  not  as 
complicated  as  it  sounds  when  described  in  detail. 
One  may  imagine  the  whole  operation  going  through  in 
a  few  stages  which  take  place  more  quickly  than  they 
can  be  stated.  To  begin  with,  the  d.c.  system  indicates 
by  falling  voltage  that  more  power  is  required.  The 
apparatus,  pronded  that  a  suitable  three-phase  supply 
of  correct  voltage  is  available,  and  that  there  is  no 
fault  existent  in  the  equipment,  causes  a  master  relay 
to  be  energized  which  in  turn  closes  the  control  circuit. 
That  is  the  first  step.  Then  follows  the  closing  of  the 
main  oil  switch,  the  starting  of  the  machine,  running  it 
up  to  speed,  correcting  polarity  if  required,  and  connect- 
ing the  machine  on  to  the  full  voltage  of  its  transformer. 
The  next  step  is  closing  the  machine  on  to  the  d.c.  bars. 
It  is  then  ready  to  deal  with  load  immediately.  On 
page  423  the  numbers  attached  to  the  list  of  items 
comprising  the  equipment  may  tend  to  give  a  wrong 
impression.  Considerably  fewer  than  64  pieces  of 
apparatus  are  needed,  more  than  half  of  them  being 
•  Paper  by  Mr.  P.  J.  Robinson  (see  page  417). 


of  the  simple,  robust  contactor  type,  which  has  proved 
its  reliability  in  electric  train  service.  Only  the 
remainder  consist  of  relays  as  ordinarily  understood. 
Half  of  these  take  an  active  part  in  the  functioning  of 
the  equipment ;  the  others  are  solely  for  its  protection. 
The  protective  features  may  seem  numerous,  but  reduc- 
tions must  be  made  with  caution  as  the  present  degree 
of  protection  is,  after  all,  the  result  of  a  long  period 
of  development  abroad,  in  which  elimination  has  been 
effected  as  far  as  consistent  with  complete  protec- 
tion. It  is  of  interest  to  note  the  distinction  between 
the  lock-out  relay  and  the  other  forms  of  protective 
de\'ices  which  merely  shut  the  station  down  until  the 
trouble  is  removed,  when  it  automatically  starts  up 
again.  The  lock-out  relay  permanently  closes  down 
the  substation  until  released  by  an  attendant.  It  is 
important  to  note  that  in  every  case  the  relays  operate 
by  closing  their  contacts.  Perhaps  a  little  explanation 
of  the  auxiliary  relay  may  be  of  value.  The  author 
simply  states  that  it  comes  between  the  d.c.  line  contactor 
and  the  contactor  for  cutting  out  the  limiting  resistance. 
It  is  better  considered  as  an  interlock  preventing  the 
possibility  of  the  latter  contactor  being  closed  before 
the  line  contactor  and  only  permitting  it  to  close  if  the 
current  taken  from  the  machine  is  not  excessive. 

Mr.  H.  A.  Ratcliff :  The  subject  of  automatic 
substation  plant  has,  so  far,  received  ver\'  little  atten- 
tion in  this  country,  no  doubt  because  of  the  innate 
conservatism  of  British  engineers.  Automatic  equip- 
ments have  already  made  considerable  headway  in  the 
United  States,  possibly  to  some  extent  because  of 
labour  conditions,  but  also,  I  think,  because  American 
engineers  attach  more  importance  to  the  development 
of  imagination.  The  essential  fact  is  that  in  this  country 
at  the  present  time  there  are  in  existence  many  large 
and  important  d.c.  supply  systems,  and  on  economic 
grounds  alone,  quite  apart  from  other  considerations, 
the  natural  growth  and  development  of  such  systems 
necessitate  the  employment  of  substations  and  high- 
tension  a.c.  feeders.  In  many  cases  in  the  earlier 
stages  of  development  the  substations  are  compara- 
tively small  ;  consequently  the  cost  of  the  operators 
or  attendants  is  relatively  high,  and  from  the  men's 
point  of  view  the  job  of  attendant  in  a  small  sub- 
station is  one  of  the  most  monotonous  and  ambition- 
destroying  ones  it  is  possible  to  have.  For  these  reasons 
I  think  there  is  a  verj-  big  field  for  completeh-  automatic 
and  semi-automatic  equipments.  Apart  from  public 
supply  systems  it  is  obvious  that  automatic  equipments 
are  eminently  suitable  for  traction  supplies,  and  I  think 
they  will  also  go  a  long  way  towards  solving  some  of 
the  problems  in  connection  with  railway  electrification. 
The  outstanding  feature  of  automatic  control  is  that 
the  several  operations  may  be  performed  in  the  correct 
sequence,    or  not  at   all,  whereas  the  manual  operator 
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may  perform  them  in  the  correct  sequence,  or  in  many 
incorrect  ways,  each  of  which  may  lead  to  more  serious 
results  than  if  he  had  not  functioned  at  all.  With 
regard  to  the  matter  of  cost,  I  am  satisfied  that  there 
is  a  good  case  to  be  made  out  for  automatic  equipments 
in  their  proper  sphere,  but  I  do  not  attach  much  impor- 
tance to  the  figures  given  in  the  paper,  because  it  is  not 
possible  to  generalize  from  any  one  particular  case  and 
also  because  it  must  not  be  overlooked  that  at  the 
present  time  the  cost  of  automatic  equipments  is  purely 
artificial.  It  is  only  natural  that  it  should  be  so,  but 
I  quite  expect  that  in  a  very  short  time  costs  will  be 
only  a  fraction  of  their  present  values.  That,  of  course, 
will  have  a  very  great  bearing  upon  the  relative  cost  of 
manually  and  automatically  operated  substations.  It 
should  then  be  possible  to  establish  a  good  case  for  the 
employment  of  automatic  equipments  for  dealing  with 
the  comparatively  light  night-load  in  large  and  relatively 
important  substations  on  city  networks,  when  it  is 
either  impossible  or  undesirable  to  link  up  the  several 
sections  during  the  light-load  hours.  Ultimately,  no 
doubt,  the  provision  of  the  automatic  control  gear,  as 
distinct  from  the  machines,  will  become  a  matter  for 
the  switchgear  manufacturers,  and  in  this  connection 
I  consider  that  the  respective  controls  of  machines  and 
feeders  should  be  kept  as  separate  and  distinct  as 
possible.  It  may  be  said  that  all  these  complications 
can  be  avoided  with  an  a.c.  system  of  distribution,  and 
perhaps  to  some  extent  that  is  true,  but  it  must  not 
be  overlooked  that  manv  large  d.c.  systems  already 
exist,  and  they  possess  certain  very  marked  advantages. 
The  regulation  of  a  well-laid-out  d.c.  system  is,  compara- 
tively speaking,  very  good,  and  furthermore,  if  the 
supply  is  from  a  main  a.c.  station,  via  high-tension 
a.c.  feeders  and  converting  plant  in  substations,  it  is 
possible  to  maintain  a  very  good  power  factor  at  the 
generating  station,  whereas  with  an  a.c.  system  of 
distribution  the  power  factor  may  be  low,  in  which  case 
the  regulation  will  certainly  be  bad  unless  comparatively 
expensive  induction  regulators  are  employed.  In  this 
connection  there  is  obviously  a  field  for  automatically 
controlled  a.c.  substations,  equipped  with  automatically 
operated  induction  regulators.  Apart  from  these  con- 
siderations the  real  advantages  of  an  a.c.  distribu- 
tion system  are  extreme  flexibility  and  the  entire 
absence  of  osmotic  troubles  on  the  cables.  The  author 
will  perhaps  explain  what  is  the  essential  difference 
between  a  manually  operated  station  and  an  automati- 
cally operated  station  which  necessitates  the  use  of 
load-limiting  resistances  in  the  feeder  circuits.  They  are 
never  employed  in  a  manually  operated  station,  and, 
moreover,  the  pressure-drop  is  so  great  with  resistances 
in  circuit  that  the  effective  pressure  on  the  network  is 
too  low  to  be  of  any  use  for  lighting  purposes,  and 
therefore  the  feeders  might  as  well  be  switched  out 
•entirely.  On  page  417  there  is  a  reference  to  a  very 
marked  increase  of  load  from  about  |  kW  to  1  kW  in 
the  case  of  lighting  only,  up  to  5  or  6  k\V  in  the  case 
of  a  combined  domestic  load.  That  is,  of  course,  the 
average  increase  per  consumer,  and  I  presume  the 
author  does  not  imply  that  the  total  effective  increase 
■on  the  network  is  in  the  same  proportion.  It  is  usually 
jecognized   that   the  diversity  factor  of  the  domestic 


load  is  very  high.  The  automatic  raising  of  the  brushes 
when  starting  up  the  machines  appears  to  be  rather 
a  crude  arrangement,  and  it  would  be  interesting  to 
know  whether  it  has  given  any  trouble.  On  page  421, 
par.  5,  the  author  says  :  "  Naturally,  numerous  adjust- 
ments to  the  relays,  etc.,  have  been  necessary."  Why 
"  naturally,"  and  what  was  the  nature  of  those  adjust- 
ments ?  The  paper  deals  entirely  with  a  fullv  auto- 
matic equipment,  but  I  consider  that  there  is  also  a 
very  good  field  for  semi-automatic,  or  perhaps  it  would 
be  more  correct  to  say  "  remotely  controlled,"  sub- 
stations. Such  stations  would  be  linked  up  by  a  system 
of  pilot  cables  to  a  centrally  situated  manual  controller, 
and,  further,  it  should  be  possible  to  combine  the  control 
with  a  suitable  telephone  system  so  that  to  a  large 
extent  the  conditions  prevailing  in  the  several  stationi 
would  be  automatically  signalled  to  the  controller. 

Mr.  G.  F.  Sills  :  Speaking  to  an  engineer  interested 
in  automatic  substations  for  South  America,  I  said  that 
I  thought  the  main  reason — at  any  rate  at  that  time 
— why  one  should  go  in  for  automatic  substations 
was  the  costliness  of  labour,  but  as  labour  in  South 
America  was  very  cheap  why  was  it  necessary  to 
install  them  there  ?  His  view  was  that  if  there 
was  anything  like  serious  trouble  the  operators  cleared 
out  in  any  case,  and  that  it  was  better  to  have  an 
automatic  substation  where  there  is  a  good  chance  of 
the  automatic  gear  protecting  the  machinery.  It  is 
better  to  protect  too  fully  rather  than  not  sufficiently 
until  we  have  acquired  the  necessary  experience  as  to 
what  can  be  left  out.  I  should  like  to  ask  the  author 
how  many  times  a  day  the  .station  comes  into  operation. 
One  of  the  main  features  in  the  description  which  inter- 
ested me  was  the  fact  that  the  rotary  converter  is 
tap-started,  but  has  the  complication  of  an  auxiliary 
motor  for  raising  and  then  lowering  the  brushes.  This 
automatic  feature  has  to  be  carried  out  through  relays, 
and  it  would  be  interesting  to  know  the  number  of 
relays  that  could  be  dispensed  with  if  there  were  no 
necessity  to  raise  the  brushes.  These  extra  relays,  no 
doubt,  complicate  the  other  relays  to  some  extent  due 
to  the  time  element.  With  rotary  converters  of  the 
small  size  described  by  the  author,  viz.  500  kW,  there 
seems  to  be  no  objection  to  tap-starting  without  the 
use  of  the  brush-lifting  device,  as  some  modern  rotary 
converters,  in  which  the  weight  of  the  armatures  is 
about  3|  times  that  in  the  case  of  500-kW  machines, 
are  giving  every  satisfaction  with  that  arrangement. 
It  naust  be  borne  in  mind,  however,  that  the  con- 
verter must  be  specially  designed  for  this  purpose. 
It  is  quite  another  matter  to  expect  the  ordinary 
design  of  rotary  converter  to  be  successful  with  a  tap 
start,  as  a  pony  motor  is  usually  necessary  in  such  cases. 

Mr.  G.  A.  Juhlin  :  I  think  that  the  author  is  to  be  con- 
gratulated on  the  method  adopted  for  solving  a  difficult 
operation  problem.  It  is  only  through  operating  engi- 
neers being  willing  to  adopt  new'  plants  of  this  kind  that 
progress  can  be  made.  It  should  be  pointed  out  that, 
while  such  apparatus  is  new  to  this  country,  yet  a  great 
deal  of  experience  is  behind  its  development.  Much 
credit  is  due  to  American  engineers,  as  both  the 
Westinghouse  and  the  General  Electric  Companies  of 
America    have    a    considerable    number    of    automatic 
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stations  operating  satisfactorilv.  Naturally,  experience 
has  not  been  gained  without  a  considerable  amount  of 
trouble  in  the  initial  stages,  and  it  is  reasonable  to 
expect  that  anyone  entering  this  field  without  having 
the  advantage  of  past  experience  will  have  to  pass 
through  similar  troubles.  There  is,  of  course,  no 
reason  to  assume  that  such  troubles  will  not  be  overcome 
in  time,  but  it  undoubtedly  means  inconvenience  to 
operating  engineers  during  the  experimental  period. 
It  has  been  suggested  that  it  would  be  advantageous 
if  the  automatic  portion  of  the  gear  were  supplied 
separately  in  the  same  way  as  ordinary  switchgear  is  I 
supplied.  Suggestions  have  been  made,  also,  that  : 
simplicity'  would  be  attained  by  starting  without  lifting 
the  brushes.  In  smaller  sizes  there  is  no  difficulty 
whatever  in  starting  without  brush-lifting  gear,  but  for 
larger  sizes  the  wear  and  tear  on  the  brushes  is  hea\y, 
and  I  suggest  that  such  gear  is  a  good  investment  from 
the  point  of  view  of  keeping  down  maintenance  cost  in 
brushes.  I  think  that  considerable  developments  may 
undoubtedly  be  expected  in  this  class  of  apparatus, 
not  only  so  far  as  substations  are  concerned  but  in 
automatic  a.c.  plant  generallv. 

Mr.  G.  G.  L.  Preece  :  Under  the  particular  conditions 
specified  I  think  that  the  author  was  fully  justified  in 
putting  in  his  automatic  set,  but  if  he  had  sufficient 
faith  m  the  machines  to  let  them  run  unattended  1 
wonder  whether  he  would  still  put  in  such  sets.  In 
this  country  there  are  a  considerable  number  of  public 
supply  substations  where  the  converters  are  left  unat- 
tended after  being  started  up  in  the  morning  until  shut 
down  at  night.  One  man  goes  round  early  in  the  morn- 
ing to  start  up.  He  may  deal  with  two,  three  or  more 
substations,  and  it  is  therefore  necessar\-  to  get  the 
stations  running  some  little  time  before  the  load  comes 
on,  but  then  they  are  left  absolutely  unattended.  They 
are  all  shut  down  at  night  bv  one  man.  There  are  a 
good  many  industrial  converters  which  are  operated 
in  practically  the  same  way.  Of  course,  all  these 
substations  of  which  I  am  speaking  operate  on  lighting 
and  power  loads.  Attendants  are  required  at  sub-  ; 
stations  operating  on  a  traction  load,  unless  automatic  I 
features  are  introduced.  The  author  states  that  the 
substation  described  operates  occasionally  on  traction 
load  when  traffic  is  dense.  On  occasion,  therefore, 
attendants  would  have  been  necessar\-  had  he  adopted 
a  substation  normally  running  unattended.  I  wonder 
whether  the  author  will  have  a  man  in  any  case  at 
his  automatic  substation  on  "Grand  National"  day. 
I  have  seen  many  automatic  devices  in  use  on  other 
branches  of  power  station  work.  Thev  offer  perhaps  the 
most  effective  way  of  dealing  with  the  particular  problem, 
but  sometimes  they  are  installed  without  any  regard  to 
the  capital  cost.  I  know  one  or  two  places  where  such 
automatic  devices  have  worked  quite  well,  but  when 
considered  from  a  business  point  of  view  it  has  been 
found  cheaper  to  operate  manually.  This  particular 
feature  will  have  to  be  considered  ver\-  carefully,  especi- 
ally in  the  case  of  small  and  medium-sized  power 
stations.  If  the  engineers  of  the  latter  have  such  faith  [ 
in  converting  plant  as  to  run  it  unattended,  with  manual  | 
starting  and  stopping,  it  becomes  a  moot  point  whether 
they   are  justified   in   putting   in   automatic   gear.     As 


regards  semi-automatic  converting  plant,  there  are 
examples  now  in  use,  particularly  in  Hull.  There  they 
have  the  advantage  of  pilot  cables  laid  down  for  the 
automatic  control  of  their  old  system  of  high-tension 
d.c.  substations,  and  they  are  taking  ad%"antage  of  these 
for  their  newer  converting  plant.  Their  scheme  is  a 
good  deal  cheaper  than  fullv  automatic  stations  at 
present  prices.  It  is  difficult  to  say  now  whether  fullv 
automatic  stations  could  be  put  down  more  economically, 
but  prices  should  certainly  fall  after  experience  has 
been  gained.  It  must  not  be  thought  that  I  am  depre- 
cating automatic  substations  ;  under  many  conditions 
they  are  suitable.  I  am  personally  ve^^•  interested  in 
the  Reyrolle- Peebles  system,  and  before  long  an  oppor- 
tunity will  arise  in  Manchester  uf  comparing  three 
different  systems  of  completely  automatic  substations, 
namely  the  Metropolitan-Vickers  as  described  in  the 
paper,  the  British  Thomson-Houston,  and  the  Reyrolle- 
Peebles  ;  the  last-mentioned  should  be  interesting  to 
those  who  correctly  spoke  of  the  problem  as  being  one 
for  the  switchgear  manufacturer. 

Mr.  H.  C.  Lamb  :  The  author  has  made  out  a  yer>' 
good  case,  financially,  for  the  automatic  substation. 
There  are,  of  course,  some  advantages,  quite  well 
known  to  him,  which  it  is  neither  usual  nor  advisable 
to  mention  publicly.  Four  automatic  substations 
should  be  running  in  Manchester  before  the  end  of  the 
year,  and  as  thev  will  be  of  different  designs  we  hope  to 
get  some  interesting  comparisons  which  should  result 
in  the  greater  simplicity  asked  for  in  this  discussion. 
The  author  refers  to  feeders  in  Liverpool  of  unequal 
length,  and  states  that  many  of  the  long  feeders  were 
running  at  only  .SO  per  cent  of  their  full  carrying  capacity, 
but  is  it  not  usual,  where  feeders  running  out  from  one 
substation  are  of  vinequal  length,  to  work  the  long 
feeders  at  a  higher  busbar  pressure  than  the  short 
ones,  thus  obtaining  the  full  duty  from  them  ?  In 
the  paper  there  is  little  information  about  the  cable 
lay-out,  but  the  author  has  amplified  it  to-night.  I 
think  he  said  that  the  new  substation  was  rather  less 
than  a  mile  from  one  of  the  existing  substations,  and 
that  the  cables  to  be  turned  into  the  new  substation 
were  two  0-3  in.  feeders.  On  page  422  the  cost  of 
the  cable  from  the  existing  substation  to  the  point 
where  the  automatic  substation  is  located  is  given  as 
£12  .^00.  It  would  appear  that  a  feeder  might  be  run 
out  from  the  nearest  existing  substation  to  the  new 
feeding  point,  large  enough  to  supply  two  0-3  in. 
distributing  cables,  at  about  half  the  cost  given  in  the 
paper.  Also,  in  alternative  (4),  where  the  author  makes. 
the  comparison  between  the  manually  operated  and  the 
automatic  substation,  he  states  that  three  shifts  (of 
two  men  per  shift)  would  be  required,  costing  £1  285 
per  annum.  As  the  substation  is  only  running  12  hours- 
a  day,  I  should  have  thought  it  could  be  worked  by 
Irwo  men  instead  of  six  and  that  the  cost  would  be 
under  £400  j>er  annum.  The  cost  of  lighting  is  given 
as  £20,  but  it  should  be  only  about  one-quarter  of 
that  amount. 

Mr.  J.  H.  Williams  :  Recorders  are  now  being  fitted 
to  automatic  substations  to  record  the  operations  of 
the  various  relays  and  to  record  when  they  fail.  Mr. 
Juhlin  referred  to  automatic  equipment  in  the  T'nited 
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States.  The  General  Electric  Co.  of  America  have 
about  200  already  running  in  that  country.  The  first 
one  was  described  in  the  Electrical  World  (1913, 
vol.  61,  p.  1422).  There  are  several  now  being  built  in 
this  country  in  addition  to  that  at  Liverpool,  including 
twelve  3  000- volt  three-phase  50-period  substations  con- 
trolling 22  motor-generators  of  2  000  kW  capacity  each. 
Some  of  these  substations  contain  three  machines. 
With  regard  to  three-wire  stations  there  are,  I  believe, 
at  least  15  sets  now  running  in  the  United  States, 
i.e.  10  for  the  Kansas  City  Light  and  Power  Co.,  and 
5  for  the  Detroit  Edison  Co. 

Mr.  G.  A.  Cheetham  :  I  have  not  much  to  add  to 
what  I  have  already  said  in  London  on  this  subject 
(see  page  426).  There  is  one  point  that  has  been  men- 
tioned on  several,  occasions,  namely,  a  doubt  regarding 
the  efficacy  of  the  field-reversing  arrangement.  It  has 
been  suggested  that  on  occasions  the  latter  does  not 
work.  This  suggestion  is  incorrect.  When  reversing 
the  field  the  American  Westinghouse  Co.  did  not  origin- 
allv  split  the  field  into  two  halves  and  connect  them 
in  parallel.  That  modification  proved  to  be  a  complete 
solution  of  the  trouble  they  had  in  reversing  polarity 
in  one  or  two  early  cases.  A  point  which  has  not  been 
mentioned  to-night  is  the  development  of  automatic 
equipment  for  controlling  hydro-electric  stations.  This 
is  well  advanced  now  in  the  United  States  and  will  no 
doubt  he  adopted  in  Europe.  Strange  to  say,  it  is  very 
much  simpler  than  the  control  of  a  rotary-converter 
.station,  and  there  is  no  doubt  a  verv  large  field  for 
development.  I  gave  during  the  London  discussion  an 
extract  from  a  report  from  one  of  the  American  engi- 
neering associations  on  the  result  of  their  experience 
of  the  performance  of  automatically  operated  stations. 
Their  verdict  was  that  from  the  operating  records  there 
was  no  doubt  that  automatically  operated  stations 
were  more  reliable  than  manually  operated  stations, 
and  that  after  a  shut-down  the  restoration  of  the  voltage 
was  very  much  more  rapid  with  automatic  control. 

Mr.  E.  Thomas  :  It  is  an  outstanding  fact  that  this 
paper  is  presented  by  a  purchaser  who  expressed 
himself  as  highly  satisfied .  It  was  well-known  previously 
that  many  automatic  substations  were  in  use  already 
in  America,  but  it  was  not  known  whether  the  results 
obtainable  would  be  satisfactory  to  the  engineer  of  a 
large  English  municipal  supply  organization  for  lighting 
and  power  purposes.  The  chief  questions  now  are 
whether  the  substation  will  continue  to  operate  without 
an  undue  number  of  failures  and  without  undue 
maintenance  cost ;  and  under  what  conditions  it  should 
or  should  not  be  used.  In  regard  to  the  first  point, 
viz.  reliability  without  undue  maintenance,  we  are 
depending  upon  great  numbers  of  relays  and  contactors 
with  almost  hundreds  of  contacts,  many  of  them  neces- 
sarily delicate.  There  is  already  a  cry  for  reduction 
in  cost,  and  the  pressure  in  this  direction  brought  to 
bear  on  designers  will  be  very  severe,  and  it  is  important 
that  the  utmost  vigilance  be  maintained  in  the  future 
in  order  that  improvement  and  not  deterioration  shall 
take  place  in  the  robustness  and  reliability  of  the 
separate  details.  It  is  to  be  remembered  also  that 
only  a  single  set  has  been  installed.  If  several  sets  are 
to  be  installed  in  one  substation,  then  further  gear  will 


be  necessary  for  selection  purposes.  Then,  too,  in 
most  large  supplies  the  load  comes  on  very  rapidly  at 
certain  hours.  In  Manchester,  for  example,  there  is 
probably  a  sudden  increase  at  7.55  a.m.  as  so  many 
works  start  at  that  time.  It  would  probably  be  undesir- 
able to  have  many  sets  starting  up  together,  lest  the 
a.c.  supply  voltage  were  aftected,  and  hence  some  antici- 
pating gear  or  time  switches  might  be  required  in 
addition.  Amongst  the  alternatives  which  the  author 
considered  before  deciding  on  the  automatic  substation, 
he  does  not  mention  the  semi-automatic,  to  which  Mr. 
Preece  has  already  referred.  In  many  cases  this  will  be 
considered  to  be  a  very  desirable  proposition.  It  has 
been  in  use  in  Hull  for  over  25  years  and  has  satisfied  the 
engineer  so  well  that  he  now  considers  it  the  obvious 
and  desirable  plan  to  follow.  His  substations,  like  fully 
automatic  substations,  are  normally  locked  up  and  left 
to  themselves.  By  means  of  a  small  number  of  pilot 
wires  any  set  can  be  started  up,  synchronized  and 
paralleled  on  to  the  bars  from  an  operating  room  at 
the  generating  station.  The  voltage  can  be  regulated 
and  the  load  taken  by  each  machine  can  be  seen  ;  indeed, 
one  can  have  a  sort  of  bird's-eye  view  of  the  whole 
system.  Further,  sudden  load  requirements  can  be 
anticipated.  Finally,  in  case  of  a  complete  shut-down 
of  any  section  of  the  network — a  matter  of  some  dread 
to  every  supply  engineer — a  number  of  sets  can  be 
started  up  and  got  running,  and  all  connected  simul- 
taneously on  to  the  d.c.  bars  by  the  operation  of 
a  single,  small,  control  switch.  In  the  semi-automatic 
station  much  of  what  happens  is  automatic  as  in  the 
fully  automatic  substation.  Up  to  now  we  have  perhaps 
doubted  whether  automatic  operation  could  be  as 
efficient  and  reliable  as  hand  operation.  I  venture  to 
predict  that  before  long  this  attitude  will  be  reversed. 
Within  the  last  few  weeks  the  authorities  have  announced 
their  intention  of  installing  automatic  telephones 
throughout  the  country.  Automatic  operation  has 
become  so  efficient  and  reliable  through  development 
that  it  is  now  regarded  as  being  much  quicker  and  more 
satisfactory  than  manual  operation.  The  author  already 
compares  his  substation  favourably  in  this  respect 
with  manually  operated  plant,  and  in  the  future,  in 
its  automatic  or  semi-automatic  form,  it  will  doubtless 
be  regarded  as  indispensable  to  modern  standards 
of  operating  efficiency  and  as  being  necessan,-  apart 
from  considerations  of  cost.  Any  doubts  as  to  the 
safety  of  leaving  suitable  automatic  or  semi-automatic 
plant  runnmg  unattended,  even  without  all  the  innumer- 
able safety  devices  described  in  this  paper,  will  be 
dispelled  by  consideration  of  the  Hull  supply  system, 
where  this  has  been  the  practice  for  over  25  years  and 
where  the  practice  is  now  in  actual  process  of  energetic 
development. 

Mr.  A.  B.  Mallinson :  From  the  author's  lucid 
description  I  see  that  everything  is  done  automatically 
until  one  comes  to  the  oil  circuit-breaker  (20)  ;  I  should 
like  to  know  why  a  mechanical  latch  was  put  on  that. 
These  systems  are  going  to  be  of  great  importance  to 
the  large  supply  corporations  which  have  a  d.c. 
distribution  network  with  alternating  current  super- 
imposed. But  it  is  necessary  to  consider  also  the  great 
number  of  installations  in  this  country  which  have  no 
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a.c.  supply.     If  they  are  to  participate  in  the  benefits 
they  must  put  in  an  a.c.  system  as  a  preliminary  step. 
It  seems  to  me  that  there  will  be  a  field  for  the  class    | 
of  small  substation  where,  instead  of  having  a  rotary 
converter,  one  has  a  Diesel  or  semi-Diesel  set  or  a  small    1 
water  supply,  which  will  automatically  be  switched  in    i 
and   will   enable    those   who    do    not    possess    an    a.c.    j 
feeder  system  to  minimize  transmission  losses  and   to 
obtain  a  much  larger  supply  out  of  their  existing  cables. 
I  think    that    we    can    look    to    the    engine    makers    to 
provide   engines  to  start  automatically,   run  without  a 
man    standing    by   (as    the    small  house-lighting  plants 
operate),  and  cut  out  if  anything  goes  wrong. 

Mr.  E.  P.  Hill  :  The  difficulty  with  automatic 
equipment  seems  to  be  the  selection  of  apparatus  which, 
while  being  reliable,  shall  be  able  to  perform  all  the 
functions  necessarj',  and  shall  also  be  a  commercial  propo- 
sition, i.e.  not  too  expensive  to  manufacture.  In  this 
connection  I  should  like  to  speak  of  one  or  two 
items  included  in  the  automatic  equipment.  The 
first  is  the  brush-lifting  gear,  which  is  not  always 
necessary.  Certainly  on,  sav,  a  250  kW  rotary  converter 
the  brush-lifting  gear  would  not  be  necessar\',  and 
consequently  relatively  less  expensive  and  simpler 
connections  would  be  suitable.  Again,  on  25-period 
sets  of  even  500  kW  capacity  it  would  not  be  absolutely 
necessary.  The  operation  of  raising  and  lowering  the 
carbons  keeps  them  free  in  the  holders  and  helps  commu- 
tation, which  is  a  point  in  favour  of  brush-lifting  gear. 
Tap-starting  is  the  simplest  and  generally  most  reliable 
method  of  starting  small  and  medium-sized  sets,  but 
it  does  necessitate  that  the  polaritv  on  the  d.c.  side 
shall  be  determined  definitely  before  the  converter  is 
ready  for  load,  and,  as  described  in  the  paper,  a  polarity 
relay  is  usually  provided  to  take  care  of  this,  as  there 
is  no  certainty  that  the  machine  will  pull  into  step 
with  correct  polarity.  This  polaritv  relay  is  a  sound 
proposition  but  somewhat  expensive.  The  following 
method  recently  patented  by  the  Metropolitan-Vickers 
Company,*  as  an  alternative  to  the  polarity  relay, 
although  successful  on  works  tests  has  not  yet  been 
tried  in  service.  A  Wheatstone  bridge  of  Nodon  valves 
is  arranged  so  that  the  field  is  connected  across  the 
centre  points.  The  outers  are  connected  to  the  d.c. 
brushes  which  are  pulsating  during  the  starting  period 
at  a  voltage  depending  on  the  slip  of  the  rotary  armature. 
The  valves  are  so  connected  as  to  apply  field  current 
of  correct  polarity  to  the  rotary'  field  from  the  moment 
of  starting  (or  later,  as  desired),  and  suitable  switchgear 
cuts  out  the  valves  when  the  converter  has  pulled  into 
step.  It  was  found  possible  to  allow  the  machine  to 
build  up  with  wrong  polarity  without  valves,  and  to 
correct  it  immediately  on  inserting  the  valves.  As 
these  are  only  in  circuit  for  a  few  seconds  they  can  be 
made  ver^-  cheaply,  and  virtually  they  take  the  place 
of  separate  excitation. 

Mr.  J.  Frith  :  I  should  like  to  mention  the  fully- 
automatic  private  lighting  plant.  The  fact  that  this 
is  very  much  smaller  than  the  plant  under  discussion 
to-night  does  not  make  its  problem  any  easier  but 
rather  much  more  difficult,  because  when  one  is  spending 

•  British  patent  specification,  18  81.5,  Metropolitan-Vickers 
Electrical  Company  and  E.  P.  Hill. 


thousands  on  the  plant  one  can  afford  to  make  the 
automatic  part  on  sound  engineering  lines,  but  when 
the  whole  job  has  to  be  done  for  a  few  pounds  it  is 
naturally  more  difficult.  The  first  of  these  plants  I 
handled  more  than  10  j-ears  ago,  and  it  is  still  working  ; 
since  then  I  have  put  in  several  others.  They  start 
automatically  from  either  of  two  causes  ;  either  the 
load  is  too  great  for  the  batter\'  to  deal  with  alone,  or 
the  battery  requires  charging.  Having  started  they 
automatically  maintain  constant  voltage  on  the  feeders, 
switching  cells  in  and  out,  shutting  down  when  either 
the  battery  is  fullv  charged  or  the  load  drops  to  a 
predetermined  value.  As  is  the  case  with  the  larger 
plant  described  this  evening,  these  smaller  plants 
exercise  a  good  deal  of  discretion  ;  for  instance,  if 
after  Iiaving  been  motored  for  a  certain  time  the  engine 
fails  to  start,  then  the  conclusion  is  adopted  that  the 
petrol  tank  is  empty,  and  the  plant  is  locked  out  till 
the  attendant  supplies  what  is  necessary.  Throughout 
this  discussion  these  automatic  substations  have  been 
referred  to  as  new.  Credit  should,  I  think,  be  given  to 
these  small  plants  which  have  been  operating  for  a 
number  of  years  and  which  are  quite  as  wonderful  in  their 
way  as  the  fully  automatic  substations.  I  should  like  to 
confirm  what  has  been  said  as  to  one  great  advantage 
of  the  paper,  in  that  it  is  the  purchaser  and  user  who 
has  come  forward  to  tell  us  about  a  new  departure 
from  his  point  of  view. 

Mr.  A.  S.  Barnard  :  I  was  the  engineer  responsible 
for  putting  down  the  Oxford  system  in  Hull  where  we 
had,  I  think,  well  over  a  dozen  substations,  all  con- 
trolled from  the  generating  station  by  pilot  wires.  At 
all  those  substations  the  plant  was  run  without  any 
attention  beyond  what  was  given  by  a  man  patrolling 
the  town  on  a  bicycle.  The  failure — if  it  is  a  failure — 
of  the  Oxford  system  in  various  towns  in  this  country- 
is  not  due  to  the  plant  being  run  without  constant 
attention,  nor  is  it  due  to  any  inefficiency  of  the  semi- 
automatic switches  in  the  substation,  which  were 
controlled  by  pilot  wires  from  the  generating  station. 
It  is  owing  to  inherent  defects  that  the  system  has 
fallen  out  of  use,  and  certainly  not  because  the  machines 
could  not  be  trusted  to  run  without  attention,  nor 
because  the  automatic  apparatus  was  unreliable. 

Mr.  P.  J.  Robinson  {in  reply)  :  In  reply  to  Mr. 
Ratcliff,  I  would  point  out  that  the  limiting  resistances 
are  not  in  the  feeder  circuits,  but  are  between  the 
converter  and  the  feeder  bars,  and  are,  of  course,  out 
of  circuit  when  the  converter  is  not  operating,  while 
the  feeders  are  still  alive  from  an  external  source,  and 
feeder  contactors  are  kept  closed  quite  independentlj'- 
of  the  converter  automatic  gear.  As  explained  eke- 
where,  the  increase  to  5  or  6  kW  does  not  imply  a  total 
effective  increase,  due  to  the  diversity  factor  being 
high.  The  brush-raising  gear  is  quite  satisfactory  and, 
far  from  being  crude,  is  rather  a  clever  de\'ice.  I  am 
rather  surprised  that  Mr.  Ratcliff  should  ask  why 
adjustments  should  be  necessary,  as  in  practice  very 
little  plant  is  operated  without  some  adjustment  and  it  is 
these  minor  adjustments  that  are  referred  to  in  the  paper. 
In  reply  to  Mr.  Sills,  the  station  comes  into  operaticn, 
normally,  in  the  winter  months  twice  a  day,  and  at 
other  times  only  once. 
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Mr.  Preece  asks  if  a  man  is  in  attendance  on  days  of 
heavy  traction  load.  This  is  so,  for  it  would  obviously 
not  pay  to  put  in  automatic  gear  for  these  rare  occasions. 
As  regards  leaving  operating  plant  unattended,  it  would 
appear  that  in  case  of  trouble  on  the  high-tension  line 
all  these  stations  would  shut  down  and  remain  shut 
down  until  an  attendant  was  able  to  get  round  to  start 
them  again,  a  considerable  period  elapsing  before  all  were 
in  operation  once  more.  Mr.  Preece  remarks  that  the 
ReyroUe-Peebles  system  should  be  interesting  to  those 
who  correctly  spoke  of  the  problem  as  one  for  the 
switchgear  manufacturer.  Why  should  he  say  Reyrolle- 
Peebles  ?  The  Metropolitan-Vickers  Co.  and  the  British 
Thomson-Houston  Co.  also  make  very  satisfactory 
switchgear. 

Replying  to  Mr.  Lamb,  I  agree  that  there  are  some 
advantages  which  it  is  not  desirable  to  discuss  publicly. 
I  note  that  there  will  soon  be  four  automatic  substations 
in  his  area,  and  no  doubt  he  will  be  in  a  position  at  an 
early  date  to  discuss  the  relative  merits  of  different 
types  of  automatically  controlled  stations.  With  regard 
to  his  statement  of  feeders  being  of  unequal  length, 
I  cannot  find  any  place  in  the  paper  in  which  I  make 
this  statement.  In  the  case  in  question,  the  feeders 
are  comparatively  short  and  the  distributors  are  long  ; 
the  question  of  boosting  is  therefore  out  of  the  question. 
The  cables  that  we  turned  into  the  station  were  four 
0-3,  0-2,  0-3  sq.  in.  distributors.  The  estimate  of 
£12  500  given  in  the  paper  is  for  cables  that  would 
be  required  to  feed  into  the  system  at  the  same  point 
as  the  automatic  station  is  now  feeding.  The  turning-in 
of  the  distributors  has  given  us  an  effective  area  of 
1  •  2  sq.  in.  of  copper  on  each  pole,  and  I  cannot  agree 


that  a  feeder  to  carry  1  200  amperes  and  to  maintain 
the  full  voltage  at  this  point  can  compare  with  the 
arrangement  which  we  have  adopted. 

The  information  given  by  Mr.  Wilhams  is  very 
interesting,  and  the  relay-operation  recorders  should 
be  a  great  help  in  determining  the  point  of  failure, 
should  occasion  arise. 

In  reply  to  Mr.  Thomas,  I  do  not  think  that  auto- 
matic stations  would  give  any  trouble  due  to  many 
sets  starting  together,  as  it  is  obvious  that  the  load 
has  to  be  picked  up  at  the  time  stated,  and  the  fact 
that  it  is  an  automatic  station  is  immaterial.  Many 
speakers  in  suggesting  semi-automatic  stations  have 
lost  sight  of  the  fact  that  no  pilot  wires  existed  in  the 
case  mentioned.  The  laying  of  these  would  very 
materially  have  affected  the  first  cost,  and  probably 
the  fully  automatic  station  would  be  cheaper  in  the 
end. 

Mr.  Mallinson  calls  attention  to  the  mechanical 
latch  on  the  oil  circuit-breaker.  All  electrically  operated 
oil  switches  which  have  come  to  my  notice  have  a 
mechanical  latch,  and  there  appears  to  be  no  object 
in  departing  from  that  practice  in  the  present  instance. 

Mr.  Hill  comments  on  tap-started  rotary  converters, 
but,  as  stated  elsewhere,  this  is  outside  the  scope  of 
the  paper. 

I  fully  appreciate  that  small  battery-charging  gear 
has  been  operated  automatically  for  some  years,  and 
I  thank  Mr.  Frith  for  his  information  regarding  them. 

Referring  to  Mr.  Barnard's  remarks,  it  would  have 
been  of  interest  to  hear  what  were  the  inherent  defects 
in  the  Oxford  system  at  Hull,  and  why  these  defects 
could  not  be  corrected. 


Scottish  Centre,  at  Edinburgh,   13  M.\rch,    1923. 


Mr.  R.  B.  Mitchell  :  I  fully  agree  with  the  idea 
that  the  question  of  running  long  and  heavy  d.c.  feeders 
to  fulfil  the  obligations  of  any  undertaking  is  quite  out 
of  count  nowada^'s  when  compared  with  the  cost  of 
putting  down  a  substation — quite  a  small  one — at  the 
mid-point  between  two  areas  of  supply.  I  have  had 
a  large  experience  in  estimating  the  cost  of  these  d.c. 
feeders,  and  many  times  I  have  been  appalled  at  the 
great  cost  of  running  lengths  of  cable  to  distant  points 
of  a  d.c.  system.  There  is  no  question  that  the  putting 
down  of  another  substation  midway  between  the  two 
existing  substations  is  far  preferable  to  laying  long, 
heavy  d.c.  feeders,  from  the  point  of  view  of  cost. 
The  only  point  which  to  my  mind  requires  discussion 
is  the  justification  or  otherwise  of  an  automatic  sub- 
station as  compared  with  a  manually  operated  sub- 
station. On  page  422  the  author  gives  the  running 
charge  of  the  manually  operated  station  as  £1  305,  as 
compared  with  £255  for  the  automatic  substation. 
The  author  provides  for  a  double-shift  substation, 
and  for  three  shifts,  which  means  that  he  must  have  at 
least  six  men  to  carry  out  the  work,  and  I  take  it  that 
a  large  proportion  of  the  cost  quoted  will  represent 
wages.  It  can  be  done  for  less  than  that.  In  Glasgow, 
the  smaller  substations  have  been  for  nianv  vears 
worked  by  a  single  operator  per  shift,  and   1   have,  so 


far,  ne\er  had  any  reason  to  regret  it.  The  obvious 
danger  in  carrving  out  such  a  policy  is,  of  course,  the 
possibility  that  something  might  happen  to  the  single 
man  in  the  station,  but  so  far  we  have  been  fortunate, 
and  we  still  run  in  that  way  in  the  small  substations. 
Further,  by  making  the  station  semi-automatic  we 
can  dispense  with  the  night-shift  man  altogether.  It 
costs  but  a  few  pounds  to  add  a  very  simple  equipment 
which  will  shut  down  the  rotary  converter  at  any  pre- 
determined time.  The  afternoon  shift  man  sets  it 
to  shut  down  at  a  certain  time  and  leaves  the  machine 
running,  and  the  man  who  comes  in  to  take  over  the 
morning  shift  finds  it  shut  down.  That  system  can  be 
adopted  in  quite  a  number  of  stations  in  Glasgow  : 
we  have  done  it  with  advantage.  Halving  the  figure 
of  £1  305  gives  us  roughly  £650,  and  dispensing  with 
this  third  man  reduces  the  figure  to  £400  or  thereabouts. 
This  figure  compares  much  more  closely  with  the  author's 
figure  of  £255  than  the  figure  of  £1  305  did,  so  that 
whether  an  automatic  equipment  should  be  adopted 
depends,  I  think,  on  the  cost  of  maintaining  it.  1 
rather  think  that  it  will  come  out  at  ciuite  a  high  figure, 
perhaps  more  than  the  £93  ([noted  by  the  author. 
The  man  who  looks  after  it  must  be  highly  skilled  and 
will  require  (juite  a  good  wage,  and  it  is  a  question  of 
how  nnich  time  this  very  complicated  equipment  will 
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take  to  maintain,  as  to  whether  automatic  working  is 
justified  or  not.  I  shoukl  be  glad  if  the  author  would 
divide  the  cost  of  the  automatic  equipment,  stating 
separately  the  cost  of  the  equipment  excluding  wiring 
and  erection,  and  then  the  cost  of  the  erection  and 
wiring.  Has  the  author  any  charts  showing  the  number 
of  times  the  rotary  converter  is  started  up  and  shut  down 
in  the  course  of,  say,  a  week's  running  ?  Is  the  additional 
space  required  for  the  automatic  equipment  a  serious 
item  ?  The  switchboard  appears  to  take  up  a  fairly 
large  space  but  not  to  an  extent  which  would  present 
any  difficulty  or  cause  greater  expense  in  the  equipment 
when  completed. 

Mr.  A.  P.  Robertson  :  The  author  has  given  us 
a  very  clear  insight  into  the  working  of  an  automatic 
substation  and  the  various  relays  required.  On  the 
system  which  he  has  described,  there  were,  I  think, 
42  relays,  but  there  is  another  equally  good  system 
which  has  only  30.  A  reduction  of  12  relays  is  a  great 
advance.  In  regard  to  the  rotary  converter,  the  tap- 
starting  machine  with  brush-lifting  device  will  not, 
I  think,  perhaps  last  quite  so  long  without  trouble  as 
a  self-synchronizing  rotary  converter.  The  brush- 
lifting  device  has,  so  far  as  I  know,  not  been  altogether 
free  from  trouble,  and  I  think  that  to  revert  to  the  tap- 
started  rotary  converter  is  a  retrograde  step.  Of  course, 
I  understand  that  in  America  they  have  recently  gone 
back  to  tap  starting.  Mr.  Mitchell  has  dealt  with  the 
question  of  costs.  The  author  states  that  the  cost  of 
the  automatic  gear,  over  and  above  the  cost  of  the 
manually  operated  gear,  is  £1  800.  The  cost  of  our 
semi-automatic  substations  in  Glasgow  was  £110  each. 
There  are  four  of  them  equipped  with  this  semi-automatic 
gear,  and  they  are  run  with  one  man  per  shift  and  two 
shifts  per  day.  The  wages  of  the  two  men  thus  required 
amount  to  £312  per  annum.  These  men,  in  addition 
to  running  the  substation  do  all  the  cleaning  work 
and  keep  the  machines  in  order — an  additional  saving. 
They  also  do  the  clerical  work,  i.e.  writing  up  log  sheets 
and  statistics.  One  of  the  disadvantages  of  a  totally 
automatic  substation  is  that  there  are  no  records  unless 
recorders  are  used,  and  the  fewer  recorders  the  better, 
as  they  require  much  attention.  It  is  very  difficult 
to  get  a  recorder  that  will  ink  for  more  than  a  day 
without  attention,  and  trouble  is  caused  by  the  paper 
sticking.  The  author  mentions  that  he  has  circuit 
breakers  on  the  feeders.  One  of  the  difficulties  with 
circuit  breakers  is  that,  if  they  are  not  operated  occasion- 
ally, when  they  are  required  to  operate  they  stick,  and 
recently  we  in  Glasgow  had  to  consider  whether  to 
install  circuit  breakers  or  fuses  on  our  feeders.  On 
all  feeders  protection  is  by  means  of  fuses,  it  having 
been  decided  that,  owing  to  the  difficulty  of  keeping 
the  circuit  breakers  in  condition,  fuses  were  better.  A 
breaker  would  require  to  be  operated  at  least  once  a 
week  to  keep  it  in  order,  and  that  would  have  to  be 
done  manually,  otherwise  it  would  be  necessary  to 
have  another  breaker  alongside  to  close  while  testing, 
in  order  to  prevent  shutting  down  the  district.  We 
thought  of  overcoming  the  difficulty  by  putting  a 
switch  across  the  breaker  and  closing  the  switch  when 
the  breaker  was  opened  for  testing.  On  page  422 
voltage    regulation    is    referred    to.     I    should    be    glad 


if  the  author  would  indicate  the  type  of  regulator 
used,  although  I  gather  from  the  lantern  slide  which  he 
showed  that  another  regulator  is  under  consideration. 
In  the  semi-automatic  substations  in  Glasgow  we  have 
no  regulator  ;  we  do  not  find  it  necessary  with  rotary 
converters,  as  they  regulate  themselves  to  a  great  extent. 
The  man  going  off  shift  leaves  the  automatic  gear  ready 
and  the  voltage  a  little  low,  and  when  the  load  goes 
off  there  is  absolutely  no  kick.  My  house  is  supplied 
from  one  of  these  substations,  and  when  it  used  to  be 
manually  operated  I  could  always  tell  when  the  man 
went  off  shift.  It  is  now  midnight  in  summer  and  2.30 
a.m.  in  winter  before  the  substation  is  shut  down, 
and  no  kick  is  experienced.  In  regard  to  voltage 
regulation,  in  an  automatic  substation  the  voltage 
has  to  fall  a  predetermined  amount  before  the  station 
comes  in,  and  it  is  surprising  how  much  that  does  occur, 
especially  where  there  is  a  cooking  load.  The  voltage 
would  drop  and  the  automatic  substation  would  come 
in  and  raise  the  voltage  quickly  ;  then  if  the  load  fell, 
the  substation  would  go  out  again,  when  the  voltage 
would  again  fall.  I  think  that  consumers  would  object 
to  that  ;  we  were  on  the  verge  of  having  complaints 
before  we  introduced  the  semi-automatic  substations. 
How  often  does  the  automatic  equipment  start  up  and 
shut  down  ?  It  would  be  interesting  if  the  author 
could  give  a  voltage  chart  and  load  chart  for  a  day. 
Although  we  have  two  men  generally,  we  run  one  of 
our  substations  all  the  summer  with  one  man,  the  other 
man  being  available  for  going  round  the  other  substations 
for  holiday  reliefs. 

Mr.  O.  Ellefsen  :  A  previous  speaker  has  referred 
to  the  complicated  nature  of  the  scheme,  and  it  is 
undoubtedly  essential  to  have  it  as  simple  as  possible  in 
order  to  run  without  interruption.  When  automatic 
gear  first  came  into  use  for  industrial  purposes  engineers 
wanted  it  to  be  so  extensively  interlocked  that  an  auto- 
matic controller  had  more  interlocks  than  main  contacts. 
They  found  later,  however,  that  it  was  a  better  policy 
to  reduce  the  interlocking  considerably,  and  they  got 
more  reliable  and  cheaper  gear.  It  has  been  mentioned 
that  there  are  other  schemes  for  the  automatic  operation 
of  substations.  In  some  of  them,  instead  of  depending 
entirely  on  relays,  a  master  controller  is  used,  usually 
motor  driven.  In  that  way  a  great  number  of  relays 
and  interlocks  are  dispensed  with.  There  is  not  at  the 
present  time  the  same  likelihood  of  relays  going  wrong 
as  there  used  to  be,  because  of  the  experience  gained 
with  relays  for  automatic  gear  for  industrial  purposes. 
There  are  also  other  branches  of  electrical  engineering 
where  a  great  many  more  relays  are  used,  e.g.  in  auto- 
matic telephone  exchanges,  and  there  is  surely  no 
question  of  them  not  operating  satisfactorily.  Was  the 
use  of  pilot  wires  considered  for  starting  up  the  rotary 
converter,  instead  of  depending  on  the  voltage-drop  ? 
Pilot  wires  from  the  central  station  would  enable  the 
engineer  at  that  point  to  start  up  the  rotary  converters 
in  the  different  districts  as  the  load  conditions  changed. 
Mr.  Mitchell  and  Mr.  Robertson  have  referred  to  the 
automatic  equipment  controlled  by  a  time  switch. 
The  great  variation  in  the  daylight  from  one  day  to 
another,  especially  in  a  city  like  Glasgow,  and  particularly 
during  the  winter  months,  must  be  very  marked.     On 
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one  day  the  light  may  be  quite  good  in  the  early  morning 
and  bad  in  the  forenoon,  and  the  next  day  may  be 
perfectly  clear  throughout.  The  sudden  descent  of  a 
fog  might  cause  trouble  when  a  substation  is  controlled 
by  a  time  switch  only.  I  understand  from  the  paper 
that  the  voltage  regulator  used  was  operated  by  a  battery. 
What  is  the  reason  for  that,  and  why  is  it  operated  across 
the  ammeter  shunt  instead  of  across  the  d.c.  voltage  ? 
Has  it  ever  been  found  that  the  polarity  of  the  converter 
has  not  been  correct  after  the  first  attempt  to  correct 
it  by  the  automatic  control  ?  With  regard  to  relay  (12) 
which  cuts  in  the  limiting  resistance,  it  appears  from 
the  diagram  that  when  the  limiting  resistances  are 
cut  out  the  current  will  immediately  be  reduced,  and 
the  tendency  would  be  for  the  relay  to  operate  again 
and  cut  it  out.  How  is  that  prevented  ?  When  the 
equipment  stops  under  normal  conditions,  the  position 
of  the  voltage  regulator  will  evidently  be  in  the  position 
for  the  lowest  voltage.  Is  that  the  best  position  of  the 
regulator  for  starting  ?  There  is  one  point  which  has 
not  been  mentioned  and  which  appears  to  be  greatly 
in  favour  of  automatic  substations  as  regards  cost. 
Hand-operated  substations  are  undoubtedly  likely  to 
run  longer  than  automatic  substations  on  uneconomical 
loads.  As  soon  as  an  automatic  substation  reaches 
an  uneconomical  load  it  will  cut  out.  A  hand-operated 
substation  will  run  on  until  it  is  noticed  by  the  operator, 
and  even  then  the  operator  will  frequentiv  prefer  to 
let  the  machine  run  on  rather  than  shut  down  and  start 
it  up  again.  I 

Mr.  E.  Seddon  :  Mv  remarks  can  only  be  of  a  general  | 
character,  as  I  have  had  no  practical  experience  of  j 
automatic  substations.  The  paper  is  a  warning  to  supply  j 
engineers  to  give  attention  to  the  design  of  automatic  ! 
substations.  The  electricity  supply  substation  is  passing 
through  much  the- same  stages  as  the  telephone  exchanges 
did,  and  these  are  gradually  becoming  automatically 
controlled.  Like  some  of  the  previous  speakers,  I 
should  like  to  know  why  the  tap-started  rotary  con- 
verter was  chosen.  Was  it  because  the  machine  was 
cheap,  or  was  it  because  this  type  of  converter  lends 
itself  better  to  automatic  control  ?  There  are  other 
machines  on  the  market  which  will  give  constant  polarity 
and  which  will  not,  I  think,  require  such  a  large  number 
of  relays  as  the  one  under  discussion.  There  is  no 
doubt  that  the  trend  of  present-day  practice  is  to  make 
machines  automatic  in  operation.  Electricity  is  so 
flexible,  and  instruments  are  so  well  designed,  that  sub- 
station plant  and  similar  machinery  will  become  more 
and  more  automatic  as  time  goes  on.  Progress  in  this 
line  is  built  up  on  a  system  of  copy  and  improvement, 
and  I  take  it  that  the  author  will  have  no  objection  to 
showing  this  new  substation  to  members  if  they  happen 
to  be  in  the  Liverpool  district.  I  do  not  see  why  the 
author  should  debit  the  manually  operated  substation 
with  the  cost  of  two  men.  In  Edinburgh  we  have  only 
one  man  per  shift,  but  I  realize  why  two  men  per  shift 
are  recommended  by  the  author,  and  I  think  it  will 
become  necessary  in  order  to  ensure  the  safety  of  the 
attendants  for  them  to  ring  up  the  power  station  at 
definite  intervals  of  time.  If  the  attendant  fails  to  do 
so,  immediate  steps  would  be  taken  to  find  out  the 
cause. 


Mr.  G.  Henderson  :  I  should  be  glad  if  the  author 
would  say  why,  for  a  combined  lighting  and  power 
load,  he  considers  that  the  automatic  substation  started 
and  stopped  by  voltage-drop  and  load  conditions  is 
a  better  proposition  than  a  substation  controlled  by 
a  pair  of  pilot  wires.  On  a  purely  automatic  system 
we  can  conceive  a  number  of  converters  running  with 
a  load  just  above  the  setting  of  the  low-load  shutting- 
down  relay  for  a  fairly  long  period,  as  on  the  t\^pe  of 
load  mentioned  by  the  author  on  page  417  there  mav 
be  clearly  defined  periods  of  peak  loads  with  wide 
valleys.  This  means  that  the  converters  may  be 
operating  at  low  loads  with  corresponding  low  efficiencies, 
If  such  substations,  in  addition  to  having  all  the  features 
of  a  purely  automatic  substation,  were  also  controlled 
from  a  centre  by  a  pair  of  pilot  cables  which  could  be 
arranged  quite  easily  to  give  all  the  advantages  of 
a  manually  operated  substation,  the  overall  efficiencv 
would  be  greatly  improved  by  having  the  control  of 
the  load  on  the  substations.  Also,  all  the  substations 
would  be  under  the  control  of  one  engineer,  which 
would  be  an  advantage  in  the  event  of  a  serious  shut- 
down on  the  system,  as  all  the  control  gear  on  the  d.c. 
side  could  be  paralleled  at  the  same  time.  This  method 
certainly  calls  for  pilot  cables  and  a  few  more  relays, 
but  it  has  many  advantages  and  in  many  cases  pilot 
cables  exist.  On  a  traction  system,  voltage  and  load 
conditions  should  certainly  start  and  stop  the  converters, 
as  load  fluctuations  are  more  frequent  and  a  greater 
voltage-drop  can  be  allowed  before  switching  in  the 
converters.  The  scheme  as  outlined  bv  the  author 
is  certainly  very  ingenious  and,  unfortunately,  all  the 
relays  and  devices  mentioned  are  necessary.  One  feels 
that  any  other  method  or  type  of  machine  which  could 
reduce  the  number  of  devices  would  be  verj^  welcome, 
no  matter  how  satisfactory  the  scheme  described  may 
be.  In  regard  to  the  conditions  set  out  on  pages  417 
and  418,  I  should  like  the  author  to  explain  more  fully 
how  certain  devices  operate  in  practice.  How  sensitive 
is  the  low-voltage  starting  relay  ?  That  is,  supposing 
that  the  voltage  drops  to  the  predetermined  value, 
and  that  during  the  time-lag  on  the  relay  the  pressure 
rises  again,  what  is  the  rise  in  pressure  before  the  relay 
stops  ?  Again,  does  the  author  find  that  tRe  type  of 
thermostats  described  give  entire  satisfaction  with- 
out frequent  calibration  ?  Lastly,  why  does  he  not 
use  compounded  converters  instead  of  automatic 
regulators  ? 

Mr.  D.  Martin  :  Schemes  for  fully  automatic  sub- 
stations have  been  discussed  for  years  past  and  possiblv 
still  would  be  but  for  the  fact,  admitted  by  the  author, 
of  the  prohibitive  costs  of  alternative  methods  of  meeting 
the  increased  demands  for  supply.  While  the  Liverpool 
electricity  supply  undertaking  is  to  be  congratulated 
on  the  steps  they  took  in  the  manner  described  in  the 
paper,  still  in  a  sense  they  were  compelled,  by  force 
of  circumstances,  to  move  in  that  direction,  and  from 
that  point  of  view  the  pride  of  place  to  which  Liverpool 
would  be  naturally  entitled  is  by  that  amount  dis- 
counted. I  am  more  concerned  with  the  manufacturing 
side  and  would  emphasize  the  fact  that  manufacturers 
have  had  ready  for  years  past,  schemes  based  on  practical 
experiments.     The   delay   in    installing   such   a   scheme 
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cannot  be  laid  at  the  door  of  the  manufacturer  but 
rather  at  the  door  of  the  timorous  station  engineers, 
of  whom  there  are  still  a  number.  In  this  connection 
there  are  some  with  more  than  a  healthy  respect  for 
the  Government  official  and  the  restrictions  and  re- 
gulations of  Government  departments.  Is  this  as  it 
should  be  ?  As  a  rule  bureaucracy  is  restrictive  and 
not  constructive,  and  we  in  this  country-,  if  we  would 
advance,  must  see  to  it  that  nothing  is  allowed  to 
stifle  the  progress  of  applied  electricity,  which  the  late 
war  proved  to  be  practicaDy  the  life  blood  of  the  nation 
in  its  industrial  uses.  The  present  Electricity  Com- 
missioners are  models  in  this  respect,  but  they  unfortun- 
ately are  not  the  only  Government  officials  involved. 
The  scheme  outlined  by  the  author  follows  typical 
American  practice.  In  an  initial  scheme  of  this  nature 
(and  particularly  as  it  is  for  a  municipal  undertaking)  I  am 
sure  that  many  members  would  like  to  know  whether 
consideration  was  given  to  anv  of  the  British  schemes. 
There  is  one  at  least  in  which  the  number  of  relays  is 
something  like  30  per  cent  less  than  that  used  at  Liver- 
pool. Some  previous  speakers  have  referred  to  the 
question  of  the  reliabilit\'  of  relays.  If  they  are  not 
Tellable  then  it  is  an  advantage  to  reduce  their  number, 
but  on  the  question  of  reliability  surely  it  is  rather  late 
in  the  day  to  question  them,  with  all  the  experience 
now  available.  On  this  point  I  have  not  the  slightest 
hesitation  in  assuring  station  engineers  that  we  can 
now  almost  imitate  the  human  touch  with  these  instru- 
ments. The  automatic  telephone  exchange  is  a  case 
in  point.  All  that  is  necessary  is  to  give  the  manu- 
facturer the  requirements  and  he  will  do  the  rest.  The 
author  very  briefly  refers  to  remote  control  already 
in  existence.  Can  he  give  anj'  results  of  the  Hull 
system  with  pUot  wires,  which  has  been  running,  I 
understand,  for  the  past  25  years  ?  Glasgow  too,  20 
or  more  years  ago,  in  its  early  stages  had  battery  sub- 
stations for  the  maintenance  of  voltage  at  the  extreme 
ends  of  long  feeders.  Can  the  author  say  how  this 
was  done  ?  I  am  aware  that,  owing  to  the  enormous 
increase  in  load  and  for  economic  reasons,  these  batten,' 
substations  were  scrapped,  but  at  the  time  they  per- 
formed their  functions  in  the  same  way  as  the  Liverpool 
station  is  now  doing  for  the  first  time  by  other  means. 
In  Glasgow,  too,  there  are  a  number  of  semi-automatic 
substations  which  meet  possibly  80  per  cent  of  the 
Liverpool  requirements.  I  mention  these  points  merely 
to  emphasize  the  fact  that  Liverpool  is  not  entitled  to 


all  the  honours  claimed  for  it  in  the  paper.  Had  the 
necessity  for  fully  automatic  substations  arisen  in 
Glasgow  I  feel  sure  that  with  their  usual  progressiveness 
(they  had  the  first  super-power  station)  they  would  have 
installed  one.  Liverpool  and  Glasgow  are  very  simOar 
in  many  respects,  but  Glasgow  is  more  homogeneous 
with  its  heavy  load  centres  and  where  it  is  more  practic- 
able to  have  20  000-volt  substations  properly  manned. 
L^nlike  Liverpool,  however,  it  is  not  so  liable  to 
heavy  fluctuations  on  isolated  feeders.  Even  on  this 
point  the  author  admits  he  finds  it  safer  to  man  the 
automatic  substation  on  race  davs  and  the  like,  which 
rather  discounts  the  advantage  of  his  automatic  sub- 
station. 

Mr.  P.  J.  Robinson  {in  reply)  :  Several  points  raised 
by  Mr.  Mitchell  have  been  dealt  with  already  in  my 
replies  to  other  speakers.  The  extra  space  required  for 
relay  panels  is  very  small,  and  they  need  not  necessarily 
form  part  of  the  main  board. 

The  figures  given  by  Mr.  Robertson  are  very  inter- 
esting ;  the  costs  have  been  dealt  with  elsewhere.  As 
the  feeders  are  looped  into  the  station  in  the  case  under 
review,  there  is  no  difficulty  in  operating  the  feeder 
contactors  as  often  as  is  found  necessary.  No  difficulty 
has  been  experienced  with  voltage  regulation,  as  the 
station  does  not  come  in  immediately  on  a  fall  of 
voltage. 

In  reply  to  Mr.  Ellefsen,  the  question  of  pilot  wires 
has  been  dealt  with  elsewhere.  The  polarity  of  the 
converter,  if  incorrect,  has  always  come  up  correctlv 
after  one  operation  of  the  field  change-over  switch. 
Voltage  regulation  is  effected  by  means  of  a  contactor 
which  is  operated  by  a  shunt.  As  the  load  increases, 
a  contactor  cuts  out  the  field  resistances  sufficiently 
to  increase  the  voltage  by  a  given  amount. 

Mr.  Seddon's  remarks  have  been  considered  elsewhere 
in  my  reply. 

In  reply  to  Mr.  Henderson,  the  low-voltage  relay  is 
extremely  sensitive  and  is  in  fact  a  voltmeter  move- 
ment. The  thermostats  have  given  no  trouble,  and 
there  does  not  appear  to  be  any  reason  why  they  should 
require  frequent  attention.  There  is  a  great  deal  to 
be  said  in  favour  of  compounded  converters,  but  in 
this  case  it  was  thought  advisable  not  to  depart  from 
our  standard  practice  of  using  shunt  converters  on 
both  lighting  and  traction  loads. 

All  the  points  raised  by  Mr.  Martin  have  already 
been  dealt  with. 
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A   PHYSICAL   PHENOMENON   AND  ITS  APPLICATIONS  TO  TELEGRAPHY, 

TELEPHONY,    ETC. 

By  Alfred  Johxsen  and  Knud  R.ahbek. 

(Lecture*  delivered  before  The  Institution,  2Gih  May,  1921,  supplemented  by  an  account  of  later  investigations  : 

MS.  received  29th  May,  1923.) 


In  the  course  of  some  experiments  in  telephony,  the 
authors  discovered  in  1917  that  in  some  cases  an 
appreciable  adhesion  occurs  between  two  bodies  in 
contact  with  each  other,  w-hen  a  difference  of  electrical 
potential  exists  bet\veen  them. 

Leadmg  up  to  this  discovery  and  its  later  develop- 
ment by  the  authors  was  the  observation  that  a  weak 
sound  was  produced  when  a  finger  was  rubbed  lightly 
on  a  metal  surface  while  an  alternating  current  of 
audio  frequency  was  passing  between  the  finger  and 
the  metal. 

Later  investigations  by  the  authors  and  others  have 
shown  that  the  latter  phenomenon  has  been  observed 
by  numerous  persons,  especially  in  recent  times,  when, 
in  consequence  of  the  wide  application  of  alternating 
current,  the  phenomenon  has  been  observed  on  numerous 
occasions.  These  observations,  however,  have  generall}^ 
been  disregarded,  and  no  systematic  investigation  of 
the  true  nature  of  the  phenomenon  seems  to  have  been 
carried  out.  The  only  suggestion  of  practical  use 
seems  to  be  due  to  the  well-known  American  inventor. 
Dr.  Elisha  Gray,  who  in  1875  patented  the  use  of  a 
rotating  metal  drum  which  would  reproduce  sound 
when  touched   by  the  operator's  finger. 

Immediately  after  their  observation  of  this  pheno- 
menon the  authors  commenced  a  series  of  experiments 
with  different  materials,  and  soon  attained  such  power- 
ful and  distinct  effects  that  a  systematic  investigation 
of  the  true  nature  and  the  necessary  conditions  for  the 
production  of  the  phenomenon  was  decided  upon. 
During  this  investigation,  which  was  successfully  com- 
pleted in  1918,  several  possibiUties  of  the  practical 
application  of  the  effect  suggested  themselves  to  the 
authors,  who  devoted  the  following  tr\vo  years  to  the 
technical  design  of  various  apparatus  based  on  this 
effect,  chiefly  for  use  in  telegraphy  and  telephony,  as 
well  as  to  the  solution  of  certain  technical  problems 
which  soon  presented  themselves  in  this  connection. 
Ultimately,  in  1920,  apparatus  was  produced  which  was 
extremely  rehable  and  constant  in  action,  and  this 
was  for  the  first  time  described  and  exhibited  in  Copen- 
hagen in  1920,  at  the  electrotechnical  congress  held  on 
the  occasion  of  the  centenary  of  the  discovery  of  elec- 
tromagnetism  by  Oersted.  The  most  remarkable  feature 
of  this  apparatus,  chiefly  telegraph-recorders  and  loud- 
speaking  telephones,  is  constituted  by  the  fact  that, 
although  powerful  mechanical  effects  are  produced  by 
such  apparatus,  the  current  consumption  is  practically  nil. 

*  The  commercial  exploitation  of  the  subject-matter  of  the 
Lecture  is  protected  by  British  Patents  144  761,  146  747,  194  747, 
and  by  Colonial  and  Foreign  Patents. 

LE.E.  JouRx.VL,  YoL.  Gl,   Xo.  320,  July 


The  production  of  sound   when  one's  finger  rubs  a 
metal  plate  can  be  shown  to  be  due  to  a  variable 

adhesion  between  the  finger  and  the  metal.  The  natural 
adhesion  is  increased  when  the  current  is  passing,  and 
the  direction  of  the  current  is  in  this  case  of  no  impor- 
tance. ^^'ith  a  pure  alternating  current  a  note  is  there- 
fore heard  which  is  one  octave  higher  than  that  produced 
in  an  ordinary  (polarized)  telephone  by  the  same  alter- 
nating current.  This  "  electrical  adhesion  "  can,  by 
means  of  other  materials  than  the  finger  and  by  the 
application  of  direct  current,  be  demonstrated  in  a 
continuous  and  highly  intensified  form,  as  shown  in 
the  following  experiment.  This  illustrates  the  very 
considerable  adhesion  set  up  between  a  metal  plate 
and  a  slab  of  lithographic  stone,  if  the  two  parts  are 
connected   to  a   -J-10-volt  d.c.   supply.     Plane,   polished 


440Tolts  d.c. 
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Fig.  1 

lithographic  stone  brought  into  contact  with  plane, 
polished  metal  shows  the  electrical  adhesion  in  a  much 
higher  degree  than  does  the  human  skin  in  contact  with 
metal. 

Experiment. — A  slab  of  lithographic  stone  about  2  inches 
thick  (see  Fig.  1)  is  placed  on  a  table.  The  underside  of  the 
stone  is  covered  with  metal  foil  (as  a  cement  for  fastening 
the  foil,  fish-glue  or,  better,  water-glass  may  be  used).  It  is 
essential  that  the  cement  should  not  possess  highly  insulating 
properties,  as,  for  instance,  shellac  and  most  varnishes  do. 
The  upper  surface  of  the  stone  is  plane  and  ver\'  smooth, 
preferably  polished,  and  on  this  is  placed  a  plane,  polished 
disc  of  metal  (brass)  2  inches  in  diameter.  If  the  metal  foil 
on  the  underside  and  the  metal  disc  are  connected  to  a  source 
of  E  M.F.  (440  volts  d.c),  the  disc  will  cling  tightly  to  the 
stone.  By  means  of  a  scale  balance  it  can  be  shown  that 
more  than  one  kilogram  is  necessary  to  separate  the  disc 
from  the  stone.  An  equally  large  force  is  necessary  to  move 
the  disc  along  the  surface  oTf  the  stone,  thus  showing  that  a 
considerable  friction  has  been  set  up  between  them.  The 
electrical  resistance  of  the  stone  is  very  high,  and  therefore 
the  current  passing  between  the  stone  and  the  disc  is  very 
small,  in  spite  of  the  high  voltage  applied.     As  the  stOne 
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possesses  some  hygroscopic  properties,  its  conductivity  is 
dependent  on  the  humidity  of  the  surrounding  air,  so  that 
an  exact  value  of  the  current  cannot  be  given  ;  moreover 
different  specimens  show  different  conductivities.  Generally, 
however,  the  current  will  not  exceed  a  few  microamperes. 
That  this  is  so  can  be  shown  by  the  fact  that  there  is  no 
perceptible  diminution  of  the  adhesion  when  the  current  is 
passed  through  the  body  of  the  operator.  If  the  circuit  is 
broken,  the  adhesion  disappears. 

It  is  obvious  that  there  are  some  points  of  resemblance 
between  this  device  and  an  electromagnet.  Both  have  the 
property  of  producing  meclianical  force  by  means  of  elec- 
tricity. The  verv-  small  current  sufficient  for  the  opera- 
tion shows  that  the  adhesive  effect  can,  in  certain  cases, 
be  used  with  advantage  instead  of  electromagnetism. 
An  essential  difference,  however,  lies  in  the  fact  that 
an  electromagnet  is  able  to  attract  its  armature  from 
some  distance,  and  thus  do  mechanical  work,  whereas 
the  electric  adhesion  is  only  manifest  between  two 
surfaces  which  are  in  contact  with  each  other.  It  is 
true  that  if  one  of  the  surfaces  is  elastic  and  only 
partially  in  contact  with  the  other  before  the  E.IM.F. 
is  applied,  a  certain  small  amount  of  mechanical  work 
can  be  effected,  as  will  be  shown  later,  but  generally 
the  utilization  of  the  electrical  adhesion  is  confined  to 
the  governing  of  extraneous  forces,  and  its  use  will  be 
advantageous  where  only  small  currents  are  available 
for  this  purpose,  and  also  where  relatively  large  forces 
are  to  be  exerted  on  bodies  of  small  mass.  While  the 
attraction  exerted  by  an  electromagnet  on  its  armature 
is,  within  limits,  proportional  to  the  mass  of  the  latter, 
the  electrical  adhesion  is  independent  of  the  thickness 
of  the  metal :  a  thin,  light  metal  foil  will  adhere  to  the 
stone  quite  as  w^ell  as  a  thick,  heavy  disc. 

The  principal  explanation  of  the  nature  of  the  electric 
adhesion,  as  given  by  the  authors  in  1917,  is  as  follows  : — 

The  lithographic  stone  belongs  to  a  class  of  substances 
which  will  here  be  termed  semi-conductors.  These  sub- 
stances are  solid  electrolytic  conductors,  and  they 
combine  a  moderate  internal  resistance  with  a  relatively 
high  contact  resistance  to  conducting  solid  bodies 
applied  to  their  surface,  if  no  conducting  liquid,  cement 
or  the  like  is  interposed  between  the  surfaces.  The 
true  nature  of  the  contact  resistance  proper  has  not 
yet  been  completely  revealed,  but  it  appears  that  the 
very  thin  film  of  absorbed  air  which  ordinarily  covers 
the  surface  of  solid  bodies  plays  a  certain  role,  as  does 
the  fact  that  two  solid  bodies  are  in  reality  in  contact 
in  relatively  very  few  points,  even  if  the  greatest  care 
is  taken  to  fit  them  exactly  together.  It  may  be  men- 
tioned that  the  contact  resistance  exists  even  with  thin, 
bright  tinfoil  which  is  smoothed  very  carefully  on  the 
semi-conductor,  while  it  is  absent  with  mercury. 
Further,  it  appears  that  a  relatively  large  potential 
difference  is  necessary  to  draw  electrolytic  ions,  which 
in  this  case  are  the  only  carriers  of  the  current,  across 
even  the  smallest  air  space,  while  electrons  pass  freely 
across  even  a  light  metallic  contact.  That  the  majority 
of  the  ions  have  to  cross  a  certain  free  space  at  the 
point  of  contact  is  also  made  probable  by  the  fact  that 
the  value  of  the  contact  resistance  is  by  no  means 
constant,  but  decreases  with  increasing  potential  differ- 
ence.    Indeed,  the  current  is  over  a  wide  range  nearly. 


but  not  quite,  proportional  to  the  square  of  the  E.M.F., 
the  corresponding  curve  in  many  respects  resembling 
the  lower  part  of  the  characteristic  curve  of  a  thermionic 
valve. 

If  now  (see  Fig.  2)  H  is  a  semi-conductor,  I  and  II 
metal  plates  in  contact  with  H  (for  the  sake  of  clearness 
a  small  air-gap  8  is  shown  between  H  and  each  of  the 
two  plates),  then  if  a  potential  difference  E  be  applied 
between  the  plates,  the  diagram  of  the  distribution  of 
the  drop  of  potential  from  I  to  II  will  be  as  indicated. 
Across  the  semi-conductor  there  is  only  a  small  drop 
of  potential  p,  while  at  each  point  of  contact,  on 
account  of  the  large  contact-resistance,  a  relatively 
large  drop  of  potential,  namely  |P,  takes  place 
(E  =  P -\- p).       This     distribution     of     potential     can 


Fig.  2. 

easily  be  verified  experimentally  bj^  means  of  an 
electrostatic  voltmeter. 

It  is  obvious  therefore  that  there  must  be  a  very 
large  electrostatic  attraction  between  the  semi-conductor 
and  each  of  the  plates,  if  it  is  remembered  that  the 
attraction  between  the  two  plates  of  an  air  condenser 
is  inversely  proportional  to  the  square  of  the  distance 
between  the  plates,  the  potential  difference  being  main- 
tained constant.  The  air-gap  being  in  this  case  theoreti- 
cally infinitesimal,  an  infinitely  large  attraction  should 
be  expected.  In  practice,  however,  only  a  limited 
attraction  is  manifested,  but,  nevertheless,  an  unusually 
strong  attraction  can  be  obtained  with  relatively 
moderate  potentials. 

The  attraction  is,  as  has  already  been  mentioned, 
also  manifested  by  an  increase  of  the  friction  between 
H  and  each  of  the  plates  I  and  II.  If  a  sufficiently 
high  potential  difference  be  applied,  a  considerable 
force  is  necessary  to  cause  I  or  II  to  slide  on  H.  It  is 
especially  this  increase  of  friction  that  has  been  utilized 
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for  the  various  apparatus  which  will  be  described  in  the 
lecture. 

The  attraction  varies  somewhat  with  different  semi- 
conductors, but  it  is  mainly  dependent  on  the  interior 
conductivity  of  the  material  and  the  degree  of  polish 
which  can  be  imparted  to  the  surface.  Amongst  those 
which  the  authors  have  found  to  be  most  effective  are 
the  lithographic  stone,  some  sorts  of  slate,  limestone 
and  marble,  flint,  agate,  species  of  jasper  and  other 
silica  minerals  (not  pure  quartz,  which  is  highly  insu- 
lating), and  many  organic  substances  such  as  bone, 
ivory,  gelatine,  cellophane,  pyroxyline,  some  sorts  of 
paper,  etc.  Wlien  drj',  the  human  skin  shows  semi- 
conductive  qualities,  and  this  explains  the  production 
of  sound  by  a  finger  rubbing  a  piece  of  metal.  As  cold 
metal  is  apt  to  condense  moisture  from  the  skin,  the 
effect  is  increased  if  the  metal  is  slightly  heated.  The 
thin  skin  of  the  wrist  or  forearm  gives  better  results 
than  the  horny  skin  of  the  finger-tips.  That  skip 
possesses  a  large  contact  resistance  to  dry  bodies  is 
well  known,  as  is  also  the  fact  that  the  electrical 
resistance  between  two  fingers  or  even  from  hand  to 
hand  is  reduced  to  a  fraction  of  its  initial  value  if  the 
skin  is  moistened. 

The  authors  have  in  most  of  their  apparatus  used 
agate,  chiefly  because  this  stone  possesses  adequate 
conducting  qualities,  and  because  it  is  hard  and  is 
capable  of  receiving  a  high  degree  of  polish.  With  it, 
a  surface  attraction  several  times  larger  than  that  of 
the  lithographic  stone  can  be  obtained. 

It  is  difficult  to  give  a  satisfactory  definition  of  semi- 
conducting materials,  as  every  conducting  solid  might 
be  so  termed  and  will  certainly  show  some  degree  of 
surface  attraction.  The  semi-conductors  proper  are, 
however,  easily  differentiated  from  the  insulators 
proper,  as  the  orders  of  magnitude  of  their  conductivities 
are  quite  different.  A  piece  of  slate  or  agate  will  under 
nomial  conditions  possess  a  conductivity  many  million 
times  larger  than  that  of  a  similar  piece  of  glass,  hard 
rubber,  mica,  sulphur  or  similar  substance. 

Several  well-known  soluble  salts  possess  such  interior 
conductivity,  independent  of  atmospheric  moisture,  that 
they  may  be  classed  as  semi-conductors,  but  their 
surface  resistance  is  so  widely  dependent  on  the  humidity 
of  the  atmosphere,  and  their  mechanical  properties  are 
so  inferior,  that  no  technical  application  has  so  far  been 
made  of  them. 

In  addition  to  the  above,  the  chief  group  of  semi- 
conductors proper  may  be  said  to  consist  of  materials 
which  are  able  to  absorb  and  retain  moisture,  and  these 
again  can  be  divided  into  two  classes,  (1)  finely  porous 
substances,  and  (2)  colloidal  substances,  which  permit 
of  the  diffusion  of  moisture.  Both  classes  are  to  a 
certain  degree  hygroscopic. 

To  the  first  class  belong  chiefly  inorganic  substances, 
e.g.  slate,  marble,  steatite,  agate,  flint,  etc.  Their  con- 
ductivity is  chiefly  due  to  atmospheric  moisture  absorbed 
by  their  innumerable  pores,  and  the  conductivity  dis- 
appears practically  entirely  if  the  material  is  heated 
well  above  the  boiling  point  of  water.  Agate  and  flint 
form  a  transition  to  the  colloidal  substances. 

To  the  second  class  belong  chiefly  organic  substances, 
e.g.    skin,    gelatine,    cellophane,    pyro.xyline,   collodion, 


albumen,  etc.,  which  swell  more  or  less  when  immersed 
in  water,  and  which  also  lose  their  conductivity  nearly 
completely  if  heated  sufficiently  in  the  dr^'  state. 

On  this  chief  group  of  semi-conductors  a  flow  of 
current  through  the  material  has  much  the  same  effect 
as  heat  on  the  conductivity.  If  a  constant  potential  is 
applied  the  current  will  steadily  diminish,  the  moisture 
being,  in  the  vicinity  of  the  electrodes,  gradually 
decomposed  by  electrolysis.  When  an  appreciable  layer 
next  to  the  electrodes  has  thus  been  dried,  a  considerable 
diminution  of  the  surface  attraction  is  observed,  and 
ultimately  the  attraction  will  practically  disappear  in 
the  course  of  some  hours  or  days,  according  to  the 
circumstances.  On  the  other  hand,  the  conductivity 
and    consequently    the    full    attractive    power    will    be 


Fig.  3. 

restored  if  the  material  is  left  to  itself  for  a  day  or  two. 
How  this  inconstancy  has  been  eliminated  in  the  practical 
apparatus  will  be  described  later. 

If  one  of  the  metal  plates  (II  in  Fig.  1)  is  connected 
to  the  semi-conductor  by  means  of  a  sufficiently  con- 
ducting cement  or  glue,  the  contact  resistance,  and 
consequently  the  drop  of  potential,  will  almost  entirely 
disappear  at  this  place.  As  shown  in  Fig.  3,  nearly  the 
full  potential  will  appear  between  the  other  plate,  I, 
and  the  semi-conductor  ;  the  interior  drop  of  potential 
p'  is  ordinarily  only  some  few  per  cent,  sometimes  a 
fraction  per  cent,  of  the  total  potential  E.  The  values 
of  P,  p,  P'  and  p'  in  Figs.  2  and  3  only  correspond  if  the 
value  of  the  contact  resistance  between  II  and  I  is 
assumed  to  be  independent  of  the  drop  of  potential, 
but  this  is,  in  reality,  not  the  case. 

It  is  obvious  that  a  larger  attraction  is  obtained 
between  I  and  H  in  the  case  illustrated  in  Fig.  3  than 
in  that  shown  in  Fig.  2  ;  in  the  actual  apparatus  the 
contact  resistance  between  the  semi-conductor  and  one 
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of  the  electrodes  is,  for  this  reason,  eUminated  as  far 
as  possible. 

As  only  a  relatively  small  drop  of  potential  exists  in 
the  interior  of  the  semi-conductor,  the  thickness  of  the 
latter  has  little  bearing  on  the  magnitude  of  the  attrac- 
tion. Indeed,  the  hthographic  stone  would  give  very 
nearly  the  same  attraction  if  its  thickness,  instead  of 
being  2  inches,  were  only  a  fraction  of  an  inch.  It  is, 
of  course,  a  practical  advantage  that  a  fairly  thick  and 
therefore  robust  semi-conductor  can  be  used.  This 
point  is  particularly  emphasized  because  attempts  have 
previously  been  made  by  others  to  construct  electro- 
static relay's  by  the  insertion  of  a  thin  dielectric  betiveen 
two  conducting  plates.  As,  however,  the  attraction 
across  a  dielectric  is  inversely  proportional  to  the  square 
of  the  thickness  of  the  latter,  an  extremely  thin  laver 
of  dielectric  (1/2  000  inch  or  less)  has  to  be  used  in  order 
to  obtain  a  reasonable  sensitivitj-,  and  thus  the  dielectric 
in  such  apparatus  is  verj^  dehcate  and  hable  to  be 
punctured.  The  earliest  apparatus  of  this  description 
appears  to  be  due  to  the  American  inventor  R.  A. 
Fessenden,  who  used  mica  as  a  dielectric  in  a  telegraph- 
recorder,  which  was  operated  by  means  of  alternating 
current.  It  is  not  possible  to  operate  such  apparatus 
by  means  of  direct  current,  as  a  surface  charge  (similar 
to  the  well-knowTi  residual  charge  in  mica  condensers) 
will  in  a  short  time  collect  on  the  dielectric  and  co\m- 
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teract  the  attraction  across  the  latter.  This  again 
means  that  telephonic  apparatus  cannot  be  developed 
on  this  principle,  as  a  continuous  polarization  potential 
is  necessary  in  all  electrostatic  telephones. 

The  general  arrangement  of  the  semi-conductor  in 
relays,  etc.,  is  shown  diagrammatically  in  Fig.  4.  The 
cylindrical  semi-conductor,  H,  is  mounted  on  a  shaft 
and  is  kept  in  continuous  rotation  by  means  of  a  motor 
(not  shown)  ;  the  direction  of  rotation  is  indicated  by 
the  arrow.  Round  a  part  of  the  circumference  of  the 
semi-conductor  is  placed  a  metal  band,  I,  which  at  the 
point,  a,  is  connected  to  a  spring,  S.  A  weaker  spring,  s, 
ser\'es  to  keep  the  band,  I,  taut.  Inside  the  semi-con- 
ductor is  shown  the  metal  lining,  II,  which  is  to  be 
cemented  to  the  semi-conductor.  In  reality,  this  metal 
lining  is  in  our  more  recent  apparatus  replaced   by  a 


liquid  which  fills  the  interior  of  the  semi-conductor 
and  conducts  the  current  from  the  central  shaft,  as 
wUl  be  described  in  detail  later.  In  Fig.  4,  II  there- 
fore only  indicates  the  position  of  the  interior  conductor. 
1  and  2  represent  the  leads  suppKing  the  potential ; 
lead  2  may,  for  instance,  be  connected  to  the  base  of 
the  spring,  s,  and  lead  1  to  a  shp-ring,  though  it  is 
generally  sufficient  to  connect  it  to  the  bearings  of  the 
shaft  carrjdng  the  semi-conductive  cyUnder. 

So  long  as  a  potential  difference  is  apphed  between 
1  and  2,  the  increased  friction  between  the  cyhnder 
and  the  band  maintains  the  spring,  S,  stretched,  while 
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this  spring  will  contract  if  the  potential  diSerence 
decreases  or  disappears  entirelv.  The  members  to  be 
operated  by  the  relay  may  thus  be  coupled  to  the  point, 
a,  where  the  band  is  connected  to  the  spring,   S. 

This  arrangement  forms  the  basis  of  a  number  of 
different  apparatus. 

If  the  point,  a,  is  connected  to  a  recording  stylus, 
an  ink  siphon  or  the  like,  the  apparatus  may  be  used 
for  receiving  telegraph  messages,  and  if  relay  contacts 
are  operated  in  the  same  wav  the  apparatus  forms  a 
telegraph  transmitting  relay  which  may  be  used  either 
for  receiving  or  transmitting  purposes. 

If  the  spring,  S,  is  replaced  bj-  the  diaphragm  of  a 
sound-box,  the  apparatus  mav  be  used  as  a  loud- 
speaking  telephone. 

Instead  of  a  cyhndrical  semi-conductor  encircled  by 
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a  metal  band,  a  metal  cylinder  partiall}'  encircled  by 
a  flexible  semi-conductor,  for  instance  thin  gelatine, 
could  be  arranged,  but  this  is  not  used  in  our  later 
apparatus. 

It  would  be  thought  that  the  electrostatic  attraction 
at  the  surface  of  a  semi-conductor  would  be  proportional 
to  the  square  of  the  E.JI.F.  impressed,  according  to  the 
law  for  an  air  condenser.  In  reality,  however,  the 
attraction  increases  much  more  rapidly  ;  it  is  in  fact 
nearly  proportional  to  the  fifth  power  of  the  E.M.F. 
This  is,  however,  only  approximate  and  only  valid  from 
about  25  to  300  volts.  At  higher  potentials  the  attrac- 
tion rises  more  slowly,  and  ultimately  a  strong  ionization 
partly  breaks  down  the  contact  resistance,  so  that  a 
decrease  of  attraction  may  actually  be  observed.  In 
Fig.  5  the  ordinates  represent  the  friction  between  a 
small  cylinder  of  agate  and  a  piece  of  thick  tinfoil  placed 
round  half  of  the  periphery.  The  increase  in  friction 
due  to  the  electrostatic  attraction  is  proportional  to 
the  latter.  It  will  be  observed  that,  as  far  as  the  curve 
goes,  the  friction  is  approximately  proportional  to  the 
fifth  power  of  the  E.M.F. 

The  fact  that  the  attraction  increases  more  rapidly 
than  the  second  power  of  the  applied  potential  has  not 
yet  been  fully  explained.  The  considerable  attraction 
at  higher  potentials  no  doubt  helps  the  attracting  sur- 
faces to  come  into  more  intimate  contact.  On  the  other 
band,  various  observations  made  by  the  authors  point 
to  the  fact  that  this  is  not  the  entire  explanation. 
Possibly,  a  phenomenon  analogous  to  the  space-charge 
in  electron  tubes  may  be  a  contributory  cause.  The 
very  rapid  rise  of  the  attraction  is,  moreover,  found 
only  if  the  surfaces  are  in  very  intimate  contact.  If 
the  surfaces  are  hard  and  rigid  and  do  not  fit  very 
closely  together,  the  attraction  will  generally  not  be 
found  to  rise  more  rapidly  than  with  about  the  third 
power  of  the  potential,  and  if  the  surfaces  are  quite 
rough  the  square  law  of  electrostatic  attraction  will 
be  found  to  be  nearly  fulfilled.  This  is,  of  course,  only 
to  be  expected,  as  in  this  case  the  greater  part  of  the 
surfaces  is  separated  by  a  definite,  un-ionized  air  space. 

If  a  semi-conductor  capable  of  absorbing  water  is 
soaked  with  a  liquid  electrolyte,  such  as  a  salt  solution, 
and  then  allowed  to  dry,  it  will  generally  be  found  that 
both  its  interior  resistance  and  its  contact  resistance 
have  diminished.  If  suitable  salts  are  used  for  this 
impregnation,  the  interior  resistance  is  reduced  to  a 
smaller  amount  than  the  contact  resistance,  so  that  the 
semi-conductive  qualities  of  the  material  may  be 
enhanced.  It  is  thus  possible  to  impart  a  desired  con- 
ductivity to  the  majority  of  semi-conductors — a  fact 
of  vital  importance,  because  a  certain  conductivity  is 
needed  for  most  practical  applications,  as  will  be 
explained  later  in  the  lecture. 

The  conductivity  of  such  impregnated  semi-conductors 
is,  however,  still  very  inconstant  when  current  is  passing 
through  the  material,  because  the  absorbed  moisture  is 
still  being  dried  off,  and,  moreover,  the  salt  itself  will 
gradually  be  decomposed  by  electrolysis. 

Attempts  were  made  by  the  authors  to  secure  a 
constant  conductivity  which  might  be  sufficient  for 
practical  purposes,  and  they  found  that  some  moisture- 
absorbing   semi-conductors   could,    when   in    the    form 


of  a  hollow  cylinder,  in  which  water  or  an  aqueous 
solution  was  present,  absorb  and  remain  soaked  with 
the  water  or  the  solution  without  their  exterior  sur- 
face becoming  moist.  Agate  Ibut  not  slate,  litho- 
graphic stone,  etc.)  shows  this  quality  in  a  very  pro- 
nounced degree.  This  material  is  unable  to  absorb 
any  large  percentage  of  water,  so  that  its  con- 
ductivity is  not  excessive  even  if  it  is  fully  soaked  with 
moisture  ;  on  the  other  hand,  when  current  is  passed 
through  it  the  small  percentage  of  moisture  on  the 
surface  disappears  rapidly.  If  a  hoUow  cylinder  of 
agate  is  filled  with  suitable  electrolyte,  moisture  will, 
however,  diffuse  from  the  interior  to  the  point  where 
the  metallic  conductor  touches  the  outer  surface,  and 
this  is  sufficient  to  prevent  the  conductivity  near  the 
surface  from  decreasing  below  a  certain  value.  This 
diffusion  is,  however,  so  slow  that  the  outside  of  the 
agate  cjdinder  keeps  perfectly  dry  on  account  of  the 
evaporation.  On  the  other  hand,  only  the  moisture 
which,  by  slow  diftusion,  has  actually  reached  the 
surface  will  be  evaporated,  as  practically  no  circulation 
of  air  can  take  place  inside  the  extremely  fine  pores. 
The  loss  of  moisture  by  evaporation  is  therefore 
extremely  small,  in  spite  of  the  stone  being  in  reahty 
entirely  and  continuously  soaked  with  moisture.  In 
our  actual  apparatus  such  hollow  agate  cylinders  are 
used.  These  cyUnders  are  mounted  between  two  bosses 
on  a  shaft,  so  that  a  space  for  the  liquid  is  formed 
between  the  shaft  and  the  interior  surface  of  the 
cylinder.  The  shaft  and  bosses  are  silvered  in  order 
to  prevent  corrosion.  The  electrolyte  is  substantially 
a  solution  of  a  somewhat  hygroscopic  salt,  which  will 
not  easily  crystallize  in  the  pores  of  the  agate.  It  has 
been  found  that  the  formation  of  crystals  in  the  pores 
of  the  agate  will  produce  partial  cracks  and  ultimately 
cause  the  stone  to  disintegrate.  The  loss  of  electroh-te 
by  evaporation  and  electrolysis  is  extremely  small,  the 
average  life  of  the  filling  being  at  least  two  years,  after 
which  time  the  cylinder  can  be  refilled  in  a  few  minutes. 
If  desired,  the  electrolyte  can  be  taken  up  by  some 
absorbent  powder  such  as  flour,  as  is  done  in  dry  cells. 
In  order  to  prevent  the  electrolytic  formation  of  free 
hydrogen  inside  the  sealed  cylinder,  the  shaft  of  which 
is  ordinarily  the  cathode,  an  oxidizing  substance  such 
as  manganese  peroxide  is  added  to  the  electrolyte. 

In  the  foregoing  remarks,  the  authors  have  not  dealt 
with  the  influence  of  the  polarity  of  the  semi-conductor 
on  the  contacting  conductor.  If  both  the  internal 
resistance  and  the  surface  resistance  of  the  semi-con- 
ductor are  independent  of  the  polarity  of  current  and 
potential,  it  is  to  be  expected  that  the  attraction  will 
be  substantially  independent  of  the  polarity,  and  this 
is  verified  by  experiment.  These  conditions  can  be 
approximately  reahzed  by  means  of  a  dry  lithographic 
stone,  as  has  been  shown,  especially  if  the  stone  is 
heated  a  little  above  the  air  temperature.  Upon  reversal 
of  the  polarity,  the  current  and  the  attraction  will  be 
found  to  have  remained  approximately  constant.  If, 
however,  the  semi-conductor  contains  a  considerable 
amount  of  moisture,  or  if  it  has  been  impregnated  with 
an  electrolytic  salt  .solution  and  especially  if  it  is  hollow 
and  filled  with  an  electrolytic  fluid,  as  the  agate  cyhnder 
above  described,  the  eftect  of  reversal  of  polarity  is  very 
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marked.  If  the  semi-conductor  is  made  negative 
relative  to  the  contacting  conductor,  the  current  will, 
after  the  application  of  a  constant  potential  difference, 
gradually  decrease,  but  only  to  a  certain  extent  in  the 
case  of  the  filled  agate  cylinder,  as  already  mentioned. 
On  the  other  hand,  the  attraction  will  remain  substan- 
tially constant  from  the  first  moment,  a  small  increase 
being,  however,  observed  in  the  course  of  the  first  few 
minutes  if  certain  electrolytes  are  used.  In  the  actual 
apparatus  the  semi-conductor  is  made  negative,  and  is 
so  chosen  as  to  give  a  sufficiently  constant  attraction  for 
practical  purposes.  The  constant  potential  necessary 
for  constant  attraction  is  generally  easily  attained  in 
spite  of  the  inevitable  variation  of  current,  as  the  total 
current  consumption  is  so  small  that  it  constitutes  only 
a  negligible  load,  even  on  high-resistance  circuits. 

If  the  semi-conductor  is  made  positive  relative  to 
the  contacting  conductor,  the  current  will  gradually 
increase  after  the  application  of  the  potential,  and  the 
attraction  will  generally  be  found  after  a  few  minutes 
to  have  decreased  considerably.  In  this  case  the 
interior  resistance  of  the  semi-conductor  remains  sub- 
stantially constant,  but  the  contact  resistance  gradually 
diminishes  until  finally  only  a  very  small  drop  of  potential 
exists  at  the  surface.  In  some  cases  the  attraction 
will  practically  decrease  to  zero  in  a  few  minutes,  while 
the  current  increases  to  more  than  20  times  its  original 
value.  If  the  potential  is  reversed,  the  original  small 
current  and  corresponding  large  attraction  do  not 
reappear  immediately,  but  generally  in  less  than  one 
minute. 

The  cause  of  the  reduction  of  contact  resistance  just 
described  has  not  yet  been  exactly  stated  by  the  authors. 
It  is  certainly  due  to  the  flow  of  current,  and  it  appears 
that  moisture  is  carried  with  the  current  to  the  surface 
of  the  semi-conductor,  the  effect  being  probably 
intimately  related  to  electro-capillarity.  It  may  be 
mentioned  that  the  effect  has  been  observed  both  with 
acid  and  alkaline  impregnation  of  the  semi-conductor. 

In  connection  with  this  question,  a  reference  to  the 
Edison  Electromotograph  may  be  appropriate.  This 
apparatus,  which  aroused  considerable  interest  in  the 
'seventies  of  the  last  century,  has  some  constructive 
resemblance  to  the  arrangement  described  in  con- 
nection with  Fig.  4.  Used  as  a  telephone  it  consists 
materially  of  a  rotating,  porous  chalk  cylinder,  which 
is  entirely  soaked  with  an  electrolyte  and  the  surface 
of  which  is  kept  constantly  wet,  the  latter  being  the 
exact  reverse  of  the  conditions  necessary  for  electro- 
static attraction  as  described  by  the  authors.  The 
end  of  a  flat,  elastic  metal  strip  carrying  a  contact 
point  of  platinum-iridium  slides  with  a  definite  pres- 
sure on  the  chalk  cylinder,  so  that  a  certain  natural 
friction  is  set  up  between  the  cylinder  and  the  contact 
point.  The  metal  strip  carrying  the  latter  is  con- 
nected to  a  diaphragm.  If  now  a  direct  current 
flows  between  the  cylinder  and  the  metal  point,  the 
cylinder  being  connected  to  the  positive  pole  of  the 
source  of  supply,  the  natural  friction  is  diminished  as 
long  as  the  current  is  in  existence.  It  is  therefore 
obvious  that  sound  may  be  reproduced  from  the 
diaphragm  if  an  alternating  telephone  current  is  super- 
imposed on  the  direct  current.      In  this  case  the  action 


of  the  apparatus  can  be  said  to  be  the  exact  reverse  of 
that  of  the  electrostatic  apparatus  here  described,  as 
the  two  classes  of  apparatus  operate  with  decrease  and 
increase  respectively  of  the  natural  friction. 

The  fact  that  the  same  polarity  which  diminishes 
the  natural  friction  in  the  Electromotograph  will  also 
diminish  the  contact  resistance  in  the  electro-adhesion 
apparatus  *  (as  the  apparatus  will  here  be  termed), 
has  induced  the  authors  to  make  a  short  investigation 
of  the  nature  of  the  Electromotograph  effect.  As  the 
latter  has  no  direct  relation  to  the  subject  dealt  with 
in  this  lecture,  the  results  only  will  be  briefly  stated. 

The  diminution  of  the  friction  in  the  electro-adhesion 
apparatus  is  due  to  a  diminution  of  the  attraction 
and  not  to  a  diminution  of  the  coefficient  of  friction, 
while  the  latter  is  the  case  with  the  Electromotograph, 
where  the  passage  of  current  produces  a  lubrication 
effect  and  where  no  electro-adhesion  is  in  existence. 

A  diminution  of  the  natural  friction  by  means  of  an 
electric  current  can  be  effected  in  two  ways,  namely  by 
the  formation  of  moisture  or  of  gas  at  the  point  of 
contact. 

If  a  current  is  passed  through  a  porous  or  colloidal 
body  which  is  soaked  with  water  or  an  electrolvte,  and 
the  surface  of  which  is  moist,  but  not  actually  wet, 
liquid  will  generally  appear  under  one  or  other  of  the 
electrodes,  thus  to  some  extent  lubricating  the  area  of 
contact.  The  conveyance  of  fluids  in  porous  or  colloidal 
substances  by  means  of  an  electric  current  has  been 
widely  described  in  literature  dealing  with  electro- 
capillarity,  electro-osmosis,  etc.  The  effusion  of  the 
liquid  is,  however,  slow  at  ordinary  current  densities, 
and  the  experiments  carried  out  by  the  authors  seem 
to  indicate  that  no  efficient  quick-working  relay  is 
likely  to  be  evolved  on  this  principle  alone  ;  it  should 
at  least  be  combined  with  the  true  Electromotograph 
effect  described  below. 

In  the  Electromotograph,  in  which  the  surface  of  the 
chalk  cylinder  is  kept  constantly  wet,  the  lubricating 
effect  is,  on  the  other  hand,  generally  ascribed  to  the 
electrolytic  generation  of  hydrogen  at  the  point  of 
contact.  This  theory  is  the  oldest,  but  in  the  course 
of  time  some  doubt  has  been  felt  as  to  whether  it  could 
satisfactorily  explain  the  rapid  variations  of  friction 
occurring  with  sound-reproduction,  in  spite  of  the 
inevitable  lag  which  occurs  in  the  generation  of  the  gas. 
The  investigations  of  the  authors  have,  however,  only 
confirmed  the  original  theory.  The  process  actually 
taking  place  at  the  point  of  contact  can  briefly  be 
stated  as  follows.  On  the  passage  of  current,  hydrogen 
is  generated  in  the  shape  of  minute  bubbles  in  each 
of  the  microscopic  pores  of  the  chalk  where  the  metal 
touches  it.  The  gas  is  able  to  exert  an  enormous 
pressure,  as  its  volume  is  many  times  larger  than  that 
of  the  corresponding  amount  of  electrolj'te.  The  gas 
and  the  liquid  together  form  an  extremely  fine,  expand- 
ing foam,  which  counteracts  the  pressure  of  the  metal 
spring  and  thus  diminishes  the  mechanical  pressure  of 
the  metal  on  the  chalk.  Moreover,  the  foam,  which  in 
consequence  of  its  extreme  fineness  is  relatively  durable, 

*  The  terra  "  electro-adhesion  "  for  the  effect  has  been  proposed 
by  various  individuals  and  appears  to  be  very  suitable.  In  Germany 
the  term  "  Elektrokollesc,"  derived  from  "  Elektrische  Klebkraft," 
has  been  widely  adopted. 
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has  far  better  lubricating  qualities  than  the  pure  liquid, 
as  the  foam  is  not  so  easily  squeezed  out  from  between 
the  sliding  surfaces.  In  fact,  at  a  certain  current  density 
the  metal  will  float  on  the  foam  without  making  any 
contact  with  the  chalk,  and  even  then  the  friction  will 
diminish  with  increasing  current,  as  the  thickness  of 
the  foam  layer  will  increase.  The  reason  that  no 
appreciable  lag  is  experienced  in  the  action  of  the 
apparatus  is  in  part  due  to  the  very  small  amount  of 
hydrogen  which  is  necessary  to  convert  the  verj'  thin 
layer  of  liquid  between  the  sliding  surfaces  into  foam, 
and  also  to  the  fact  that  the  relatively  quick  motion 
between  the  cylinder  and  the  small  contact  point  sub- 
stantially prevents  any  integration  effect,  so  that  the 
amount  of  lubrication  will  at  every  instant  be  nearly 
proportional  to  the  rate  of  generation  of  the  foam, 
i.e.  proportional  to  the  current.  If  the  speed  of  rotation 
is  very  low,  or  if  the  contact  point  is  replaced  by  a  band 
encircling  an  appreciable  part  of  the  cylinder  periphery, 
considerable  distortion  must  be  experienced,  as  in  this 
case  a  momentary  strong  current  will  have  much  the 
same  lubricating  effect  as  a  prolonged  weak  current, 
of  course  within  obvious  limits. 

Returning  to  the  electro-adhesion  effect,  and  before 
describing  in  more  detail  the  motor-driven  relays  with 
revolving  semi-conductor,  the  authors  propose  to 
describe  a  class  of  instruments  in  which  the  surface 
attraction  itself  produces  mechanical  motion.  Under 
special  conditions  they  found,  in  fact,  that  the  surface 


attraction  can  cause  a  motion  and  thus  allow  a  certain 
small  amount  of  mechanical  work  to  be  done. 

Fig.  6  shows  a  semi-conductor,  H,  with  the  metal 
coating,  II.  The  semi-conductor  has  a  cylindrically 
curved,  smooth  surface,  in  opposition  to  which  a  thin, 
elastic,  smooth  metal  strip,  I,  is  situated.  If  a  certain 
potential  difference  is  applied  between  I  and  II,  a 
considerable  attraction  will  be  set  up  at  the  different 
points  of  the  line  along  which  the  strip  is  touching  the 
curved  surface  tangentially,  and  also  at  the  points 
immediately  above  this  line,  where  the  air-gap  is 
infinitesimal.  This  attraction  will  cause  the  strip  to 
assume  the  curvature  of  the  semi-conductor  along  this 
line,  and  in  this  way  additional  new  points  of  the  strip 


will  come  into  immediate  proximity  to  the  semi-con- 
ductor and  will  also  be  subjected  to  a  large  attractive 
force.  The  result  is  that  the  entire  length  of  the  strip 
will  fold  itself  round  the  curved  surface,  as  indicated 
by  the  dotted  line,  and  its  free  end  will  thus  be  moved 
an  appreciable  distance. 

If  a  contact  C  is  mounted  as  shown,  it  will  be  obvious 
that    the    arrangement    forms    an    electrostatic    relay. 


Fig.  7. 

which  the  authors  have  developed  for  various  purposes. 
On  the  other  hand,  the  movement  itself  can  be  utilized 
for  the  detection  of  a  potential  difference  between  I 
and  II,  i.e.  the  arrangement  can  be  used  as  an  electro- 
scope. As  the  attractive  force  is  very  strong  in  com- 
parison with  that  obtained  in  a  gold-leaf  electroscope, 
the  metal  strip  can  be  made  sufficiently  rigid  to  permit 
the  apparatus  to  be  used  in  all  positions.  The  authors 
have  accordingly  constructed  a  pocket  electroscope 
suitable  for  the  indication  of  potentials  from  about 
70  to  700  volts  (d.c.  or  a.c). 

In  Fig.  7  this  instrument,  is  shown  in  section.  It 
consists  of  a  hard  rubber  holder  carrying  on  its  top  the 
semi-conductor,   H,   and  the  strip,    I,   the  thickness  of 
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which  is  about  1/3  000  in.  The  metal  coating,  II,  of 
the  semi-conductor  is  connected  with  the  metal  point 
at  the  base  of  the  instrument  through  a  safety 
resistance,  R.  of  a  few  megohms,  arranged  in  the  interior 
of  the  holder.  The  strip  is  connected  with  a  metal 
cap,  C,  which  protects  the  upper  parts  of  the  instrument 
and  which  has  a  small  observation  window,  W,  at  the 
top.  The  end  of  the  strip  is  bent  at  right  angles  and 
will  only  be  visible  behind  the  glass  when  the  strip  is 
attracted  to  the  semi-conductor. 

The  instrument,  which  in  size  and  appearance  greatly 
resembles  a  fountain  pen,  is  especially  useful  for  testing 
whether  an  electrical  wire  or  any  part  of  an  electrical 
installation  is  alive.  When  in  use  the  instrument  is 
held  in  the  hand  and  its  metal  point  is  brought  into 
contact  with  the  object  to  be  tested,  the  body  of  the 
user  generally  forming  a  sufficient  earth  connection,  as 
the  total  resistance  of  the  instrument  exceeds  100 
megohms. 

As  a  high  resistance  is  desirable  in  this  instrument, 
and  its  use  is  only  occasional,  no  impregnation  of  the 
semi-conductor  is  necessary. 

Referring  again  to  Fig.  4,  three  main  types  of  apparatus 
with  rotating  semi-conductor  have  been  constructed  for 
practical  pm-poses  by  the  authors.  These  t)-pes  are  : 
(1)  A  time-limit  relay,  (2)  a  telegraph  recorder  and 
relay,  and  (3)  a  loud-speaking  telephone.  Modifications 
of  such  apparatus  may,  of  course,  be  used  for  special 
purposes,  and  the  principle  of  electro-adhesion  may 
obviously  be  utilized  for  many  purposes  for  which 
electromagnetism  is  suitable. 

As  previously  mentioned,  the  electrostatic  attraction 
will  be  sufficiently  constant  in  the  general  arrangement 
illustrated  in  Fig.  4,  if  H  is  an  agate  cylinder  filled 
with  a  suitable  electrolyte.  Experience  shows  that 
special  precautions  are  also  necessary  to  keep  the 
coefficient  of  friction  constant  while  the  apparatus  is 
in  operation.     This  is  due  to  several  circumstances. 

If  both  I  and  H  are  brightly  polished,  and  the 
apparatus  is  started  without  the  application  of  a 
potential  difference,  the  natural  friction  between 
cylinder  and  band  will  graduall}'  increase,  due  to  the 
deposit  of  dust  on  the  surfaces.  The  hard  particles  of 
the  dust  will  act  as  an  abrasive  and  will  thus  wear 
more  dust  from  the  cylinder  and  band.  Even  if  the 
frictional  system  is  protected  from  atmospheric  dust, 
a  certain  natural  wear  takes  place  which  is  at  the 
commencement  very  small,  but  which  increases  rapidly 
when  the  least  dust  has  been  formed.  Any  diist  or 
powder  originating  from  the  atmosphere  or  from  wear 
will  in  the  course  of  time  be  ground  to  a  very  fine  con- 
sistency and  will  then  adhere  quite  firmly  to  the  agate, 
in  the  same  way  as  fine  chalk  which  is  rubbed  well  into 
a  glass  surface,  causing  at  the  same  time  a  considerable 
increase  in  the  coefficient  of  friction.  In  this  state 
the  frictional  system  will  produce  a  grinding  or 
squeaking  sound  and  regular  working  will  be  impossible. 
The  process  is  analogous  to  what  takes  place  when 
a  shaft  runs  in  a  bearing  which  is  not  lubricated. 
Lubrication  used  in  connection  with  the  electro-adhesion 
apparatus  does  not  provide  a  remedy,  as  any  lubricant, 
even  if  insulating,  will  almost  entirely  spoil  the  electro- 
adhesion    effect,    as    it   prevents   the    intimate    contact 


between  the  surfaces,  and,  moreover,  the  friction  will, 
according  to  the  laws  for  friction  in  liquids,  be  nearly 
independent  of  the  electric  attraction.  The  only 
expedient  in  this  case  is  to  arrange  a  brush  which  during 
the  working  of  the  apparatus  continuallj'  and  promptly 
removes  any  dust  that  may  be  deposited  on  the 
cylinder,  the  result  being  that  both  cylinder  and  band 
remain  clean  and  smooth  and  the  wear  on  both  is 
reduced  to  a  minimum. 

If  now  a  potential  difference  is  applied  between  the 
rotating  cylinder  and  the  band,  new  sources  of  con- 
tamination become  evident. 

As  the  metal  band  must  be  positive  relative  to  the 
agate,  as  described,  most  bands  will  be  attacked  by 
electrolysis,  which  alone  or  in  combination  with  atmo- 
spheric moisture  will  produce  oxides  or  salts,  such  salts 
becoming  smeared  over  the  cylinder  and  difficult  to 
remove  by  means  of  a  brush.  In  recent  apparatus  the 
formation  of  oxides  is  avoided  altogether  by  the  use 
of  a  metal  which  is  not  attacked  by  electrolysis  in 
connection  with  the  electrolyte  contained  in  the  agate. 
Another  effect  remains,  however,  which,  if  special 
precautions  are  not  taken,  will  in  the  course  of  a  short 
time  (about  one  hour  under  normal  working  conditions) 
increase  the  coefficient  of  friction  to  such  an  extent 
that  satisfactory  operation  is  impossible. 

This  effect  is  due  to  the  passage  of  current  between 
the  contact  surfaces,  the  passage  having  in  reality,  as 
far  as  could  be  stated  b)'  the  authors,  the  character  of 
a  discharge,*  which  causes  a  slow  disintegration  of 
the  contact  surfaces.  This  can  be  made  specially 
apparent  if  in  the  experiment  with  the  lithographic 
stone  (Fig.  1)  the  metal  disc  is  replaced  by  a  disc  of 
hard,  polished  carbon  (a  piece  of  carbon  brush  or  a 
microphone  carbon  diaphragm  will  do).  If  a  pressure 
of  about  200  volts  is  applied  for  a  period  of  about 
15  minutes,  and  the  disc  is  then  taken  away,  black 
carbon  powder  can  be  observed  on  the  white  stone  at 
all  places  where  real  contact  has  taken  place.  The 
lithographic  stone  is  also  disintegrated,  but  to  a  much 
smaller  extent. 

Metals  are  only  very  slightly  disintegrated,  so  that  in 
the  case  of  the  agate  cylinder  with  the  metal  band  the 
agate  only  is  perceptibly  altered.  In  this  case  no  loose 
dust  is  observed,  but  the  surface  of  the  agate  loses  its 
brightness  to  a  certain  extent  and  becomes  covered  with 
an  extremely  thin,  transparent  layer,  which  gives  rise 
to  an  enormous  increase  of  the  coefficient  of  friction. 
Indeed,  if  a  piece  of  smooth  paper  is  moved  on  the 
surface  by  means  of  the  finger,  the  frictional  resistance 
wiU  be  felt  positively  as  a  sticking.  This  thin  layer 
cannot  be  removed  b\'  means  of  a  brush  or  cloth,  and 
will  even  resist  a  metal  brush.  On  the  other  hand,  a 
small  amount  of  an  abrasive  powder  (for  instance, 
flour  emery)  applied  with  a  cloth  will  remove  it  instan- 
taneously, when  the  polished,  smooth  surface  will  be 
restored  at  once.  Careful  investigation  by  the  authors 
have  made  it  higUy  probable  that  this  layer  consists 
of  colloidal  silica,  the  agate  being  nearly  pure  silica. 
Like  many  other  substances  the  silica  wUl,  when  in 
a  colloidal  state,   adhere  firmh'  to  a  polished  surface, 

*  .-M   higher  potentials  (about  350-700  volts),  a  dim  light  can 
be  observed  at  the  contact  surfaces  in  a  well-darkened  lOom. 
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especially  to  a  glass-like  surface  such  as  that  of  the 
agate,  and  will  in  this  state  produce  an  enormous 
frictional  resistance  ;  this  appears  to  happen  particu- 
larly if  the  substance  in  its  non-colloidal  state  is  very 
hard,  and  the  phenomenon  is  also  experienced  with 
numerous  other  materials.  The  enormous  adhesion  of 
certain  colloidal  substances  to  glass-like  surfaces,  and 
their  large  frictional  resistance,  can  easily  be  demon- 
strated in  the  following  manner.  If  fine,  precipitated, 
dry  fuller's  earth  (a  white  powder  consisting  of  colloidal 
cla}-)  is  rubbed  well  into  a  clean  glass  (mirror)  surface 
by  means  of  a  piece  of  rough  paper,  a  white  patch  will 
appear  which  can  only  with  extreme  difficulty  be 
entirely  removed  by  means  of  a  brush,  cloth  or  the  like. 
If  a  piece  of  smooth  paper  is  moved  over  the  glass 
surface  by  a  finger,  a  large  resistance  to  motion  will  be 
felt  when  the  patch  comes  under  the  finger.  The  last, 
nearly  invisible,  traces  of  the  patch  are  most  difficult 
to  remove,  but  are  easily  detected  by  the  friction  test. 
On  the  other  hand,  the  patch  and  every  trace'  of 
abnormal  friction  is  instantaneously  removed  by 
rubbing  with  a  hard  abrasive  powder  (knife-powder, 
tripoli,  etc.)  by  means  of  a  cloth. 

As  a  result  of  these  investigations,  the  authors  in 
their  earlier  apparatus  made  use  of  a  sort  of  rubber- 
eraser,  containing  an  abrasive  which,  in  connection 
with  a  brushing  device,  kept  the  agate  constantly 
smooth  and  polished,  and  very  good  results  were 
obtained  in  this  way.  Another  method  of  applying 
the  abrasive  has  recently  been  carried  out  with  success, 
the  abrasive  being  moulded  to  a  cylinder  of  soft  stone, 
from  which  minute  quantities  are  continuously  supplied 
to  the  agate  by  means  of  a  rotating  rubber  helix. 
Experiments,  which  are  not  yet  concluded,  seem  to 
indicate  that  the  use  of  abrasive  can  be  avoided  alto- 
gether by  employing  friction  bands  of  certain  very  hard 
metals,  thereb}'  introducing  a  material  simplification. 

The  bands  used  in  the  apparatus,  which  will  now  be 
described  more  in  detail,  are  little  more  than  1/1  000 
inch  (0-025  mm)  thick  and  |-  to  Ij  inch  broad;  they 
cover  from  one-quarter  to  one-half  of  the  circumference 
of  the  cylinder.  The  diameter  of  the  agate  cyhnder  is 
about  1  inch.  The  frictional  resistance  set  up  by  a 
potential  of  220  volts  is  about  1  to  15  lb.  in  this 
apparatus,  according  to  the  size  of  the  band.  Ordinarily, 
however,  an  E.M.F.  of  less  than  100  volts  is  used  for 
the  operation. 

The  Time-limit  Relay. 

If,  again  referring  to  Fig.  4,  the  point,  a,  is  connected 
with  relay  contacts  in  such  a  way  that  contact  is  not 
made  until  the  point,  a,  has  moved  a  definite  distance 
from  its  original  position,  a  time  lag  is  very  simply 
introduced  into  the  action  of  the  relay,  if  the  cylinder,  H, 
revolves  at  a  suitable  (moderate)  speed.  If  a  sufficiently 
high  d.c.  potential  is  applied  bet\veen  1  and  2,  the  band 
will  cling  tightly  to  the  cylinder,  and  the  relative  sliding 
will  cease  instantaneously,  after  which  the  point,  a,  will 
move  steadily  at  the  low  peripheral  speed  of  the  cylinder 
until  contact  is  made.  The  time  lag  can  obviously  be 
altered  by  adjusting  either  the  free  path  of  the  point,  a. 
or  the  speed  of  rotation.     In  the  actual  apparatus  the 


cylinder  is  preferably  driven  by  clockwork  or  by  a 
very  small  low-tension  motor  with  a  worm  gear  as  used 
in  electric  meters,  and  the  speed  chosen  for  certain 
purposes  is  about  one  revolution  in  1  or  2  minutes. 
If  the  current  is  interrupted,  the  point,  a,  moves  quickl)^ 
back  to  its  initial  position.  The  potential  necessary 
for  actuating  the  relay  is  normally  about  50  volts, 
although  higher  sensitivity  can  be  obtained.  The 
mechanical  force  available  is  ample  for  the  operation 
of  any  ordinary  contacts.  If  very  heavy  currents  are 
to  be  dealt  with,  the  contact  device  operated  by  the 
point,  a,  is  replaced  by  a  trigger  device  which  is  released 
by  the  point,  a,  and  which  in  turn  releases  a  heavy 
contact  device  or  switch.  The  relay  is  more  specially 
intended  for  the  operation  of  bell  alarms  in  radio- 
telegraphy  and  telephony,  as  well  as  in  carrier-current 
telephony,  and  also  in  some  special  cases  of  remote 
control.  If  in  any  of  these  cases  the  incoming  high- 
frequency  energy  is  sufficient  to  actuate  a  sensitive 
high-frequency  indicator  (e.g.  a  sensitive  hot-wire 
instrument),  the  latter  can  be  fitted  with  a  deUcate 
contact  arrangement  and  the  time-limit  relay  be  used 
as  a  secondary  relay,  which  again  can  actuate  a  bell 
alarm  or  any  special  electric  arrangement.  The  very 
small  current  actuating  the  time-limit  relay  (about 
10-^  ampere)  will  not  cause  even  very  delicate  contacts 
to  stick,  the  relatively  high  potential  (about  50  volts) 
ensuring  reliable  electrical  contact  even  with  very  light 
contact  pressure.  In  such  cases  the  use  of  valves  for 
alarms  or  any  remote  control  may  be  dispensed  with. 
If,  in  other  cases,  the  relay  is  to  be  actuated  directlj^ 
by  a  valve  current,  the  diagram  of  connections  is  the 
same  as  will  be  described  under  the  heading  "  Telegraph 
Recorder  and  Relay." 

It  will  be  seen  that  a  continuous  signal  of  at  least 
the  length  of  the  time  lag  is  necessary  to  operate  the 
relay,  as  any  prerrjature  interruption  of  the  signal  will 
cause  the  relay  to  return  quickly  to  its  initial  position 
without  closing  the  contacts. 

A  time-Umit  relay  has  also  been  constructed  on  the 
principle  of  two  plane  circular  discs  sliding  on  each 
other,  one  being  stationary  and  connected  with  the 
relay  contacts,  and  the  other  being  rotated  by  clock- 
work. One  disc  may  be  semi-conductive  and  the  other 
of  metal,  or  both  discs  may,  if  desired,  be  of  semi- 
conductive  material.  The  case  of  electro-adhesion 
between  two  semi-conductors  has  not  been  dealt  with 
previously  in  the  lecture ;  it  presents  no  material 
difference  from  the  case  of  electro-adhesion  between 
a  semi-conductor  and  a  metallic  body. 

The  continual  cleaning  of  the  discs,  however,  presents 
such  practical  difficulties  that  the  cylinder-and-band 
principle  is  preferable. 


The  Telegraph  Recorder  and  Relay. 
A  fairly  wide  field  for  the  use  of  electro-adhesion  is 
found  in  telegraphy.  Apparatus  for  receiving  (record- 
ing), relaying'  or  transmitting  purposes  can  be  con- 
structed, and  the  electro-adhesion  principle  can  be 
combined  with  Ioiowti  systems  of  printing  telegraphs, 
transmission  of  photographs,  etc.  Such  apparatus  can, 
however,   be  regarded  as  modifications  or  applications 
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of    the  general  arrangement  of  the  telegraph  recorder 
and  relay  shown  diagrammatically  in  Fig.   8. 

Here  H,  I  and  II  [Fig.  8  (a)]  represent  the  friction 
system.  The  band  I  is  fastened  to  a  bell-crank  lever,  V, 
pivoted  at  the  point,  a.  The  light  spring,  f,  holds  the 
band  taut.     The  horizontal  arm  of  the  lever  is  nomially 


Fig.  8  (a) 

pressed  against  a  fixed  stop,  Sj,  by  means  of  the  strong, 
adjustable  spring,  F.  The  vertical  arm  carries  the 
siphon  or  other  recording  device.  In  Fig.  8  (b)  the  record- 
ing arrangement  with  siphon  and  paper  drive  is  shown  in 
side  elevation,  together  with  a  sample  of  the  record. 
The  operating  potential  difference  is  applied  between  the 
leads  1  and  2  [Fig.  8  (a)]  and  causes  the  frictional 
pull  in  the  band  to  overcome  the  pull  of  the  spring,  F, 


receiver.  In  each  of  these  cases  the  record  of  the 
apparatus  proper  may  be  used  as  a  control  record. 

As  the  moving  parts  of  the  recording  system  (band, 
lever  and  siphon)  can  be  made  very  light  (3  grammes 
or  less),  and  the  operating  mechanical  force  very  strong 
(several  pounds  if  desired),  a  very  large  acceleration  of 
the  ^\Titing  mechanism  can  be  obtained,  so  that  a  high 
recording  speed  is  attainable,  pro\-ided  that  the  peri- 
pheral speed  of  the  rotating  cylinder  is  sufficiently 
high  (about  300  r.p.m.  of  a  1  inch  cylinder  will  suffice 
for  the  highest  commercial  speeds). 

For  the  attainment  of  high  recording  speeds,  con- 
sideration must,  however,  also  be  given  to  the  electrical 
properties  of  the  electro-adhesion  system  as  well  as  of 
the  circuit  in  which  the  apparatus  is  inserted. 

The  contacting  surfaces  of  the  band  and  the  semi- 
conductor together  form  a  condenser  which,  in  spite 
of  its  small  linear  dimensions,  possesses  an  average 
capacity    of    about    2  000    cm    in    a    normal   recording 
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Fig.  9. 


apparatus.  The  reason  for  this  relatively  high  capacity 
is,  of  course,  the  very  small  effective  distance  between 
the  two  condenser  charges.  During  the  recording  of 
the  signals  this  condenser  is  continually  charged  and 
discharged,  and  the  corresponding  current  must  pass 
through  the  interior  of  the  semi-conductor.  Conse- 
quently,  a  ver\-  high  internal  resistance  of  the  semi- 
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Fig.  8  (6). 


Fig.  10. 


so  that  the  horizontal  arm  of  the  lever  will  ascend  until 
it  strikes  an  adjustable  stop,  So,  the  position  of  which 
determines  the  amplitude  of  the  recorded  signs.  Upon 
the  cessation  of  the  operating  current,  the  strong  spring,  F, 
will  quickly  draw  the  lever  back  to  the  stop,  Sj.  On 
the  vertical  arm  of  the  lever  is  further  shown  a  con- 
tact 3,  which  can  touch  in  turn  the  contacts  4  and 
5  and  thus  supply  double  current  impulses  from  a 
local  batter}'  either  to  a  local  receiver  working  with 
double  current,  or  to  a  cable  or  line  operating  a  distaftt 


conductor  will  produce  a  certain  lag  in  the  charge  and 
discharge  of  the  electro-adhesion  system  and  therefore 
also  in  the  action  of  the  apparatus,  thus  hmiting  the 
maximum  recording  speed  attainable.  The  low  internal 
resistance  necessary-  for  high-speed  recording  is,  howe\-er, 
obtained  by  the  chemical  impregnation  of  the  agate, 
and  it  was  in  fact  onh'  the  introduction  by  the  authors 
(in  1919)  of  the  hollow  agate  cylinder  containing  electro- 
lyte.  which  made  high-speed  recording  by  electro-adhesion 
possible  over  anj'  extended  period. 
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Experience  shows  that  the  total  resistance  (including 
the  contact  resistance)  of  the  friction  system  must  be 
reduced  to  about  650  000  ohms  for  the  satisfactory 
recording  of  about  400  words  per  minute,  the  apparatus 
consuming  under  these  circumstances  a  current  of 
about  10-*  ampere  at  about  65  volts,  and  the  contact 
area  being  about   1  square  inch. 

For  use  on  ordinary  telegraph  lines  the  connections 
are  usually  as  shown  in  Fig.  9.  The  transmitting  key,  N, 
can  either  supply  E.M.F.  to  the  line,  L,  from  the  battery, 
B    or  connect   the   line   with   earth.     At   the   receiving 


the  charge  on  the  friction  system  in  this  case  must  pass 
through  the  large  contact  resistance  of  the  system, 
whereas  the  charge  has  only  to  pass  through  the  much 
smaller  internal  resistance  of  the  semi-conductor  if  the 
discharge  can  take  place  tlirough  an  external  circuit. 
The  latter  is  always  the  case  if  the  apparatus  is  con- 
stantly shunted  with  a  suitable  external  resistance, 
and  thus  the  apparatus  can,  without  any  difficulties 
of  the  kind  just  mentioned,  be  operated  in  connection 
with  a  valve  with  an  anode  resistance,  as  illustrated 
in  Fig.   10. 


Fig.   II. 


station  one  terminal  of  tne  apparatus  is  connected  to 
the  line  and  the  other  to  earth.  The  earthing  of  the 
line  at  the  transmitting  station  is  very  essential.  If 
the  line  were  simply  disconnected  from  the  battery 
during  the  pauses  between  the  signals,  the  charge 
accumulated  on  the  line  would  have  to  be  discharged 
tlirough  the  very  high  resistance  of  the  apparatus,  and 
this  would  require  a  considerable  time.  Even  if  the 
line  has  a  negligible  length  and  capacity,  a  considerable 
lag  in  the  discharge  of  the  friction  system  proper  will 
be  experienced  if  the  line  is  completely  interrupted,  as 


In  this  figure  R  is  the  anode  resistance  of  the  valve 
the  high-tension  supply  to  wliich  can  bo  regulated  by 
means  of  the  potentiometer,  Sd.  Tig  is  the  telegraph 
recorder.  The  telegraph  impulses  are  applied  to  the 
terminals  X  and  Y,  which  are  connected  with  the  grid 
and  the  filament  respectively  of  the  valve.  The  small 
battery,  b,  ensures  that  the  grid  is  normally  kept  at  a 
suitable  negative  potential  relative  to  the  filament 
terminal  Y,  X  and  Y  being  suppo.scd  connected.  Nor- 
mally, therefore,  the  anode  current  and  consequently 
the  drop  of  potential  across  R  is  very  small,  thus  pro- 
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ducing  a  negligible  electro-adhesion  in  the  telegraph 
receiver.  If  telegraph  impulses  of  sufficient  strength 
are  apphed  between  X  and  Y  in  such  a  way  that  the 
grid  is  made  more  positive  during  the  signals,  the  drop 
of  potential  across  R  will  increase  sufficiently  to  operate 
the  apparatus.  This  will  also  be  the  case  if  a  sufficiently 
strong  alternating  E.M.F.  is  apphed  between  X  and  Y,* 
the  valve  acting  as  a  rectifier.  Fig.  10  therefore  repre- 
sents the  general  diagram  of  connections  for  valve 
reception.  If  the  valve  is  acting  as  a  rectifier,  the  con- 
denser, C,  may  be  added  in  order  to  smooth  out  the  fluc- 
tuations of  the  potential  across  R  due  to  the  alternating 
current,  though  the  capacity  of  the  electro-adhesion 
system  proper  is  in  many  cases  sufficient  for  this  purpose. 
A  very  perfect  rectification  is  by  no  means  necessary  for 
satisfactory  reception,  and  a  large  capacity,  C,  will,  on 
the  other  hand,  reduce  the  maximum  speed  of  reception, 
as  will  be  readily  understood. 

The  electro-adhesion  telegraph  is  used  with  advantage 
for  telegraphic  reception  at  high  speeds,  and,  on  account 
of  its  small  current  consumption,  in  connection  with 
high-resistance  circuits  (valve  circuits  included). 

In  Fig.  II  are  shown  samples  of  records  obtained  in 
a  laborator\'  test  direct  from  a  transmitter,  giving  the 
standard  word  "  Paris  "  at  various  speeds.  The  speed 
of  the  movement  of  the  paper  was  varied  somewhat  for 
each  sample,  and  therefore  the  space  occupied  by  each 
symbol  does  not  correspond  to  the  speed  (indicated  on 
the  scale  in  words  per  minute).  The  test  was  made 
with  one  of  our  early  models  having  a  comparatively 
hea-\^y  recording  system  (9  grammes),  so  that  much  better 
records  can  actually  be  obtained  at  the  higher  speeds. 
Even  at  the  very  high  speed  of  300  words  per  minute, 
however,  the  record  is,  as  wUl  be  seen,  quite  satisfactorv. 
The  record  at  the  extremely  high  speed  of  600  words 
per  minute  was  taken  with  the  same  apparatus,  and 
can,  in  fact,  be  easily  read.  At  present,  however,  such 
a  high  speed  is  of  no  value  in  practical  telegraphy, 
though  the  extremely  quick  action  of  the  apparatus 
may  be  found  to  be  useful  for  some  sj-stems  of  telegraphic 
transmission  of  photographs. 

If  the  electro-adhesion  telegraph  is  connected  with 
a  small  valve  as  generally  used  for  radio  reception,  in 
the  manner  shown  in  Fig.  10,  a  recording  speed  of  300 
words  per  minute  is  easily  obtained  without  using  a 
number  of  valves  in  parallel  (or  a  very  large  valve) 
for  the  operation.*  If  radio  signals  are  to  be  recorded, 
a  sufficient  amphfication  is  necessarj'  and  in  this  case 
any  ordinarj'  amplifier  may  be  inserted  between  the 
radio  receiver  and  the  terminals  X  and  Y. 

Demonstration. — ^The  early  telegraph  model  was  shown  in 
operation  after  the  lecture,  recording  radio  signals  received 
on  a  temporar\'  radio  installation  erected  at  the  Institution 
building  with  the  kind  assistance  of  the  Marconi  Company. 

The  Loud-speakixg  Telephone. 

In  Fig.  12,  H,  I  and  II  is  the  electro-adhesion  system, 
and  f  the  spring  holding  the  band,  I,  taut.  The  band  is 
mechanically  connected  with  the  diapliragm  of  a  sound- 
box L,   either  directly,  as  shown  in  the  figure,   or  by 

*  The  ordinary  anode  resistance  o£  about  100  000  ohms  is  amply 
sufScient  for  the  discharge  of  the  electro-adhesion  system  at 
this  speed. 


means  of  a  lever.  The  electric  circuit  consists  of  a 
battery  B  of  about  70  volts  in  series  with  the  secondary, 
S,  of  a  telephone  transformer,  the  priman,',  P,  of  wliich 
is  connected  with  a  microphone  and  a  battery.  The 
transformer  has  a  high  step-up  ratio,  so  that  the 
necessary  high  alternating  E.M.F.  is  superimposed  on 
the  constant  battery  E.M.F.  The  latter  forms  the 
polarization  E.^I.F.  necessary  in  all  electrostatic  tele- 
phones (and  transmitters),  which  here,  as  is  well  known, 
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Fig.  12. 

plays  the  same  role  as  the  permanent  magnetism  in 
electromagnetic  telephones.  The  use  of  a  suitable 
polarization  E.M.F.,  moreover,  causes  the  apparatus 
to  work  on  the  steep  part  of  the  characteristic 
curve  of  the  electro-adhesion  system  (cf.  Fig.  5), 
where  small  variations  of  E.M.F.  correspond  to 
large  variations  of  force,  and  where  the  curve  can, 
within   the  limits  of  the  force  variation   taking  place 


Fig.  l:!. 

during  speech  reproduction,  be  replaced  approximately 
by  a  straight  fine,  so  that  only  negligible  speech 
distortion  occurs  due  to  this  cause.*  It  is  obvious  that 
the  highest  alternating  E.M.F. 's  occurring  must  be 
considerably  smaller  than  the  polarization  E.M.F, 

If  the  loud  speaker  is  to  be  operated  in  connection 
with  a  thermionic  tube,  as  for  instance  for  the  repro- 
duction of  radio-telephony,  the  circuit  shown  in  Fig.  13 
can  be  used  with  advantage. 

*  The  actual  forces  in  the  normal  loud  speaker  with  about 
70  volts  polarization  E.M.F.  are  smaller  than  Fig.  5  seems  to 
indicate,  as  a  smaller  band,  encircling  less  than  half  of  the  cylinder 
circumference,  is  used  for  the  loud  speaker. 
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The  battery,  B,  supplies  both  anode  current  to  the 
tube  and,  by  means  of  the  potentiometer,  a,  b,  c, 
polarization  E.M.F.  to  the  telephone.  If  the  tube  and 
the  electro-adhesion  system  can  be  operated  at  the 
same  E.M.F.  (about  70  volts),  the  potentiometer  can 
obviously  be  omitted.  The  transformer,  Tr,  fed  from 
the  microphone,  M,  is  replaced  by  an  inter-valve  trans- 
former if  radio- telephony  is  being  received.  A  large 
inductance,  L  (the  primary  of  an  inter-valve  transformer 
is  generally  suitable),  is  inserted  in  the  anode  circuit, 
and  the  telephone,  Tlf,  may  be  regarded  as  being  con- 
nected across  this  inductance  in  series  with  the  part,  ab, 
of  the  potentiometer.  Thus  the  combination  of  the 
alternating  E.M.F.  across  L  and  the  polarization  E.M.F. 
on  ab  is  impressed  on  the  telephone.  K  is  a  condenser 
shunting  the  alternating  E.M.F.  's  across  "  ab  "  and  is  only 
necessary  if  "  ab  "  has  a  very  high  resistance.  If  no 
potentiometer  is  used,  the  telephone  is  simply  connected 
between  the  filament  and  the  anode  of  the  tube,  and  K 
is  omitted.  The  anode  choke,  L,  is  used  with  advantage 
instead  of  a  transformer  if  the  tube  is  of  the  ordinary 
small  size.  In  this  case  it  is  not  possible  to  increase 
the  telephone  potential  by  means  of  a  step-up  trans- 
former, owing  to  the  capacity  of  the  electro-adhesion 
system. 

As  the  capacity  of  the  electro-adhesion  system  is 
connected  in  parallel  with  the  inductance,  L,  resonance 
phenomena  might  be  expected  to  occur  at  a  certain 
frequency.  If,  however,  L  is  a  properly  chosen  iron- 
core  inductance,  no  such  effect  wiU  be  observed  in 
practice,  and,  moreover,  both  the  internal  resistance 
and  the  surface  conductivity  of  the  semi-conductor  will 
assist  in  preventing  any  pronounced  resonance  effects. 

Instead  of  a  sound-box  with  horn,  any  other  sound- 
reproducing  device  may  be  connected  with  the  band 
of  the  friction  system.  The  large  mechanical  forces 
developed  by  the  electro-adhesion  telephone  permit  of 
the   application  of  large   but  comparatively  rigid   and 


heavy  diaphragms,  which  will  give  very  good  repro- 
duction without  the  use  of  a  horn,  which  always 
produces  some  resonance  effects. 

Demonsiration. — At  the  lecture  a  demonstration  was  given 
of  a  "  speaking  violin."  An  electro-adhesion  telephone,  in 
which  the  band  was  attached  to  the  resonant  body  of  a 
violin,  the  strings  of  which  had  been  removed,  reproduced 
violin  music  and  speech  transmitted  from  a  microphone  in  a 
distant  part  of  the  building.  As  is  well  known,  the  violin 
body  will  resonate  fairly  equally  over  a  very  extended  range 
of  notes,  including  very  high  notes,  and  therefore  music  and 
speech  are  very  well  reproduced,  the  speech  in  particular 
being  very  clear  and  well  articulated.  As,  however,  the 
violin  body  adds  harmonics  to  every  simple  oscillation 
imparted  to  it,  the  reproduction  in  each  case  e.xhibits  some 
special  "  violin  character,"  The  timbre  of  the  speech  is 
therefore  not  reproduced  quite  faithfully,  the  reproduction  of 
violin  music  being,  on  the  other  hand,  of  exceptional  beauty, 
as  the  "  violin  character "  is  imparted  once  more  to  the 
music  performed  before  the  microphone. 

The  electro-adhesion  telephone  is  capable  of  pro- 
ducing sound  of  great  intensity  without  requiring  the 
use  of  special  power  microphones  or  power  valves  ;  at 
the  same  time,  the  faithfulness  of  the  reproduction  is 
not  surpassed  by  any  loud-speaking  apparatus  hitherto 
existing.  The  authors  have  constructed  a  specially 
powerful  model,  in  which  the  friction  system  actuates 
simultaneously  a  number  of  diaphragms  ;  this  model 
gives  very  good  reproduction  even  at  very  high  sound 
intensities  at  which  electromagnetic  telephones  would 
be  heavily  overloaded  and  therefore  exhibit  considerable 
distortion. 

The  authors  wish  to  express  their  indebtedness  to  the 
Technical  College  (Polyteknisk  Laereanstalt) ,  Copen- 
hagen, and  especially  to  the  Principal  of  the  Electro- 
technical  Laboratory,  Professor  Absalon  Larsen,  for 
the  great  kindness  shown  them  during  their  manv  years' 
experimental  work  in  the  Laboratories  of  the  College. 
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"  Science,"  the  late  Sir  \\illiam  Preece  wrote  in  1892, 
"  is  now  advancing  with  giant  strides.  She  has  become 
the  helpmate  of  man,  and  Science  is  but  the  knowledge 
of  Nature,  whose  laws  are  the  thoughts  of  God." 

"  As  Science  and  Art  are  the  chief  instruments  of 
modern  civilization,  so  the  engineer  and  the  architect 
must  work  hand  in  hand." 

It  behoves  all  architects  to  voice  the  indebtedness  of 
the  community  to  the  engineers  who  have  already 
accomplished  so  much  and  are  yet  capable  of  vast  and 
unexplored  potentiaUties.  Some  will  remember  the 
delight  felt  when  the  cranked  and  wire-operated  front- 
door bell  was  displaced  by  the  electric  gong  ;  when  the 
colza  oil  lamp,  involving  daily  trimming,  was  surpassed  ; 
when  the  hand-power  goods-lift  was  scrapped,  together 
w-ith  the  labour  connected  with  the  hand-bellows  of 
the  church  organ. 

Some  Present-day  Uses  of  Electricity. 

Electricity  is  to-day  employed  for  lighting  in  positions 
and  for  purposes  until  recently  unthought  of  :  in  street 
and  workshop,  study  and  operating  theatre,  in  surgery 
and  medical  bath,  in  railway  carriage,  banker's  strong- 
room, housewife's  food  store,  palace  and  cottage,  in 
places  of  worship  and  amusement,  in  picture  and  sculp- 
ture galleries,  museums  and  schools,  in  flower  gardens, 
in  consen.^atories  and  winter  gardens  ;  in  ventilation 
by  exhaust  or  supply  fans  ;  in  acoustics  by  means  of 
telephone  or  wireless  communication,  therebv  facili- 
tating trade  and  business  intercourse  and  efficiency, 
and  yet  all  in  infancy  with  undeveloped  possibilities  ; 
in  advertisement,  enabling  the  salesman  to  exhibit 
favourably  in  his  windows  and  showcases  his  goods  to 
potential  purchasers,  as  well  as  in  the  transport  of 
passengers  and  goods  ;  the  engine  driving  machinery 
for  the  production  of  commodities  and  the  refrigerating 
plant,  for  preserving  perishable  foodstuffs  until  required 
for  consumption  ;  synchronized  time-pieces  can  be 
installed  in  the  home,  hotel,  office-block  or  factory, 
adding  much  to  efficiency  and  the  saving  of  worr\'. 
X-rays,  which  have  proved  of  such  inestimable  value 
to  the  surgeon  and  dentist  in  their  work,  are  already 
used  for  the  testing  of  steel  and  may,  in  all  probability, 
be  employed  in  connection  with  many  other  materials 
es.sential  to  the  architect. 

The  generation  and  methods  for  distributing  electrical 
energy  do  not  concern  us  on  this  occasion  beyond  the 
desirability  of  urging  that  the  present  dependence  upon 
coal  should  be  regarded  as  temporary  and  only  a  stop- 


gap until  replaceable  powers  become  available,  and  that 
efforts  might  well  be  made  to  determine  the  most  suit- 
able voltage  for  general  use,  and  that  uniformity 
throughout  the  country  might  be  sought  to  simphfy 
the  task  of  the  important  industries  concerned  in  the 
manufacture  of  fittings  and  appliances. 

Many  topics  might  open  wide  fields  for  discussion, 
but  the  author  will  confine  himself  to  a  brief  considera- 
tion of  the  following  : — 

(1)  Lighting  (diffused  and  concentrated), 

(2)  Heating  and  cooking, 

(3)  \'entilation  and  sound, 

always  bearing  in  mind  that  unemployment  is  most 
readily  overcome  by  increased  facilities  for  emploj-ment 
and  that  spiritual  forces  can  only  be  invoked  where  the 
commonweal  is  in  \iew. 

Lighting. 

Innumerable  sub-divisions  would  be  required  to 
classify  the  varied  uses  of  artificial  lighting,  each  needing 
specialized  consideration  ;  suffice  it  to  generahze  under 
two  only,  viz.  diffused  and  concentrated. 

Diffused  lighting  is  required  in  the  street,  railway 
station,  wharf,  market,  gj-mnasium,  school,  lecture  hall, 
swimming  bath,  etc. 

Concentrated  lighting  is  required  in  the  living  room, 
bedroom,  workroom,  study,  business  house,  museum, 
picture  and  sculpture  gallerj',  warehouse,  shop,  theatre, 
concert  hall,  church,  council  room  and  mine. 

Not  only  can  lamps  be  fixed  in  new  positions,  visible 
or  concealed,  but  they  can  also  be  controlled  from  a 
distance  noiselessly  and  instantaneously,  reflected  and 
graduated,  without  impoverishing  the  air  or  risking 
fire — and  even  under  water — unimpaired  by  wind,  rain 
or  lack  of  ox3-gen. 

Danger  of  glare. — One  important  factor  seems,  how- 
ever, at  the  present  to  require  very  special  and  earnest 
attention,  as  it  affects  comfort  and  economy  and,  hence, 
the  popularity  and  usefulness  of  electric  lighting.  The 
danger  of  glare  is  one  which  concerns  both  old  and 
young,  the  man  in  the  street  and  the  child  in  the  school, 
the  worker  at  the  desk,  the  bench,  the  surgerj-,  the 
pulpit  as  well  as  the  pew. 

In  the  last  centurv  candle-power  was  limited,  and 
many  present-day  problems  were  unknown.  DeUghtful 
was  the  small  lamp  or  candle  upon  the  writing-table, 
in  the  club  reading-room,  the  choir-stall,  the  drawing- 
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room,  each  fitting  carefully  suited  to  its  purpose.  To- 
day, too  often,  excessive  candle-power  dazzles,  irritates 
and  injures  the  eye  and  the  brain  alike,  ditfused  glare 
destroying  the  restfulness  and  value  of  studied  shade. 

To-day  some  advertising  agents,  fiendishly  regardless 
of  self-respect  and  consideration  for  the  public,  have 
made  vulgar  some  of  our  important  streets  and  many 
of  our  open  spaces.  Upon  this  the  public  opinion  needs 
education. 

Street  lighting. — Street  lighting  is  being  carefully  and 
earnestly  studied  by  many  of  our  public  authorities, 
and  elevated  central  lamps  in  our  thoroughfares  have 
permitted  the  removal  of  the  standards  which,  in 
crowded  thoroughfares,  needlessly  reduced  the  capacity 
of  our  footways. 

Shop  lighting. — The  lighting  of  shops  is  no  unimportant 
matter  to  the  public,  as  well  as  those  who  seek  to  display 
their  wares.  The  advantage  of  the  concealment  of 
lamps  behind  screens  has  been  successfully  demonstrated 
by  many,  adding  much  to  the  attractiveness  of  the 
street  and  the  prospects  of  business. 

Fagade  lighting. — Much  improvement  is  possible  in 
lighting  the  outside  of  buildings  of  popular  resort. 
The  outlining  of  windows  and  cornices  by  lamps  wholly 
destroys  the  value  of  an  architect's  work  ;  whereas, 
diffused  and  concealed  lighting  from  a  distance  may  be 
both  distinctive  and  dignified. 

Internal  lighting. — Internal  lighting  needs  considera- 
tion on  different  lines.  Concentration  is,  in  many  cases, 
of  material  importance.  Whether  in  study  or  business 
house,  museum,  picture  or  sculpture  gallery,  place  of 
worship  or  amusement,  the  principles  of  the  theatre 
may  well  be  entertained.  Delightful  is  a  building  in 
which  the  sources  of  light  are  hidden,  its  direction 
focused,  and  the  eye  is  allowed  the  relief  and  rest  such 
as  Nature  affords  in  the  shade  of  a  spreading  tree  during 
a  bright  summer  day. 

Pictures  and  sculpture. — Many  a  home  contains 
pictures,  sculpture  and  other  choice  objects,  too  often 
forgotten  or  overlooked  by  both  occupants  and  visitors. 
Rarely  do  we  find  objects  lighted  with  studied  con- 
sideration of  the  best  point  of  view  and  their  background. 
This  comment  applies  equally  to  most  of  the  costly 
memorials  erected  since  the  war,  whether  they  be  in 
the  open  or  under  cover  ;  hence,  after  dark,  they  are 
lost  sight  of  and  their  purpose  nullified. 

Gardens. — Public  and  private  gardens,  too,  might  be 
turned  to  good  account  by  artificial  lighting  and  enjoyed 


by  the  many  workers,  whose  leisure  during  daylight  is 
but  too  limited. 

Heating  and  Cooking. 

Under  this  heading  must  be  classified  all  electric 
radiators,  fires  and  cooking  appliances,  which  are  now 
beyond  the  experimental  stage  and  are  presenting 
opportunities  to  the  architect  where  electrical  energy 
can  be  obtained  economically.  Many  establishments 
must  be  within  reach  of  water  power  still  unemployed 
for  the  purpose  of  generation.  The  architect  and  the 
engineer  should,  however,  never  lose  sight  of  the  fact 
that  neither  of  these  provides  automatically  for  the 
essential  change  of  air  in  the  apartment  in  which  it 
is  used,  as  is  the  case  with  the  coal  fire  with  its  chimney, 
and  careful  provision  must  be  made  for  efficient  sub- 
stitutes. 

Ventilation  and  Sound. 

Exhaust  and  intake  fans  for  promoting  ventilation 
are  of  the  greatest  importance  to  the  architect,  enabling 
him  to  provide  the  movement  and  renovation  of  air 
with  means  of  remote  control,  thus  making  it  possible 
to  meet  and  overcome  variation  of  temperature  or 
fluctuations  in  the  number  of  occupants  of  an  enclosed 
space.  This  has  already  served  to  permit  the  use  of 
many  buildings  for  purposes  quite  impossible  in  their 
absence. 

Mines,  Telephony,  Etc. 

The  lighting  and  ventilation  of  mines  is  beyond  the 
direct  scope  of  the  architect,  but,  as  a  citizen,  he  cannot 
be  indifferent  to  the  welfare,  health  and  safety  of  the 
workers  upon  whom  depends  the  winning  of  so  many 
daily  necessaries. 

Similarly  the  development  of  telephony  and  wireless 
communication  are  outside  our  range  on  this  occasion, 
but  the  connection  between  ventilation  and  the  study 
of  sound  mav  be  less  remote  than  is  commonly  supposed, 
for  acoustic  defects  are  reported  to  have  been  overcome 
b)r  improved  ventilation  of  buildings. 

In  conclusion,  the  health  and  well-being  of  the  com- 
munity are  so  much  affected  by  our  respective  occupa- 
tions and  interests  that  I  trust  I  have  indicated,  though 
most  inadequately,  some  of  the  many  directions  in 
which  co-operation  of  the  architect  and  engineer  in  our 
several  activities  is  both  desirable  and  necessary. 

[The  discussion  on  this  paper  will  be  found  on 
page  736.] 
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SUMM.'^RY. 

The  object  of  this  paper  is  to  arouse  discussion  upon  the 
relation  between  the  architectural  and  electrical  engineering 
professions,  to  explore  the  possibilities  of  closer  joint  working 
and  means  of  keeping  each  profession  advised  of  the 
needs  and  developments  of  the  other  in  so  far  as  they  touch 
mutual  and  eliicient  working. 

The  service  rendered  by  the  electrical  industrj'  to  the 
public  is  the  result  of  combined  working  between  at  least 
three  sections  of  that  industr\-. 

The  rapid  development  of  electricity  in  the  field  of  heating 
and  cooking  is  dealt  with  and  also  the  factors  determining 
the  extent  to  which  that  medium  can  usefully  be  employed 
at  different  competing  rates  or  prices  for  fuel,  gas  or  electrical 
energj-. 

The  varj-ing  restrictions  and  conditions  covering  electricity 
supply  in  different  districts  are  considered,  and  also  the  modem 
movement  towards  simplified  tariffs  and  methods  of  charging. 

Suggestions  are  made  as  to  the  work  of  the  architect  in 
providing  for  the  use  of  electricity  in  buildings  and  in  allowing 
for  extension,  greater  variety  in  use,  and  the  arrangement 
of  cables  and  ducts. 

The  influence  of  electricity  on  the  design  and  cost  of  build- 
ings and  probable  developments  in  the  near  future  are  also 
discussed. 

The  paper  concludes  with  a  suggestion  that  it  should 
be  possible,  without  interfering  with  the  definite  work  of  the 
architect,  consulting  engineer  or  contractor,  to  set  up  some 
joint  body  to  act  as  liaison  in  regard  to  policy  and  the  distribu- 
tion of  information  between  the  two  professions. 


The  prime  object  of  jMr.  Hooper  and  myself  on  this 
occasion  being  to  promote  a  useful  discussion,  I  am 
confining  myself  principally  to  the  relations  existing 
between  the  two  professions,  a  few  points  on  recent 
development,  and  to  the  expression  of  hopes  which  I 
think  it  should  not  be  too  difficult  to  reahze  with 
advantage  to  all  of  us. 

In  the  last  event  the  architect  in  all  his  work  has  in 
mind  the  occupant  or  ultimate  user  of  the  structure 
for  which  he  is  responsible.  Similarly  with  us,  the  basis 
of  all  our  work,  scientific  or  commercial,  hes  in  discover- 
ing the  needs  of  the  ultimate  consumer  of  electricity 
and  meeting  them  in  a  way  which  ^\•ill  give  satisfaction. 

Our  work  is  perhaps  a  little  comphcated  by  the  fact 
that  the  user  of  electricity  depends  upon  three  leading 
sections  in  our  industry  for  his  complete  service. 

The  advantages  of  electricity  need  no  bush  in  this 
place,  but  to  enjoy  them  one  must  have  the  joint  assist- 
ance at  some  stage  or  other  of  the  suppher  of  electrical 
energj',  the  maker  of  electrical  apparatus,  and  the 
contractor  who  installs  and  maintains  it.  We  also  seek 
the  important  assistance   of  the   architect,   consulting 


engineer,  and  other  designers  or  adv-isers  who  at  various 
stages  may  come  between  us  and  the  final  user. 

I  feel  that  in  many  cases  the  architect  mav  not  be 
brought  so  closely  in  touch  with  the  several  leading 
branches  of  the  industry  as  is  desirable,  or  he  may 
not  perhaps  reahze  to  how  large  an  extent  the  final 
satisfaction  of  his  chent  depends  upon  the  co-operation 
of  those  several  branches — if  tliis  is  the  case  the  blame 
does  not  lie  with  the  arcliitect  but  with  the  electrical 
industry'  for  having  in  a  general  way  neglected  him. 

I  am  aware  that  in  many  respects  the  modern  archi- 
tect is  well  up  to  date  electrically ;  he  can  and  dees 
claim  the  assistance  of  the  consulting  engineer  and  of 
the  electrical  contractor,  and  the  various  manufacturing 
e.xperts  on  illumination,  heating,  ventilation,  etc.,  are 
only  too  anxious  to  serve  him,  but,  after  all,  we  are 
dealing  with  a  line  of  scientific  invention  and  with 
an  industry  which  progresses  at  a  ■very  rapid  rate, 
also  one  which  is  subject  to  widely  varying  conditions 
in  different  districts  and  countries.  Apphcations  of 
electricity  which  are  commonplace  in  certain  areas 
may,  for  the  time  being,  be  impossible  and  almost 
unknown  in  others  ;  practice  which  is  standard  with 
some  undertakings  may  still  be  regarded  as  onlj-  in  an 
experimental  stage  by  others,  and  for  this  reason  we 
feel  that  something  more  should  be  done,  if  possible, 
to  keep  in  touch  \\ith  so  important  a  colleague  as  the 
architect. 

It  is  at  least  as  necessary  for  the  electrical  industry 
to  ad\ise  the  leaders  of  other  professions  and  industries 
as  it  is  for  the  electrical  industry  to  advise  the  public. 
So  closely  are  we  now  entering  into  the  field  of  work 
of  the  architect,  the  ventilating  engineer,  the  works 
production  manager,  and  all  whose  business  it  is  to 
handle  material  or  transport,  that  it  is  essential  for 
experts  in  each  of  these  branches  to  have  some  knowledge, 
OTde  if  not  deep,  of  electrical  applications,  and  particu- 
larly essential  that  that  knowledge  should  be  kept 
up  to  date. 

It  hsis  sometimes  been  our  experience  that  after 
working  up  a  desire  for  certain  electrical  applications 
on  the  part  of  the  client,  the  business  fails  to  mature 
owing  to  the  opposition  of  his  architect  who,  not  perhaps 
famihar  with  our  recent  achievements  in  this  particular 
direction,  wishes  to  save  his  client  from  what  he  considers 
to  be  an  experiment,  but  what  we  know  to  be  a  practical 
success  under  the  particular  conditions  in  question. 

In  the  past  perhaps  some  mystery  has  surrounded 
electricity  and  the  electrical  engineer.  The  magic 
has,  however,  passed  ;  we  want  our  apphances  to  be 
regarded  as  a  superior  kind  of  ironmongerj-  or  engineer- 
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ing  material.  We  know  precisely  what  we  can  do  under 
different  conditions  and  what  the  various  operations 
will  cost  the  user,  although  it  would  be  bold  to  say 
what  may  be  done  in  a  few  years,  or  to  set  any  limit  to 
progress. 

The  electrical  profession  desires  that  everyone  outside 
it  should  get  some  practical  working  knowledge  of 
electricity,  its  applications,  and  of  the  economics 
underljang  its  sale  and  use.  Exhibitions  and  educa- 
tional advertising  work  are  doing  much  to  accomplish 
this,  and  although  it  is  some  years  since  we  have  been 
able  to  hold  a  large  Electrical  Exhibition,  yet  in  one 
sense  all  Exhibitions  are  electrical,  so  great  is  the  use 
made  of  tliis  medium  in  such  displays.  In  1924  we  may 
expect  to  make  a  representative  display  of  our  latest 
work  at  Wembley,  and,  in  the  meantime,  local  shows, 
generally  promoted  by  supply  undertakings  and  con- 
tractors, have  become  more  numerous  and  are  always 
worthy  of  a  visit,  as  they  are  supported  by  the  principal 
manufacturers  and,  so  far  as  their  scope  extends,  usually 
exhibit  the  very  latest  appliances  in  action. 

The  increasing  use  of  electricity  will  be  one  of  the  most 
important  contributions  to  the  solution  of  the  smoke 
problem,  bringing  back  sunshine  to  the  cities  and  going 
far  to  reduce  dust  and  noise. 

The  competitors  of  the  electrical  engineer  reproach 
him  with  being  a  waster  of  fuel,  at  least  where  electricity 
is  produced  by  a  thermal  process.  He  replies  that  the 
relatively  low  efficiency  of  his  process  of  generation  is 
offset  by  the  extremely  high  return  which  the  consumer 
obtains  through  electrical  appliances  for  the  energy 
put  into  them — but  we  begin  to  perceive  that  the 
matter  goes  further  than  that. 

Mechanical  power,  artificial  light  and  warmth  obtained 
from  the  heat  energy  latent  in  combustibles  have  in 
their  use  generally  been  accompanied  by  gross  waste — 
the  labour  and  dirt  inseparable  from  the  older  methods 
have  been  even  unnecessarily  great  by  reason  of  the  lack 
of  care  in  use  and  the  needless  inefficiency  of  most  of  the 
appliances  employed. 

In  supplying  heat  energy  in  the  form  of  electricity 
we  offer  something  relatively  more  expensive  yet  easy 
to  measure  and  control  exactly,  with  the  consequence 
that  the  user  is  encouraged  to  study  problems  of  energy 
conversion  in  a  way  never  passible  before.  Thus,  he 
applies  power  directly  to  the  machine,  gets  better  illu- 
mination with  less  waste,  and  is  able  to  produce  heat 
exactly  where  most  effective.  The  result  is  a  steady 
revolution  in  methods,  reaching  now  to  the  home  and 
every  department  of  life,  and  promising  to  reveal  the 
electrical  engineer  as  the  great  practical  economist 
of  the  fuel  and  human  energy  hitherto  so  lavishly 
squandered. 

Consideration  of  the  relative  cost  of  electricity, 
gas  and  fuel  is  too  large  a  subject  for  treatment  in  a 
short  paper,  and  is  so  modified  by  the  circumstances  of 
each  case  as  to  make  generaUzation  dangerous. 

Information  regarding  costs  for  lighting  and  power 
work  is  general  or  easily  obtainable,  but  it  may  not  be 
out  of  place  to  indicate  the  range  or  limits  of  price 
effective  in  the  apphcation  of  electricity  to  certain  other 
purposes. 

The  Board  of  Trade  unit  of  electrical  energy,  or  kilo- 
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watt-hour  (1^  horse-power-hours  approximately),  con- 
tains 3  411  B.Th.U.,  and  29  units  of  electricity  contain 
98  919  B.Th.U.,  i.e.,  say,  100  000  units  or  one  therm. 
This  is  a  physical  relationship  from  which  our  gas 
friends  dehght  to  reason  that  gas  at  lOd.  per  therm  is 
equivalent  to  electricity  at  ^d.  a  unit. 

However,  many  prefer  electricity  to  gas  at  rates  up  to:- — • 

8d.  and   lOd.  per  unit  for  lighting. 

3d.  and     4d.  per  unit  for  small  heating   and  power 

appliances. 

Id.  and   lid.  per  unit  for  general  cookery  and  fires. 

So  it  becomes  obvious  that  the  heat  content  of  the 
unit  of  gas  or  electricity  is  by  itself  no  sufficient  measure 
of  service  rendered ;  the  efficiency  with  which  the  users' 
appliances  convert  this  heating  value  into  effective 
light,  warmth,  cookery  or  power  being  the  principal 
deciding  factor,  further  modified  by  considerations  of 
speed,  convenience  and  cleanliness. 

Taking  parcels  of  coal,  gas  and  electricity  of  equal 
heat-energy  content,  performance  in  practical  use  is 
apt  to  be  of  the  following  order  : — 


Coal 

Gas 

Electricity 

Potential  heat  value 
Effective  heat  value 

100 

100 

% 

100 

(fires)  .  . 
Effective  cookery 
value  : 

10  to  25 

40  to  60 

100 

Ovens 

Boiling  plates     .  . 

Kettles 

5  to  10 

? 
? 

20  to  40 
30  to  40 

65  to  75 
50  to  60 
80  to  90 

The  tabulated  figures  represent  approximately  the 
efficiencies  of  conversion  in  the  appliances  used  in  each 
case. 

Users  will  pay  more  for  electrical  energy  than  for  any 
of  the  competing  services,  and  how  much  they  will  pay 
depends  upon  many  variables,  the  object  to  which  the 
electricity  is  to  be  applied,  the  wealth  of  the  consumer, 
his  views  on  the  value  of  comfort  and  cleanliness,  etc. 

There  are  processes  in  industry  where  the  cost  of 
power  is  so  important  a  percentage  of  the  total  cost  of 
production  that  closely  competitive  rates  must  be 
secured.  Tliere  are  others  where  it  is  so  small  that  the 
rate  per  unit  is  of  little  importance  compared  with 
the  value  of  a  flexible,  clean  and  reliable  source  of 
power. 

Similarly  in  the  house,  cases  are  met  with  where  the 
wealth  of  the  householder  may  be  such  as  to  make  him 
impervious  to  suggestions  for  reducing  his  staff  or 
improving  conditions  in  the  working  part  of  his  estabUsh- 
ment.  These  cases  are  becoming  fewer,  and  most 
householders  to-day  are  willing  to  listen  to  proposals 
for  mechanizing  their  kitchens  and  domestic  offices, 
cutting  down  staff  or  giving  it  less  excuse  for  dissatis- 
faction. 

There  are  houses  where  half-a-dozen  fires  are  kept 
burning  all  day  for  six  months  of  the  year,  and  where 
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the  kitchen  range  alone  has  been  found  to  account  for    ■ 
half  a  ton  of  coal  per  week.     Not  many,   perhaps,   of 
these  are  left    now,   but    they  are    excellent  fields  for 
electrification. 

Broadly,  however,  our  great  prospect  lies  with  the 
middle  classes,  the  dweller  in  the  \'illa  and  the  flat. 
In  the  wide  range  of  homes  supported  by  incomes  of, 
sa)^  three  or  four  hundreds  a  year  up  to  as  many  thou- 
sands, economy  is  important  in  varj-ing  degree,  but  there 
IS  usuall}-  wilHngness  to  spend  reasonably  for  some  extra 
comfort  or  simphfication  and  the  means  of  making 
housekeeping  less  of  a  trial. 

In  deahng  with  this  class  of  work  we  suggest  careful 
consideration  for  the  combination  of  fuel  and  electricity, 
confining  the  burning  of  coal  or  coke  to  one,  two  or 
perhaps  three  points,  and  using  electricity  for  all 
occasional  or  short-hour  heating,  for  cooker3%  suction 
cleaning  or  other  work  of  that  kind  to  which  mechanical 
power  can  be  applied. 

It  is  difficult  to  lay  down  the  law  as  to  competitive 
rates  for  electricity,  fuel  or  gas,  but  the  following  broad 
statement  may  help  to  define  limits  and  lead  to  further 
investigation  as  each  case  arises. 

Electric  fighting  gives  complete  satisfaction  at  all 
rates  up  to  lOd.  or  Is.  per  unit,  these  figures  being 
relatively  high  to-day  and  bettered  in  most  areas. 

For  occasional  or  short-hour  heating,  and  for  the 
regular  or  aU-the-year-round  cookery  of  food,  rates  of 
Id.  to  2d.  per  unit  against  gas  at  4s.  to  5s.  per  thousand 
feet  (usual  calorific  values)  give  satisfaction.  Roughh' 
one  may  say  that  the  price  per  unit  may  range  from 
one-sixth  to  one-twelfth  of  the  price  per  therm. 

For  small-power  drives  or  heating  appliances,  fans, 
flat  irons,  suction  cleaners,  kettles  and  detail  cookery 
apparatus,  considerably  higher  rates  will  generally 
give  complete  satisfaction,  owing  to  the  convenience 
of  these  devices  and  because  they  account  for  but  a 
small  amount  of  electricity  in  the  course  of  a  year. 

The  above  figures  are  a  rough  guide  to  comparative 
values,  electricity  in  terms  of  gas  ;  there  are  other 
considerations  which  maj'  make  or  mar  some  of  this 
business. 

In  some  classes  of  property  the  more  expensive  pieces 
of  apparatus  have  to  be  let  out  on  hire.  Again,  their 
free  or  limited  use  may  depend  a  good  deal  upon  the 
wiring  installations  being  provided  with  convenient 
outlets  for  connection,  etc. 

It  may  be  of  interest  to  consider  probable  expenditure 
upon  electricity  in  a  middle-class  house,  taking  a  house 
inhabited  by  the  more  or  less  standard  family,  five  or 
six  persons,  say  three  adults  and  two  or  three  children, 
pre-war  value  of  the  house  £35  to  £70  per  annum. 

Lighting  consumption  200  to  300  units  in  the  year  at 
7d.  per  unit,  say  £7  per  annum. 

Cookery,  regular,  on  electric  range  :  1  unit  per  head 
per  day  =  350  x  5  =  1  750  units  in  the  year,  at  1^. 
per  unit,  say  £9  (or  3s.  8d.  per  week). 

If  in  this  case  electricitj'  is  used  only  for  small  appara- 
tus it  will  be  seen  that  about  2  units  a  day  becomes 
available  to  the  consumer  for  an  addition  of  only  50  per 
cent  to  his  lighting  account,  and  this  would  cover  the 
regular  use  of  a  flat  iron,  suction  cleaner,  washing 
machine  and  kettle  or  small  utensils.  i 


Electricity  Supply. 

Variation  in  conditions. — The  rates  charged  for  elec- 
tricity, the  nature  of  the  tariffs  in  force,  and  even  the 
development  of  the  electrical  contracting  business  varj- 
a  good  deal  betw-een  one  district  and  another.  These 
conditions  are,  however,  impro%dng  and  there  is  a  strong 
tendency  towards  more  elastic  and  simpler  forms  of 
tariff,  the  hiring-out  of  certain  classes  of  apparatus, 
and  the  reduction  of  restrictions  in  regard  to  service 
connections  and  incidental  charges. 

To  an  architect  operating  from  time  to  time  in  different 
districts  it  must  be  confusing  and  difficult  to  understand 
the  differences  which  exist.  For  example,  electricity 
is  sold  for  lighting  at  an\i:hing  from  4jd.  to  Is.  a  unit, 
whilst  in  some  parts  electric  cooker\-  goes  ahead  briskly 
at  Id.  or  lid.  a  unit  and  in  others  is  prevented  from 
developing  at  all  by  rates  as  high  as  3d.  or  4d.  a  unit. 

The  reason  for  these  differences  is  bound  up  with  the 
history  of  the  electric  supply  industry.  Some  of  the 
undertakings  operating  for  many  years  in  areas  where 
business  has  been  confined  to  lighting  have  not  been 
able  to  develop  or  to  replace  machinery'  quicklv  ;  others 
stimulated  by  a  big  industrial  demand  have  been  able 
to  install  plant  of  increasing  size  and  greater  efficiency 
every  few  years. 

The  widely  varying  magnitude  of  generating  plants 
and  supply  networks  means  that  in  some  places  almost 
any  new-  business  can  be  tackled  with  ease,  whilst  in 
others  some  electrical  developments  may  be  embarrassing 
rather  than  desirable.  On  this  account  it  is  not  safe 
to  generafize  from  limited  details  or  experience  ;  uses 
of  electricity  impossible  to  recommend  in  one  area  may 
be  practicable  and  cheap  in  another. 

Tariff  for  electricity  supply. — Methods  of  charging  for 
electrical  energj-  are  about  as  numerous  as  there  are 
engineers  in  the  supply  industry',  because  although  a 
number  have  refrained  from  inventing  new  tariffs  some 
of  the  more  active  are  responsible  for  a  dozen  or  so. 

However,  this  work  has  not  been  in  vain  ;  it  has  led  to 
ver\^  close  investigation  into  the  costs  of  production  and 
the  possibifity  of  charging  in  various  waj-s  so  as  to 
encourage  the  use  of  electricity  to  develop  in  directions 
likely  to  result  in  cheapening  the  supply.  To-day  there 
is  a  crystallization  of  ideas  towards  methods  of  charging 
which  call  for  some  annual  or  periodic  fixed  paj-ment  in 
relation  to  the  size  of  the  house  or  the  capacitj'  of  the 
apparatus  in  use,  and  in  addition  to  this  charge  to  sell 
the  electricity  in  any  quantity  and  for  any  purpose  at  a 
single  and  low  rate  per  unit.  The  method  is  promising 
and  has  become  rather  general  in  large  power  work  ; 
in  less  precise  but  simpler  forms  it  will  spread  rapidly 
for  domestic  uses. 

The  subscription  or  periodic  charge  is  generally 
calculated  to  return  to  the  supply  undertaking  those 
expenses  incurred  in  maintaining  the  supply  demanded 
by  the  consumer,  expenses  to  a  great  extent  unaffected 
by  the  amount  of  electricity  he  uses.  These  charges 
have  been  based  upon  the  electrical  capacity  of  the 
apparatus  in  use,  or  some  percentage  of  it,  or  they  may 
be  calculated  upon  the  assessment  of  the  premises,  the 
number  of  rooms  or  floor  area,  but  the  object  in  all 
cases  is  to  obtain  from  the  user  a  reasonable  payment 
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over  the  year  in  accordance  with  his  normal  use  of  the 
supply  and  then  to  be  in  a  position  to  encourage  further 
and  ^v^der  use  bv  selling  electrical  energy  for  any  purpose 
at  a  low  and  uniform  rate  per  unit. 

The  increased  efficiency  of  the  electric  lamp  and  of 
electric  lighting  methods  has  made  it  difficult  to  deal 
equitably  with  all  consumers,  large  and  small,  merely 
by  selling  units  at  a  flat  rate. 

Lighting. 

Out  of  the  work  of  the  electric  lamp  maker  has  arisen 
the  modern  science  of  illuminating  engineering.  The 
abihty  to  obtain  powerful  and  concentrated  Hght  sources 
comparatively  unaccompanied  by  heat  has  enabled 
lighting  problems  to  be  approached  in  a  scientific  manner 
and  optical  or  decorative  needs  to  be  given  full  scope. 

The  architects  have  assisted  in  the  work  of  the 
Illuminating  Engineering  Society,  and  are  acquainted 
with  the  researches  made  by  that  body  into  the  lighting 
of  schools,  public  buildings,  cinemas,  etc.,  all  of  great 
value,  leading  to  economy,  protection  of  eyesight,  and 
a  better  pubhc  understanding  of  good  lighting, 

A  recent  example  of  this  work  is  found  in  the  investiga- 
tions made  into  the  lighting  of  the  Ministry  of  Pensions 
building,  where  a  by  no  means  indifferent  lighting  instal- 
lation was  altered  to  give  much  more  effective  results 
with  an  important  decrease  in  running  cost.  The 
National  Physical  Laboratory  has  carried  out  experiments 
in  lighting  in  specially  constructed  rooms,  exploring 
the   features  necessary  for  good  illumination. 

There  is  room  for  the  closest  collaboration  between 
the  architect,  the  electrical  contractor  and  the  illuminat- 
ing expert,  and  the  help  of  the  architect  is  the  more 
welcome  as  in  this  work  we  have  so  often  to  make 
some  compromise  between  scientific  perfection  and  the 
taste  and  desire  of  the  client,  who  must,  as  a  buyer, 
be  guided  rather  than  forced  towards  better  methods. 

Electric  light  and  eyesight. — In  an  age  when  much 
scientific  information  is  scattered  about  one  must  expect 
to  find  occasional  examples  of  its  being  somewhat 
ill-digested  ;  quite  recently  we  have  seen  public  attention 
drawn  to  the  alleged  danger  of  electric  lighting  to 
eyesight. 

The  effect  of  the  modern  electric  lamp  on  the  eye  has 
been  described  as  the  "  whip  lash,"  although  it  is  only 
fair  to  saj'  that  that  expression  was  used  by  one  respon- 
sible for  the  production  of  some  very  bright  lighting 
of  another  sort. 

The  electrical  industry  produces  lamps,  shades  and 
fittings  correct  in  every  respect,  but  cannot  always 
control  those  who  fit  them  up,  and  it  is  necessary  to 
work  consistently  towards  educating  the  people  in  the 
wise  use  of  the  powerful  lamps  of  to-day.  It  is  useless 
to  tell  people  that  they  do  not  need  such  powerful 
light  sources ;  there  is  a  sort  of  greed  for  brilliant 
artificial  lighting,  even  in  countries  more  favoured 
with  sunlight  than  ours. 

It  may  be  worth  while  to  state  here  quite  definitely 
that  there  is  nothing  to  fear  from  ultra-violet,  X-  or 
other  non-lighting  rays  which  have  been  said  to  be  given 
of?  by  electric  lamps.  Practically  speaking,  all  these 
emanations  are  checked  by  the  glass  of  the  bulb,  and  the 
danger  is  merely  one  of  glare,  produced  by  the  use  of 


bright  naked  lamps  of  any  kind  if  placed  in  the  line  of 
sight.  Correct  height,  spacing  and  shading  of  electric 
lamps  remove  all  trouble  of  this  kind  and  can  be  made 
to  result  in  an  effective  illumination  which  actually  pre- 
serves the  eyesight  under  the  severe  strain  put  upon  it 
by  close  work  and  long  hours  of  artificial  lighting 
which   are  a  feature  of  modern  life. 

Indirect  lighting. — To  a  great  extent  the  economies 
offered  by  improvements  in  e"  ectric  lamps  have  been  taken 
up  by  an  increased  standard  of  lighting,  and  by  more 
indirect  methods  of  use.  The  relatively  low  cost  and  the 
incidental  economies  of  electricity  now  make  it  possible 
to  consider  something  more  than  the  bare  lighting  needs 
and  to  introduce  decorative  features  of  great  value. 
Fcr  example,  reflected  or  indirect  illumination,  beautiful 
as  it  is,  suffers  from  a  certain  monotony  and  lack  of 
shadow  or  contrast,  which,  although  useful  in  drawing 
offices,  works  and  large  buildings,  may  for  domestic 
use  need  to  be  mixed  with  direct  lighting  in  order  to  get 
a  pleasing  mixture  of  light  and  shade.  The  decorative 
wall  bracket,  and  a  variety  of  ornamental  fittings 
with  small  lamps,  can  be  employed  with  regard  to 
appearance  rather  than  scientific  illumination  and 
without  fear  of  unduly  increasing  the  cost. 

Proper  contrast  in  hghting  aids  mental  concentration, 
and  experiment  has  shown  that  the  best  practice  for 
school,  desk  work  and  factories  is  to  provide  reasonable 
and  well-diffused  general  lighting,  so  as  to  prevent 
accident  and  facilitate  movement,  and  in  addition  to 
this  to  allow  the  eye  to  work  in  a  strong  directed  light 
on  blackboard  or  tools. 

The  architect  is  also  interested  in  the  growing  use 
of  flood  lighting,  first  employed  with  the  object  of 
throwing  up  the  features  of  fine  buildings,  and  now  being 
extended  to  the  lighting  of  poster  hoardings  and  similar 
work.  This  can  be  very  useful  and  is  less  troublesome 
than  the  older  methods  of  outside  decorative  lighting, 
whilst  for  business  purposes  it  has  that  mixture  of  dignity 
and  impudence  which  appears  to  be  the  foundation  of 
modern  publicity  work. 

Church  lighting. — In  the  lighting  of  churches  we  need 
the  help  of  the  architect  very  much.  A  good  deal  of 
excellent  work  has  been  done  by  the  illuminating 
engineer,  but,  broadly  speaking,  the  lighting  of  places 
of  worship  is  bad,  the  standard  is  too  low  for  reading, 
and  the  method  is  unfavourable  to  concentration. 
Latterly  there  has  been  a  tendency  to  introduce  some 
little  dramatic  element  into  this  work,  using  concealed 
sources  of  light  to  throw  up  the  features  of  the  building 
and  focus  the  attention  of  a  congregation. 

As  an  example  of  the  interest  of  the  engineer  in 
problems  of  this  sort,  the  following  notes  on  "  Church 
Lighting,"  kindly  forwarded  to  the  author  by  Mr.  H.J. 
Cash  are  included  in  this  paper  : — 

"  A  system  of  bracket  lights  should  be  used  on  the 
east  side  of  the  columns  or  beams,  with  rellectors 
arranged  to  throw  the  light  forward  and  downward, 
so  that  each  member  of  the  congregation  receives  light 
from  above  and  behind  and  is  unable  to  see  any  source 
of  light  except  by  turning  round.  This  secures  complete 
absence  of  glare,  there  being  no  bright  points  in  the 
range  of  vision  of  the  congregation,  yet  ample  shadow 
effect  for  comfort. 
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"  Relatively   brighter   lighting   of    the    chancel    and 

altar  should  be  provided  without  reducing  the  lighting 
of  the  main  body  of  the  church  in  order  to  obtain  this 
desirable  contrast. 

"  There  is  a  saving  in  cost  of  the  lamp  fittings  which, 
being  small  and  inconspicuous  if  not  entirelv  hidden, 
have  not  to  be  designed  to  harmonize  with  architectural 
features. 

"  In  each  of  the  cases  which  I  have  handled  a  rather 
unlooked-for  effect  has  been  obtained,  the  decorative 
parts  of  the  altar  and  east  end  of  the  chancel  having 
been  thrown  up  and  illuminated  as  never  before.  The 
reason  for  this  is  simple  :  the  angle  of  reflection  of 
light  being  equal  to  the  angle  of  incidence,  and  direct 
sunlight  entering  during  daytime  services  only  through 
south  windows,  it  follows  that  sunlight  reflected  from 
decorations  of  the  east  wall  of  the  chancel  can  only 
reach  the  eyes  of  the  people  situated  to  the  north  of 
the  church,  a  few  of  the  clergy  and  choir  perhaps. 

"  In  the  evenings  and  where  there  is  a  west  window, 
and  then  only  on  few  occasions,  can  direct  sunlight 
falling  on  the  altar  and  east  wall  of  the  chancel  be 
reflected  well  down  into  the  main  bodv  of  the  church  ; 
but  by  means  of  judiciously  placed  electric  lamps  this 
effect  of  reflected  western  sunlight,  often  ver\-  beautiful, 
can  be  artificially  produced  by  day  or  night,  provided 
that  there  is  not  a  large  number  of  strong  lighting  units 
intervening  between  the  obser\-er  and  the  object 
illuminated." 

Heating. 

The  growing  use  of  electricity  as  a  means  of  artificial 
heating  is  still  little  realized  in  many  quarters.  In 
approaching  the  public  one  of  the  difficulties  is  that 
they  regard  electricity  as  performing  its  various  duties 
without  giving  off  heat — largely  our  owti  fault.  In 
the  early  days  of  electric  lighting  we  found  one  of  the 
advantages  of  electric  light  to  be  its  coolness,  making 
possible  illumination  work  of  a  character  which  could  not 
be  accomplished  by  any  flame-lighting  medium,  and  so 
the  idea  has  spread  that  electricitj-  is  not  associated 
with  heat. 

It  has  now  to  be  made  clear  that  electricity  is  a  form 
of  energy  which  can  be  converted  into  heat  with  peculiar 
ease,  given  reasonable  rates  for  the  supply  as  already 
exist  in  man}'  places.  It  offers  the  most  perfect  method 
of  warming  the  air,  heating  solids  or  liquids,  cooking 
food,  and  canying  out  many  artificial  hearing  tasks 
in  industry'.  The  end  of  this  work  is  not  even  in  sight. 
Xew  methods  enable  energ\'  to  be  stored  in  the  form 
of  heated  water  or  heated  solid  materials,  and  will  give 
us  a  large  propordon  of  the  artificial  heating  work  of  the 
world  because  these  storage  methods  make  it  possible 
to  take  electrical  energy  at  times  when  it  is  cheapest 
and  most  convenient  for  the  supply  undertakings  to 
deliver  it  and  store  it  in  the  form  of  heat  against 
the  time  when  the  consumer  may  need  it. 

In  heating  work  the  earlier  experiences  with  electric 
power  are  repeated.  The  ability  to  control  and  measure 
electrical  energy-  with  great  accuracy  is  bringing  in  its 
train  important  changes,  introducing  new  methods  of 
applying  heat,  fresh  ways  of  preparing  food,  and  doing  a 
great  deal  to  cut  out  the  waste  which  in  the  past  was  so 


serious  in  the  production  of  mechanical  power,  and  has 
always  been  parricularly  so  in  the  use  of  artificial  heat. 

The  general  user  of  artificial  heat  has  no  clear  notions 
of  quantity  of  heat.  Difference  of  temperature  is  appre- 
ciated, but  the  actual  cost  and  value  of  heat  is  understood 
by  few,  and  even  with  present  methods  probably  one- 
half  of  the  fuel  employed  in  the  world  could  be  saved 
provided  sufficient  care  were  exercised  on  the  part  of 
the  individual  iiser.  Such  care  will  not  be  given,  al- 
though the  increase  in  the  cost  of  fuel  has  brought 
about  some  improvement,  generally  by  the  introdiiction 
of  fresh  and  more  or  less  expensive  apparatus  of  higher 
efficiency  and  not  by  more  care  on  the  part  of  the 
individual  user. 

The  electric  method  promises  great  help  in  this  direc- 
tion because  it  permits  economy  to  be  practised  without 
calling  upon  the  user  for  that  exercise  of  thought  which 
is  so  irksome  to  people  when  it  concerns  the  routine 
affairs  of  dailj'  hfe. 

Heating  fallacies. — The  electrical  industry  of  this 
country  has  grown  up  under  conditions  which  naturally 
offered  to  it  a  very  severe  competition,  namely,  densely 
populated  industrial  areas  in  which  the  distribution  of 
gas,  and  even  of  raw  fuel,  is  a  simple  matter.  The  first 
big  movement  of  electricity-  may  be  said  to  have  started 
15  to  20  years  ago  when  a  distinct  advance  was  made  in 
the  use  of  electric  power,  that  being  at  a  time  when  the 
gas  industry  of  the  country'  was  nearly  100  years  old 
and  thoroughlv  established. 

The  older  competitors,  fuel  and  gas,  have  never  urged 
that  their  services  were  in  any  sense  better  than  elec- 
tricity, and  in  recent  times  they  have  given  us  credit 
to  the  contrary,  from  the  first  consistently  keeping  to 
statements  on  cost,  maintaining  that  electric  hghting 
was  many  times  more  expensive  than  gas  ;  similarly 
at  a  later  stage,  but  with  signs  of  diminishing  conviction, 
concerning  electric  power,  and  to-day  carrjing  the  same 
line  of  argument  against  electric  heating.  Here  not 
only  may  they  have  more  ground  for  argument,  but  they 
also  pursue  it  with  the  more  \-igour  because  they  regard 
heating  as  being  their  special  province  and,  having  to  no 
small  degree  lost  the  lighting  and  power  business, 
naturally  try  to  retain  the  heating. 

It  arises  from  these  conditions  that  we  have  all  been 
well  sprinkled  with  propaganda  and  argument  concerning 
the  relative  heat  value  of  fuel,  gas  and  electricitj-,  the 
arguments  generally  being  based  upon  the  thermal 
efficiency  of  the  several  chains  of  generating  process, 
electricity  being,  according  to  our  competitors,  out  of 
court  because  so  large  a  percentage  of  the  heat  energy 
in  the  fuel  from  which  it  is  generated  is  lost  in  the  first 
stage  at  the  power  station. 

The  theoretical  reply  hes  in  the  high  efficiency  of 
conversion  of  electricity-  back  into  heat  in  the  consumers' 
apparatus,  but  the  electricaJ  engineer  discovers  in  practice 
that  many  other  considerations  apply  which  place  him 
iij  an  even  stronger  position  relatively  to  coal  and  gas. 
Thus,  not  onlv  v\ith  electricitv-  as  a  carrier  is  heat  energy 
used  more  efficiently  by  the  consumer,  but  apparently 
he  is  able  to  do  with  a  great  deal  less  of  it.  Space  forbids 
enlarging  upon  this,  but  the  subject  of  the  quantitative 
relationships  of  heat  and  of  the  methods,  radiant  or 
convective,  to  be  employed  is  of  great  interest,  and  it  is 
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already   obvious   from   experience   that   one   must   not 
generalize  solely  from  theoretical  considerations. 

The  warming  of  people  using  a  room  for  a  short  time 
by  means  of  a  centrally  placed  electric  radiant  fire,  as 
for  example  under  the  table,  may  be  more  effective 
with  a  small  consumption  of  electricity  than  with  a 
considerable  coal  or  gas  fire  in  the  usual  and  less 
effective  position  on  the  hearth. 

The  question  of  interest  to  each  member  of  the  pubhc 
is  not  the  cost  or  consumption  of  fuel  alone  ;  but  the 
help  or  service  he  can  obtain  and  the  medium  which 
will  give  the  least  trouble  and  best  results,  and  either 
produce  the  least  inflation  or  the  most  deflation  of 
his  total  annual  expenditure. 

It  is  not 'sufficient  to  compare  the  cost  of  this  or  that 
form  of  power  or  heat,  but,  as  in  many  other  cases,  one 
must  consider  the  effect  of  a  new  method  on  total 
expenditure,  volume  of  output  or  quality.  Tlie  problems 
of  the  factory  are  reproduced  in  the  home,  where  th?y 
do  not  differ  appreciablv  in  kind  but  only  in  degree. 

The  combination  of  electricity  and  other  methods  of 
heating  is  of  interest,  a  mixture  of  the  usual  coke-fired 
hot-water  heating  system  with  a  moderate  provision 
of  electricity  in  addition  for  radiant  heating  is  likely 
to  be  very  useful  in  large  buildings,  and  not  only  give 
the  occupants  more  cheerful  heating  and  better  control 
of  temperature  but  also  enable  the  furnace  to  be  worked 
at  a  uniform  and  economical  rate. 

Ovens  or  other  cookery  equipment  have  been  made  for 
partial  heating  by  the  flue  gases  of  anthracite  or  coke 
furnaces,  the  final  cooking  temperature  being  provided 
for  by  a  limited  use  of  electric  elements. 

Attention  has  been  given  to  the  wider  use  of  the  waste 
heat  from  electric  generating  stations  in  the  form  of 
steam  or  hot  water,  and  particularly  in  congested  dis- 
tricts it  seems  likely  that  a  good  deal  may  be  done  in 
this  direction  by  working  around  the  sound  principle 
of  using  the  cheap  and  inferior  carrier  of  heat  energy, 
fuel,  for  heavy  heating  work  and  the  more  expensive 
but  far  more  controllable  carrier  of  heat  energy,  elec- 
tricity, for  the  finishing  off,  final  adjustment  of  temper- 
ature, and  the  precise  treatment  of  food  or  any  substance 
to  be  treated. 

We  have  a  parallel  in  the  treatment  of  steel  and  certain 
other  metals  where  "  pre-heating  "  is  carried  out  with 
fuel  and  the  final  melting  done  by  electrical  means. 

Power. 

In  the  supply  of  power  the  electrical  engineer  meets 
but  little  competition,  at  least  until  large  powers  and 
long  hours  of  use  are  involved,  with  the  exception  of 
building  operations  where  motors  of  considerable  size 
may  be  employed.  The  architect  is  more  particularly 
interested  in  the  use  of  power  on  a  small  scale  as  for 
lifts,  central  vacuum  cleaning-plants,  ventilation,  etc., 
but  recent  years  have  increased  the  scope  of  the  small 
electric  motor,  and  even  in  the  home  its  use  for  port- 
able suction  cleaners  and  for  washing  and  other  light 
machinery  is  extending.  It  calls  perhaps  for  little 
attention  in  house  design  beyond  suitable  provision 
being  made  when  the  wiring  is  carried  out,  but  the  result 
of  "  mechanizing  "  the  housework  may  well  be  to  give 


the  designer  more  freedom,  and  certainly  all  electrical 
appUcations  help  the  decorator  by  encouraging  an 
increased  expenditure  in  view  of  the  longer  life  and  more 
enduring  freshness  of  furnishings  where  dirt  is  reduced 
by  the  partial  suppression  of  fires  and  by  cleaner  methods 
of  removing  dust  and  carr\-ing  out  other  household 
tasks. 

Cookery. 

Where  electric  supply  conditions  permit  the  regular 
cookery  of  food  by  electrical  means,  the  fullest  advan- 
tage should  be  taken  of  the  method.  A  more  convenient 
arrangement  of  kitchen  and  offices  becomes  possible 
when  the  range  need  no  longer  be  located  near  a  chimney 
but  can  be  placed  where  convenient  for  natural  light 
and  in  relation  to  dressers  and  sinks  and  the  other 
equipment  of  which  it  is  so  important  a  part.  Electricity 
in  the  kitchen,  even  if  associated  with  the  use  of  fuel 
for  water  heating,  allows  most  compact  arrangement, 
reduces  fuel  storage  space  and  puts  the  principal  office 
of  the  home  on  quite  a  different  level  in  regard  to 
cleanliness  and  ease  of  working. 

In  converting  old  and  large  houses  into  flats  the  value 
of  electricity  becomes  very  apparent,  making  possible 
arrangements  which  could  not  be  carried  out  with  any 
other  means  of  heating. 

Commercial  cookery. — The  choice  of  cookery  method 
in  canteens,  hotels  and  restaurants  is  of  considerable 
importance  to  the  architect  responsible  for  their  con- 
struction. As  in  the  home,  electric  cooking  gives  greater 
freedom  in  design,  but  also  often  saves  space  and  labour 
in  this  class  of  work  to  a  degree  which  results  in  a  large 
saving  in  running  expenses,  even  making  it  possible  to 
employ  premises  which  with  other  heating  media  would 
not  be  suitable  for  the  work  at  all. 

Some  of  our  largest  hotels  have  for  many  years, 
either  through  public  supply  or  by  means  of  their  own 
generating  plant,  depended  upon  the  combination  of 
electricity  and  fuel  for  all  their  requirements.  There 
is  a  tendency  for  these  great  organizations  to  become 
more  and  more  self-supporting  and  to  put  in  equipment 
enabling  them  to  carry  out  the  whole  of  the  cookery, 
even  to  the  making  of  bread,  the  operating  of  their  own 
laundry,  sewing  rooms  and  repair  workshops,  and  so 
to  become  self-contained,  like  little  towns  under  one 
roof. 

The  Storage  of  Energy. 

The  difficulty  of  storing  electrical  energy  can  to  some 
extent  be  overcome  by  converting  it  into  heat,  in  which 
form  it  can  be  accumulated  over  short  periods  without 
serious  loss. 

This  principle  is  being  developed  particularly  for  the 
heating  of  water.  Already  much  progress  has  been 
made  in  countries  where  coal  is  scarce  and  water  power 
abundant,  and  even  here  the  prospect  of  selhng  electrical 
energy  during  the  night,  when  its  cost  of  production  is 
not  much  beyond  the  expenditure  on  fuel,  is  attractive 
to  the  electrical  supph'  undertakings,  whilst  the  ability 
of  obtaining  hot-water  storage  tanks  suitable  for  the 
bathroom,  scullery  or  lavatory  introduces  problems 
of  interest  in  house  building.  Given  the  right  material 
and  sufficiently  low  rates,  the  appliances  would  be  in- 
stalled at  the  points  where  the  hot  water  is  required. 
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so  that  internal  pips  work  wou  d  be  imited  to  cold- 
water  supply,  the  heat  losses  and  other  inconveniences 
of  hot-water  dehvery  piping  being  avoided. 

Private  Plant. 

in  country-house  installations  the  use  of  electricity  has 
generally  been  limited  to  lighting,  and  in  a  broad  way 
it  may  hardly  be  defensible  to  put  in  machinery  with 
the  object  of  turning  oil  or  fuel  into  electricity  which 
will  immediatel}^  be  turned  back  into  heat.  But  one 
must  remember  that  the  user  of  electricity  is  apt  to 
demand  more  and  more  applications,  owing  to  its  clean- 
liness and  convenience,  so  it  is  generally  worth  while 
in  private  plants  to  provide  at  least  for  some  of  the  small 
conveniences  such  as  flat  irons,  fans,  kettles,  small  fires, 
suction  cleaners,  and  things  of  that  kind.  For  this 
reason  one  should  exercise  discretion  in  instaUing  plant 
only  just  capable  of  meeting  the  first  demands  or  putting 
in  generators  of  low  voltage,  which,  though  satisfactory 
for  lighting  and  perhaps  simphfying  the  ^\•iring  S3-stems, 
have  the  disadvantage  that  they  make  it  almost  impos- 
sible to  use  electricity  for  any  other  purpose. 

In  some  of  the  larger  country-house  installations  one 
has  also  to  provide  for  the  home  farm,  and  here  again 
a  few  spare  horse-power  may  be  most  valuable  and  enable 
substantial  economies  to  be  effected  in  labour. 

^^^len  putting  in  a  plant  to  be  driven  by  water  power, 
even  if  the  power  is  onh'  sufficient  for  the  maximum 
lighting  it  is  generally  available  throughout  the  24  hours, 
and  with  modem  apphances  much  of  the  waste  energy 
can  be  turned  to  effective  service  in  the  form  of  water 
heating  and  so  be  of  great  use  to  the  householder, 
reducing  his  expenditure  upon  fuel  and  cutting  out  a 
good  deal  of  work  and  dirt. 

Lifts. 

The  architect  has  hardly  followed  up  the  advantages 
of  the  electric  Uft  as  rapidly  as  he  might  have  done,  and 
in  many  instances  he  still  provides  a  handsome  and 
capacious  staircase  whilst  putting  the  lift  in  some  more 
or  less  out-of-the-way  position  to  which  people  have  to 
crowd,  perhaps  through  dark  and  inconvenient  passages, 
before  they  can  use  it. 

Naturally  the  designer  is  reluctant  to  lose  the  decor- 
ative possibihties  of  the  staircase  ;  but  where  buildings 
are  erected  for  utihty  rather  than  ornament  it  appears 
that  the  time  has  come  for  the  staircase  to  take  its 
proper  place  as  an  alternative  or  emergency  means  of 
moving  from  floor  to  floor,  and  attention  should  be 
concentrated  more  upon  the  lift  and  particularly  upon 
the  approaches  to  it  and  its  position  in  the  building. 

In  many  cases  its  advantages  and  conveniences  are 
unnecessarily  discounted  by  difficulty  of  ingress  and 
exit,  with  the  consequence  that  the  j'oung  still  use  the 
stairs  for  short  distances  to  an  unnecessary  extent  and 
so  defeat  to  a  certain  extent  the  object  of  the  Uft  builder. 

Building  Work. 

The  use  of  electricity  in  building  operations  is  too  well 
known  to  the  civil  engineering  section  of  this  audience 
to  be  worth  more  than  a  passing  reference.     Here  the 


actual  cost  of  the  energy  is  generally  a  small  matter  ; 
the  lighting  of  building-works  all  night  without  danger, 
operating  cranes  without  the  use  of  fire  and  inefficient 
steam  engines,  handling  fuel  or  ashes  and  similar  emplov- 
ment  of  this  form  of  power  on  constructional  machinery 
have  become  common  practice  amongst  builders  where 
power  supphes  are  available. 

The  employment  of  electric  welding  and  rivet-heating 
are  less  well  known,  but  already  we  have  examples  of 
electrically  welded  steel  roofs,  and  have  shown  the 
superiority  of  this  method  of  heating  rivets  for  con- 
structional steel  work.  Further  advance  in  these  methods 
will  offer  many  opportunities  for  change  in  design  and 
building  practice. 

In  engineering  work  we  have  to  give  careful  considera- 
tion to  the  relation  between  the  delicacv  of  any  item 
of  plant  and  the  ease  or  difficulty  with  which  it  can  be 
got  at  for  adjustment,  repair  or  renewal.  The  practice 
here  is  generally  ev-olved  slowiy  by  experience  ;  for 
instance  in  the  motor  car,  where  the  makers  produce 
designs  which  permit  an  easier  access  to  parts  wanting 
frequent  attention  than  to  those  which  last  more  or  less 
for  ever.  As  we  introduce  more  engineering  material 
into  buildings,  these  considerations  also  require  attention. 

A  simple  but  perhaps  not  bad  illustration  may  be 
found  in  connection  with  the  electric  bell.  The  circuits 
generally  consist  of  thin  and  rather  frail  wires  laid  under 
floors  or  in  zinc  tubes  under  plaster.  If  laid  properlv 
they  are  practically  imperishable,  but  should  they  fail 
or  be  damaged  by  subsequent  work  in  the  house  it  is 
often  easier  to  run  a  new  circuit  than  to  attempt  to 
get  at  the  existing  ones. 

Recently  the  occupant  of  offices  at  the  top  of  a  large 
block  of  buildings  desired  to  put  in  electric  fires  ;  he  was 
satisfied  with  the  cost  in  use  and  willing  to  pay  for  the 
necessar}-  circuit  or  wiring  required.  His  proposal  was, 
however,  refused  by  the  landlord,  who  considered  that 
there  were  already  too  many  wires  in  the  place  and  on 
the  staircase,  meaning  of  course  that  the  installation 
was  a  complete  muddle  which  had  grown  up  piece  by 
piece  in  the  course  of  many  years  and  in  a  building 
where  no  provision  had  originally  been  made  for  the 
accommodation  of  the  wires  and  cables,  so  adding  to 
the  expense  of  everj-one  who  wanted  electrical  apparatus, 
and  certainly  not  adding  to  safety. 

The  question  of  providing  not  onl}-  for  electric  circuits 
and  the  connection  of  apparatus  but  also  for  the  steady 
extension  of  their  use  is  an  important  one,  and  should 
be  taken  into  consideration  not  only  in  new  buildings 
but  in  renovating  or  altering  old  ones. 

In  the  house  alone  we  have  to-day  wiring  and  cables 
for  lighting,  heating,  cooking,  portable  apparatus  like 
suction  cleaners,  electric  bells,  often  enough  telephones 
between  one  room  and  another,  and  now  the  connection 
of  radio  aerials,  and  so  on. 

Ducts  or  openings  through  all  walls  leading  from  room 
to  passage  or  room  to  stairs  could  be  provided  with 
great  advantage  ;  they  would  be  easily  plugged  until 
needed  and  allow  all  sorts  of  extension  work  to  be 
carried  out  with  ease. 

In  certain  flats  to  be  built  in  an  area  where  electricity 
is  cheap  it  is  proposed  to  run  massive  copper  bars  up 
the  stair  wells,  these  being  fixed  in  chases  and  tapped 
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to  each  flat  \vith  a  capacity  proper  for  lighting,  cookers 
and  some  of  the  heating  needs. 

A  matter  of  importance  to  the  development  of 
electricity  in  the  home  is  the  provision  of  ample  connec- 
tions for  the  operation  of  portable  appliances,  generally 
known  in  the  industry  as  "  outlets." 

JIany  small  appliances  are  sold  for  operation  from  a 
lampholder,  and  quite  a  lot  of  good  work  is  done  in 
that  way,  but  the  method  is  not  ideal.  The  lampholder 
will  only  supply  apparatus  of  relatively  small  capacity, 
like  the  fan  or  flat  iron.  Often  it  is  not  convenient 
to  use  it ;  it  may  mean  the  removal  of  the  lamp,  causing 
trouble  or  breakage,  or  in  a  room  where  there  is  only 
one  lighting  point  litted  it  may  mean  that  the  appliance 
cannot  be  employed  after  dusk. 

The  really  satisfactory  solution  is  to  provide  one  or 
more  plug  outlets  in  each  room.  This  is  an  immense 
help  to  the  householder.  He  can  from  time  to  time 
buy  and  use  fresh  pieces  of  apparatus  without  any  pre- 
occupation as  to  whether  he  will  be  able  to  connect 
them  up,  or  if  he  will  have  to  pay  for  extra  wiring. 

These  outlets  and,  in  fact,  all  accessories  should  be 
specified  to  be  British  Engineering  Standards,  or  at  least 
to  comply  with  the  dimensions  provided  in  those 
Standard  Specifications,  so  that  interchangeability  is 
secured.  The  architect  can  help  very  much  in  this 
important  matter. 

I  have  little  doubt  that  it  will  be  agreed  that  in  much 
work  the  workmanship  is  more  important  than  the 
system  employed ;  the  indifferent  worker  may  make  a 
bad  job  of  the  best  wiring  system,  whilst  the  factor  of 
safety  of  all  electrical  material  is  so  high  that  really 
good  craftsmanship  will  make  a  satisfactory  installation 
out  of  the  simplest  materials. 

The  electrical  contractor  is  looking  with  renewed 
interest  now  to  apprenticeship  ;  his  Association  is  taking 
an  interest  in  the  education  of  its  workers,  and  has  the 
support  of  their  trade  union  in  this  matter.  Movement 
in  this  direction,  coupled  with  a  scheme  for  registering 
the  electrical  contractor  similarly  to  the  plumber  or 
sanitary  worker,  will  do  much  to  raise  the  standard  of 
installation  work. 

The  I.E.E.  Wiring  Rules  are  at  the  present  time 
being  amended.  So  complex  has  the  industry  become 
that  one  can  hardly  hope  that  the  Rules  may  be 
reduced  in  length,  but  they  will,  so  far  as  possible,  be 
simplified,  and  it  may  perhaps  be  no  indiscretion  to 
suggest  that  future  editions  will,  perhaps,  contain  some 
element  of  "  grading,"  making  it  possible,  whilst  provid- 
ing for  good  work  in  all  cases,  yet  to  demand  conditions 
less  onerous  in  small  buildings  than  in  those  where 
the  responsibilities  of  the  electricity  supply  are  greater. 

It  has  been  argued  that  the  time  has  arrived  for  more 
detailed  methods  of  planning  and  estimating  for  elec- 
trical work,  and  that,  at  least  in  large  jobs,  the  consulting 


engineer  and  electrical  quantity  surveyor  could  more 
often  be  employed  by  architects  with  advantage,  and 
a  more  comprehensive  attempt  made  to  lay  out  the 
electrical  work  in  advance  and  to  offer  to  competing  firms 
a  clearer  lead  to  the  requirements  than  is  at  present 
usual,  so  enabling  quotations  to  be  redviced  to  a  more 
common  basis. 

CONCLUSIOX. 

In  conclusion  the  author  would  venture  to  suggest 
for  the  consideration  of  the  architects  that  it  might  be 
possible  to  form  some  permanent  liaison  between  their 
Associations  and  the  Associations  of  the  electrical 
industry,  perhaps  a  joint  Committee  dra'wn  from  the 
Councils  of  the  several  Associations  and  sitting  at 
intervals  to  examine  and  ventilate  any  proposals  put 
forward  by  either  side. 

It  is  not  suggested  that  this  Committee  should  give 
technical  advice  or  do  any  of  the  work  now  done,  and 
properly  done,  between  the  architectural  and  electrical 
professions  by  the  em.ployment  of  consulting  engineers, 
contractors  or  manufacturers,  but  that  the  Committee 
should  deal  more  particularly  with  questions  of  policy, 
or  possibly  propaganda,  between  the  two  professions 
and  with  questions  as  between,  for  example,  the  electric 
supply  industry,  the  architect  and  the  consumer.  Such 
a  Committee  could  take  a  very  independent  line  and 
could  advise  architects  whether  conditions  in  a  particular 
place  were  favourable  or  not  to  this  or  that  apphcation 
of  electricity,  and  in  many  ways  assist  them  \vith  un- 
biased guidance,  leaving  them  to  the  usual  sources  for 
all  detailed  information  and  help. 

Out  of  such  a  Committee  might  arise  some  method 
for  instructing  architectural  students  in  electrical 
matters  up  to  a  certain  point,  as,  for  instance,  providing 
them  with  lectures  on  the  economics  of  electricity  supply, 
giving  the  young  architect  a  clear,  though  perhaps 
superficial,  view  of  the  conditions  which  govern  the  sale, 
purchase  and  use  of  electricity,  and  leading  him  to 
recognize  the  need  for  niore  detailed  study  of  the 
subject. 

The  author  would  express  the  hope  that  in  discussion 
we  may  hear  of  our  faults  as  the  architect  sees  them. 
It  is  impossible  to  be  too  frank  in  this  direction  ;  practice 
and  conditions  vary  greatly  in  different  districts,  and 
we  are  only  too  well  aware  that  business  is  often  checked 
in  forward  areas  by  the  client's  or  architect's  experience 
of  restrictions  in  some  other  place  where  working 
conditions  have  not  allowed  a  progressive  pohcy  to  be 
pursued. 

In  preparing  this  paper  the  author  has  drawn  upon  the 
records  of  the  British  Electrical  Development  Association, 
and  would  particularly  acknowledge  his  indebtedness  to 
Mr.  H.  J.  Cash  for  assistance  and  many  useful  points 
in  connection  with  installation  work. 
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Mr.  F.  H.  Masters  :  If  we  are  going  to  reach  that 
stage  of  electrical  development  which  we  all  hope  for, 
it  will  not  be  a  matter  for  the  electrical  engineer 
alone  or  for  the  architect  alone  ;  it  is  going  to  be  a  matter 
for  the  two  in  combination.  To  sav  that  the  architect 
does  not  know  his  business  is  as  untrue  as  to  say  that 
the  electrical  engineer  does  not  know  his  ;  the  difiicult\- 
is  that  they  do  not  know  each  other's.  From  that 
point  of  view  Mr.  Hooper's  paper  is  disappointing, 
for  though  he  tells  us  a  great  deal  about  electrical 
matters  he  does  not  tell  us  how  electrical  engineers  can 
help  the  architect  in  those  details  of  our  respective 
occupations  %vhich  have  so  important  a  bearing  on  the 
health  and  well-being  of  the  community.  I  should 
like  to  caU  the  attention  of  the  architects  present  to 
what  Mr.  Beauchamp  says  about  the  relative  merits  of 
gas  and  electricitj-  for  domestic  purposes,  and  especially 
to  his  remarks  under  the  heading  of  "  Heating  Fallacies." 
The  question  for  both  architects  and  electrical  engineers 
is  :  Is  it  better  to  pay  a  little  more  and  get  something 
much  more  flexible  and  efficient,  or  to  continue  to 
put  up  with  present  inconvenience  for  the  sake  of  saving 
a  little,  if  indeed  we  sa^•e  anything  at  aU  ?  We  have 
been  told  that  one  of  the  greatest  needs  of  the  country 
is  houses.  Electrical  engineers  think  that  one  of  the 
greatest  needs  of  the  countrj-  is  a  house  in  which  electricity 
can  be  used  to  the  greatest  possible  extent.  I  live  in 
a  district  where  a  large  number  of  middle-class  houses 
are  being  built,  the  sort  of  houses  where  electricitj^ 
ought  to  be  used,  and  for  various  reasons  could  very 
easilv  be  used  ;  yet  the  electrical  installation  in  nearly 
all  these  houses  consists  of  one,  or  sometimes  two, 
lighting  points  in  each  room,  and,  as  a  concession  to 
modem  thought  and  practice,  ono  wall-plug  per  house. 
I  submit  that  that  is  not  enough.  I  think  that  in  each 
living  room  and  each  bedroom  there  should  be  at  least 
two  plugs  ;  one  with  a  capacity-  of  1 5  A,  and  the  other 
with  a  capacity  of  5  A.  In  any  district  where  a  two-rate 
tariff  is  available  these  can  easily  be  made,  for  wiring 
purposes,  one  point.  If  such  an  arrangement  is  made 
a  maximum  of  electrical  apparatus  can  be  used  verv 
easih-.  The  plugs  and  sockets  should  be  standard 
throughout  the  house.  To  the  5-.A.  plug  can  be  connected 
kettles,  toasters,  irons,  and  so  on,  and,  to  the  other,  fires, 
suction  cleaners,  etc.  This  ideal — for,  unfortunately,  it  is 
still  an  ideal — can  easily  be  attained  if  both  architect 
and  electrical  engineer  collaborate  from  the  beginning. 

Mr.  A.  H.  Dykes  :  This  paper  reminds  me  of  the 
occasion,  some  25  years  ago,  when  my  firm  was  first 
retained  by  the  Commercial  Union  Insurance  Company 
to  advise  on  the  electrical  requirements  of  their  new 
building  in  Comliill.  ^^'e  had  to  collaborate  on  that 
occasion  with  an  eminent  architect,  the  late  Mr.  McVicar 
Anderson.  He  suggested  that  an  improvement  on  the 
wood  casing  method  of  wiring  should  be  made.  My 
partner  and  I  suggested  that  iron  pipes  should  be  fitted 
in  the  walls,  and  designed  a  system  of  cast-iron  draw- 


through  and  outlet  boxes  which  we  had  made  for  us  by 
Messrs.  Ha\-\vard-Tyler,  a  well-known  fimi.  of  water 
engineers.  It  seems  an  obvious  thing  now,  but  at  that 
time  it  was  no\el.  The  system  has  proved  very  satis- 
factory.', and  has  scarcelv  been  altered  at  all.  Incidentally, 
we  collaborated  with  ilr.  ^McVicar  Anderson  in  nearly 
all  the  fine  buildings  which  he  designed  A  year  or  so 
after  that  we  used  exactly  the  same  method,  employing 
the  same  contractors  and  the  same  cable,  for  the  new 
Cotton  Exchange  at  Liverpool,  and  we  had  trouble  ;  the 
wires  broke  down.  We  thought  that  there  must  be 
something  wrong  with  the  cable,  but  breakdowTis  still 
occurred  when  that  was  changed.  In  the  light  of  our 
present  knowledge,  the  reason  for  this  failure  is  verj- 
simple ;  it  was  due  to  condensation.  The  building 
was  warmed  to  a  \er\-  high  temperature  during  the 
week,  but  on  Saturday  and  Sunday  it  cooled,  and  the 
moisture  in  the  damp  air  coming  in  from  the  ^i^•er 
condensed  in  the  pipes.  One  remedy  which  suggested 
itself  was  to  employ  a  metal  which  would  quickly  attain 
the  same  temperature  as  the  air,  so  that  moisture  would 
not  deposit  on  it.  'SVe  therefore  put  the  cables  in 
brass  tubes.  The  system  was  afterwards  e.xtensiveh' 
used  ;  for  the  wiring  of  the  Institution  buildings  them- 
selves, and  for  Waterloo  Station,  amongst  others, 
under  the  name  of  "  Kalkos."  In  a  building  in  which 
condensation  is  to  be  feared  perfect  safety  may  be 
ensured  by  enclosing  the  wires  in  brass  tubing  and 
preventing  too  rapid  an  air  flow  by  putting  the  switches 
in  closed  air-tight  boxes.  There  have  been  many  changes 
since  those  early  days.  Buildings  then  had  solid  walls 
and  there  was  plenty  of  room  between  the  floor  boards 
and  the  iron  girders  underneath,  whereas  nowadays 
everj^hing  is  cut  down.  Shortly  before  the  war, 
Messrs.  Gordon  and  Gunton  had  a  building  in  which 
they  were  going  to  use  "  Mack  "  partitions  throughout, 
putting  only  about  j  in.  of  plaster  on  them  ;  and  yet 
their  clients  required  that  all  the  wiring  should  be 
hidden.  They  had  decided  to  get  over  the  difficulty 
bj'  putting  in  copper-sheathed  wire  buried  in  the  plaster. 
The  building  in  question  was  that  of  the  British  American 
Tobacco  Co.  on  the  Thames  Embankment ;  it  was 
wired  to  our  specification  with  15  to  20  miles  of  this 
wire  plastered  o\-er,  and  it  has  given  no  trouble  subse- 
quently. It  was  successful  because  the  architects  were 
interested  in  it ;  and  thej^  took  care  that  the  plasterers 
did  not  damage  the  wire,  by  bending  up  the  ends  before 
the  switches  and  outlets  were  fixed.  This  instance 
illustrates  the  fact  that  one  cannot  adopt  the 
same  methods  in  e\-en.-  kind  of  building.  I  think  that 
if  the  architect  would  avail  himself  to  a  greater  extent 
of  the  experience  of  electrical  engineers  and  engineers 
general!}- — whether  consulting  engineers,  contractors, 
etc. — he  would  be  able  to  avoid  many  blemishes  in  his 
buildings.  Most  of  us  have  seen  a  fine  building,  with 
marble  walls  on  the  surface  of  which  are  large,  ugly 
distribution  fuse-boards  in  conspicuous  positions.     That 
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could  have  been  avoided  if  it  had  been  specified  that  the 
distribution  boards  were  to  be  sunk  flush  with  the  surface, 
and  with  proper  moulding  round  them  so  as  to  harmonize 
with  the  rest  of  the  decorations.     The  contractor  cannot 
put  in  refinements  of  that  kind  unless  they  are  specially 
asked  for,  and  in  most  cases  the  work  goes  to  the  con- 
tractor who  sends  in  the  lowest  tender.     There  are  many 
other  cases  where  the  architect  should  co-operate  with 
the   engineer,     ^^■ho    has   not   seen    a   lift   shaft   where 
the  lift  maker  has  been  absolutely  cramped  because  the 
architect  had  not  given  him  a  sufficient  run  below  the 
lowest  and  abo\'e  the  laighest  floor  to  enable  the  brakes 
to  act  properly  ?     In  this  connection  I  may  say  that  it 
is  all-important  that  the  co-operation  of  the  engineer 
and  the  architect  should  begin  at  the  earliest  possible 
stage   in    the    design   of    the    building.     Generally    the 
architect  first  completes  his  plans,  and  then  at  the  last 
moment     the     electrical     engineer — be     he     consulting 
engineer  or  contractor — is  presented  with  a  set  of  plans, 
and  asked  to  make  his  arrangements  comply  with  them. 
If  the  co-operation  takes  place  early  it  is  possible  to  lay 
out   the   building   properly,    and   in   modern   buildings, 
such  as  those  now  being  erected  in  Regent-street  and 
Oxford-street,   one  has  to  build  e\-erything  round  the 
sprinkler  pipes,  which  apparently  must  run  in  a  definite 
position  ;    after  the  latter  have  been  fixed  the  electric 
wires  can  be  laid  out.     Very  often,  by  some  modification 
of  the  columns  running  up  the  building,  one  can  find 
a  place  on  which  to  run  up  the  tubes,  and  to  fix  distribu- 
tion boards,   switches,   etc.      I   was  very  interested   in 
the  various  suggestions  made  in  Mr.  Beauchamp's  paper 
as  to  the  ways  in  which  electricity  could  be  used  in 
buildings,  and  in  which  the  engineer  might  be  of  assistance 
to  the  architect.     There  is  one  thing  omitted  from  that 
list,    however,    which   is   of   some  importance,  namely, 
the   help   which   the   engineer   can   give   in   preventing 
draughts.     About   25   years  ago   I   examined   an   office 
in   the  City  in   which   the  draughts  were   a  source  of 
complaint.     There  was  a  large  skylight  over  the  room, 
which  was  very  well  heated  by  radiators  ;    hot  air  was 
rising,  cooling  itself  against  the  cold  glass,  and  sinking 
on  to  people's  heads,  as  it  does  in  church  if  one  sits 
near  a  side  window.     As   a  remedy  an  ordinary  piece 
of  resistance  wire  was  wound  backwards  and  forwards 
under  the  skylight  on  some  porcelain   insulators  ;    and 
a  current  through  it  effectually  stopped  the  draught. 
A  similar  problem  at  the  Carlton  Club  was  solved  some 
time  later  by  similar  means.     Referring  to  private  plants, 
I    would    urge   on    architects   who    are    responsible    for 
country-house     installations     that     they     should     not 
economize  on  batteries  too  much.     It  generally  leads 
to  trouble,  and  will  do  so  to  an  increasing  extent  in 
the  future,  because  people  are  now  being  educated  up 
to   desiring   electric   radiators.     They   will   want   them 
worked   from   their   private   plant,    which   will   not   be 
large  enough  unless  due  care  has  been  taken,  because 
with  the  introduction  of  improved  lamps  the  capacity 
of  the  plant   has  in  many   cases    been    reduced.      The 
possibility  of    other  requii'ements  than  lighting  should 
be  taken  into  account  when  considering  the  size  of  such 
plant.     With  regard  to  the  use  of  electricity  for  heat- 
ing, I  do  not  think  that,  except  in  very  special  cases, 
any  one  of   us    would    recommend    electricity   at  the 


moment  for  the  complete  heating  of  a  building — cer- 
tainly I  would  not.  Personallj',  I  think  the  proper  way 
to  heat  a  building  is  by  means  of  hot- water  radiators  with, 
in  addition,  electric  radiators.  If  the  room  is  entirely 
heated  by  hot-water  or  steam  radiators,  one  of  two 
things  happens  :  either  the  temperature  is  merely  suffi- 
ciently high  to  keep  a  person  warm  if  he  be  so  on 
entering,  or  else  it  is  so  high  as  to  make  the  room 
appear  oppressively  hot  after  being  in  it  for  some  time. 
It  reminds  me  of  a  room  lighted  entirely  bv  reflected 
light ;  it  is  not  satisfying.  Sufficient  heat  ought  to  be 
supplied  by  means  of  hot-water  radiators  to  give  a 
reasonable  temperature,  and  at  some  part  of  the  room, 
not  necessarily  the  fireplace,  an  electric  radiator  should 
be  provided  for  the  benefit  of  people  entering  cold.  In 
that  way  are  the  maximum  comfort  and  the  cheapest 
system  obtainable. 

Mr.  A.  O.  Collard  :  One  of  the  difficulties  in  the 
past  which  has  affected  co-operation  between  archi- 
tecture and  electrical  engineering  has  been  that  the 
latter  is  a  comparatively  modern  profession  and  architects 
have  sometimes  not  been  quite  clear  as  to  what  extent 
their  advisers  might  be  disposed  to  favour  the  manu- 
facturing side  rather  than  the  expert  advisory  side. 
That  feeling  is  fast  disappearing,  and  we  know  now 
that  we  can  consult  advisory  electrical  engineers  who 
will  be  perfectly  frank  and  not  be  influenced  to  the 
least  extent  by  any  question  of  cost  or  manufacturing 
motives.  You,  as  electrical  engineers,  join  that  happy 
band  of  painters,  sculptors  and  other  art  workers  who 
help  us  to  complete  and  adorn  the  buildings  we  produce. 
The  points  which  Mr.  Dykes  has  mentioned  are  familiar 
to  most  of  us.  We  have  all  made  mistakes  similar  to 
that  of  not  sinking  lift  shafts  deep  enough.  All  these 
things  are  due  to  want  of  thought.  I  notice  in  one  of 
the  papers  a  reference  to  the  desirability  of  the  archi- 
tectural student  learning  something  of  the  use  of 
electricity  whilst  still  in  his  student  period.  I  think 
that  is  an  excellent  idea,  and  if  in  the  curriculum  of 
our  architectural  schools  one  or  two  lectures  could  be 
given  each  session  on  your  particular  subject,  by  an 
expert,  the  students  would  never  regret  it.  Mr.  Masters 
referred  to  the  absurdity  of  installing  only  one  plug  per 
house.  Unfortunately,  we  all  know  houses  where  the 
addition  of  one  or  two  plugs  per  room  would  be  an 
immense  advantage  to  the  owner.  Architects,  however, 
are  frequently  up  against  the  difficulty— one  out  of 
many,  of  course — of  the  economy  of  clients  when  counting 
the  cost  of  their  houses.  It  is  extremely  difficult  to 
persuade  a  client  that  he  had  better  have  three  plugs 
per  room  (or,  in  a  large  room,  perhaps  more)  even  if 
he  does  not  intend  to  use  them  immediately. 

Mr.  F.  Tremain  :  I  had  been  looking  forward  to 
these  papers  with  the  greatest  interest  because  for 
some  time  past  I  have  been  wondering  what  the  all- 
electric  house  is  to  be  like.  I  had  hoped  that  the  author 
of  the  architect's  paper  would  put  before  us  some  glorious 
design  for  an  all-electric  house,  on  the  lines  of  some 
of  those  now  to  be  seen  at  the  Architects'  Exhibition  at 
Grosvenor  House.  I  confess  to  being  a  little  disappointed 
that  he  has  not  done  so.  I  was  very  glad  to  hear, 
however,  that  he  appreciates  the  advantages  of  electricity 
for  ventilation  purposes,  and  that  it  would  open  the 
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way  for  abolishing  chimneys  in  houses.  I  have  two 
suggestions  to  make  about  the  all-electric  house.  I 
was  attracted  last  year  at  a  Bristol  Exhibition  by  concrete 
blocks  for  building  which  were  very  nicely  coloured  and 
looked  almost  like  Aberdeen  granite  ;  these  are  made 
hollow,  so  that  there  is  a  space  from  the  floor  to  the 
roof  in  all  the  walls.  I  consulted  the  exMbitors  as  to 
the  possibility  of  providing  within  these  concrete  blocks 
transverse  channels  for  all  the  necessary  wiring  and 
ventilation  ducts.  There  appears  to  be  no  difficulty 
in  doing  this.  The  blocks  are  made,  I  believe,  by  a 
large  number  of  people,  and  it  is  claimed  for  them 
that  they  save  30  per  cent  in  labour  of  erection,  75  per 
cent  in  mortar  and  25  to  50  per  cent  in  haulage  costs. 
It  is  claimed,  also,  that  this  continuous  cavity  in  the 
walls  and  partitions  prevents  overhearing.  It  occurred 
to  me  that,  with  these  channels  provided  to  all  the 
necessary  points,  it  might  be  possible  to  use  bare  or 
lightly  insulated  wire  for  the  main  internal  wiring,  thus 
reducing  insulation  troubles.  It  may  be  necessary', 
of  course,  to  use  porcelain  insulators  at  certain  points, 
but  it  would  seem  to  facilitate  the  permanent  wiring 
of  a  house  in  a  very  substantial  manner,  giving  access 
to  a  large  number  of  points  for  future  use.  These 
hollow  walls  would  also  provide  space  for  exhaust  pipes 
for  ventilation,  and  I  suggest  that  they  could  also  be 
utilized  for  tubes  for  the  vacuum  cleaning  of  the  house 
or  block  of  houses.  In  the  case  of  a  block  of  houses 
built  together  this  might  be  done  with  one  vacuum 
pump,  very  much  on  the  lines  of  the  pneumatic  despatch 
tubes  employed  by  the  Post  Of&ce  in  London  and 
elsewhere,  which  have  been  in  use  for  50  or  60  years. 
There  would  be  nothing  new  about  such  an  arrange- 
ment. A  small  electric  motor,  with  switches  at  several 
points,  would  be  sufficient  for  a  block  of  houses  or  fiats, 
and  the  pipe  could  be  led  up  to  each  hall,  or  landing. 
By  running  the  cleaning  tube,  which  would  be  quite 
light,  over  the  walls,  floors,  etc.,  all  the  dust  would 
be  removed  to  a  common  dustbin.  I  should  like  to 
know  whether  Mr.  Hooper  has  heard  of  the  concrete 
blocks  to  which  I  have  referred,  and  whether  there  are 


any  objections  to  their  use.  I  suggest  it  might  be 
possible  to  build  4  houses  together,  with  a  central  shaft 
or  area  12  ft.  to  16  ft.  square.  There  would  be  a  sunken 
entry  to  the  central  area,  through  which  all  the  wires 
and  pipes  for  drainage,  ventilation,  etc.,  would  be  taken 
to  the  inner  corners  of  the  houses,  and  the  two  front 
houses  of  the  group  of  four  would  be  semi-detached, 
separated  by  about  6  ft.,  so  as  to  admit  ladders,  etc., 
to  the  central  area,  at  the  base  of  which  would  be  a 
chamber  for  main  fuses,  meters  and  pneumatic  plant. 
As  this  concrete  material  can  be  made  in  any  desired 
shape,  I  suggest  that  there  should  be  bold  circular 
windows  so  as  to  give  all  the  four  houses  an  outlook  to 
the  front.  There  should  be  no  difficulty,  if  desired, 
in  making  such  houses  into  8  flats  by  adding  additional 
stories,  and  the  whole  of  the  various  services  for  these 
fiats  would  come  in  at  this  one  entrance,  with  a  clear 
run  right  up  to  the  roof.  Within  this  area  the  workmen 
would  make  all  the  necessary  repairs,  and  it  would 
light  and  ventilate  lavatories,  kitchens,  etc.  As  regards 
the  interior  of  the  all-electric  house,  I  suggest,  for 
Mr.  Beauchamp's  consideration,  that  there  might  be 
a  low  mantelpiece  in  the  dining  room  to  form  a  buffet, 
and  below  it  something  like  the  interoven  arrangement, 
only  of  an  electric  type,  with  the  upper  part  used  for 
warming  plates,  etc.  This  mantelpiece,  when  not  in 
use  for  food,  could  be  utilized  for  the  usual  ornaments, 
and  one  could  sit  round  the  fire.  As  regards  the 
drawing  room,  I  was  pleased  to  hear  Mr.  Hooper  draw 
attention  to  the  fact  that  flowers  are  not  injured  by 
electric  light.  Outside  the  drawing  room  there  should, 
I  think,  be  a  conservatory,  with  the  blinds  on  the  outside 
of  the  conservator},'  instead  of  between  it  and  the  drawing 
room,  so  that  the  flowers  would  have  a  decorative  effect 
by  night  as  well  as  by  day.  There  are  a  good  many 
details  which  I  could  mention  did  time  permit,  but  my 
chief  point  is  to  inquire  whether  these  concrete  blocks 
are  really  effective  for  building.  If  so,  the  channels 
provided  in  them  appear  to  be  just  what  is  wanted 
for  renewing  the  air,  and  taking  awav  dust,  as  well  as 
providing  for  economical  wiring. 


Adjourned  Discussion  on  the  P.vpers  by  Mr.  Hooper  .\nd  Mr.  Beauchamp, 

22  M.\RCH,  1023. 


Mr.  A.  E.  Munby  :  I  am  entirely  in  favour  of  the 
extension  of  electricity  to  all  sorts  of  purposes.  Xothing 
is  more  flexible  ;  nothing  is  more  mobile.  I  do  not 
see  why,  in  10  or  20  years'  time,  there  should  not  be 
a  very  great  extension  in  the  use  of  electricity,  par- 
ticularly for  smaU  domestic  services  of  different  kinds. 
The  subject  is  a  very  technical  one,  and  although  we, 
as  architects,  have  a  good  many  duties  in  connection  1 
with  it,  I  do  not  think  that  we  can  be  expected  to  grasp 
all  the  technicalities  of  the  electrical  industry.  Elec- 
trical engineers  will  probablv  reply  that  it  is  not  necessary 
that  we  should  do  so,  but  we  accept  certain  duties 
and  obligations  in  connection  with  electrical  work,  and 
these  we  ought  to  fulfil.  Co-operation  with  electrical 
engineers  is  very  necessary  in  many  cases,  but  the 
fact  remains  that  the  majority  of  our  work  hardly 
justifies  the  calling-in  of   a  consulting  electrician,  and 


therefore  I  think  that  }-ou  will  alwavs  have  to  be  pre- 
pared to  remain  suppliers  of  the  material  requirements 
of  electricity,  and  also,  to  some  extent,  advisers  of 
the  architectural  profession.  I  have  a  great  deal 
of  sympathy  with  the  demand  for  adequate  specifica- 
tions for  fair  tendering.  As  a  vounger  man,  I  endeav- 
oured to  wTite  electrical  specifications  for  sub-con- 
tractors, but  now  I  put  matters  into  the  hands  of 
one  or  two  firms,  whose  work  and  reputation  I  know, 
rather  than  commit  myself  to  a  great  amount  of  technical 
detail.  I  venture  to  suggest  that  what  is  needed  is  a 
draft  electrical  specification  in  a  lay  form  to  indicate 
the  kind  of  things  which  an  architect  should  specify 
and  should  decide,  in  order  to  enable  tenders  to  be 
fairly  taken.  If  your  Institution  should  decide  to 
take  up  anything  of  that  kind,  as  far  as  I  can  I  am  quite 
prepared  to  see  that  it  gets  a  good  hearing  fromarchi- 
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tects  and  is  published  in  our  Journal.  I  have  always 
been  very  much  in  favour  of  a  boy  at  school,  who  is 
going  to  be  an  architect,  learning  a  great  deal  more  about 
science  than  he  does  at  present,  for  he  has  little  time 
afterwards.  Our  students  when  they  start  archi- 
tectural work  have  a  tremendous  field  to  cover.  Fifty 
years  ago  the  erection  of  a  building  was  a  comparatively 
simple  matter,  but  nowadays  it  is  very  often  an  exceed- 
ingly complicated  engineering  feat.  The  architect 
cannot  be  expected  to  be  an  fait  with  all  the  different 
branches  of  modern  engineering,  but  I  think  that  he 
ought  to  have  a  grasp  of  the  principles  underlying  the 
engineering  problems  which  he  has  to  face,  and  I  feel 
that  a  great  deal  of  knowledge  about  those  principles 
could  be  acquired  by  a  boy  either  at  the  University  or 
during  his  last  year  at  school,  if  he  stops  on  after  the 
age  of  17,  u-ithout  detriment  to  his  general  education. 
If  members  have  anv  suggestions  to  make  on  those 
lines,  as  I  happen  to  be  on  the  Board  of  Architectural 
Education  I  should  be  pleased  to  bring  them  forward, 
and  to  try  to  bring  home  their  importance.  As  to 
dealings  with  us,  it  should  be  remembered  that 
architects  can  only  deal  with  electricians  as  a  rule 
through  one  firm,  that  is  to  say,  they  are  not  in 
the  position  to  deal  with  the  electrical  contractor, 
the  supply  contractor  and  so  on,  and  therefore  I 
venture  to  make  here  a  criticism  which  mav  not  be 
wholly  applicable  to  your  Institution.  The  large 
number  of  different  voltages  in  various  districts  is  a 
distinct  disadvantage,  and  the  standardization  of  voltages 
would  probabh^  result  in  a  great  increase  in  the  use 
of  electricity.  I  am  at  present  dealing  with  a  small 
problem,  namely  the  production  of  satisfactory  ventila- 
tion in  a  chemical  laboratory.  I  told  my  ventilating 
engineers  that  the  motor  would  have  to  be  placed  at 
the  top  of  a  high,  panelled  room,  and  that  as  surrounding 
rooms  on  all  sides  would  be  in  occupation  there  must 
be  no  noise  or  vibration,  but  I  was  informed  that  that 
was  quite  impossible,  because  the  system  was  a  single- 
phase  100-period  one.  Such  systems,  I  think  you 
will  agree,  ought  to  be  scrapped.  It  seems  to  be  no 
use  waiting  for  the  big  Government  electricity  scheme, 
with  its  1 6  huge  power  stations  ;  the  industry  must  get 
ahead  itself.  If  any  improvement  is  to  be  made,  it 
must  be  effected  by  the  members  of  this  Institution. 
Some  time  ago  I  approached  mj^  local  electric  supply 
company  and  said  that  I  wished  to  install  some  elec- 
trical appliances  in  my  house  for  cleaning  boots,  silver, 
and  so  on,  and  I  suggested  that  I  should  be  allowed  to 
hire  the  apparatus.  I  was  informed,  however,  that 
although  I  had  my  house  only  on  a  short  lease  I  should 
have  to  buy  the  apparatus.  An  ordinary  householder 
cannot  be  expected  to  spend  £50  or  £60  on  apparatus 
which  he  may  have  to  scrap  or  have  materially  altered 
if  he  goes  to  another  district.  I  am  of  the  opinion 
that  the  supply  companies  should  loan  all  this  apparatus 
at  a  very  favourable  rate.  I  would  even  go  so  far  as 
to  say  that  they  should  install  the  power  units  free  of 
charge.  Variations  in  the  facilities  for  using  electricity 
have  been  alluded  to.  If  some  quite  brief  precis  of 
these  different  facilities  available  in  different  parts  of 
the  country  were  made,  I  think  it  would  be  very  useful 
to    architects.     I    feel   that    the    thanks   of    the    Roval 


Institute  of  British  Architects  are  due  to  the  Institution 
for  having  suggested  this  valuable  subject  for  dis- 
cussion, and,  if  we  do  not  take  it  up  quite  so  warml}' 
as  was  expected  it  must  be  remembered  that  we  are 
occupied  in  a  very  large  number  of  other  subjects  as 
well.  An  architect  has  to  do  everything  from  testing 
the  drains  to  designing  furniture,  and  electricity  and 
electrical  appliances  are  only  one  section,  and  often  only 
a  small  one,  in  the  ver\^  large  sphere  of  his  work.  I  hope, 
however,  that  the  valuable  papers  which  have  been  read 
and  the  discussion  which  has  taken  place  will  create  an 
atmosphere  out  of  which  something  good  mav  come. 

Mr.  Justus  Eck  :  What  should  be  clearlv  brought 
out  at  this  meeting  is  that  in  the  edifice  the  electrical 
engineer  is  distinctly  subsidiary-  to  the  architect.  The 
architect  has  a  most  valuable  and  interesting  position 
in  the  world  ;  he  is  building  into  permanent  structures 
his  ideas,  his  thoughts  and  his  experience,  and  they 
will  go  down  through  the  ages,  we  hope,  undisturbed. 
The  engineer,  on  the  other  hand,  should  realize  that 
what  he  does  must  be  subsidiary  to  the  architect's 
main  views.  If  we  can  agree  on  that,  then  the  archi- 
tects will  come  to  us  ;  and  I  hope  they  wiU  always 
come  to  the  consulting  engineer,  however  small  the 
building  may  be.  Mr.  Munby  has  demonstrated  the 
difficulty  which  a  layman  experiences  in  drawing  up 
a  specification.  What  we,  as  electricians,  want  is  to 
have  the  opportunity  of  hearing  from  the  architect 
himself  what  his  ideas  are  early,  and  not  when  the  build- 
ing is  finished.  With  regard  to  our  great  public  build- 
ings, electricity  is  said  to  take  onh'  a  small  part  in  them, 
but,  if  one  goes  through  them,  one  will  agree  that  it 
can  be  the  offensive  part,  for  all  sorts  of  knobs  and 
excrescences  have  appeared  since  the  building  was 
constructed,  e.g.  switches,  fuse-boards,  connectors,  etc. 
Architects  also  should  realize  that,  although  there  are 
manv  classes  of  engineers,  there  is  one  class  of  engineer 
who  should  be  consulted  whenever  a  question  of  light- 
ing is  involved,  namely,  the  illuminating  engineer.  As 
an  arc  lamp  enthusiast,  I  should  like  to  suggest  to  the 
eminent  architects  who  have  large  houses  and  hospitals 
to  design  that  they  should  put  in  an  arc-lamp  bath, 
because  it  has  wonderful  curative  properties,  ^^'e  want 
to  know  how  we  can  co-operate  with  the  architects, 
and  I  would  suggest  that  we  should  have  Informal 
Meetings  with  the  Architects'  Associations  and  with 
individual  architects  and  discuss  one  by  one  all  the 
headings  of  the  present  papers.  The  question  is  too 
large  for  us  to  discuss  thoroughly  in  two  meetings. 
With  regard  to  the  lighting  of  museums,  the  Natural 
History  Museum  at  South  Kensington  is  lit  with  700 
inverted  arc  lamps,  which  render  all  the  specimens 
with  a  true  colour  effect  and  there  is  no  reason  why 
that  museum  should  not  be  open  every  night  in  the 
week.  Even,'  public  picture  gallery'  or  museum  could 
be  opened  one  or  two  nights  in  the  week,  thus  enabling 
many  people  busy  during  the  day  to  see  the  wonderful 
collections  which  we  as  a  nation  possess. 

Captain  R.  J.  Wallis- Jones :  The  need  for  co- 
operation between  the  electrical  engineer  and  the 
architect  is  very  great.  Mr.  Hooper  summarizes  in 
his  paper  the  uses  to  which  the  architect  can  put  electric 
devices   for   lighting,   heating,   ventilation,   power,   etc.. 
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but  he  does  not  allude  in  any  waj'^  to  one  of  the  greatest 
difficulties  in  that  respect,  namely  the  frequent  want 
of  electrical  technical  knowledge  on  the  part  of  the 
architect  to  employ  these  devices  in  the  most  satisfactorv 
manner.  This  Institution  publishes  a  valuable  set  of 
Wiring  Rules,  but  the  real  difficultv  from  an  architect's 
point  of  \-ie\v  is  that  it  requires  a  considerable  amount 
of  technical  knowledge  of  electrical  matters  to  be  able 
to  apply  the  rules  properly  and  get  an  installation  on 
sound  and  satisfactory-  lines,  and  architects  as  a  rule 
have  not  that  knowledge.  I  am  strengthened  in  saying 
this  by  my  experience  in  connection  with  a  verv^  large 
number  of  installations  in  one  of  the  recently  developed 
suburbs.  I  was  surprised  to  find  the  class  of  work 
that  was  being  done  under  the  supervision  of  architects  ; 
I  really  think  they  do  not  recognize  or  realize  the  risks 
that,  in  many  cases,  they  are  running.  I  was  interested 
in  Mr.  Munby's  remarks  in  regard  to  the  motor  for 
^■entilation  purposes,  because  I  once  came  across  an 
instance  of  the  want  of  technical  knowledge  on  the 
part  of  an  architect  who  installed  some  large  ventilating 
fans  in  a  building.  When  the  fans  were  put  into  opera- 
tion, the  noise  from  the  d.c.  motors  was  so  great  that 
the  tenants  in  the  various  blocks  began  to  take  pro- 
ceedings for  nuisance.  I  was  called  in  professionally  to 
advise  mv  clients,  and  I  foimd  that  by  substituting  a  d.c. 
motor  of  a  suitable  ts-pe  the  noise  entirely  disappeared. 
Again,  I  do  not  think  it  is  sufficienth-  realized  that 
periodical  testing  of  an  installation  is  absolutely  neces- 
sary. The  insulation,  whatever  it  may  be,  is  a  wasting 
asset,  and  the  life  of  the  insulation  of  anj'  conductor 
varies  a  great  deal,  according  to  the  conditions  under 
which  it  is  working.  In  some  cases,  for  instance, 
moisture  is  the  trouble  :  in  others,  heat.  Mr.  Beau- 
champ's  paper  lays  stress  on  the  need  for  co-operation 
between  the  architect  and  the  electrical  engineer.  The 
latter  is,  or  should  be,  in  touch  with  possible  future 
de\'elopments  and  electrical  needs  to  a  greater  extent 
than  the  former.  It  is  sometimes  difficult  to  get  the 
architect  to  take  a  long  view  in  regard  to  electrical 
requirements.  In  a  case  recently  where  a  large  building 
was  being  erected,  I  begged  the  architect  to  look  ahead 
and  make  pro\'ision,  by  running  conduits  and  cables 
to  the  \arious  floors,  for  possible  electric  heating  require- 
ments, but  I  was  assured  that  electric  heating  was  not 
needed  in  any  way  in  the  building.  The  building  had 
hardlv  been  finished  before  the  various  tenants  to 
whom  the  floors  had  been  sub-let  demanded  electric 
heating.  That  all  meant  extra  cost  and  annoyance. 
The  architect  is,  to  put  the  matter  quite  frankly,  in  a 
veri,'  difficult  position.  If  he  goes  to  contractors  (I 
am  speaking,  of  course,  on  general  lines)  without  a 
well  worked-out  and  well  thought-out  specification. 
he  is  bound  to  get  tenders  which  will  van,-  greatly  in 
regard  to  prices,  quality-  and  t\-pe  of  the  work  and, 
as  it  is  almost  a  general  practice  to  accept  the  lowest 
tender,  the  best  work  is  impossible  under  these  con- 
ditions. I  think  that  architects  generally,  if  they  have 
any  important  work  to  cany-  out,  are  well  advised 
to  go  to  a  consulting  electrical  engineer.  First,  they 
will  thus  be  enabled  to  get  their  tenders  aU  on  a  common 
basis,  and,  secondly,  they  wUl  get  sound  technical  advice 
and  a  minimum  of  extras.     I  am  of  opinion  that  they  and 


their  clients  will  find  that  the  fees  of  the  consulting 
engineer  are  thus  verT.-  well  repaid. 

Mr.  A.  F.  Harmer :  There  is  one  detail  of  Mr. 
Hooper's  paper  on  which  the  whole  fabric  of  electric 
heating  depends.  On  page  727,  under  the  heading 
"Heating  and  Cooking,"  he  says:  "The  architect 
and  the  engineer  should  never  lose  sight  of  the  fact 
that  neither  of  these  provides  automatically  for  the 
essential  change  of  air.  .  .  ."  Has  any  architect 
designed  a  domestic  building  that  is  really  pleasant  to 
live  in  that  is  not  heated  by  a  coal  fire  ?  I  hav-e  vet 
to  find  one  myself.  The  big  offices  which  have  been 
built  in  this  neighbourhood  recentlv  are  reaUv  most 
oppressive  in  their  heating.  I  should  be  glad  if  the 
authors  in  their  replies  would  state  if  there  is  a  simple 
yet  efficient  substitute  for  the  coal  fire  as  a  means  of 
ventilation,  in  buildings  as  designed.  In  conclusion,  I 
think  that  wiring  rules  are  necessary,  but  thev  want 
carrN^ing  out  in  a  very  broad-minded  way. 

Mr.  F.  C.  Raphael :  I  should  like,  in  the  first  place, 
to  endorse  what  Capt.  Wallis-Jones  has  said  in  regard 
to  perished  insulation  on  wires,  and  to  say  (particularlv 
for  the  benefit  of  Mr.  ISIunby)  that  I  have  had  similar 
cases.  It  is  well  known  to  those  of  us  who  are  elec- 
trical engineers  that  rubber  does  not  possess  an  in- 
definite life.  I  had  one  instance  ver\-  similar  to  that 
described  by  Capt.  WaUis-Jones,  in  wliich  there  was  a 
small  outbreak  of  fire.  We  suspected  that  there  had 
been  a  water  leak  at  some  time  or  other,  but  the  imme- 
diate cause  of  the  trouble  was  the  execution  of  some 
building  and  redecorating.  When  rubber  wires  are  in 
the  condition  described  by  Capt.  \^'allis-Jones  they  give 
a  very  good  insulation  resistance  until  they  are  moved, 
but  then  the  resistance  falls  to  nothing.  The  architect 
or  builder  who  had  been  employed  was  also  given  the 
w-ork  of  mo\-ing  the  positions  of  some  of  the  electric 
lighting  points,  but  had  not  thought  it  necessary  to 
obtain  the  advice  of  an  electrical  engineer.  He  joined 
the  new  wiring  to  the  old  -where  he  thought  it  should  be 
done — and  the  result  was  a  fire.  I  prophesy  that,  if 
this  debate  is  published  in  the  R.I.B.A.  Journal,  33 J- 
per  cent  of  the  architects  who  read  it  will  say  :  "I 
did  not  realize  that  the  electrical  engineer  was  that 
sort  of  man  ;  I  thought  he  was  a  kind  of  foreman  whom 
the  builder  employs  for  doing  the  electrical  work." 
Another  33j  per  cent  will  say:  "I  did  not  reahze 
that  the  electrical  engineer  was  that  sort  of  man  ;  I 
thought  he  was  the  fellow  who  sends  travellers  along 
to  us  to  bother  us  to  specify  their  lamps,  cables  and 
things."  The  views  of  the  remaining  33j  per  cent 
have  presumably  been  expressed  by  the  architects 
who  have  spoken  in  these  joint  discussions,  and  I 
sincerely  trust  that  we  shall  have  been  successful  in 
making  them  understand  that  there  is  such  a  thing 
as  an  electrical  engineering  profession.  The  electrical 
engineer's  work  is  really  as  much  a  matter  of  designing 
as  the  architect's  work  in  planning  the  building,  although 
it  is,  of  course,  an  entirely  different  class  of  design.  If 
we  were  to  attempt  to  teach  them  our  job,  I  am  afraid 
that  they  would  not  have  time  to  learn  it  even  if  we 
had  the  time  to  devote  to  the  necessan*-  instruction. 
In  the  case  of  a  big  public  building,  there  is  bound  to 
be  trouble  or  wastage  if  the  architect  carries  on  w-ithout 
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the  advice  of  a  competent  electrical  engineer.  He 
can,  of  course,  give  a  free  hand  to  the  best  contractors, 
but  I  think  that  his  client  would  have  just  cause  for 
dissatisfaction  if  he  did.  A  short  time  ago  I  got  out 
the  plans  for  the  electrical  work  for  a  very  large  building, 
and  I  made  a  provisional  estimate  for  the  report  of 
the  architect  to  his  client.  This  architect  realized 
that  it  was  necessary  to  get  into  touch  with  the  electrical 
engineer  at  the  time  he  was  getting  out  his  plans.  To 
the  best  of  my  recollection,  the  cost  of  the  whole  of 
the  electrical  work,  including  lifts,  in  that  building 
was  less  than  5  per  cent  of  the  whole  cost  of  the  building. 
The  electrical  engineer's  fee  is  only  a  percentage  of  this 
percentage,  and  I  fear  that  architects  have  not  con- 
sidered the  question  thoroughly  when  they  refer  to 
the  extra  expense  to  their  clients.  I  affirm  that  in  a 
very  large  number  of  new  ferro-concrete  buildings 
the  consulting  engineer's  fee  is  actually  saved  by  the 
saving  in  cutting  away  and  making  good.  I  recently 
had  a  large  ferro-concrete  building  to  deal  with,  in 
which,  as  is  usual  in  such  constructions,  it  was  a  matter 
of  considerable  difficulty  to  find  room  for  the  pipes 
carrj'ing  the  wires.  In  this  case  the  architect  had 
not  forgotten  that  such  pipes  have  to  go  in  the  build- 
ings, the  position  of  the  electric  lighting  points  was 
decided  upon  at  the  outset,  and  we  were  able  to  fix 
the  exact  position  of  every  pipe  run.  The  work  has 
already  started  and  I  do  not  think  that  there  wll  be 
much  more  than  £100  worth  of  cutting  away  in  a  building 
costing  many  hundred  times  that  sum.  Brass  pipes 
were  mentioned  by  Mr.  Dykes  ;  it  is  only  in  very  special 
cases  that  this  expensive  luxury  is  required.  I  have 
put  thousands  of  feet  of  ordinary  conduit  in  buildings 
and  have  never  yet  had  any  condensation  trouble. 
Another  instance  in  which  the  client  might  have  been 
saved  a  considerable  outlay  occurred  in  connection 
with  the  rebuilding  of  the  vaults  of  a  fairly  important 
bank.  After  the  work  had  been  completed,  without 
the  assistance  of  a  consulting  electrical  engineer,  the 
Fire  Office  inspector  objected  to  the  conduits  being 
brought  through  the  ceiling  of  the  vaults.  The  altera- 
tions that  were  necessary  to  conform  with  his  require- 
ments cost  between  £30  and  £40,  exclusive  of  supple- 
mentary cutting  away  and  making  good,  and  my  fee. 
If  it  had  been  done  in  the  proper  way  at  first,  the  cost 
would  have  been  less  than  the  method  adopted  originally. 
The  question  of  lifts  has  also  been  referred  to  by  Mr. 
Dykes.  The  architect  can,  of  course,  put  the  whole 
thing  entirely  into  the  hands  of  a  reputable  maker, 
but  if  he  wants  competitive  tenders  he  would  be  verj' 
unwise  if  he  did  not  see  that  a  thoroughly  technical 
specification  was  drawn  up  and  a  man  who  understood 
the  electric  side  of  the  work  called  in  to  adjudicate  on 
the  tenders.  Glare  has  been  mentioned  a  great  deal, 
but  no  electrical  engineer  who  has  had  a  fair  experience 
in  lighting  buildings  should  be  unable  to  prevent  it. 
The  room  in  which  we  are  assembled  at  present  should 
show  that  we  are  capable  of  going  to  the  opposite 
extreme.  Mr.  Hooper  believes  that  many  buildings 
are  disfigured  by  facade  lighting,  but,  on  the  other 
hand,  exhibition  buildings,  and  others  of  that  sort, 
have  always  been  designed  to  be  lighted  in  that  way. 
As  a  general  rule,  however,  I  agree  that  this  type  of 


lighting  is  wrong  from  an  aesthetic  point  of  view. 
Museum  lighting  has  been  referred  to.  There  is  no 
great  difficulty  in  it,  but,  unfortunately,  in  London 
the  museums  are  usually  under  the  control  of  the  Office 
of  Works,  and  in  the  provinces  they  are  usually  managed 
by  the  local  authorities,  so  that  the  independent  con- 
sultant does  not  get  much  experience  in  regard  to  them. 
I  can  onlv  instance  one  case  in  my  practice  :  a  museum 
of  a  medical  school,  90  ft.  by  75  ft.,  and  45  ft.  high. 
I  simply  put  in  ordinary  good  semi-direct  lighting  for 
the  main  lighting,  and  hidden  reflected  lighting  for  the 
shelves  and  showcases.  There  were  two  galleries, 
and  on  the  floor  level  there  were  shelves  under  one 
of  the  galleries,  so  that  rather  peculiar  lighting  was 
needed.  We  found,  however,  that  the  system  adopted 
worked  perfectly  well,  and  had  the  additional  advan- 
tage that  the  students  could  switch  the  lights  on  and 
off  as  they  wanted  to  inspect  the  various  samples.  I 
should  like  to  suggest  that  Mr.  Beauchamp's  paper 
lays  too  much  stress  on  the  argument  of  cheapness. 
It  is  well  known  that  for  some  applications  electricity 
is  cheaper,  while  for  others  gas  is  cheaper.  In  our 
advice  to  the  architects  and  their  clients  we  should 
be  a  little  more  impartial  and  simply  put  the  facts 
before  them,  instead  of  giving  the  impression  that  we 
are  purely  salesmen.  Salesmanship  is  all  right  when 
it  is  a  question  of  direct  dealing  between  the  seller 
of  an  article  and  the  purchaser,  but  in  the  design  of  a 
big  building  salesmanship  is  out  of  place.  Mr.  Hooper's 
note  on  chimneys  has  already  been  mentioned,  but 
there  is  a  further  point  to  which  I  should  like  to  refer. 
The  summer  months  are  the  hottest  months  in  the  year, 
and  are  the  months  during  which  ventilation  is  most 
needed,  but  that  is  just  the  time  when  the  ordinary 
householder  closes  the  register  at  the  bottom  of  the 
chimney.  I  maintain  that  the  chimney  was  never 
designed  as  a  ventilator,  but  as  a  draught  producer. 
It  can  only  be  a  sort  of  excuse  for  not  using  electric 
heating  that  it  has  suddenly  been  discovered  that  the 
chief  function  of  the  chimney  is  to  ventilate  a  room — • 
in  spite  of  the  fact  that  it  is  provided  with  a  register, 
the  express  purpose  of  which  is  to  close  the  chimney 
during  the  hottest  months  of  the  year  when  ventilation 
is  most  essential. 

Mr.  H.  Shepherd  :  The  last  speaker  referred  to 
fagade  lighting.  From  my  point  of  view,  at  any  rate, 
a  great  deal  of  the  street  lighting  nowadays  is  \-ery 
objectionable.  The  large  number  of  ill-designed  colour 
schemes  one  sees  spread  over  the  facades  of  buildings 
have  not,  I  am  certain,  been  designed  by  arcliitects. 
The  desirabiUty  of  consultation  between  the  architect 
and  the  electrical  engineer,  or  real  co-operation  between 
them,  is,  I  think,  obvious,  and  I  am  in  perfect  accord 
with  it.  Architects  who  have  to  deal  with  a  large  build- 
ing scheme  would  be  well  advised  to  take  into  consulta- 
tion an  electrical  engineer,  not  during  building,  but 
when  preparing  the  plans.  For  my  part,  I  have  in\-ari- 
ably  sought  the  advice  of  a  consultant  when  I  have 
had  a  large  scheme  in  hand,  and  I  ha\e  done  so  from 
its  inception,  when  it  was  still  on  paper.  Nowadays 
the  many  ramifications  and  requirements  of  which 
an  architect  is  expected  to  have  a  general  knowledge 
may  lead  to  trouble  later  if  one  does  not  make  proper 
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provision  not  only  for  the  general  lighting  and  power, 
but  for  telephones,  bells,  etc.,  and  ducts  for  the  heating 
and  ventilation  of  the  air  in  the  rooms,  and  for  the 
periodical  extraction  of  dust  therefrom.  It  must  be 
remembered,  however,  that  architects  are  in  the  same 
position  as  engineers,  and  no  doubt  your  clients  also 
expect  of  you  a  great  deal  more  than  they  are  entitled 
to  demand.  I  endorse  and  certainly  agree  with  what 
Mr.  Munby  has  said  in  regard  to  voltage.  It  is  a  question 
which  is  perpetually  cropping  up,  and  is  a  source  of 
ver>-  great  trouble.  Sometimes  when  I  have  asked  for 
advice  from  electrical  and  other  consulting  engineers 
I  have  been  told  :  "  Show  us  the  building,  and  then 
we  will  tell  you  what  to  do."  It  might  be  of  great 
mutual  advantage  if  a  joint  committee  were  set  up  to 
consider  and  advise  on  certain  points  wliich  need  elucida- 
tion. For  example,  I  should  like  to  ask  you,  as  elec- 
trical engineers,  what  is  the  best  floor  for  a  battery 
room  ?  What  is  the  efiect  of  dilute  acids  on  cables 
and  wiring  ?  From  your  point  of  view,  would  you 
prefer  a  concrete  floor  with  a  hard  finish  or  a  tile  floor 
in,  say,  a  generating  station  ?  I  should  also  like  to  ask 
what  would  be  about  the  average  lives  of  first-class 
wiring  installations  of,  say,  "  Grade  "  and  "  Class  " 
kinds  ?  \\e  do  not  know  whether  in,  say,  15  or  20 
years'  time  a  great  deal  of  the  wiring  will  have  to  be 
renewed,  but  you  electrical  engineers  can  tell  us.  Such 
information  and  the  settlement  of  questions  of  this 
kind  is,  I  suggest,  where  your  experience  would  be  invalu- 
able to  us,  as  architects  in  the  preliminary^  design  of 
a  large  building  scheme.  Capt.  Wallis-Jones  mentioned 
periodical  testing.  I  have  found  when  acting  for 
companies  that  one  can  get  a  Board  to  agree  much  more 
easily  to  regular  inspection,  testing  and  maintenance 
than  a  private  client,  because  they  more  quickly  realize 
the  business  advantages.  We  have,  however,  the 
same  difficulty  with  individual  clients  as  you  have,  and 
although  we  trj'  to  persuade  them  to  have  proper 
periodical  tests  carried  out,  after  aU  it  is  the  man  who 
pays  who  calls  the  tune,  and  one  may  give  him  advice, 
but  he  does  not  always  take  it — I  daresay  you  have 
had  that  experience.  There  are  many  cases  in  which  I 
suggest  it  would  be  ver>'  useful  to  have  a  Joint  com- 
mittee. If  such  a  committee  were  set  up,  I  beheve  that 
the  Royal  Institute  of  British  Architects  would  welcome 
the  opportunity  to  consult  with  you  on  any  points 
in  regard  to  which  we  could  be  of  mutual  assistance. 

Mr.  H.  Cubitt :  It  has  been  said  that  we  should 
confine  our  remarks  to  the  question  of  co-operation 
between  the  two  professions.  One  point  occurred  to 
me,  in  reading  through  Mr.  Beauchamp's  paper,  in 
regard  to  wliich  the  electrical  engineer  might  be  of  very 
great  assistance  to  the  architect.  It  is  with  reference 
to  electrical  cooking.  Nearly  all  architects,  I  think, 
would  like,  if  they  could,  to  put  electrical  cooking  into 
all  their  new  buildings,  but  they  hardly  ever  do  it  because 
of  the  cost.  Obviously  it  is  the  best  form  of  cooking 
that  we  can  use,  but,  on  account  of  its  cost,  we  are 
generally  compelled  to  employ  gas.  The  ordinary 
coal-burning  kitchen  range  has,  in  my  opinion,  become 
a  thing  of  the  past,  and  we  only  put  it  into  a  house  if 
the  client  particularly  requires  it.  In  an  ordinary 
modern  building  it  is  our  practice  to  put  in  an  inde- 


pendent boiler  for  hot  water  and  heating — perhaps  two 
boilers  or  perhaps  a  combination — and  a  gas  stove  for 
cooking.  If,  instead  of  gas,  we  could  use  electricity, 
I  am  sure  we  should  get  very  much  better  results,  but 
the  cost  is  too  high.  On  page  733  Mr.  Beauchamp 
says  :  "  The  combination  of  electricity  and  other 
methods  of  heating  is  of  interest.  .  .  .  Ovens  or  other 
cookery  equipment  have  been  made  for  partial  heating 
by  the  flue  gases  of  anthracite  or  coke  furnaces,  the 
final  cooking  temperature  being  provided  for  by  a  hmited 
use  of  electric  elements."  I  suggest  that  development 
along  these  lines  may  make  electric  cooking  much  more 
general.  If  sometliing  could  be  done  whereby  we  could 
employ  part  of  the  heat  from  the  hot-water  boiler  in 
raising  the  electric  stove  to  a  certain  temperature 
permanently  all  through  the  day,  with  the  actual  cooking 
temperature  added  to  it  as  required  by  means  of  elec- 
tricity, it  would  give  us  an  opportimity  of  doing  what 
we  aU  wish  to  do,  namely,  make  a  general  practice  of 
using  electricity  for  cooking.  Perhaps  it  may  be 
said  that  these  things  are  very  nice  in  theory,  but 
that  the  actual  developing  of  them  and  putting  them 
into  practice  is  very-  difficult.  On  the  other  hand, 
possibly  it  is  our  business  as  architects  to  say  what 
things  we  should  like,  and  in  electrical  matters  yours 
to  try-  to  produce  them. 

Mr.  H.  J.  Cash  :  Mr.  Beauchamp  on  page  735  sug- 
gests the  possibility  of  setting  up  a  joint  committee 
of  the  two  professions,  and  this  idea  has  been  taken  up 
by  one  or  two  speakers.  Mr.  Beauchamp  suggests 
that  one  of  the  objects  of  the  committee  might  be  to 
set  up  some  method  of  instructirig  architectural  students 
in  electrical  n.atters  ;  but  I  think  that  such  a  com- 
mittee would  also  do  useful  work  if  it  instructed  illu- 
minating engineers  in  architectural  matters.  I  cannot 
help  feeling,  as  an  electrical  engineer  who  has  very 
little  knowledge  of  architecture,  that  the  illuminating 
engineer  in  most  cases  simply  sets  out  to  provide  illu- 
mination, and,  if  he  gets  the  required  amount  of  illu- 
mination into  a  room,  he  thinks  he  has  done  a  good 
job  of  work ;  but  probably  the  architect  will  say : 
"  You  have  reversed  every  shadow  I  had  provided 
for ;  all  your  light  is  coming  from  the  wrong  direction." 
A  committee  such  as  has  been  suggested  might  possibly 
keep  us  from  making  mistakes  of  that  description. 
As  a  contractor,  I  should  like  to  support  those  consulting 
engineers  who  have  said  that  they  think  architects 
should,  whenever  possible,  employ  them.  I  am  always 
willing  to  submit  schemes  and  tenders  without  a  con- 
sultant inter\-ening,  but  I  feel  sure  that  all  contractors 
would  prefer  that  consultants  should  be  called  in.  I 
know  that  consultants  are  always  called  in  on  large 
jobs,  but  even  with  small  ones  I  cannot  help  thinking 
that  the  consultant's  fee  would  be  saved  by  the  economy 
thus  secured.  In  the  old  days  we  were  only  concerned 
with  fights,  and  the  architect  knew  how  many  lights 
he  wanted  and  where  he  wanted  them  ;  but  to-day 
there  are  power  circuits  to  be  considered,  and  I  may- 
be asked  to  provide  10  such  circuits.  First  of  all  I 
have  to  find  out  what  they  are  for — irons,  radiators,  or 
what  not.  If  I  am  told  they  are  for  radiators,  I  know 
very-  well  that  my  competitors  will  tender  for  1  kW 
radiators,  but  I  may  know  that  they  ought  to  be  2  kW 
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or  3  kW.  What  am  I  to  tender  for  ?  That  is  the 
case  of  a  small  job,  but  there  are  also  the  intermediate 
ones,  such  as  country  houses.  I  had  a  case  the  other 
day  where  the  architect  knew  his  contractors,  and  only 
went  to  two  or  three  from  whom  he  knew  he  would  get 
good  work.  I  heard  afterwards  that  my  price  was  the 
lowest  but  was  not  accepted  because  the  contractor 
whose  tender  was  accepted  had  put  in  a  larger  battery 
than  I  had  ;  he  had  put  in  a  200  ampere-hour  storage 
battery,  and  I  a  120.  I  discovered  later  that  he  was 
tendering  on  50  volts  and  I  on  100.  My  battery  was 
really  larger  than  his,  but  it  appeared  to  the  architect 
to  be  smaller.  After  having  suffered  in  one  or  two 
cases  of  that  description,  I  decided  that  f  must  protect 
myself  by  quoting  in  every  kind  of  waj'  I  could  think 
of.  The  result  was  that  the  architect  had  no  idea  which 
of  15  alternative  combinations  was  the  actual  tender. 
All  this  kind  of  thing  means  higher  overhead  charges 
to  the  contractor  which  the  client  has  to  pay  in  the 
long  run  instead  of  the  consultant's  fee.  Mr.  Beauchamp 
and  several  other  speakers  have  referred  to  heating, 
and  mention  has  been  made  of  the  use  of  low-tempera- 
ture hot-water  systems  with  electric  radiators.  Mr. 
Beauchamp  has  given  some  of  the  advantages  of  that 
method,  but  one  or  two  he  has  omitted.  The  great 
disadvantage  of  hot-water  heating  is  that  one  sets  out 
to  warm  a  room  by  overheating  the  air.  Of  course, 
for  centuries  past  we  have  made  warming  the  room 
our  objectiv-e,  but  that  seems  to  me  to  be  wrong  ;  we 
should  not  aim  at  warming  the  room  so  much  as  at 
the  comfort  of  the  people  occupying  it.  On  a  cold 
winter's  day  one  is  quite  satisfied  to  sit  in  a  warm, 
sunny  corner  of  a  room,  although  the  room  itself  is  at 
a  lower  temperature  than  one  would  otherwise  be 
ready  to  tolerate  ;  it  is  the  radiant  heat  of  the  sun 
which  makes  it  comfortable.  That  fact  should  be 
taken  into  consideration  a  great  deal  more  in  the  future 
than  it  has  been  in  the  past.  \\'ith  hot  water  and 
steam  heating  the  temperature  of  the  heating  units 
must  always  be  very  much  higher  than  the  required 
temperature  of  the  room,  resulting  in  overheating  of 
the  air  and  discomfort.  With  a  much  lower  general 
temperature  of  the  hot-water  pipes,  not  only  is  fuel 
saved  (for  it  is  much  more  economical  to  keep  up  a 
room  temperature  of  50°  F.  than  70^  F.)  but  the  air 
is  not  overheated,  and  the  objection  to  hot-water 
radiators  almost  entirely  disappears.  If  the  hot  water 
is  kept  at  a  sufficiently  low  temperature  and  the  electric 
radiator  is  simply  switched  on  when  needed,  then, 
provided  one  is  sitting  within  range  of  the  radiant 
heat,  it  will,  I  think,  be  found  that  the  resultant  tem- 
perature of  the  room  need  not  be  anything  like 
so  high  as  has  been  necessarv  in  the  past  in  order  to 
make  it  comfortable.  I  suppose  that  the  majority 
of  those  who  ha\e  become  accustomed  to  a  coal 
fire  will  want  to  keep  their  own  particular  coal  fire, 
but  I  cannot  help  thinking  that,  even  if  our  sons  are 
of  the  same  opinion  (which  is  doubtful)  our  grandsons 
will  say  :  "  We  will  not  have  them  ;  they  are  nothing 
but  smoke  producers  and  work  makers."  I  am  con- 
vinced that  electric  radiant  heat,  probably  in  con- 
junction with  low-temperature  central  heating,  is  the 
method    of    the    future.     Mr.    Beauchamp    says    with 


■  reference  to  church  lighting  :  "  Latterly  there  has  been 
a  tendency  to  introduce  some  little  dramatic  element 
into  this  work,"  and  goes  on  to  quote  some  notes 
with  which  I  supplied  him.  It  is  only  a  matter  of  the 
exact  meaning  to  be  attached  to  the  word  "  dramatic." 
I  do  not  agree  there  i.s.  anvthing  dramatic  about  it. 
A  great  point  with  regard  to  that  system  of  lighting 
of  churches  is  that,  since  the  architectural  design  of 
the  interior  is  so  important  a  feature,  the  cost  of  elec- 
tric light  fittings  in  the  ordinary  installation  must,  in 
order  to  harmonize  with  the  building,  in  most  cases 
amount  to  more  than  the  cost  of  the  installation, 
whereas  the  scheme  of  church  lighting  quoted  by  Mr. 
Beauchamp  reduces  the  cost  of  the  fittings  to  next 
to  nothing.  I  have  been  told  that  such  a  scheme, 
although  it  apparently  provides  for  the  satisfactory 
lighting  of  the  congregation,  must  suffer  from  the  fact 
that  it  puts  all  the  glare  into  the  eyes  of  the  clergy-. 
That  point  has  not  been  raised  in  the  present  discussion, 
but  it  might  be  of  interest  to  state  that  in  no  case  have 
clergj'men  had  anything  to  complain  about ;  in  fact, 
generally  they  are  very  pleased.  One  of  the  obvious 
advantages  of  electric  lighting  is  that  the  lights  can 
be  turned  down  when  the  clergyman  is  in  the  pulpit, 
and  when  occupying  the  clergy  desk  he  does  not  have 
to  face  glaring  lights. 

Mr.  E.  C.  Barton  [communicated)  :  As  the  greatest 
single  worn,-  of  the  housekeeper  is  dust,  this  occasion 
should  not  be  lost  of  drawing  the  attention  of  architects 
to  air  filtration  as  practised  in  power  stations,  in  order 
to  convince  them  of  the  possibilities  of  filtered  air  in 
public  buildings,  clubs  and  hotels.  Vacuum  cleaners 
are  invaluable  in  the  struggle  against  dust  after  walls, 
floors,  carpets,  furniture  and  books  have  become  painted 
with  it,  but  they  only  mitigate  the  evil.  For  pri\-ate 
houses  they  will  probably  survive,  but  not  in  buildings 
of  more  than  half  a  million  cubic  feet  capacity.  A 
club  or  hotel  of  such  dimensions  would,  according  to 
the  figures  given  in  the  Builder  (28th  October,  1921), 
require  only  one  complete  renewal  of  its  air  content 
per  hour,  or  4  500  cubic  feet  per  minute,  an  insignificant 
performance  compared  with  the  ventilating  of  a  10  000 
kW  generator.  Incidentally,  the  hotel  could  guarantee 
almost  any  climate  to  its  patrons  by  using  refrigerated 
water  in  a  sprav  filter  to  dry  or  cool  the  air.  In  libraries, 
where  the  battle  with  dust  never  ceases  and  where  the 
books  all  succumb  eventually  to  the  enemy,  air  filtration 
should  prove  indispensable. 

Mr.  W.  E.  V.  Crompton  {communicated)  :  I  should 
like  to  make  a  few  remarks  dealing  more  definitely 
perhaps  with  a  few  of  the  everyday  points  that  occur 
with  reference  to  the  actual  co-operation  of  the  architect 
and  the  electrical  engineer.  Although  the  necessity 
for  this  co-operation  is  a  truism,  often  in  practice  it  is 
found  to  be  superficial  and  belated.  Co-operation  is 
essential  from  the  commencement  and  involves  the 
explanation  by  the  architect  to  the  engineer  of  the 
architectural  idea  upon  which  the  design  is  based,  so 
that  the  engineer  becomes  infected — as  it  were — by 
the  imaginative  idea  in  the  architect's  mind.  He  is 
then  in  a  position  to  play  up  to  it.  In  other  words, 
it  is  necessary  for  the  architect  to  make  clear  to  the 
electrician  the  kind  of  finishing  he  contemplates  for  his 
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wall  surfaces,  be  it  plaster,  hardwood,  marble  or  what 
not ;  whether  the  metal  to  be  used  be  silver,  bronze  or 
iron  ;  the  use  to  which  all  rooms  are  to  be  put  and  even 
certain  peculiarities  of  his  client  as  far  as  he — the 
architect — has  been  able  to  find  them  out  ;  not  only 
all  this  but,  which  is  quite  as  important,  it  is  essential 
for  the  engineer  to  appreciate  the  kind  of  effect  or 
appearance  at  which  the  architect  is  aiming  in  each 
room  or  place.  Seeing  that  increasing  provision  has 
to  be  made  for  pipes  and  wires  in  all  buildings,  it  is 
advisable  for  the  architect  to  design  so  that  additions  can 
be  made  easily  and  thus  do  his  part  in  playing  up  to 
the  engineer,  so  as  to  avoid  the  haphazard  way  in  which 
subsequent  wires  and  tubes  usually  have  to  be  run. 
There  is  no  end  to  development :  for  instance,  it  wUl  not 
be  long  before  external  radio  wires  will  be  obsolete,  and 
provision  will  then  have  to  be  made  inside  the  house 
for  them.  It  is  thus  a  question  whether  all  skirtings 
and  dado  mouldings,  etc.,  had  better  not  be  fixed  with 
screws  so  as  to  be  easily  movable,  and  whether  all 
corridors,  not  only  in  pubhc  buildings  but  even  in  the 
smaller  domestic  buildings,  should  not  have  counter 
ceilings  so  as  to  pro\ide  runs  for  future  wires  and 
pipes.  So  much  for  the  architect :  let  us  now  consider 
the  engineer.  It  is  for  him  to  grasp  the  design  so  as 
to  ensure,  for  instance,  that  the  position  of  switches 
always  tallies  with  the  centre  of  the  style  of  the  panelling 
behind  which  it  is  fixed.  He  must  also  appreciate 
which  are  the  axial  lines  of  the  design  and  which  are  the 
correct  architectural  centres  of  the  various  spaces  so 
that  various  fittings  may  be  fixed  in  the  right  position, 
for  the  busy  architect  cannot  be  expected  to  mark  with 
chalk  the  exact  position  of  every  electric  light  point.  He 
must  also  realize  that  the  proper  size  of  wall  plug — that 
is,  as  far  as  appearance  goes — for  a  skirting  1  in.  thick 
is  not  necessarily  the  size  to  use  when  the  skirting  is 
Ij  in.  thick.  Something  might  be  done  to  make  the 
arrangement  of  main  switchboards  and  cut-outs  more 
presentable  :  the  present  arrangements  seem  to  be  on  a 
par  \vith  the  untidy  dashboards  of  motor  cars  10  years 
ago.  These  dashboards  are  now  mostly  designed  and 
not  haphazard  :  a  similar  element  of  design  is  required 
in  the  switchboards,  etc.,  of  the  ordinary  electrical 
installations.  jMr.  Hooper  rightly  alludes  to  the  irritating 
and  injurious  nature  of  the  excessive  candle-power  often 
used  :  this  glare  can  be  done  away  with  by  proper 
shading,  and  yet  the  manufacturers  of  shades  do  not 
seem  to  be  as  helpful  as  they  might.  The  other  day 
I  was  looking  for  some  electric  fittings  in  one  of  the 
largest  showrooms  in  London  and  could  not  find  a 
glass  bowl  that  subdued  properly  the  cold  white  light 
of  the  modern  gasfiUed  lamp.  There  was  not  in  the 
showToom,  or  apparently  available,  a  shade  warm  enough 
to  counteract  this  whiteness,  which  is  so  trj-ing  to  most 
complexions.  This  question  of  co-operation  between 
the  architect  and  engineer  is  only  a  part  of  the  larger 
question  of  the  general  duty  of  the  architect  as  co- 
ordinator in  chief,  which,  owing  to  the  complexity  of 
our  civilization,  becomes  more  and  more  an  important 
part  of  the  architect's  activity  as  time  goes  on.  Perhaps 
my  bias  as  an  architect  makes  me  say  that  this  is  as  it 
should  be,  but  I  think  it  is  based  upon  the  well-founded 
assumption  that  the  architect's  work,  having  its  basis 


in  the  humanities,  must  have  a  large  outlook  and  take 
precedence  over  engineering  activities  which  are  based 
upon  utility. 

Mr.  W.  A.  Gillott  (communicated)  :  It  is  bv  discussing 
various  problems  that  the  best  of  ideas  are  evolved ; 
therefore  a  co-operative  meeting  between  architects 
and  electrical  engineers,  such  as  this,  is  sure  to  do  much 
good  and  perhaps  clear  away  any  misunderstanding 
that  may  have  been  present  in  the  minds  of  a  few  of 
us.  I  propose  to  make  a  few  remarks  upon  the  question 
of  fire  risk.  Unfortunately,  when  the  origin  of  a  fire 
is  unknown  it  is  often  attributed  to  electricity,  but, 
as  electrical  engineers  know,  this  is  invariably  not 
the  case.  If  one  employs  a  good  firm  to  carry  out 
the  electrical  installation  there  is  very  little  risk  of  fire 
due  to  the  so-caUed  "  fusing,"  and  I  suggest  that  cigarette 
smokers  are  responsible  for  considerably  more  fires  than 
is  electricity.  It  is  agreed  that  a  very  small  number 
of  fires  may  be  caused  by  electricity,  but  upon  investiga- 
tion it  is  usually  found  the  installation  was  either  a 
temporary  one  or  that  the  work  was  done  by  incompetent 
people.  I  therefore  suggest  that  all  architects  arrange 
for  their  electrical  work  to  be  performed  by  first-class 
electrical  contractors  ;  it  costs  no  more,  and  relieves 
them  of  any  anxiety.  The  use  of  electricity  for  cooking 
and  heating  is  spreading  very  quickly,  and  architects 
will  be  well  advised  to  consult  electrical  engineers  upon 
these  matters  when  new  buildings  or  houses  are  to 
be  erected,  as  quite  considerable  sums  can  be  saved 
in  the  construction  of  the  building  by  eliminating  certain 
chimneys — often  unused  if  erected — and  by  allowing 
for  ventilation  in  a  different  manner.  In  dealing  with 
kitchens  for  hotels,  restaurants,  cafes,  etc.,  I  should 
like  to  see  the  architect  call  in  the  electrical  engineer 
before  his  plans  are  complete  so  as  to  ensure  sufficient 
working  space  and  economical  lay-out  of  the  cooking 
appliances  in  the  kitchen.  These  are  often  left  to  the 
last,  and  any  odd  corner  is  utilized  for  the  cooking 
of  food.  The  kitchen  is  the  heart  of  the  whole  business 
— if  food  and  service  are  not  properly  provided,  the 
concern  will  be  a  failure — therefore  I  contend  that  it 
is  essential  that  the  kitchen  be  given  more  considera- 
tion than  it  often  receives.  A  weU-planned  approach 
for  goods  to  the  same,  and  quick  and  easy  dispatch  to 
the  dining  room,  etc.,  is  the  key  to  success.  I  am 
speaking  with  experience  when  I  say  that  the  invest- 
ment of  a  little  money  upon  kitchen  design  will  return 
many  times  the  amount  spent.  Mr.  Beauchamp  draws 
attention  to  the  question  of  tariffs.  It  is  desirable 
that  architects  consider  the  comparison  of  costs  of 
other  fuel  before  making  a  definite  decision  :  what 
may  appear  dear  in  one  district  is  no  doubt  cheap  in 
another.  There  are  so  many  other  advantages  to  be 
considered  that  it  is  not  until  these  have  been  carefully 
studied  that  a  true  decision  can  be  arrived  at.  It 
is  too  much  to  expect  architects  to  employ  fuUy  qualified 
electrical  engineers  upon  their  staffs,  but  I  am  of  the 
opinion  they  would  do  well  to  consider  the  question  of 
retaining,  at  a  moderate  cost,  a  consulting  electrical 
engineer  whom  they  could  call  upon  at  any  time  for 
advice  upon  matters  that  arise  and  who  could  keep  them 
up  to  date  in  new  ideas  and  inventions  hkely  to  be  of 
benefit  to  them.     I  am  confident  that  the  formation  of 
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the  committee  suggested  by  Mr.  Beauchamp  would  be 
of  immense  service  to  both  professions.  It  is,  of  course, 
understood  that  tlie  committee  would  not  displace 
the  consulting  engineer,  but  would  merely  assist  the 
exchange  of  views  and  progress  regarding  electrical 
matters.  I  sincerely  hope  that  his  suggestion  will 
be  taken  up  and  become  an  established  fact. 

Mr.  J.  Johnson  (communicated)  :  A  telephone  installa- 
tion is  now  recognized  as  a  necessity  for  all  business 
premises,  and  yet  it  would  appear  that  this  matter  is 
sometimes    overlooked    by    architects    when    provision 
is    being    made    for    the    various    services    in    connec- 
tion   with   a   new   building.      I   should    like    to    point 
out    that   the   telephonic    cabling   of   a   building   often 
involves  the  provision  of  a  number  of  large  cables  with 
risers    from    floor    to    floor,    and    suitable    distribution 
points  have  to  be  selected.     In  my  opinion  the  provision 
of  a  telephone  service  should  receive  as  much  attention 
as  any  other  service.     Telephone  engineers  are  constantly 
on  the  look-out  to  note  preparations  for  constructing 
large  buildings  and  to  ascertain  the  use  to  which  the 
buildings  will  be  put,  but  often  the  design  of  a  building 
is  settled  before  the  engineer  is  aware  that  a  buUding 
is    about    to    be    erected.     Co-operation    between    the 
architect  and  the  electrical  engineer  would  overcome  this 
difficulty  if  it  were  discussed  whilst  the  building  was  in 
course  of  design.     Telephones  are  generally  required  in 
the  first  occupation  of  a  building  and  are  not  usually 
considered  until  the  building  is  ready  for  occupation. 
A   more   satisfactory   lay-out   would    be   obtainable,    a 
good    deal    of    surface    wiring    avoided,    and    delay    in 
providing  the  telephone  service  reduced  to  a  minimum. 
Mr.   G.  W.    Keats   (coinnninicated)  :   My  experience 
has  proved  to  me  conclusively  that  the  principal  factors 
are  the  question   of  finance  and  the  education  of  the 
user.     In   regard   to   the   former,    the   London   County 
Council  were  willing  to  grant  loans  for  the  equipment 
of  premises  up  to  a  period  of  10  years.     I  understand 
that    the   Electricity  Commissioners  are   not   quite    so 
Liberal  in  this  respect,  so  that  the  development  of  elec- 
tricity for  domestic  purposes  is  hampered  at  the  com- 
mencement  by  the  fact  that  the  gas   companies   can 
install    their    gas    stoves    and    maintain    them    out    of 
revenue,  as  in  the  case  of  the  electricity  undertakers, 
and  all  they  have  to  do  is  to  give  their  shareholders 
a  reasonable  dividend  :    whether  the  dividend  is  made 
out  of  supply  of  gas  to  the  particular  stoves,  or  from 
residuals,  or  other  sources,  does  not  matter.    Electricity 
undertalcings,   however,   who    have    not    a    substantial 
reserve  fund,  are  compelled  to  apply  for  loan  sanction, 
and,  so  far  as  I  know  at  present,  the  maximum  period 
that  has  ever  been  allowed  for  such  loan  sanction  is 
10  years.     The   value  of  the  type   of  stove  which  is 
usually  installed  in   bedrooms  of   the   cottage  type   of 
house   is   well   known ;     the   cast   iron   is   usually   the 
cheapest  possible.     A  loan  of  60  years  is  granted  for 
this.     I  think  it  is  beyond  criticism  that  the  up-to-date 
electric  cooking  stove  or  radiator  (and  we  must  bear 
in  mind  that  most  undertakings  are  prepared  more  or 
less  to  maintain  them  out  of  revenue)  are  infinitely  of 
better  construction,  and  yet  we  are  limited  up  to  the 
present  to  a  loan  repayment  period  of  10  years,  whilst 
lor  paint,  distemper  and  glass  a  period  of  60  vears  is 
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allowed.     The  Electricity  Commissioners  have  assisted 
the    development   of    electricity   more   than    they  pos- 
sibly  realized    at    the    time,    by    extending    the    loan 
repayment    period    for    services     from     12     years     to 
25   years,  but  we  are  still  faced  with  the  short-period 
repayment   for  meters,  liouse  wiring  and  cooking  appa- 
ratus,  viz.  10  years.     It  would  be  interesting  to  know 
what  would  be  the  price  of  gas  if  all  the  apparatus 
which  the  gas  company  supply  were  capitalized  under 
conditions   similar    to    those   which    hamper    the    elec- 
tricity industry.      Gas   undertakings,  by  reason   of  the 
income   from   residuals,  are  able  to   make   ends   meet, 
but  electricity  undertakings,  who  have  no  such  income 
to  rely  upon  and  who  do  not  overcharge  their  fiat-rate 
consumers   for  the   benefit  of  prepayment   consumers, 
are   in   an   entirely   different   position.     These  remarks 
may  appear  to  have  httle  connection  with  the  title  of 
the  papers,   but   I  suggest  that,   whether  there  is  co- 
operation  or   not,   finance   governs   the   whole.     Whea 
the  Eltham  Housing  Estate  was  commenced  at  Wool- 
wich, it  was  admitted  at  the  time,  when  the  cost  of 
I    construction  was  high,  that  there  would  have  been  a 
saving  on  each  house  of  at  least  £25  if  the  chimney 
breasts  and  stoves  in  certain  rooms  had  been  omitted  : 
probably  to-day  that  saving  might  be  reduced  to  some- 
thing like  £12.     This  saving  would  naturally  go  a  long 
way  towards   the  cost  of  instalhng   electricity  in   the 
house.     That    there    should    be    co-operation    between 
architects  and  engineers  must  be  obvious  to  everj^one. 
Before  there  was  a  single  house  constructed  at   Eltham 
I  suggested  that  the  ideal  house  would  be  one  which 
as  far  as  possible  consumed  its  own  refuse  by  means 
of  a  slow-combustion   stove  which  would   provide   aU 
the  hot  water  required  in  the  house,  wliilst  limiting  to 
the  minimum  the  amount  of  incombustible  house  refuse 
to    be   removed  ;     and   that    there    should    be    heating 
plugs  in   all   the  rooms,    because   with   the   particular 
type   under  construction    it    would    only    be    in    the 
case  of  illness  that   heatings  would  be  required  in  the 
bedrooms,  and   this  could  be  temporarily  met  by  the 
free  loan  of  radiators.     In  all  the  houses  which  ha^•e 
been   given   a   full   equipment   of   electrical   apparatus 
there    has    been    practically    no    complaint,    with    the 
exception   that,    through   not   having   slow-combustion 
stoves,   water   has   to   be   boiled   by   electricity,    wliich 
I  have  found  from  experience  to  be  somewhat  slow.     I 
am   certain   that  with  proper  co-operation  between  the 
architect  and  the  engineer,  practically  the  whole  cost  of" 
electrical  equipment  could  be  covered  by  the  saving  in 
the  cost  of  construction,    quite   apart    from    the   well- 
known  savings  in  the  maintenance  of  the  property. 

Mr.  Francis  Hooper  [in  reply)  :  1  should  weary 
you  were  I  to  attempt  to  deal  with  all  the  interesting 
comments  that  have  been  made  during  the  discussion, 
but  I  should  like  to  thank  you  for  dealing  so  indul- 
gently with  me  in  this  attempt  to  show  some  of  the 
common  interests  of  one  body  of  men  with  another. 
I  do  not  minimize  the  responsibilities  nor  the  oppor- 
tunities of  architects  and  electrical  engineers  as  alfecting 
the   welfare,    or   the   reverse,    of  their  fellow-men. 

You  have  already  invited  doctors  to  put  before  you 
their  points  of  view,  and  they  too  have  a,ssured  you 
that  they  value   the  work  of  the  electrical  engineer. 
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We  are  not  in  a  new  world — a  fact  which  some  critics 
seem  to  forget — but  circumstances  change,  and  con- 
ditions change.  We  architects  desire  your  aid,  not  only 
in  factories  but  in  every  undertaking.  Our  activities 
are  fundamentally  social,  and  vitalty  concern  the 
health  and  well-being  of  the  community  at  large. 
Architects  look  to  engineers  to  assist  in  overcoming 
or  mitigating  the  serious  injur>'  and  loss  caused  by 
the  smoke  and  impurities  of  our  towns.  Users  of 
underground  railways  should  daily  thank  vou  engineers 
for  what  you  have  done  there  ;  and  we  look  forward 
to  equal  wonders  in  the  future.  For  the  driving  of 
machiner\-,  and  the  many  improvements  in  the  work- 
shop, architects  recognize  electrical  power  as  important 
aids  alike  to  builders  and  the  allied  industries  under 
their  direction. 

The  initial  point  for  consideration  appears,  from  the 
discussion,  to  be  the  best  method  of  distributing  elec- 
tric energy  in  the  many  varied  types  of  buildings 
both  new  and  old  for  easy  use,  readily  accessible  for 
repair,  extension  or  alteration,  with  the  least  disturb- 
ance of  floors,  walls  and  ceilings.  Specially  constructed 
channels  for  mains  may  often  be  desirable  and,  as  has 
been  suggested,  for  distribution  exposed  wiring  care- 
fully studied  as  regards  both  safety  and  sightliness 
would  offer  important  facilities.  Skirtings,  cornices, 
frieze-rails  and  ceiling-ribs  might  be  turned  to  account 
in  some  cases  for  this  purpose,  without  detriment  to 
decorative  or  other  amenities. 

Allusion  has  been  rightly  made  to  the  consulting 
engineer,  and  the  payment  for  brain  work.  I  cannot 
speak  for  the  Royal  Institute  of  British  Architects  in 
this  matter,  but  only  as  an  individual.  I  am,  however, 
convinced  that  the  work  of  both  architect  and  engineer 
is  better  understood  now  than  it  was.  Many  employers 
now  recognize  the  value  of  both  in  all  their  under- 
takings, and,  that  being  the  case,  clients,  whether 
companies,  corporations  or'  private  individuals,  are 
more  ready  to  take  and  pay  for  their  advice  in  regard 
to  questions  of  sanitation  and  organization  than  was 
the  case  in  the  past.  I  am  sanguine  that  this  meeting 
may  assist  our  members  to  recognize  the  valuable 
assistance  that  we  may  get  by  consulting  electrical  engi- 
neers as  independent  advisers.  We  may  say;  "You 
are  only  concerned  in  giving  advice  to  secure  the  best 
results." 

I  do  not  know  that  it  falls  within  the  province  of 
architects  to  draw  up  electrical  specifications.  I  think 
most  architects  are  satisfied  to  say  :  "  We  want  certain 
things  done  ;  what  do  you  advise  ?  " 

Reference  has  been  made  to  the  fire  risks  of  electric 
lighting.  I  am  confident  that  electrical  engineers  will 
hold  that  these  are  almost  negligible. 

Some  of  our  museums  have  been  lighted  electrically, 
but  this  is  not  the  case  with  the  National  Gallerj', 
nor,  I  think,  with  the  Portrait  Gallery  adjoining.  The 
lighting  of  our  museums  and  public  picture  galleries 
for  use  during  winter  evenings  I  regard  as  an  important 
social  matter:  so  large  a  portion  of  our  working  com- 
munity now  loses  the  value  of  our  museums,  which 
are  closed  at  5  or  6  o'clock.  Your  President  assures  me 
that  if  allusion  is  made  to  this  question  during  the 
course  of  this  discussion  it  may  be  considered  by  your 


Council,  who  will  take  what  steps  they  see  fit  to  bring 
their  views  to  the  knowledge  of  those  in  authority. 
The  matter  of  guardianship  is  a  formidable  objection 
to  any  concession,  but  it  might  be  possible,  at  intervals, 
to  close  by  day  and  open,  for  half  the  usual  number 
of  hours,  at  night.  This  would  give  the  illuminating 
engineer  his  chance,  and  we  should  look  to  him  for 
great  advances  in  concentrating  the  light.  Go  to  the 
National  Galler>-  and  look  at  the  "  Raphael,"  for  which 
a  huge  sum  has  been  paid.  Imagine  it  lighted  from 
the  point  intended  by  the  painter  in  a  way  well  within 
the  power  of  the  electrical  engineer,  and  all  will  then 
recognize  its  true  value.  Our  sculpture,  too,  loses 
interest,  in  many  cases,  from  the  same  cause.  By  con- 
centrated lighting  that  could,  to  a  large  extent,  be 
avoided.  We  should  get  a  scheme  of  illumination  and 
of  education  which  would  extend  from  public  to  private 
galleries,  and  so  make  all  far  more  interesting  than  at 
present. 

I  ask  pardon  for  having  only  suggested  certain 
questions  which  I  believe  might  advantageouslv  be 
discussed  by  architects  and  by  electrical  engineers 
amongst  themselves,  and  which  might  add  vers-  greatly 
to  the  popularity  and  efficiency  of  the  work  upon 
which  we  are  severally  engaged,  and  I  heartily  thank 
all  those  who  have  taken  part  in  the  discussion  for 
their  valuable  contributions,  which  have  added  so  much 
to  the  use  and  interest  of  this  joint  meeting. 

Mr.  J.  W.  Beauchamp  {iti  reply)  :  I  am  glad  to  find 
that  in  the  course  of  the  discussion  members  and 
visitors  have  to  some  extent  answered  one  another. 
There  are,  however,  a  few  points  of  particular  interest 
with  which  I  should  like  to  deal. 

Everj'  speaker  was,  I  think,  unanimous  as  to  the 
necessity  for  the  electrical  engineer  and  the  architect 
to  get  into  touch  with  one  another  at  an  early  stage 
of  the  work.  It  is  true  that  one  of  the  architects  turned 
the  tables  on  us  rather  neatly  bv  instancing  the  case 
of  an  electrical  engineer  who  said  he  could  not  think 
about  the  lighting  of  a  building  until  he  went  inside 
and  saw  what  it  looked  like.  However,  in  a  general 
way  it  is  obvious  that  the  engineer  and  the  architect 
should  meet  first  at  the  drawing  board  and  not  in  the 
building. 

The  request  made  for  model  specifications  is  rather  a 
difficult  one  to  deal  with  :  conditions  change  rapidly, 
but  there  is  already  a  good  deal  of  information  of  this 
kind  in  existing  textbooks  and  reference  books,  and  I 
have  seen  some  of  it  in  architects'  year-books  and  similar 
publications.  Within  limits  it  is  useful.  I  dare  say  the 
architect  is  a  little  nervous  of  employing  it,  owing  to 
rapid  changes  and  because  he  knows  that  similar  matter 
referring  to  civil  engineering  work  has  to  be  used  with 
a  good  deal  of  discretion.  In  a  general  way  it  is  no 
doubt  safer  to  call  upon  responsible  consulting  engineers 
or  contractors. 

Several  of  the  architects  who  took  part  in  the  dis- 
cussion have  complained  of  the  difficulty  arising  from 
the  lack  of  uniformity  in  supply  pressure.  I  am  afraid 
the  lack  of  uniformity  in  prices  charged  for  electricity 
in  different  parts  of  the  country  is  an  even  greater 
difficulty,  and  I  am  accustomed  to  hearing  these  com- 
plaints   from   non-electrical   indi\-iduals    and   from   the 
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Press.  It  can  hardly  be  necessarj'  for  me  to  point  out 
that  the  electrical  industry  has  more  to  gain  than 
anyone  else  from  unifying  supply  pressures  :  that  is 
one  of  the  biggest  undertakings  one  could  possibly  call 
for,  and,  although  the  reorganization  now  going  on 
under  the  Electricity  Commissioners  is  working  towards 
this  desirable  end,  there  is  little  doubt  that  we  shall 
have  to  operate  with  mixed  voltages  and  periodicities 
for  a  very  long  time  to  come.  It  is  difficult  to  blame 
anyone  for  this  position.  In  this  country  we  have, 
electrically  speaking,  to  a  large  extent  to  pay  for  our 
history.  The  public  service  of  electricity  may  be  said 
to  have  been  bom  here,  and,  in  the  early  days  when 
conditions  were  very  unstable,  pioneers  were  even 
proud  to  set  up  undertakings  with  characteristics  of 
supply  different  from  those  of  their  neighbours  ;  the 
great  growth  of  the  business  was  not  foreseen  and 
the  possibility  of  linking  up  undertakings  into  a  common 
national  electrical  network  was  only  dreamed  of  by  a 
very  few. 

Mr.  Munby  complained  about  difi&culty  in  hiring 
apparatus.  This  is  a  question  of  commercial  develop- 
ment now  being  dealt  with  much  more  rapidly  than 
in  the  past.  In  many  areas  apparatus  can  be  hired 
or  hire-purchased,  and  this  movement  will  undoubtedly 
spread.  One  must  never  forget,  however,  that  every- 
thing that  is  done  must  be  paid  for  ultimately  by  the 
consumer  in  some  way  or  other.  Apparatus  which  does 
not  use  a  great  deal  of  electricity  in  the  course  of  a 
year  is  more  difficult  to  hire  out  on  a  close  basis  than 
appliances  the  use  of  which  results  in  a  considerable 
increase  in  consumption.  In  certain  lines  of  electrical 
work  there  is  every  reason  for  assisting  the  consumer 
to  obtain  appliances,  because  the  result  tends  greatly 
to  increase  the  use  of  electricity,  costs  fall  all  round, 
and  low  hiring  rates  are  justified.  There  are  other 
appliances,  however,  which,  whilst  bringing  to  the  user 
an  immense  convenience  and  frequently  incidental 
savings  far  outweighing  the  cost  of  electricity,  do  by 
themselves  consume  so  small  an  amount  of  energy 
that  it  is  unreasonable  to  expect  the  appliances  to  be 
hired  out  on  anything  but  a  strictly  commercial  basis. 
In  some  of  the  districts  now  pushing  domestic  elec- 
trification it  is  possible  to  hire,  in  addition  to  cookers, 
fires  and  other  appliances,  the  necessary  wiring  required 
for  their  use. 

Mr.  Eck  referred  to  the  objectionable  appearance  of 
many  of  our  fittings.  There  is  much  truth  in  this  ;  one 
frequently  sees  electrical  accessories,  switches,  fuse- 
boards,  etc.,  which  are  quite  out  of  keeping  with  their 
surroundings  and,  through  lack  of  unity  in  design, 
take  up  far  more  room  than  they  should.  This  is 
to  no  small  degree  due  to  the  fact  that  on  so  many 
jobs  the  architect  and  the  electrical  engineer  never 
meet. 

Reference  has  been  made  by  one  speaker  to  the 
necessity  of  regular  inspection  and  fire  risk.  The 
inspection  of  installations  can  be  overdone  ;  it  should 
at  least  be  related  to  the  size  of  the  buildings  and  the 
responsibility  on  the  installations.  In  many  large 
undertakings  there  is  no  doubt  a  very  good  case  for 
regular  inspection,  but  one  must  not  place  too  complete 
a   reliance   on    insulation    tests    and    purely    technical 


examinations  of  that  kind.  By  themselves  they  are 
insufficient,  as  one  may  measure  a  very  high  insulation 
resistance  on  a  network  which  contains  perhaps  some 
very  doubtful  places.  Visual  inspection  by  experienced 
men  goes  a  long  way  and  is  bound  up  with  the  methods 
of  wiring  employed.  Some  methods  give  much  more 
facility  for  inspection  than  others  and  enable  faults  to 
be  cleared  and  remedied  without  undue  expense  or 
disturbance. 

The  ventilation  of  electrically  heated  rooms  is  a 
question  often  referred  to  :  it  is  not  difficult,  and  to 
argue  that  electric  heating  is  at  a  disadvantage  com- 
pared with  the  gas  or  coal  fire,  which  is  obliged  to  have 
a  flue,  is  not  really  the  way  to  deal  with  the  subject. 
The  architect  and  the  engineer  together  can  certainly 
find  the  means  of  ventilating  rooms  without  the  crude 
and  draught-producing  devices  with  which  we  are  all 
so  familiar. 

In  connection  with  electric  heating  I  would  here 
emphasize  that  in  most  districts  we  are  only  asking  for 
that  share  of  the  heating  which  may  be  described  as 
"  occasional  "  or  "  short  hour,"  and  if  that  is  given  to 
us  it  becomes  possible  to  effect  very  substantial  saving 
on  new  buildings  by  cutting  out  some  fireplaces  and 
chimneys,  at  the  same  time  releasing  to  the  tenant 
more  space,  leaving  him  free  to  arrange  his  room  without 
the  control  which  arises  from  a  fixed  fireplace,  and  also 
saving  him  the  expense  of  fireplace  furnishings. 

Mr.  Raphael  mentioned  the  very  small  percentage  on 
total  cost  of  the  building  which  went  to  the  electrical 
contractor  ;  this  is  very  noticeable  compared  with  the 
amount  that  plumbers  and  decorators  receive.  There 
are  several  reasons  for  this.  In  some  districts  electricity 
is  at  present  too  dear  for  uses  other  than  lighting  and 
small  or  occasionally  employed  appliances,  but  in 
others  where  electricity  is  extremely  cheap  compared 
with  gas  or  coal  one  often  finds  the  same  circumstances, 
and  this  is  due  to  insufficient  enterprise  and  salesmanship 
on  the  part  of  the  contractor  or  electricity  supplier. 
This  difficulty  is  being  overcome,  and  is  one  in  which 
the  architect  can  help  us  very  much. 

Mr.  Raphael  suggested  that  I  attempted-  in  the 
paper  to  introduce  too  strong  a  feature  of  salesmanship 
into  the  electricity  business.  I  cannot  think  that  he 
quite  means  this,  as  all  my  statements  are  accompanied 
with  limiting  figures,  and  it  is  the  practice  to-day  to 
show  clearly  what  can  be  done,  with  advantage  to  the 
user,  in  this  or  that  district ;  not  to  claim  that  electricity 
is  universally  economical  for  all  purposes  but,  on  the 
other  hand,  to  restrain  the  public  and  even  the  architect 
and  other  non-electrical  thinkers  from  generalizing  from 
limited  and  insufficient  instances.  Frequently  business 
which  would  have  given  satisfaction  to  the  user  as  well 
as  to  the  supplier  has  been  lost  because  someone  in 
authority  has  stated  that  the  electrical  method  "  is 
expensive,"  and  that  without  any  investigation  as  to 
local  conditions  or  without  taking  the  trouble  to  find 
out  from  those  who  sell  and  have  to  stand  by  the 
electrical  service  exactly  how  far,  at  their  current 
rates,  it  would  pay  the  consumer  to  adopt  electrification. 
It  must  be  obvious  from  the  great  diversity  of  prices 
charged  for  coal,  gas  and  electricity  up  and  down  the 
country-  that  what  is  just  practicable  in  one  place  may 
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be   very   cheap   in  another   and  impossibly  dear   in   a 
third. 

It  was  obvious  from  the  discussion  tliat  a  number 
of  members  and  vistors  were  interested  in  the  suggested 
joint  committee.  I  hope  it  may  be  possible  to  pursue 
this  matter.  A  committee  such  as  I  have  in  mind 
would  in  no  way  supplant  the  consulting  engineer  or 
contractor,  or  attempt  to  deal  with  concrete  problems, 
but  should  result  in  a  useful  interchange  of  ideas  between 
the  two  professions,  keeping  each  other  advised  on  the 
latest  progress.  Out  of  this  work  could  also  grow 
some  useful  educational  effort,  for  the  young  architect 
on  electricity  and  for  the  young  electrical  engineer  on 
architecture.  For  example,  the  reference  made  by 
several  speakers  to  the  combination  of  electricity  and 
other  heating  media,  opens  a  most  interesting  field  of 


speculation  and  one  which  might  well  be  explored  by 
such  a  committee.  I  am  convinced  that  as  the  years 
go  by  a  great  deal  of  work  will  be  done  on  these  lines, 
and  that  it  will  go  far  to  solve  some  of  the  problems 
now  troubling  the  architect. 

One  of  the  architect  speakers  in  the  discussion  pointed 
out  that  it  was  one  thing  to  advise  the  client  and  another 
to  make  liim  take  that  advice.  Electrical  engineers 
also  get  plenty  of  that  experience  and  one  cannot  expect 
complete  success  when  putting  forward  proposals  which, 
however  beneficial  to  the  client,  are  perhaps  only  partly 
understood  by  him  and  will  cost  him  money.  Here  it 
is  a  question,  I  think,  of  a  little  dignified  salesmanship  ; 
a  study  of  the  psychology  of  those  who  employ  us,  and 
not  the  least  important  essential  for  carrying  conviction 
to  others  is  that  we  should  be  convinced  ourselves. 
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SUMMARV. 


The  mathematical  theory  of  the  magnetomotive  force 
developed  by  armature  windings  is  developed  and  presented 
in  a  new  manner,  and  in  such  a  form  that  it  is  at  once 
directly  applicable  not  only  to  the  more  common  cases  but 
also  to  abnormal  cases,  such  as  unbalanced  windings,  and 
to  pole-changing  windings,  etc. 

An  attempt  has  been  made  to  present  the  subject  matter 
in  simple  mathematical  language  and  to  give  the  various 
series  concerned  in  as  simple  a  form  as  possible.  In  general, 
the  conclusions  arrived  at  in  the  various  sections  of  the 
paper  have  been  succinctly  stated. 

The  method  of  treatment  adopted  is  to  start  from  the 
Fourier  series  representing  the  M.M.F.  distribution  due  to 
a  single  coil,  and  to  build  up  from  this  series  the  correspond- 
ing series  for  any  complete  winding.  The  effect  of  the 
value  of  the  coil-span  is  discussed,  it  being  shown  that, 
in  general,  a  single  coil  gives  rise  to  an  M.M.F.  distribution 
corresponding  to  the  joint  effect  of  all  numbers  of  poles 
from  2,  4,  6,  etc.,  upwards.  The  effect  of  the  spread  of 
the  coil-side  is  briefly  discussed,  and  data  relating  to  the 
various  winding  factors  concerned  are  given  in  a  simple 
graphical  form  applicable  to  harmonics  of  all  orders,  whether 
odd  or  even. 

The  resulting  M.M.F.  due  to  a  number  of  coils  carr^-ing 
the  same  current  is  then  deduced  from  the  effect  of  a  single 
coil,  heteropolar  arrangements  also  being  discussed. 

In  the  sections  dealing  with  alternating-current  windings, 
a  similar  method  is  employed.  It  is  shown  that  all  types 
of  polyphase  windings  fall  simply  into  one  category,  the 
treatment  being  perfectly  general  and  directly  applicable 
to  all  types  of  windings,  whether  normal  polyphase,  fuU- 
p'tch  or  chorded,  or  a  winding  intended  for  pole-changing. 
The  effects  of  higher  harmonics  in  the  current  wave  are 
discussed,  and  data  relating  to  the  harmonics  present  in 
the  M.M.F.  developed  by  polyphase  windings  are  given. 
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=  the  amplitude  of  the  2p-pole  M.M.F.  compo- 
nent due  to  a  single  complete  coil  carrying 
a  steady  current. 

=  one  half  of  the  maximum  value  of  the 
amplitude  of  the  2jJ-pole  M.M.F.  component 
due  to  a  single  complete  coil  carr\'ing  an 
alternating  current. 

=  the  winding  factor  corresponding  to  the 
2p-pole  component. 


Jwp 

L 


sp  =  slot-width  factor  corresponding  to  the  2;j-pole 

component. 
fp  =fapXfsp  =  the   total   distribution   factor    cor- 
responding to  the   2/)-pole  component. 
f'    f'    etc.  =  the  distribution  factors  corresponding  to 
the  fimdamental,  third,  etc.,   harmonics  of 
a  multipolar  system. 
I„  =  virtual  value  of  the  current  per  conductor. 
K  —  any  integer. 
31  =  any  integer. 
m  =  number  of  coils,  i.e.  the  total  number  on  an 

armature. 
N  =  number  of  phases  of  a  polyphase  winding  as 
defined   by   the   number   of   complete   coils 
per  pair  of  poles. 
n  =  order  of  the  harmonic  of  the  current  wave. 
p  =  order  of  the  M.M.F.  harmonic,  i.e.  in  general 
p    denotes    also    the    number   of   pole-pairs 
corresponding    to    any    particular    M.M.F. 
component. 
Q  =  number  of  slots  per  pair  of  poles. 
q  =  an  integer,  and,  in  particular,  (f>l>{i. 
s  =  number  of  slots  per  coil-side. 
S  =  number  of  slots  on  the  armature. 
X  =  M.M.F.    developed   by   a   single   coil,    and,    if 
the    ampcre-tum    is     taken     as     the     unit 
of    M.M.F.,    X    denotes    the    ampere-turns 
developed  by  the  coil. 
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X^ax   —  maximum  value  of  the  M.M.F.  developed  by 
a  single  coil  when  carrj'ing  an  alternating 
current. 
X  =  value   of    the   M.M.F.    at    any   point    on    the 

circumference. 
Xp  =  value    of   the   M.M.F.    at   anv   point    on    the 
circumference  due  to  the  sole  action  of  the 
pth  JNI.M.F.   component. 
Za  =  total  number  of  conductors  on  the  armature. 
2a  =  mean  span  of  the  coil,  expressed  in  "  mechan- 
ical radians." 
2ai  =  mean  span  of  the  coil,  expressed  in  "  electrical 
radians  "  based  upon  the  main  number  of 
poles. 
2^  =  spread  of  the  coil-side,  expressed  in  mechanical 

radians. 
2/3^  =  spread  of  the  coil-side,  expressed  in  electrical 
radians, 
slot-pitch,   expressed   in  mechanical  radians. 
=  slot-pitch,  expressed  in  electrical  radians. 
(77/2)  -  a. 

slot  width,  expressed  in  mechanical  radians, 
displacement  of  a  point  on  the  armature  from 
the  axis  of  the  coil,  expressed  in  mechanical 
radians. 

9    +    77/2. 

6i  =  displacement  of  a  point  on  the  armature  from 

the  axis  of  the  coil,  expressed  in  electrical 

radians. 
2i/r  =  displacement    between    two    successive    coils, 

expressed  in  mechanical  radians. 
2(j)  =  phase  displacement  between   the  currents  in 

successive  coils. 
Tp  =  pole-pitch  corresponding  to  2p  poles. 

Introduction. 

Of  recent  years,  considerable  attention  has  been 
attracted  to  the  study  of  the  magnetomotive  force 
of  armature  windings,  and  a  number  of  very  valuable 
papers  on  the  subject  have  been  published  in  this 
country,  in  the  I.E.E.  Journal  and  in  the  Electrician. 
Almost  without  exception  these  papers  have  originated 
from  Dr.  Stanley  Parker  Smith  and  from  the  pen  of 
those  whose  fortune  it  has  been  to  work  under  his 
direction.  The  present  author  has  also  contributed  to 
the  literature  of  the  subject.  So  far,  however,  the  sub- 
ject has  been  dealt  with  from  an  entirely  analytical 
standpoint,  attention  being  mainly  devoted  to  the 
analysis  of  the  magnetomotive  force  established  by  a 
normal  symmetrical  winding.  Such  methods  of  treat- 
ment are,  of  course,  invaluable  for  dealing  with  the 
more  normal  problems  that  arise  in  the  design  of 
alternating-current  machinery,  but  occasions  arise  when 
such  methods  of  treatment  are  insufficient.  For 
example,  it  is  common  knowledge  that  an  ordinary 
drum  coil  of  a  given  spa,n  can  be  usefully  employed 
in  the  formation  of  a  winding  intended  for  operation, 
with  certain  minor  exceptions,  with  any  desired  number 
of  poles,  a  fact  of  considerable  importance  in  pole- 
changing  windings.  The  mathematical  theory  of  the 
magnetomotive  force  of  windings  as  hitherto  developed, 
starting  as  it  does  from  the  point  of  view  of  the  com- 


pleted winding,  obscures  this  fact.  In  the  present 
paper,  therefore,  the  author  develops  the  mathematical 
theory  of  the  magnetomotive  force  of  armature  windings 
in  such  a  manner  that  it  can  be  applied  directly  not  only 
to  the  normal  straightforward  cases  but  also  to  abnormal 
cases — such  as  unbalanced  windings — and  to  pole- 
changing  windings. 

I.  The  Magnetomotive  Force  due  to  a  Single 
Coil  carrying  a  Steady  Current,  in  a  Machine 
having  a  Uniform  Air-gap. 

Consider  the  case  of  a  machine,  e.g.  an  induction 
motor  or  a  turbo-alternator,  having  a  uniform  air-gap, 
and  a  stator  wound  with  a  single  coil  of  the  "  drum  " 
type  and  spanning  an  angle*  of  2a  radians,  as  in  Fig.  1. 
The  coil-side  is  at  first  assumed  to  be  of  negligible 
spread,  and  the  coil,  surface  wound. 

When  a  current  is  passed  through  the  coil,  the 
magnetomotive    force    set    up    establishes    a    magnetic 


Fig.  1. 

flux  linking  with  the  coil.  Assuming  that  the  reluctance 
of  the  iron  parts  of  the  circuit  is  negligible,  the  flux 
distribution  in  the  air-gap,  neglecting  the  effects  of 
fringing,  will  be  as  indicated  in  Fig.  1,  and,  in  the 
developed  wave,  by  the  rectangular  wave-form  shown 
in  Fig.  2.  The  ratio  of  the  flux  density  "  inside  "  the 
span  of  the  coil  to  that  "  outside  "  is  inversely  pro- 
portional to  the  corresponding  areas  carrying  the  flux, 
so  that  if,  as  in  Fig.  2,  X^  and  X^  represent,  respectively, 
these  two  densities,   then 

Xoja  =  XiI(tt  —  a) 

As  a  result  of  the  current  in  the  coil,  a  difference  of 
magnetic  potential  will  be  established  between  any 
point  on  the  stator  and  the  point  radially  opposite  on 
the  rotor.  Under  the  conditions  assumed,  the  wave- 
shape representing  the  manner  in  which  this  difference 
of  magnetic  potential  varies  around  the  rotor  circum- 
ference will  be  of  exactly  the  same  shape  as  the  wave 
of  flux  distribution,  i.e.  as  in  Fig.  2. 

*  Unless  specifically  stated  to  the  contrary,  the  angles  referred 
to  in  the  present  paper  represent  the  actual  angles  concerned,  in 
mechanical  radians  and  not  in  electrical  radians. 
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On  the  score  of  brevity,  this  wave,  representing  the 
manner  in  which  the  difference  of  magnetic  potential 
between  stator  and  rotor  varies  around  the  machine, 
will  henceforth  be  referred  to  as  the  magnetomotive 
force,  or  M.M.F.,  distribution  wave. 

Using  now  Fig.  2  as  this  M.M.F.  distribution  wave, 
the  total  magnetomotive  force  developed  by  the  coil 
is  given  by  the  sum  of  the  values  X^  and  X2.  Thus, 
if  the  diagram  is  plotted  with  the  ampere-turn  as  the 
unit  of  magnetomotive  force, 

X  =  Xi  +  Xo  =  the  ampere-tums  developed  by  the  coil 

The  value  of  the  difference  of  magnetic  potential 
at  any  point  on  the  circumference  may  thus  be 
expressed,  by  means  of  a  Fourier  series,  in  terms  of  X 
and  the  displacement  of  the  point  under  consideration 
from  any  other  point  on  the  circumference.  A  common 
point  to  take  as  origin  is  one  displaced  by  tt/2  radians 
from  the  axis  of  the  coil,  as  in   Fig.   2.     Under  these 


Fig.  2. 

conditions  the  M.M.F.  due  to  a  single  coil  of  negligible 
spread  may  be  represented  by  the  series  : — 

2X 

X  =  — /(sin  a  sin  6'  ~  ^  sin  3a  sin  36' 

+  I  sin  5a  sin  50'  —  .  .  .) 

—  (J  sin  2a  cos  2d'  —  J  sin  4a  cos  -id' 

+  J  sin  6a  cos  66'  —  .  .  .)\  .      .      (1) 

This  may  also  be  written  : — ■ 

X  =  — /  (cos  S  sin  6'  +  ^  cos  3S  sin  3^'  +  •   •   •) 

-  (J  sin  28  cos  2^'+ J  sin  4S  cos  40'+  ...)}*   (^^ 

In  the  above  series 

X  is  the  total  M.M.F.  developed  by  the  coil  ; 

2a  is  the  span  of  the  coil  in   mechanical  radians 

(cf.  Fig.  1)  ; 
X  is  the  difference  of  magnetic  potential  between 
stator  and  rotor  at  a  point  distant  6'  radians 
from  the  chosen  origin,  i.e.  6'  —  {tt/2)  radians 
from  the  axis  of  the  coil  (cf.  Fig.  2)  ;    and 
8  =  (77/2)  -  a. 

It  follows  then  that  the  effect  of  passing  a  current 
through  the  single  coil  under  consideration  is  to  establish 
in  the  air-gap  of  the  machine  a  magnetic  field  of  such 
a  distribution  as  to  be  equivalent  to  the  combined 
effect  of  a  number  of  fields  corresponding  to  2,  4,  6, 
etc.,  poles  ;  these  component  fields  are  all  of  sinusoidal 
•  Cf.  Appendix. 


distribution  form  and  of  amplitudes  and  phase  relation- 
ships as  indicated  in  series   (1). 

Expressed  in  the  above  form,  the  components  cor- 
responding to  odd  numbers  of  pole-pairs  are  all  repre- 
sented by  sine  terms,  and  those  corresponding  to  even 
numbers  of  pole-pairs  are  all  represented  by  cosine 
terms.  It  therefore  becomes  more  convenient  to  take 
as  origin  a  point  on  the  axis  of  the  coil,  and  to  represent 
the  magnetomotive  force  wave  by  the  series  *  : — 


2X    . 

X  =  — ■  (sm  a  cos  ( 


I  sin  2a  cos  26 

+  J  sin  3a  cos  3d  -|- 


•) 


(3) 


In  the  above  series,  9  is  the  displacement  from  the 
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Fig.  3. 

axis  of  the  coil,  and  x  is  the  difference  of  magnetic 
potential  between  stator  and  rotor  at  that  point. 

It  will  be  noted  that  in  (3)  terms  involving  sin  6  are 
absent  and,  further,  that  all  the  terms  have  the  same 
sign. 

The  relative  magnitudes  of  the  amplitudes  of  the 
various  components  of  the  M.M.F.  wave  can  therefore 
readily  be  deduced  from  ordinary  trigonometrical 
tables.  To  indicate  the  manner  in  which  the  values 
of  the  various  components  depend  upon  the  span  of 
the  coil.  Table  1  has  been  prepared.  In  the  table 
the  amplitudes  of  the  various  components  are  expressed 
as  a  fraction  of  X.  The  various  amplitudes  are 
tabulated  against  the  span  of  the  coil  expressed  in 
degrees,  i.e.  against  2a(1807''').  The  sign  denotes  the 
phase  of  the  component  at  the  axis  of  the  coil. 

A  consideration  of  the  series  given  in  Equation  (1) 
at  once  indicates  that  the  Fourier  series  for  the  M.M.F. 
established  by  the  single  coil  naturally  subdivides  into 
two  separate  series,  the  one  containing  all  the  odd 
terms,  and  the  other  all  the  even  harmonics.  These 
component  series  are  : 

(1)  For  the  odd  numbers  of  pole-pairs : — 

2X, 
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k'  =  ^^(sin  a  sin  6'  —  ^  sin  3a  sin  36' 

+  !  sin  5a  sin  5d' 
*  Cf.  Appendix. 
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(2)  For  the  even  numbers  of  pole-fairs  :- 


2X 


x"  =  —  ^^ii  sin  2a  cos  26'  —  J  sin  4a  cos  49' 
+  ^  sin  6a  cos  6^'  — 


.) 


(5) 


The  first  of  these  two  series,  (4),  is  the  Fourier  series 
for  the  wave-fomi  shown  in  Fig.  3  (a),  a  wave  which, 
containing  only  odd  harmonics  and  sine  terms,  is 
S3rmmetrical  about  the  90'  axis,  and  the  second  half 
of  which  forms  a  true  reflection  of  the  first  half  when 
displaced  by  180°.  In  fact,  the  particular  wave-form 
shown  in  Fig.  3  (a)  is  identical  with  the  M.M.F.  wave 
obtaining  for  the  machine  under  consideration  when 
wound  with  two  coils  of  the  t\-pe  shown  in  Fig.  1,  the 
coils  being  displaced  by  180'  and  carn,-ing  current  in 
opposite  directions,  the  current  being  one-half  of  that 


2X' 

x'"  =  — (i  sin  2a  cos  20  +  1  sin  6a  cos  6^ 
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and 


2X 


""  =  — (I  sin  4a  cos  4^  -f  |  sin  8a  cos  : 


■  •)      (6) 


■)      (7) 


Of  these  series,  (6)  contains  solely  all  the  terms  cor- 
responding to  fields  ha\-ing  a  number  of  poles  which 
is  an  odd  multiple  of  4,  i.e.  to  the  4-,  12-,  20-,  etc., 
pole  components.  Series  (7)  in  a  similar  manner 
contains  solely  those  terms  corresponding  to  a  number 
of  poles  which  is  an  even  multiple  of  4,  i.e.  the  8-,  16-, 
24-,  etc.,  pole  components. 

Fig.  3  (c)  indicates  the  manner  in  which  the  actual 
M.'M.F.   wave  due  to   the  single  coil  can  be  built  up 


Table  1. 

Tlie   ^'alu:s  of  the  Amplitudes  of  the  M.M.F.  Components  due  to  a  Single  Coil  having  a 

Side  of  Negligible  Spread. 


Span  of 

.\mplitude  per  ampere-tum  for  component  of  order 

coil,  in 
degrees 

1 

S 

3 

4 

S 

6 

g 

10 

12 

10 

0-056 

0-055 

0  055 

0-055 

0-054 

0  053 

0-051 

0-049 

0-046 

20 

0110 

0-109 

0-106 

0-102 

0-097 

0-092 

0-088 

0-063 

0-046 

30 

0164 

0-159 

0-150 

0-138 

0123 

0-106 

0-069 

0-032 

0 

40 

0-217 

0-204 

0-184 

0-157 

0-125 

0-092 

0-027 

-  0-022 

-  0-046 

50 

0-269 

0-244 

0-205 

0157 

0-104 

0  053 

-  0-027 

-  0-060 

-  0046 

60 

0-318 

0-276 

0-212 

0-138 

0-063 

0 

-  0-069 

-  0-055 

0 

70 

0-365 

0-299 

0-205 

0102 

0011 

-  0  053 

-  0-088 

-  0011 

0-046 

80 

0-409 

0-314 

0184 

0-055 

-  0-043 

-  0-092 

-  0-051 

0-041 

0-046 

90 

0-450 

0-318 

0150 

0 

-  0090 

-  0106 

0 

0  064 

0 

100 

0-488 

0-314 

0-106 

-  0-055 

-  0-129 

-  0-092 

0-051 

0-041 

-  0-046 

110 

0-521 

0-299 

0-055 

-  0-102 

-  0127 

-  0-053 

0-088 

-  0-011 

-  0-046 

120 

0-551 

0-276 

0 

-  0-138 

-  0-110 

0 

0-069 

-  0-055 

0 

130 

0-577 

0-244 

-  0-055 

-  0-157 

-  0-073 

0-053 

0-027 

-  0-060 

0-046 

140 

0-598 

0-204 

-  0-106 

-  0-157 

-  0-022 

0-092 

-  0-027 

-  0022 

0-046 

150 

0-615 

0-159 

-  0-150 

-  0-138 

0  033 

0-106 

-  0-069 

0-032 

0 

160 

0-627 

0-109 

-  0-184 

-  0-102 

0-082 

0-092 

-  0-088 

0-063 

-  0-046 

170 

0-634 

0-055 

-  0-205 

-  0-055 

0-104 

0-053 

-  0051 

0-049 

-  0  046 

180 

0-636 

0 

-  0-212 

0 

0127 

0 

0 

0 

0 

in  the  single  coil  under  consideration.  Equation  (4) 
thus  corresponds  to  the  effect  of  an  ordinary  2-pole 
winding,  having  one  coil  per  pole  spanning  an  angle 
of  2a,  the  coil-sides,  being  of  negligible  spread,  and 
the  total  M.M.F.  for  the  two  coils  of  the  2-pole  winding 
being  equal  to  that  of  the  single  coil  under  consideration. 
Similarly,  the  Fourier  series  (5)  represents  the  wave- 
form shown  in  Fig.  3  (6),  a  wave  of  the  same  t\-pe  as 
the  original  wave  given  in  Fig.  2,  but  ha^-ing  the 
complete  wave-length  now  equal  to  one-half,  instead 
of  the  whole,  of  the  circumference.  As  a  result,  the 
series  containing  solely  the  e\'en  harmonics  may,  if 
necessar^^  further  be  subdivided.  Taking  the  origin 
now  at  the  axis  of  the  coil,  the  series  containing  the 
even  harmonics  maj'  be  divided  into : — 


graphically     from     the 
Figs.  3  {a)  and  3  (6). 


component     waves     given     in 


The    Condition    for    any    Particular    Component 
M.M.F.  TO  BE  Absent. 

From  Equation  (3)  it  follows  that  when  sin  pa  =  0, 
the  component  M.M.F.  corresponding  to  2p  poles  is 
absent.  For  sin  pa  to  be  zero,  pa  must  be  zero  or  any 
multiple  of  v.  Hence,  when  a  current  is  passed  through 
a  coil  of  the  tj'pe  under  consideration : — 

(1)  A  2-pole  component  field  must  be  established  in 

all  cases. 

(2)  The  4-pole  component  is  absent  only  when  the 

span  of  the  coil  is  tt  radians. 
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(3)  The   6-pole  component   is   absent  when   the  coil 

span  2a  =  27r/3  or  477/3. 

(4)  The  2p-pole  component  is  absent  when  the  coil 

span  2a  =  iTrjp,  4tt/p,  .  .   .  to  [27r  —  (27r/p)]. 

Further,  if  sin  pa  =  0,  it  follows  that  sin  Mpa  =  0, 
if  M  is  any  integer.  Hence,  if  the  span  of  the  coil 
is  such  that  no  component  M.M.F.  corresponding  to 
2p  poles  is  present,  it  follows  also  that  no  component 
can  be  present  which  has  a  number  of  poles  equal  to  a 
multiple  of  2p. 

If  T^  is  the  pole-pitch  corresponding  to  Ip  poles,  the 
condition  for  there  to  be  no  component  fields  established 
corresponding  to  2jo,  or  any  multiple  of  2p,  poles,  is 
thus  simplv  that  the  span  of  the  coil  shall  be  equal 
to  a  multiple  of  2Tj,.  This,  of  course,  is  simply  the 
condition  that  must  be  fulfilled  in  order  that  a  field 
system  having  %p  poles  shall  be  unable  to  induce  an 
E.M.F.  in  the  coil.  In  this  connection  it  is  well  to 
remember  that  if  a  field  coil  has  such  a  span  that  it  is 
not  capable  of  producing  a  component  M.M.F.  having 
2jo  poles,  it  always  follows  also  that  a  field  system 
having  2p  poles  cannot  induce  any  E.M.F.  in  the  coil, 
since  it  would  be  impossible  for  any  reaction  to  be 
set  up  by  the  coil. 

As  a  result,  except  for  the  particular  case  when  the 
span  of  the  coil,  2a,  is  such  that  2pa.  is  a  multiple  of 
27T,  a  coil  spanning  an  angle  of  2a  radians  can  be 
utilized  in  the  formation  of  a  winding  for  any  desired 
number  of  poles. 

In  the  case  of  a  complete  winding,  by  distributing 
the  coils  around  the  amiature  circumference,  certain 
of  the  component  M.M.F.'s  present  in  the  M.M.F.  wave 
of  the  individual  coil  are  entirely  eliminated,  and  the 
importance  of  others  diminished  by  the  interaction 
of  the  various  coils.  But  in  no  case,  whatever  method 
of  interconnecting  the  coils  may  be  employed,  is  it 
possible  for  M.M.F.  components  to  be  established  of 
orders  that  are  not  present  in  the  M.M.F.  wave  of  the 
elemental  coil*  from  which  the  complete  winding  is 
evolved. 

The    Condition    for    Any    Component    M.M.F.    to 
HAVE  ITS  Maximum  Possible  Value. 

The  maximum  value  of  the  amplitude  of  the  2p-poIe 
component  of  the  M.M.F.  distribution  wave  obtains 
when  sin  pa  is  maximum,  i.e.  when  sin  73a  =  ±  l-O,  or 
pa  is  equal  to  any  odd  multiple  of  7r/2. 

For  the  maximum  value  of  the  27j-pole  M.M.F.  com- 
ponent, the  span  2a  of  the  coil  must  thus  be  equal 
to  any  odd  multiple  of  Tt  divided  by  the  number  of 
pole-pairs,  or,  in  terms  of  the  pole-pitch  Tj,,  the  span 
must  be  (2ilf  —  1)tj„  M  being  any  integer. 

It  will  be  noted  that  the  maximum  possible  value 
of  the  amplitude  of  the  2p-pole  component  varies 
inversely  as  the  number  of  poles. 

Since  if  sin  pa  =  1-0,  the  value  of  sin  (2il/  —  l)pa 
also  =  1  •  0 — whether  plus  or  minus  is  immaterial — it 
follows  that  the  span  of  the  coil  giving  rise  to  the 
maximum    possible    value    for    the    component    having 

*  For  the  case  of  a  winding  such  as  an  ordinary  concentric  coil 
winding,  in  which  tlie  individual  turns  forming  the  coil  group  have 
not  all  the  same  span,  the  elemental  coil  referred  to  above  must  be 
regarded  as  consisting  of  the  complete  coil  group. 


2p  poles  will  also  give  rise  to  a  maximum  value  for 
those  having  (2J/  —  l)2/>  poles,  i.e.  any  odd  multiple 
of  2/)  poles. 

On  the  other  hand,  if  sinpa  =  ±  I'O  it  follows 
that  sin  2Mpa  =  0.  Hence  the  span  of  the  coil  resulting 
in  the  maximum  value  for  the  2p-pole  component  will 
result  also  in  the  absence  of  all  the  components  having 
a  number  of  poles  that  is  any  even  multiple  of  2p. 

As  an  example,  the  case  of  the  18-pole  M.M.F.  com- 
ponent corresponding  to  p  =  9  may  be  taken.  The 
span  of  the  coil  which  will  give  rise  to  the  maximum 


Fig.  4. 

value  of  this  component  is  7t/9,  37r/9,  57r/9,  77t/9,  tt, 
Utt/Q,  137r/9,  1577/9,  or  1777/9.  So  far  as  the  pro- 
duction of  the  18-pole  component  is  concerned,  each 
of  the  above  nine  spans  is  equally  effective,  although 
obviously  not  equally  desirable.  With  any  of  these 
above  spans,  all  the  components  corresponding  to  odd 
multiples  of  18  poles  will  have  their  maximum  possible 
value,  but  those  corresponding  to  even  multiples  of 
18  poles  will  be  absent. 

The  Magnetomotive  Force  Distribution  due  to  a 
Single  Complete  Coil. 

So  far,  attention  has  been  confined  to  the  case  of  a 
coil  of  which  the  sides  were  of  negligible  spread.     In 


Fig.  5. 

actual  practice,  the  coil-side  is  spread  over  an  appre- 
ciable portion  of  the  circumference,  and  may  be  uniformly 
distributed,  as  in  the  case  of  surface  windings,  or  distri- 
buted in  slots  as  with  most  modem  machines.  Further, 
the  actual  coil  may  be  constituted  of  a  number  of  coils 
having  the  same  axis,  but  of  varying  span,  i.e.  it  may 
be  a  concentric  coil  as  in  Fig.  4,  or  it  may  be  built  up 
of  a  number  of  coils  having  the  same  span  but  arranged 
with  a  constant  phase  displacement  between  successive 
coils,  forming  part  of  a  barrel  or  lattice  winding,  as  in 
Fig.  5. 
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Case  1.  Coil  side  surface-wouttd. — The  ma^etomotive 
force  being  distributed  uniformly  over  the  width  of  the 
coil-side,  the  M.M.F.  distribution  around  the  armature 


Fig.  6. 


is  represented 
instead  of  the 

1-0 
0-9 
0-8 
0-7 
0-6 


by  the  trapezium  wave  shown  in  Fig. 
rectangular  wave  shown  in  Fig.  2. 


2/3  is  the  spread  of  the  coil-side  in  actual  mechanical 

radians  ;    and 

X  is  the  difference   of  magnetic  potential  between 

stator  and  rotor  at  a  point  distant  by  d  radians 

from  the  axis  of  the  complete  coil,  as  in  Fig.  6. 

Compared  with  the  case  of  the  concentrated  coil- 
side,  the  Fourier  series  for  which  is  given  in  Equation  (3), 
the  effect  of  the  spread  of  the  coil-side  is  to  reduce 
the  amplitude  of  the  2/)-pole  component  in  the  ratio 
(sin  p^}lpP. 

This  factor  is  the  ordinary  "  winding  factor "  or 
"  breadth  coefficient  "  in  common  use.  It  is  simply 
the  ratio  of  the  sine  of  one-half  the  "  electrical  angle  " 
of  spread  of  the  coil-side  to  the  value  of  one-half  of  this 
angle  of  spread,  expressed  in  electrical  radians,  the 
"  electrical  "  angles  being  based  upon  2p  poles. 


^ 

s 


0-5 


u,   0-3 
'i    0-2 


01 


01 


-0- 


vA 

B 
C 


0 

40 

80 

120 

160 

720 

760 

800 

840 

880 

l-WO 

1480 

1520 

1560 

1600 

640  680  720  A 
1360  1400  1440B 
2050    2120      2160  C 


200  240  280  320  360  400  440  .  480  520  560  600 
920  960  1000  1(M0  1080  1120  1160  1200  1240  1260  1320 
1640    1680    1720    1760    1800    1640    1860     1320     1960    2000    2040 

Spread  zpfi,  in  electrical  degrees 
Fig.  7  — Winding  factors  (or  breadth  coefficients)  for  surface  windings. 

The  value  of  the  factor  is  plotted  a^iainst  that  of  the  equivalent  spread  of  the  coil  s  de  expressed  in  electric.-l  degrees  to  correspond  to 

the  particular  h.irmonic  under  investifi.ition. 


The  Fourier  series  representing  this  particular  wave 


2Z/sin  |3 


sin  a  cos  9  +  h  X 


3^ 
In  the  above  series 


sin  28 

sin  38 
X  ~^ri=r-  sm  3a  cos  35 


2a  cos  29 


) 


(8) 


X  is  the  total  magnetomotive  force  set  up  by  the 
coU,  i.e.  the  product  of  the  number  of  turns 
and  the  current  (if  the  ampere-turn  is  taken  as 
the  unit  of  M.M.F.)  ; 


^'alues  of  this  factor  have  been  tabulated  by  various 
authors,  notably  by  Arnold  and  Dr.  S.  P.  Smith.  The 
average  designer,  however,  prefers  his  data  to  be 
available  in  the  form  of  graphs.  Fig.  7,  from  which 
the  value  of  this  breadth  coefficient  can  at  once  be 
read  off,  for  any  angle  of  spread  of  the  coil-side  and 
for  any  value  of  p,  has  therefore  been  prepared.  The 
values  of  the  coefficient  are  plotted  as  ordinates  against 
the  values  of  2p^  x   ISO'/'T  as  abscissas. 

Case  2.  Coil-side  distributed  in  slots. — The  effect  of 
distributing  the  coil-side  in  slots  is  to  give  a  stepped 
form  to  the  M.M.F.  distribution  wave. 

For  the  case  of  a  barrel  winding,  in  which  the  com- 
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ponent  coils  are  of  equal  span,  the  Fourier  series 
representing  the  resulting  M.M.F.  distribution  may  at 
once  be  deduced  from  the  series  (given  later)  repre- 
senting the  combined  effect  of  a  number  of  similar 
coils  having  a  constant  phase  displacement  between 
successive  coils.* 

The  effect  of  a  concentric  winding,  so  far  as  the 
production  of  the  air-gap  field  is  concerned,  is  identical 
with  that  of  a  barrel  winding  having  the  same  current 
distribution,  and  so  may  also  readily  be  deduced  from 
Equation  (26).  The  Fourier  series  for  the  M.M.F.  due 
to  a  concentric  coil  may  also  be  deduced  from  a  con- 
sideration of  the  effects  of  the  individual  coils  of  which 
it  is  composed,  as  shown  in  Section  5  of  the  Appendix. 

In  certain  cases,  it  is  sufficiently  exact  to  assume 
that  the- width  of  each  individual  slot-coil  is  negUgible  ; 
this  case  is  therefore  first  considered. 

Case  {a).  The  M.M.F.  due  to  each  component  slot-coil 
assumed  to  be  concentrated  at  the  centre  line  of  the  slot.- — 
Under  these  conditions  the  M.M.F.  distribution  due  to 
a  single  complete  coil,  wound  in  s  slots  per  coil-side, 


p" 


z/ 


-2y 


\ 


Fig.  8. 


is  of  the  stepped  form  shown  in  Fig.  8,  the  steps  being 
rectangular. 

In  Section  5  of  the  Appendix  it  is  shown  that  the 
Fourier  series  for  this  particular  wave  is  : — 


2X/sm  sy    .  . 

—    — i — -  sm  a  cos  0 
77  \s  sin  y 


,         sin  2sv    .  . 

+  J  X       .     J  sm  2a  cos  20 


'  s  sin  2 


7 


•  •  •)      ■      (0) 


In  the  above  series,  which  holds  good  for  both  con- 
centric and  barrel  windings  : — 

s  =  the  number  of  slots  per  coil-side,  as  in  Figs.  4 
and  5. 
2y  =  the  slot-pitch,  expressed  in  mechanical  radians. 

Compared  with  the  case  of  a  single  concentrated  coil 
developing  the  same  total  M.M.F.  and  having  a  span  2a 
equal  to  the  mean  span  of  the  complete  coil  under 
consideration,  the  effect  of  distributing  the  winding  in 
slots,  for  the  conditions  at  present  assumed,  is  to 
reduce  the  amplitude  of  the  field  corresponding  to 
2p  poles  in  the  ratio  of  sin  spy/(s  sin  py).  This  latter 
factor  is  the  winding  factor  or  breadth  coefficient  in 
common  use  for  dealing  with  alternating-current 
windings.  Normally  it  is  greater  than  that  for  a 
corresponding  smooth  armature  winding  of  the  same 
spread,  in  the  ratio  of  pfijys  sin  py),  i.e.  of  py/ sin  py. 
Thus   the   ratio   between   the   two   coefficients   is   inde- 

•  Cf.  Equation  (26),  p.   782. 


pendent  of  the  number  of  slots  in  which  the  coil-side 
is  wound,  and  is  determined  solely  by  the  angle  (in 
electrical  degrees  corresponding  to  the  value  of  p) 
corresponding  to  the  slot-pitch.  As  a  result  the  winding 
factor  for  a  slotted  armature  can  readily  be  deduced 
from  that  obtaining  for  the  corresponding  smooth 
armature,  by  dividing  the  factor  obtaining  for  a  spread 
of  pp  by  that  obtaining  for  a  spread  of  py.  From  the 
simple  graph  given  in  Fig.  7,  the  winding  factor  cor- 
responding to  any  slotting  can  thus  readily  be  deduced. 
Thus,  for  example,  in  the  case  of  a  coil  wound  in  6  slots 
per  coil-side  in  a  96-slot  armature,  for  p  =  4  the  value 
of  p^  is  7r/2,   and  for  py,  77/12.     The  winding   factors 


Fig.  9  (a). — Winding  factors  for  slotted  armatures. 

The  slot-pitch  is  expressed  in  electrical  degrees  to  correspond  to  tlie  p  irlicular 
harmonic  under  investigation  Tne  graphs  gi'-e  the  "umcrical  values  "t  the 
f.ictor  for  the  angles  indicated  and  also  for  ilfx36D»  plus  those  ang'es,  M 
being  anv  in'egtr.  When  s  is  :in  odd  number  the  s.gn  cf  ihefactor  is  always 
as  givcn'in  the  gr 'ph.  hut  when  s  is. even  the  sign  must  be  reversed  for  angles 
between  180°  and  540°,  900'  and  1  260°,  etc. 

for  surface  windings  corresponding  to  these  angles  are 
0-9003  and  0-988  respectively.  Hence  the  winding 
factor  for  the  coil  under  consideration  is  0-900/0 -988, 
i.e.  0-911  for  p  =  i. 

These  winding  factors  are  so  much  used  in  alter- 
nating-current work  (the  same  factors  holding  whether 
the  problem  concerns  the  E.M.F.  induced  in  a  distributed 
winding,  or  the  magnetomotive  force  developed  by  the 
winding),  that  it  is  desirable  to  have  their  values  readily 
available.  Thfrvalues  of  the  factor  for  various  slottings 
and  numbers  of  phases  are  tabulated  in  Arnold's  books, 
and    in    papers*    by  various    authors.     These   tables, 

*  S  P.  Smith  and  R.  H.  Bouldino  :  "  The  Shape  of  the  Pres- 
sure Wave  in  Electrical  Machinery,"  Journal  I.E.E.,  lOlo.  vol  oJ. 
p  -'IS-  ako  B.  Hague:  "Pressure  Harmonics  in  Polyphase 
Systems  and   Windings,"  EUclrinan,    1917,   vol.   78,   p.    -05. 
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however,  are  limited  in  their  application  and  soon 
become  bulky.  Moreover,  it  is  usual  to  tabulate 
values  of  the  factors  for  odd  harmonics  only,  whereas 
for  the  case  under  consideration  it  is  necessary  to  deal 
with  harmonics  of  all  orders,  both  odd  and  even.  In 
addition,  it  is  a  convenience  to  have  the  data  available 
in  the  form  of  a  graph.  Figs.  9  {a)  and  9  (6)  have 
therefore  been  prepared  by  the  author ;  from  the 
graphs  there  given  the  value  of  the  winding  factor  for 
any  harmonic  and  for  aU  slottings,  i.e.  whether  the 
total  number  of  slots  is  divisible  by  the  number  of  main 
poles  or  not,  can  at  once  be  read  off  for  2,  3,  4,  5,  6,  8, 
10  or  12  slots  per  coil-side.  In  these  graphs  the  values 
of  the  winding  factors  are  plotted  as  ordinates  against 


taken.  The  winding  factors  for  all  the  harmonics  of 
the  phase  pressure  can  be  read  off  at  once  from  the 
graph  marked  "  s  =  6."  For  the  fundamental  the 
slot-pitch  is  equivalent  to  10  electrical  degrees,  and 
hence  the  winding  factor  is  0-957.  For  the  third 
harmonic  the  slot-pitch  is  equivalent  to  30'  and  the 
winding  factor  is  0-644;  for  the  15th  the  pitch  is 
equivalent  to  150°,  and  the  factor  becomes  0-172, 
and  so  on.  For  almost  all  cases  met  with  in  practice, 
s  will  not  exceed  12,*  and  the  graphs  given  in  Figs.  9(a) 
and  9(6)  will  suffice.  For  exceptional  cases  the  value  of 
the  factor  can  be  deduced  from  Fig.  7  by  the  method 
indicated  above.  Or  it  may,  in  most  cases,  be  deduced 
from    the   graphs    given  in  Fig.  9  by  dividing  the  coil 
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Fig.   9  (fc). — Winding   factors  for  slotted   armatures,   for  8,  10  and  12  slots  per  coil-side. 

The  graphs  give  the  numerical  values  of  the  factor  for  the  angles  indicated,  and  also  for  M  X  360**  plus  those  angles  :  for  angles  bet  iveen 

130°  .ind  540°.  900°  and  1260°,  etc.,  the  sign  must  be  reversed. 


those  of  the  slot-pitch  as  abscissae,  the  slot-pitch  being 
expressed  in  electrical  degrees  to  correspond  to  the  particular 
harmonic  under  investigation.  The  curves  hold  good  for 
both  odd  and  even  harmonics  and  for  any  number  of 
phases,  and  represent  simply  : — 

sin  2;)y/(  2  singly)  for  two  slots  per  coil-side; 
sin  3pyl{3  sin  py)  for  three  slots  per  coil-side  ; 
sin  ApiyKi  sin  py)   for  four  slots  per  coil-side  ; 

and  so  on. 

To  illustrate  the  use  of  the  curves  as  applied  to  a 
normal  complete  winding,  the  case  of  a  three-phase 
machine  with  6  slots  per  phase  and  per  pole  may  be 


into   a    number    of    similar    parts,     in    the    following 
manner  : — 

Let  s  =  Ms',  where  M  is  an  integer.  Then  the 
value  of  the  breadth  coefficient  for  the  pt\\  harmonic 
is  given  by  : — 

sin  spy         sin  s'py       sin  (Ms'py) 
s  sin  py       s'  sin  py      M  sin  s'py 

The  actual  coefficient  can  thus  readily  be  obtained 
from  the  product  of  the  two  component  coefficients. 
As  an  example,  the  case  of  a  2-pole  armature  having 

*  In  Section  3  of  the  .Appendix,  data  are  tabulated  from  which 
graphs  for  «  =  2,  3,  4,  5,  6,  8,  10  or  12  can  be  plotted. 
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60  slots  and  s  =  10  may  be  taken.     The  coefficient  for 
the  5th  harmonic  is  then  obtained  as  follows  : — 

2y  =  360760,  hence  y  =  3° 

Then  the  required  coefficient 

_  sin  {lOpy)  _  sin  (10  X  15°) 
10  sin  py  ~      10  sin  15° 

sin  (5  X  15°)       sin  2(5  x  15°) 

X 


5  sin  15°       '■  2  sin  (5  X  15°) 
=  0-746  X  0-259  (from  Fig.  9) 
=  0-193 

Denoting  the  various  breadth  coefficients  by  fy,i, 
/„,3,  etc.,  the  M.M.F.  distribution  due  to  the  single 
complete  coil  under  consideration  becomes  : — 

2A' 


=  —  (/„,!  sin  a  cos  0  +  hf^.o  sin  2a  cos  2d 
+  ifw3  sin  3a  cos  39  +  .  . 


(10) 


Case  {b).  The  M.M.F.  due  to  each  component  coil 
assumed  to  be  distributed  uniformlv  over  the  slot  width. — 
Instead  of  the  M.M.F.  being  concentrated  at  the  centre- 


FiG.  10. 

line  of  the  slot,  it  is  actually  distributed  over  the  copper 
width  of  the  slot.  As  a  result,  the  M.M.F.  distribution 
due  to  the  individual  slot  coil  is  of  the  trapezium  form 
shown  in  Fig.  10  (a),  in  which  2A  is  the  copper  width 
per  slot,  in  mechanical  radians.* 

The  M.M.F.  distribution  due  to  the  single  complete 
coil  arranged  in  s  slots  per  coil-side  is  therefore  of  the 
stepped  form  shown  in  Fig.  10  (6),  the  steps  being 
inclined,  instead  of  vertical.  The  Fourier  series  repre- 
senting the  wave-form  shown  in  Fig.  10  (a)  is,  from 
Equation  (8)  : — 

2X/sin  A    .  .        ,        sin  2A    .     „ 

—  I  -^ —  sm  a  cos  o  +  i  X      „^     sm  2a  cos  2d 


7t\    a 


2A 

,        sin  3A    . 
-f  ^  X         .     sm  3a  cos  W  + 


(H) 


*  This  point  has  alrciJy  been  discussed  by  the  present  autlior 
in  pievious  papers.  Cf.  Journal  I.E.E.,  1916,  vol.  M,  p.  94,  and 
1919,  Supplt.  to_vol.  57,  p.  G9. 


The   resulting   M.M.F.    distribution   due   to   the   action 
of  the  complete  coil  is  therefore  represented  by  ; — 

2A7       sinA    .  . 

X  =  — [Jw\  — r—  sin  a  cos  0 

TT   \  A 

+  ifu,2  ^^  Sin  2a  cos  2d  +  .  .  .^      .      (12) 

Compared  with  the  previous  case,  the  amplitudes  of 
the  various  harmonics  are  reduced  by  the  introduction 
of  the  "  slot- width  factor,"   {sinpXjIpX. 

The  values  of  this  slot-width  factor  for  the  various 
components  can  be  read  off  at  once  from  Fig.  7,  which 
is  plotted  for  the  slot  width  as  expressed  in  electrical 
degrees  corresponding  to  the  particular  harmonic  under 
investigation. 

Thus  for  the  case  when  the  copper  width  per  slot 
is  10  mm,  the  slot  pitch  30  mm,  and  the  number  of 
slots  per  main  pole   12  : 

For  the  fundamental,  2A  =  5°,  and  the  slot-width 

factor  =  1-000. 
For  the  third  harmonic,   2pX  =  15°,  and  the  slot- 
width   factor  =  0-997. 
For  the  fifteenth  harmonic,  2pX  =  75°,  and  the  slot- 
width  factor  =  0-930.,' 

In  a  similar  manner,  with  6  slots  per  pole  and  the 
copper  width  equal  to  one-half  of  the  slot-pitch,  the 
slot-width  factor  for  the  fundamental  would  be  0-997, 
for  the  third  harmonic  0-974,  and  for  the  eleventh 
harmonic  0  -  688. 

In  general,  the  effect  of  the  actual  variation  of  the 
M.M.F.  over  the  width  of  the  slot  is  inappreciable  so 
far  as  the  fundamental  is  concerned.  In  special  machines 
of  very  small  pole-pitch,  however,  the  effect  of  this 
variation  is  of  importance  even  in  the  case  of  the 
fundamental  harmonic. 

For  the  very  high  harmonics,  however,  the  effect  of 
the  distribution  of  the  M.M.F.  over  the  slot  width  is 
to  reduce  their  values  very  considerably  below  those 
obtaining  for  the  wave  indicated  in  Fig.  8,  the  extent 
of  the  reduction  depending  both  upon  the  number  of 
slots  per  pole  for  the  complete  winding  and  upon  the 
ratio  of  the  slot  width  to  the  slot-pitch. 

Denoting  the  slot-width  factors  by  fgi,  f^o,  etc.,  the 
actual  M.M.F.  distribution  due  to  the  sole  action  of  a 
single  complete  coil  group  distributed  in  s  slots  per 
coil-side,   is  represented  by  the  series  : — • 

2X 

x  =  —  {fafwl  sin  a  cos  ^-f  iA-e/^-o  sin  2a  cos  2^4-...)   (13) 

IT 

The  above  series  may  further  be  simplified  by  com- 
bining the  factors  (/^i,  /„i),  (f,2.  fwl).  etc.,  and  thus 
obtaining  the  true,  complete  distribution  factors  for 
the  actual  coil  group,  these  true  distribution  factors 
taking  account  both  of  the  spread  of  the  individual 
coils  in  the  slot  and  of  the  spacing  of  the  component 
coils. 

Denoting  these  true  distribution  factors  by  /i,  /o, 
etc.,  the  total  M.M.F.  distribution  due  to  the  single 
complete  coil  group  may  thus  be  represented  by 


2X 


X  =  — (/i  sin  a  cos  Q  ■\-  i/o  sin  2a  cos  2d 

-f  J/3  sin  3a  cos  30  -f  •  •   ■) 


(14) 
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To  obtain  the  various  factors /j, /2,  etc.,  the  products 
of  /jj  and  /„,j,  f^2  and  /^.o,  etc.,  as  obtained  from 
Figs.  7  and  9  must  be  taken.  In  order  to  be  able  to 
read  off  the  factors  accurately,  it  is  desirable  in  the 
case  of  the  lower  harmonics  to  have  the  initial  portions 
of  the  graphs  given  in  Figs.  7  and  9  plotted  to  a  larger 
scale,  as  indicated  in  Figs.   11  and  12.* 

It  is  desirable  to  investigate  the  conditions  under 
which  the  spreading  of  the  coil  results  in  the  elimination 
of  any  particular  component  M.M.F.  Independent  of 
the  mean  span  of  the  coil,  the  2p-pole  component  is 
eliminated  when /^  =  0,  i.e.  when  either  7,^^  or/^p  =  0. 
The  winding  factor  is  zero  when  sin  spy  =  0,  provided 
that  sin  py  is  not  also  zero. 

Hence  the  2ji-pole  component  M.M.F.  is  eliminated 
when  py  =  Mn/s,  where  M/s  is  not  an  integer.  \Mien 
PY  =  Mtt/s,  and  Mfs  is  an  integer,  the  \-alue  of  the 
winding  factor  is  unity. 

If  the  total  number  of  slots  on  the  armature  is  denoted 


40      60      80      100     120     IW     160     180     200 

Spread,  in  electrical  degrees 

Fig.  11. — Winding  factors  for  surface  windings.  (This 
graph  may  also  be  used  for  determining  slot-width 
factors.) 


by  S,  the  2p-pole  component  is  thus  eliminated  when 
p  =  MS/s,  provided  that  JM/s  is  not  an  integer.  For 
the  winding  factor  to  be  unit\',  p  =  MS/s,  and  MJs  is 
an  integer  ;    hence  p  is  simply  a  multiple  of  S. 

The  slot-width  factor  is  zero  when  pX  =  Mtt,  i.e. 
when  p  =  Mtt/X.  It  is  unity  only  when  pX  =  0, 
i.e.  when  A  =  0,  and  hence  can  never  be  exactly  unity 
in  practice. 

As  a  result,  independent  of  the  mean  span  of  the  coil, 
the  2p-poIe  component  M.M.F.  is  eliminated  when 
p  =  MSjs  (other  than  when  p  =  a.  multiple  of  S),  and 
when  p  =  Mtt/X. 

Xormally,  then,  the  effect  of  spreading  the  side  of 
the  coil  over  an  appreciable  portion  of  the  armature 
circumference  is  to  reduce  very  considerabh-  the  impor- 
tance of  the  high  harmonics  in  the  M.M.F.  distribution 
wave.  The  phase  displacement  between  the  slots 
results  in  a  considerable  reduction  in  the  importance 
•  See  also  Fig.  9  (ft). 


of  certain  of  the  harmonics,  but  its  action  is  of  a  selective 
nature  and,  generally,  the  importance  of  certain  series  of 
high  harmonics  is  not  reduced.  On  the  other  hand,  the 
distribution  of  the  M.M.F.  of  each  slot  coil  over 
the  width  of  the  slot  results  in  the  importance  of  all 
the  high  harmonics  being  considerably  reduced  ;  it  is 
onl}^  necessarj^  to  inspect  the  formula  fgp  =  (sin  pX)/pX, 
to  verify  this. 

It  is  interesting  to  note  that  the  values  of  the  winding 
factor  /,fj,  repeat  periodically  as  p  is  increased.*  The 
condition  that  the  winding  factor  shall  have  the  same 
numerical  value  for  p  pole-pairs  as  for  p'  pole-pairs 
is  ; — 


sin  spy 


sin  sp  y 
s  sin  p'y 


Also 


s  sm  py 

p'y  =  Mtt  4;  py  is  a  solution. 
p'  —  MS  ±  p,  since  y  =  ttjS. 


20       30      40       iO       60       70       80       90      100    no 

Slot-pitch,  in  electrical  degrees 
Fig.  12. — Winding  factors  for  slotted  armatures. 

For  the  factors  to  be  of  the  same  sign  when  s  is  an 
even  number 

p'  =  2MS  +  p 

and  the  signs  are  opposite  when 

p'  =  (2M  -  l)S  ±p 

These  results  are  indicated  by  the  form  of  the  graphs 
in  Fig.  9.  When  s  is  an  odd  number,  the  factors  will 
be  identical  when 

p'  =  MS  ±  p 

To  illustrate  the  manner  of  applying  the  theory  here 
developed  to  a  practical  case.  Table  2  has  been  prepared 
for  the  case  of  a  coil  wound  in  three  slots  per  coil-side, 
and  having  a  mean  span  of  9  slots  in  a  stator  slotted 
uniformlv  with  72  slots.  (Such  a  coil  would  thus  be 
suited  to  form  part  of  a  hemitropic,  8-pole,  three- 
phase  winding.) 

*  Since  this  paper  was  \\Titten,  a  valuable  paper  entitled  "  The 
Distribution  Factor  of  Armature  Windings,"  by  Messrs.  B.  Hague 
and  S.  Neville,  has  been  published  (see  Journal  I.E.E.,  1922, 
vol.  00,  p.  8G1). 
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The  slot-pitch  has  been  taken  to  be  twice  the  slot 
width.  For  purposes  of  comparison,  the  values  obtain- 
ing for  a  corresponding  surface  winding,  for  a  winding 
in  which  the  slot  width  is  negligible,  and  for  a  con- 
centrated winding  of  negligible  spread  are  also  tabulated. 

It  will  be  noticed  that  it  is  only  in  the  case  of  the 
high  harmonics  that  any  serious  error  results  from 
assuming  the  slot  M.M.F.  to  be  concentrated  at  the 
centre-line  of  the  slot.     For  the  very  high  harmonics. 


of  the  stator  bore  spanned  by  the  respective  coils.  The 
mechanical  phase  displacement  betiveen  the  two  coils 
is   2>jf  radians. 

Under  the  conditions  assumed,  viz.  of  negligible 
reluctance  for  the  iron  parts  of  the  magnetic  circuit, 
the  resulting  effect  of  the  two  coils  may  be  obtained 
by  summing  their  individual  effects  when  acting 
separately. 

Measuring  displacements  from  the  axis  of  coil  I,  the 


Table  2. 

The  Relative   Values  of  the  M.M.F.  Compcnenls   due   to  a  Smgle    Complete  Coil  wound  -in  3  Slots  per    Coil-side, 
and  having  a  Mean  Span  of  9  Slot-pitches  in  a  12-slct  Stator. 

The  slot-width  is  taken  to  be  one-half  the  slot-pitch,     s  =  3  ;    2^  =  15°  ;    2a  =  45°  ;    2y  =  5°  ;    2A 


2-5°. 


Winding  factors,  etc. 

Amplitude  of  component 

,  per  ampere-turn  of 

coil 

of  poles 

sin  j>/3 
Pl3 

sin  spy 
8  sin  Py 

sin  j)\ 
PK 

Concentrated  coil 

Surface  winding 

s  =  3; 

s  =  3t 
■2K  =  ■-•■5 

2 

0-997 

0-997 

1-000 

0-244 

0-243 

0-243 

0-243 

4 

0-988 

0-990 

1-000 

0-225 

0-222 

0-223 

0-223 

6 

0-974 

0-977 

0-999 

0-196 

0-191 

0-1915 

0-1915 

8 

0-955 

0-960 

0-999 

0159 

0-152 

0-1525 

0-1525 

10 

0-930 

0-939 

0-998 

0-118 

0-110 

0-111 

0-111 

12 

0-900 

0-911 

0-997 

0-075 

0-0675 

0-0685 

0-0680 

16 

0-827 

0-844 

0-995 

0 

0 

0 

0 

20 

0-738 

0-762 

0-992 

-  0-045 

-  0-033 

-  0-0345 

-  0-034 

24 

0-637 

0-667 

0-988 

-  0-053 

-  0-034 

-  0  0355 

-  0-035 

32 

0-414 

0-449 

0-980 

0 

0 

0 

0 

40 

0191 

0-218 

0-968 

0-0318 

0  0061 

0-0066 

0-0065 

48 

0 

0 

0-955 

0 

0 

0 

0 

66 

-  0-136 

-  0-177 

0-939 

-  0-0227 

0-0031 

0-0040 

0-0038 

72 

-  0-212 

-  0-333 

0-900 

0-0177 

-  0-0038 

-  0-0059 

-  0-0053 

88 

-  0-087 

-  0-177 

0-853 

-  0-0145 

0-0014 

0-0026 

0-0022 

104 

0-073 

0-218 

0-799 

00122 

0-0009 

0-0027 

0  0021 

120 

0-127 

0-667 

0-738 

-  0-0106 

-  0-0013 

-  0-0071 

-  0-0052 

The  last  five  values  for  the  numbers  of  poles  correspond  respectively  to  the  7th,  9th,   11th,  13th  and  15th 
harmonics  of  an  8-pole  field  system   (for  which  the  coil  is  best  suited). 


however,  the  effect  of  the  width  of  the  slot  is  very 
marked.  The  sign  denotes  the  phase  of  the  component 
at  the  axis  of  the  coil. 

n.  The  Resulting  Magnetomotive  Force  Distri- 
bution DUE  TO  the  Combined  Action  of  Two 
Similar  Coils,  displaced  by  a  Given  Angle  2^ 

AND    CARRYING    THE    SaME    CURRENT. 

For  convenience,  the  diagrams  given  will  in  general 
correspond  to  the  case  of  coils  of  negligible  spread  of 
coil-side.  The  displacements  between  coils  will  be 
measured  in  the  normal  counter-clockwise  direction.* 

Case  1.  Coils  carrying  current  in  the  same  direction 
(see  Fig.  13). — Fig.  13  indicates  two  coils  carrying 
current  in  the  same  direction,  i.e.  so  that  each  tends 
to  establish  a  field  of  the  same  polarity  at  the  portion 

•  So  that  if  coil  A  is  displaced  by  -f  2'!.  from  coil  B,  coil  A 
is  -|-  2i  radians  iii  advance  of  B  in  a  counter-clockwise  direction. 


M.M.F.  at  any  point  P  distant  by  6  radians  from  the 
origin,  due  solely  to  the  action  of  coil  I,  is  given  by  : — 

2X 

x'  =  -^  if  I  sin  a  cos  ^  -h  ^/^  sin  2a  cos  29 

IT 

-f  J/a  sin  3a  cos  3^  4-  -  -  -) 
=  Ai  cos  9  -{■  Ao  cos  29  -\-  A3COS39  +  .  .  .  (15) 

9Y  1 

■  —  X  -/nsmpa,  etc. 

TT  p 


2X 


where  --I1  =  -^/i  sin  a,  .  .  .  A^ 


TT 

Similarly,  the  M.M.F.*  at  the  point  P  due  to  the  sole 
action  of  coil  II  is  represented  by  : — 

x"  =  Ai  cos  {9  -  2>P)  +  A«  cos  2(9  -  2./.) 

-f  .43  cos  3(9  -  2i/r)  4-  .  .   -  (16) 

•  As  stated  previously,  on  the  score  of  brevity,  the  term  M,M-F- 
is  being  used  instead  of  "  difference  of  magnetic  potential. 
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The  corresponding  wave-forms  are  indicated  in 
Figs.  14  (a)  and  14  (6).  The  joint  effect  of  the  two 
coils  may  be  obtained  graphically,  as  in  Fig.  14  (c), 
or  mathematically,  by  summing  the  two  series  (15) 
and  (16). 

The  resulting  M.M.F.  distribution  is  thus  represented 
by  the  series  : — 

a;  =  a;'  +  x" 

=  .4i{cos  6  -i-  cos  (9  -  2i/f)} 

+  .42{cos  29  +  cos  2{9  —  itp)} 

+  .43{cos  3^  +  cos  3(^  -  2i/r)}  +  .   .    . 

=  2{Ai  cos  if)  cos  {9  —  i/i)  +  A^  cos  2i/(  cos  2{9  ~  i/j) 

+  A^  cos  3>Ij  cos  3{9  -  i/i)  +  .   .   .}      .      (17) 


Colli 


Fig.  13. 

The  general  term,  corresponding  to  the  2j3-pole 
component,  is  thus  : — 

Xp  =  2Ajj  cos  pip  cos  p{9  —  i/))  .  .  (18) 
where  Ap  is  the  amplitude  of  the  2j5-pole  component 
in  the  M.M.F.  wave  due  to  the  single  complete  coil. 
The  complete  expression  for  the  general  term  is  thus  :— 

!«p  =—  y-  -fp  sm  pa  cos  pip  cos  p{9  ~  >p)       (19) 

Hence,  so  far  as  the  2p-pole  component  of  the  M.M.F. 
distribution  is  concerned,  the  effects  of  the  two  coils  are 
in  exact  conjunction  when  cos  pip  =  1-0,  i.e.  when  2pib 
is  zero  or  any  even  multiple  of  tt.  For  example,  in 
the  case  of  the  10-poIe  component,  the  effects  of  the 
two  coils  are  in  conjunction  when  the  displacement 
between  them  is  2ip  =  0,  27r/5,  47r/5,  67r/5  or  Stt/S, 
quite  irrespective  of  the  angle  2a  spanned  by  the  coil'. 
If  cos  pip  =  1-0,   it  follows  that  cos  M pip  =  ±  1-0. 

Hence,  if  the  displacement  between  the  two  coils  is 
such  that  the  2^-pole  components  of  the  M.M.F.  waves 
are  in  conjunction,  all  (he  components  corresponding  to 
both  odd  and  even  multiples  of  2p  poles  mil  also  be  in 
conjunction. 

On  the  other  hand,  irrespective  of  the  span  of  the 
coil,  wheneuer  cos  pip  =  0  the  combined  effect  of  the  two 


coils  results  in  the  elimination  of  the  2p-pole  component 
of  the  IM.M.F.  For  cos  pip  to  be  zero,  it  is  necessary 
that  pip  shall  be  any  odd  multiple  of  7t/2.  Thus  the 
10-pole  component  is  eliminated  when  2ip  =  tt/o,  377/5, 
77,  777/5  or  977/5,  and  the  8-pole  component  when 
a/r  =  77/4,  377/4,  577/4  or  777/4. 

If  cos  pip  =  0  it  follows  that  cos  {2M  —  l)pip  =  0, 
but  that  cos  2Mpip  =  1-0  or  —  1-0. 

Hence  if  the  displacement  between  coils  results  in 
the  elimination  of  the  27j-pole  component,  it  will  also 
result  in  the  elimination  of  all  the  components  cor- 
responding to  an  odd  multiple  of  2p  poles  ;  hut  all  the 
components  corresponding  to  an  even  multiple  of  2p  poles 
will  be  in  conjunction. 

So  that,  for  example,  a  phase  displacement  of  77/4 
mechanical  radians  between  the  coils  will  result  in  the 
elimination  of  the  M.M.F.  components  corresponding 
to  8,   24,  40,  56,  etc.,  poles,  and  in  the  production  of 
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Fig.   14. 


the  ma.ximum  possible  amplitude,  i.e.  2.-1^,  for  the 
16-,   32-,   48-,   64-,   etc.,  pole  components. 

Case  2.  Coils  carrying  curvent  in  opposite  directions. — • 
Compared  with  Case  1,  the  only  difference  is  that  the 
current  in  coil  II  is  reversed.  The  M.M.F.  waves  for 
the  coils  considered  separately,  and  for  the  resultant 
effect  due  to  the  combined  action  of  the  two  coils, 
are  therefore  as  shown  in  Figs.  15  (a),  (6)  and  (c), 
respectively. 

It  will  be  noticed  that  under  these  new  conditions 
flux  only  crosses  the  air-gap  at  the  portions  of  the 
circumference  that  are  actually  embraced  by  one  or 
other  of  the  two  coils.  This  can,  of  course,  only  hold 
when  the  iron  has  negligible  reluctance,  and  when 
fringing  effects  are  negligible. 

The  resulting  M.M.F.  at  any  point  P  distant  by 
9  radians  from  the  axis  of  coil  I,  is  now  given  by  : — 

X   =  3^  ^  X' 

=  ^i{cos  9  -  cos  {9  ~  2i/')} 

-f  ^2{cos  29  -  COS  2[9  -  2ip)} 

+  -43{cos  39  -  COS  3(9  ~  2ip)}  +  .  .  . 

=  2{^4i  sin  ip  sin  {ip  —  9)  +  Ao  sin  2ip  sin  2{ip  —  9) 

+  A3  sin  3ip  sin  3(ip  ~  9)  +  .  .  .y      .      (20) 
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The  general  term  corresponding  to  the  2p-pole 
component  is  : — 

Xp  =  2Ap  sin  ptp  sin  p(>p  —  6)       .      .      .      ■      (21) 

4.x         1 

=  —  X  - f.p  sin  pa  sin  ptjj  sin  p(tp  —  0)    .     (22) 

TT  p   *^ 

Tlie  amplitude  of  the  2;j-pole  component  is  thus 
zero  when  sin  pifi  =  0,  i.e.  when  pift  =  0  or  any  multiple 
of  77  ;  it  is  a  maximum  when  sin  pip  =1-0,  i.e.  when 
pifi  is  any  odd  multiple  of  77/2. 

Hence,  so  far  as  the  2/)-pole  component  is  concerned, 
the  effects  of  the  two  coils  are  in  conjunction  when 
the    displacement    2^    between   the    two    coils    is   such 

Table  3. 

The  Values  of  the  Amplitudes  of  the  M.M.F.  Conipo^ients 
due  to  the  Joint  Action  of  Two  Similar  Coils,  as  in 
Table  2,  displaced  by  90°. 


Amplitude  of  component  per  arapere-turn  per  coil 

No.  of  poles 

Currents  in  same 
direclion 

Currents  in  opposite 
directions 

2 

0-344 

0-344 

4 

0 

0-446 

6 

0-271 

0-271 

8 

0-305 

0 

10 

0-157 

0-157 

12 

0 

0-136 

16 

0 

0 

20 

0 

0-068 

24 

0-070 

0 

28 

0 

0-035 

32 

0 

0 

36 

0 

0-016 

40 

0013 

0 

44 

0 

0-004 

48 

0 

0 

that  2p>p  is  equal  to  any  odd  multiple  of  77  radians. 
On  the  other  hand,  this  particular  component  is 
eliminated  when  2ptp  is  zero  or  any  even  multiple  of  tt. 
For  example,  in  the  case  of  the  10-pole  component 
the  effects  of  the  two  coils  are  in  conjunction  when 
their  displacement  2i/(  is  77/0,  377/5,-  77,  777/0  or  977/5, 
and  this  particular  component  is  eliminated  when 
2i/r  =  0,  277/5,  477/5,  677/5  or  877/5. 

So  far  as  fields  corresponding  to  multiples  of  2p  poles 
are  concerned,  if  sin  pi/r  =  0  it  follows  that  sin  Mptjj  =  0. 
Hence  if  the  2;j-po!e  M.M.F.  component  is  eliminated, 
all  the  higher  components  corresponding  to  both  odd 
and  even  multiples  of  2p  poles  are  also  eliminated. 

Further,  if  sin  pip  =  ±  I-  0,  sin  (2M  —  l)pip  =  ±  1-0,* 
and  sin  2Mp>lj  =  0. 

Hence  if  the  phase  displacement  is  such  as  to  give 
rise  to  the  maximum  possible  value,  2Ap,  for  the 
amplitude  of  the  resulting  2p-pole  M.M.F.,  all  the 
M.M.F.  components  corresponding  to  an  odd  multiple 
of  2p  poles  will  also  have  the  maximum  possible  value, 
•  Whether  plus  or  minus  is  immaterial. 
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but  those  corresponding  to  an  e\en  multiple  of  2p  poles 
will  be  eliminated. 

To  illustrate  the  difference  in  the  resulting  M.M.F. 
obtained  with  the  coils  connected  in  reversed  series 
(as  in  Case  2)  as  compared  with  that  obtaining  with 
the  coils  joined  in  straight  series  as  in  Case  1,  Table  3 
has  been  prepared.  The  table  shows  the  resulting 
M.M.F.  components  when  two  coils  similar  to  that 
already  discussed  (cf.  Table  2)  are  displaced  by  18  slot- 
pitches  in  a  72-slot  stator,  there  being  3  slots  per  coil- 
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Fig.  15. 

side,  and  the  mean  span  of  the  coil  being  9  slot-pitches. 

These  two  coils  might  thus  form  part  of  one  of  the 
phases  of  a  three-phase  induction  motor  designed  to 
operate  with  either  8  or  4  poles. 

As  shown  in  Table  2,  the  individual  coil,  owing  to 
the  value  of  its  span,  does  not  produce  any  component 
corresponding  to  a  number  of  poles  which  is  an  even 
multiple  of  8. 

m.  The     Resulting    Magnetomotive     Force     Dis- 
tribution    DUE     TO     THE     COMBINED     AcTION     OF 

Any  Number,  m,  of  Similar  Coils,  having  a 
Constant  Phase  Displacement  2if/  between 
Successive  Coils,  and  carrying  the  S.\me 
Current. 

In  a  normal  complete  multipolar  winding,  the  coils 
in  each  phase  are  spaced  uniformly  around  the  arma- 
ture. This  particular  .case  is  dealt  with  later,  attention 
being  first  devoted  to  the  more  general  case. 

Case  1.  Coils  all  carrying  current  in  the  same  direc- 
tion.— Fig.  16  indicates  the  arrangement  for  the  case 
of  coils  of  negligible  spread. 

The  following  series  represent,  respectively,  the 
values  of  the  difference  of  magnetic  potential  between 
stator  and  rotor  at  the  point  P  due  solely  to  the  action 
of  the  various  coils  : — 

x'  =  Ai  cosB  +  Ao  cos  20  +  A3  cos  3d  -^  .  .  ■ 

x"  =  -4i  cos  (9  -  2i/()  -\-  A.,  cos  2(9  -  2i/') 

-\-  Ai  cos  Z[d  -  241)  -T  .  .  . 

x"'  =  .4i  cos  (0  -  4<^)  4-  --12  cos  2(0  -  4<^) 

-t-  ^3  cos  3(9  -  4^)  -I-  .  .   . 
etc, 

51       • 
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The  total  effect  due  to  the  combined  action  of  all 
the  m  coils  is  obtained  by  summing  the  effects  due  to 
the  sole  action  of  the  individual  coils,  and  becomes  : — 

x=x'+x"+x"'+  ...to  ni  terms 


=  {^i[cose  +  cos  (e-2>p)+  ...  +  cos  {9-m-l  2i/>) 
+^2(008  29  +  cos  2(e~2ijj)+  ...  +  cos  2{d-m-\  2i/<) 
+^3(cos  S^  +  cos  3{d-2ili)+  ...  +  cos  3(0-m~l  2^) 

+...  +...  ]} 

i)'A] 


sin  ??!</>         ,a 
=  Ai—. — ~  cos  [0 


sin  tfj 

,  sin  2mdj         „^„ 

+  Ao /-  cos  2[9 

-  sm  2i/(  ■- 

^  sin  3mdi 
+  ^31m3^' 


3[e- 


-  1)0] 
(m  -  1)0] 


23) 


The  general  term  corresponding  to  the  2^-pole  com- 
ponent is  thus  : — 


.Aj^^^cospid 


I.e. 

2X     1        . 

x„  =  —  X  -/o  sm  «a 


sinp0 
sin  pm0 


1)0] 


(24) 


7T 


ipi/r 


cos  J)[^  ■ 


1)0]        (25) 


By  taking  a  fresh  origin  midway  between  the  axes 
of  the  first  and  the  last  coil  (i.e.  displaced  by  (m  —  1)0 
radians  from  the  axis  of  coil  I),  the  series  for  the  M.M.F. 
at  any  point  distant  by  6'  radians  from  this  new  origin 
reduces  to  : — 


sin  mi/t 

X  =  Ai  — : f-  COS  I 


^,!i^cos20' 
'  sm  ijj  "  sm  2<// 

,  sin  3m</r         „.,    . 
+  ^3    .     ^T  cos  3^'  +  .  .  .     . 
sm  3i/( 

The  amplitude  of  the  general  term  is  thus  : — 
sin  pnvp 


mA. 


\  sin  j)0 


2X       m  .     .  sin  pyiiJj 

=  —  X  —fpsmpa : -. 

TT        p  in  sm  pifi 


(26)* 

(27) 
(28) 


The  factor  (s\npmip)l(ms\npip)  is  the  "distribution 
factor  "  for  the  m  complete  coil  groups.  Its  value  can 
be  read  off  at  once  from  Figs.  9  la)  and  9  [b). 

When  pifi  =  0  or  any  multiple  of  tt,  the  factor  will 
be  unity,  and  the  effects  of  the  various  coils  will  be 
in  exact  conjunction  so  far  as  the  production  of  the 
2;j-pole  component  M.M.F.  is  concerned.  In  addition, 
all  components  corresponding  to  any  multiple  of  2p 
poles  will  be  in  conjunction.     Under  these  conditions 

•  As  stated  previously  (see  page  755),  the  Fourier  series  for 
a  coil  of  the  lattice  or  barrel  type,  built  up  of  a  component 
coils  all  having  the  same  span,  and  displaced  by  a  slot-pitch  2y, 
follows  at  once  from  (26). 

The  total  M.M.F.  for  the  complete  coil  being  represented  by  X, 
the  M.M.F.  per  component  coil  is  equal  to  Xls.  The  resulting 
M.M.F.  due  to  the  complete  coil,  for  the  case  when  the  M.M.F. 
per  slot  is  assumed  concentrated  at  the  centre-line  of  the  slot,  is 
thus  :— 


2      A,'  .      sm  sv        „/  ,    ,    •    o 
a;  =  -  X  —  sm  a— —  cos  9  +  i  sm  2a 
IT       «  >  sm  7 


sm  2sv 

- — r-COS  2  ,'  +  , 

sm  2y 


2X,'  smsy     .  „/  ,    ,  sm  2sy    .  ,  \ 

■-  —   — : —  sm  a  cos  t)  +  i — : — r-  Sm  2ti  COS  2e  +  ... 
TT    ,«  sm  y  -s  sm  2y  I 


the  amplitude  of  the  resulting  2jo-pole  M.M.F.  will  be 
mAp. 

On  the  other  hand,  when  p\^  is  not  zero  or  a  multiple 
of  17,  but  nevertheless  inpt\i  is  a  multiple  of  tt,  the 
factor  is  zero,  and  the  combined  effect  of  all  the  m  coils 
is  to  eliminate  the  2j9-pole  component. 

The  ccmdition  for  the  2p-pole  component  to  have  the 
maximum  value  of  mAp  is  thus  ip  =  TrM/p. 

For  the  2p-pole  component  to  be  eliminated 
0  =  TrMKmp),   where  M/m  is  not  an  integer. 

So  far  as  the  components  corresponding  to  multiples 
of  2p  poles  are  concerned,  e.g.  to  2Kp  poles,  K  being 
any  integer,  if  the  2j9-pole  component  is  a  maximum 
it  follows  also  that  the  2/lp-pole  components  will  also 
be  a  maximum.  On  the  other  hand,  if  the  2p-pole 
component  is  eliminated,  the  component  corresponding 
to  2Kp  poles  is  not  always  eliminated.  It  is  eliminated 
for  all  values  of  K  other  than  those  which  make  KM 
a  multiple  of  m.  For  these  latter  cases  the  2Kp--pQ\e 
components  will  be  in  exact  conjunction. 

As  an  example  the  case  of  6  coils,  i.e.  m  =  6,  may 
be  taken,  and  the  conditions  relating  to  the  16-pole 
component,  p  =  8,  investigated. 

The  16-pole  component  will  have  the  maximum 
possible  value  of  6-4 jg  when  the  displacement  between 
successive  coils  is  45°,  90°,  135°,  180°,  225°,  270°  or 
315°.  That  is,  the  displacement  must  correspond  to 
any  multiple  of  27r/8.  This  particular  component  is 
eliminated  if  20  =  7-5°,  15°,  22-5°,  30°,  or  37-5°,  or 
any  of  these  angles  added  to  the  above  seven  angles, 
45°,  etc. 

The  32-pole  component  is  a  maximum  when 
20  =  22-5°,  67-5°,  112-5°,  etc.,  in  addition  to  45°, 
90°,  etc.,  as  indicated  in  tabular  form  below.  It  will 
be  noticed  that  if  the  M.M.F.  component  of  the  pth 
order  is  eliminated,  all  the  components  of  orders  Mnip 
will  be  in  conjunction. 


Amplitude  of  resultant  component  M.M.F. 
for  displacement  of 

O  Hp 

-  of  M.M.F. 
omponent 
P  = 

C 

7-5°. 
52-6°, 
97-5°, 

etc. 

15°, 
60°, 
etc. 

22-5°, 

67-5°, 

etc. 

30°, 
75°, 
etc. 

37-5°, 
82-6°, 
etc. 

45°, 
90°, 
etc. 

8,   56, 

104, 

etc... 

0 

0 

0 

0 

0 

Max. 

16,   64, 

112, 

etc. .  . 

0 

0 

Max. 

0 

0 

Max. 

24,   72, 

120, 

etc... 

0 

Max. 

0 

Max. 

0 

Max. 

32,   80, 

128, 

etc... 

0 

0 

Max. 

0 

0 

Max. 

40,   88, 

136. 

etc... 

0 

0 

0 

0 

0 

Max. 

48,  96, 

144, 

etc... 

Max. 

Max. 

Max. 

Max. 

Max. 

Max. 

Case  2.  Adjacent  coils  carrying  current  in  opposite 
directions. — Attention  will  be  confined  to  the  case 
in  which  the  total  number  of  coils,  m,  is  an  even 
number. 

The  phase  displacement  between  adjacent  coils  will 
be  taken  as  20  radians,  so  that  the  displacement 
between  successive  coils  carrying  current  in  the  same 
direction  is  now  4i/t. 

Dividing  the  coils  into  two  groups,   each  of  n  coils 
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(where  2«  =  m),  the  one  tending  to  produce  north 
polarity  at  the  portions  of  the  stator  bore  spanned  by 
the  various  coils,  and  the  other,  south  polarity,  the 
M.M.F.  distribution  waves  for  these  two  groups  when 
acting  separately  may  be  deduced  from  (26),  and  the 
formula  becomes  : — 

/  sin  2n>I)        „,        .    sin  4ndi         „., 

^1  =  ^1  ..„  ^r  cos  0'  +  A2     ,     ,  J  cos  20'  + 


and 


4  =  -  {^1 


sin  2i/( 

sin  imp 


.2>l> 


sin  4{fi 
cos  {9'  -  2ifi) 


+  A.'^  cos  2(9' -24,)  +  ...} 
"   sm  'iip  j 


respectively. 

In  these  expressions,  x'  and  x',  are  the  values  of  the 
difference  of  magnetic  potential  between  stator  and 
rotor  at  a  point  distant  by  6'  radians  from  an  origin 
displaced  by  (n.  —  l)2i^  radians  from  the  axis  of  coil  I, 


coiir 


Fig.   16. 

and  hence  distant  by  6'  radians  from  the  axis  of  the 
nth  coil. 

The  resulting  M.M.F.  due  to  the  combined  action  of 
all  the  coils  is  therefore  represented  by  : — 

X  =  a;'  +  x', 

,    sin  2nJj  ,        „,  ,„,       „ ,,-, 

:  Ai     ._  „,^{cos  9'  -  cos  {9'  -  2i/«)]. 


sin  2i/( 

+  A^  !i|Li!^^cos  29'  -  cos  2{9'  -  2./.) }  +  . 


=-{ 


sin  itfj 
sin  2n!/f 


sin  (9'  -  ifj) 


cos  tfl 

s_in4«|,^.^  I 

•■  cos  2i/r  ^  ^'  J 


=  -{' 


sin  4mfi 

'  c 

sin  mip 


cos  tj/ 


Y  sin  (9'  —  i/r) 


2TOi/r 


+  ^2 

cos  2^ 


sin  2{9'  -  ip)  +  .  .  .\ 


(29) 


(30) 


The  general  term  is  : — 


sin  mpi/f 

-  Ap f  smp{ 

^   cos  pip 


-A) 

sin  mpip    . 


2JZ     1  ox.i  ,,t 

= X  -  x/„  sin  pa"— — -—■  sin  p(9'  —  li) 

TT        p        ^  COSjpi/(  '  ^ 


(31) 


(32) 


The  amplitude  of  the  2/)-pole  component  is  thus  : — 

sin  inpdi 

mAp ^ 

m  cos  ptfj 

The  factor  (sin  7npip)/{m  cos  piji)  is  thus  of  the  nature 
of  a  distribution  factor,  its  limiting  values  being 
numerically  zero  and  unity.*  Its  value  is  unity  when 
pijj  =  any  odd  multiple  of  7r/2,  and  zero  when 
mpip  =  any  multiple  of  tt,  excepting  for  such  cases 
as  would  make  pip  an  odd  multiple  of  77/2. 

Hence,  when  2ip  =  (2.1/  —  \){ttIp).  the  2/)-pole  com- 
ponent has  the  maximum  possible  value  of  m^p.  Under 
this  condition,  all  the  components  corresponding  to 
odd  multiples  of  2p  poles  will  also  be  in  conjunction 
and  have  their  maximum  possible  value,  but  the  com- 
ponents corresponding  to  even  multiples  of  2p  poles 
will  be  eliminated.  This  elimination  of  the  compo- 
nents corresponding  to  even  multiples  of  2p  poles  is 
noteworthy. 

On  the  other  hand,  when  2ip  =  2MTTl(mp),  the  value 
of  M  being  any  integer  other  than  those  which  make 
2M/m  an  odd  number,  the  2p-pole  component  is 
eliminated.  It  follows  also  that  if  the  2p-pole  com- 
ponent is  eliminated,  all  components  corresponding  to 
multiples  of  2p  poles  will  also  be  eliminated,  excepting 
those  for  which  p'lp  =  an  odd  multiple  of  77/2. 

Take  as  an  example  the  case  of  m  =  6,  and,  as 
in  Case  1,  investigate  the  conditions  relating  to  the 
16-pole  component.  This  component  now  has  its 
maximum  possible  value  of  6.48  when  the  displacement 
between  successive  coils  is  22-5°,  67-5°,  112-5°,  157-5°. 
and  the  corresponding  supplementary  angles.  For  the 
component  to  be  eliminated,  2ip  =  7-5°,  15°,  30°,  37-5°, 
45°,  52-5°,  60°,  etc.  The  amplitudes  of  the  various 
harmonics  corresponding  to  multiples  of  16  poles  are 
indicated  in  tabular  form  below. 


Order  of  M.M.F. 

component 

P  = 

Amplitude  of  resultant  component  M.M.F. 
for  displacement  of 

7-5°, 
52!5°, 

97-5°, 
etc. 

16°, 
60°. 
etc. 

22-5°, 
67-5° 
etc. 

30°. 
75°. 
etc. 

37-5°. 

82-5°. 

etc. 

45°. 

90°, 
etc. 

8,  56,   104,  etc... 
16,  64,   112,  etc... 
24,   72,    120,  etc... 
32,   80,    128,  etc... 
40.   88,   136,  etc... 
48,  96,   144,  etc... 

0 
0 

Max. 
0 
0 
0 

0 
0 
0 
0 
0 
0 

Max. 

0 
Max. 

0 
Max. 

0 

0 
0 
0 
0 
0 
0 

0 
0 

Max. 
0 
0 
0 

0 
0 
0 
0 
0 
0 

These  results  should  be  contrasted  with  those 
obtaining  for  the  previous  case,  when  all  the  coils 
carry  current  in  the  same  direction. 

•  m  is  here  £in  even  number. 
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IV.  The  Resulting  Magnetomotive   Force  due  to 

THE  Combined  Action  of  Any  Number,  m,   of 

Similar  Coils,  Uniformly  Spaced  around  the 

Armature  and  carrying  the  Same  Current. 

Case  1.  Coils  carrying  current  in  the  same  direction. — 

The  phase  displacement  between  adjacent  coils  is  now 

2i/f  =  27r/OT,    i.e.    tjj  =  77/m.     The   complete   winding   is 

thus  of  the  nature  of  a  stator  winding  having  one  coil 

per  pole-pair  for  each  phase. 

The  general  term  in  the  series  for  the  resulting  M.M.F. 

is  obtained   at  once   from    (25)    and    (26)    by  replacing 

ijj  by  Trim,  and  becomes  ; — 


Xp  —  A.p 


sni  pTT 


cos  p\_d  —  m  —  1  {v/m)] 


sin  p  {TT/m) 

The  resulting  amplitude  of  the  2p-pole  component  is 

,,  .         sin  PTT 

thus  tnAj. ^ ■ — ;; — -.    Since  p  is  of  necessity  an  integer, 

^»ism  j>(77/m)  JO 

sin  PTT  =  0.  As  a  result,  the  component  M.M.F.  cor- 
responding to  2p  poles  is  eliminated  for  all  cases  where 
sinpTT/m  has  any  value  other  than  zero,  i.e.  for  all 
cases  in  which  p  is  not  a  multiple  of  m. 

Hence,  with  m  similar  coils  arranged  symmetrically 
around  an  armature  and  carrying  equal  currents  in  the 
same  direction  : — 

(1)  All    the    M.M.F.    components    having    a    smaller 

number  of  poles  than  2wi  are  eliminated  ; 

(2)  Of  the  higher  components,   only  those  having  a 

number  of  poles  which  is  some  multiple  of  2wt 
can  be  present ;    and 

(3)  Components  may  be  present  corresponding  to  an 

even  multiple  of  2p  poles. 

For  the  ca^e  when  p  is  a  multiple  of  m  and  equal  to 
Mm,  the  resulting  amplitude  of  the  2p-pole  component 
becomes  : — 


2X       1        ^     . 

mAp  =  m  —  X  -  X  fpsmpa 

77  p 


(33) 


The  general  term  in  the  series  for  the  resulting  M.M.  F. 
is  thus  : — 


Xp  =  mAp  cos  p     6 


[' 


-)1 

m/  J 


SmpTT 


m  sin  p{TTlm) 


■■  mAp  cos  p9 


2X       1        ^     .  . 

m  —   X  -  X  jp  sin  pa  cos  ptf 

77  p 


(34) 


Series  (33)  and  (34)  hold  for  all  values  of  p  which  are 
multiples  of  m,  and  for  both  odd  and  even  values  of  m. 

The  Fourier  series  for  the  resulting  M.M.F.  at  any 
point  distant  by  6  radians  from  the  axis  of  one  of  the 
coils  is  therefore  :— 

X  =  ?n:^A^  cos  7n9+A2m  cos  2m9  +  A-^^  cos  3m9+  .■.')> 


\ 
2X   r 


•  / 


{/„,  sin  ma  cos  ni9  +  ^f-zm  sin  2ma  cos  2m9 
""  +  Ifzm  sin  3ma  cos  ZmB  +  .  .  .  \     (35) 

It  will  be  noticed  that  this  series  for  the  resulting 
M.M.F.  due  to  m  similar  coils  uniformly  spaced  around 
the  armature  and  carrying  equal  currents  in  the  same 
direction,  is  of  exactly  the  same  type  as  that  obtained 


in  (10)  for  the  complete  individual  coil  group,  with 
the  exception  that  9  in  (10)  is  replaced  by  m9  in  (35), 
and  a  by  ma.  In  both  cases  X  represents  the  total 
M.M.F.  developed  by  the  individual  coil  group. 

In  short,  the  angles  in  this  last  series  (35)  are  now 
expressed  in  electrical  radians  corresponding  to  2m,  main 
poles,  the  displacement  of  2i/(  =  277/m  mechanical 
radians  corresponding  to  27r  electrical  radians  between 
adjacent  coils,  for  the  case  of  m  pole-pairs. 

If  2ma  is  not  a  multiple  of  tt,  even  harmonics,  in 
terms  of  2m  poles  as  the  fundamental,  will  be  present 
in  all  cases. 

If  ma  is  a  multiple  of  77,  the  winding  develops  no 
M.M.F.  whatever,  and  if  ma  is  an  odd  multiple  of 
77/2,  only  components  corresponding  to  odd  multiples 
of  m  pole-pairs  are  present. 

Case  2.  Adjacent  coils  carrying  current  in  opposite 
directions. — The  winding  now  corresponds  exactly  to  a 
normal  multipolar  single-phase  winding  having  one  coil 
per  pole. 

Taking  the  same  symbols  as  previouslv,  i.e.  m  —  2n, 
the  displacement  between  adjacent  coils  is  again 
2tp  =  2TT/rn,  i.e.  ip  =  77/m.  The  general  term  in  the 
series  for  the  resulting  M.M.F.  is  thus,  from  (31)  and 
(32)  :- 

-     -      "       ^"^P^      sinp{e'-ifi)wheTe9'={9~n^  2ifi) 


'^cos  p(Trlm) 


—  -^p 


sin  PTT        .        ( 77        „\ 

sin  p    m  —  1  X 9] 

cos  p  [TT/m  j  \  m         J 


Again,  the  resulting  M.M.F.  is  zero  for  all  the  com- 
ponents which  are  not  multiples  of  2p  poles.  In  the 
present  case  all  components  for  which  cos  prrlm  is  not 
zero  are  eliminated. 

For  cos  pTr/m  to  be  zero,  pv/m  must  be  some  odd 
multiple  of  77/2,  and  hi^nce  p  must  be  some  odd  multiple 
of  m/2. 

Hence,  with  the  particular  arrangement  of  coils  under 
consideration  : — 

(1)  All  M.M.F.  components  having  a  smaller  number 

of    poles    than    m    (the    number    of    coils)    are 
eliminated. 

(2)  Only  those  components  can  be  present  for  which 

the  number  of  poles  is  an  odd  multiple  of  the 
number  of  coils. 

For  the  particular  case  when  p  =  (2M  —  l)(m/2). 
the  resulting  amplitude  of  the  2p-pole  component 
becomes  : — 

2-Y       1 

mAp  =  m  —   X  —  X  fp  sin  pa      .      .      (36) 

The  general  term  in  the  series  for  the  resulting 
M.M.F.  is  thus  : — 


sin  JO 77 


— -P77  .        / ■        77        ^\ 

x„  =  m  A  „ sm  pjn—  Ix—    —  0  ] 

''  f .,,,  /-^e  -"{Trim)  \  m  J 


^  OT  cos  p  (77/m)        "    \  m 

mAp  cos  p9  [since  p  =  (2M  —  l)(m/2)] 


2X       1 

m  —  X   -  x  /n  sin  pa  cos  p9     . 

TT  p 


(37) 


The      above      series       (36)       and       (37)      hold      for 
p  =  {2M  -  l)(w/2). 
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The  Fourier  series  for  the  resulting  M.M.F.  at  any 
point  distant  by  d  radians  from  the  axis  of  coil  I  is 
therefore  : — 


4A' 


.4„,/2  cos  ^m9 


^3m/2  COS  ^3m9 

+  ^om/i  cos  ^5m9 


=  -^  \fml-2  sin  hna  X  cos  hnO 

+  ihml2  sin  i3ma  X  cos  ^3md  +  .   .   .}    (38) 

This  series  is  of  exactly  the  same  general  type  as 
that  given  in  (4).  with  the  exception  that  6  is  replaced 
by  ?ndl2,  and  a  by  ma/2,  the  angles  in  (38)  being  now 
measured  in  electrical  radians  corresponding  to  m  main 
poles. 

It  will  be  noticed  that  the  fundamental  harmonic 
of  this  arrangement  of  coils  corresponds  to  one-half 
of  the  number  of  poles  obtaining  for  the  fundamental 
in  the  previous  case,  for  any  given  value  of  m. 

V.  The   Complete,    Symmetrical,   Multipolar 
Winding. 

The  series  for  the  M.M.F.  distribution  of  a  normal 
complete  winding,  whether  of  the  one-coil-per-pole 
type,  or  hemitropic,  follows  at  once  from  those  derived 
in  the  previous  section. 

One-coil-per-pole  winding. — This  type  of  winding  is 
invariably  used  for  the  rotors  of  turbo-alternators,  and 
for  single-phase  and  two-phase  stator  windings.  It  is 
also  much  used  for  the  stator  windings  of  three-phase 
machines  of  large  pole-pitch. 

With  this  type  of  winding  the  mean  span  of  the 
coil  may  have  any  desired  value,  and  the  M.M.F. 
distribution  due  to  the  complete  phase  group  of  the 
winding  is,  as  given  in  (38)  : — 

X  =  —  ■f/m/2  sin  hna  X  cos  \7nd 

+  \hml%  sin  \3ma  X  cos  \3md  -\-  .  .  .\     (38) 
In  the  above  series 

X  =  the  difference  of  magnetic  potential  between 
stator  and  rotor,  expressed  in  ampere-turns, 
at  the  point  P. 

X  =  the  total  M.M.F.  per  coil  as  measured  by  the 
product  of  the  number  of  turns  (i.e.  slots  per 
coil-side  x  number  of  conductors  per  slot),  and 
the  current  per  conductor,  the  M.M.F.  being 
thus  expressed  in  ampere-turns. 

m  =  the  total  number  of  coil  groups  in  the  complete 

phase. 
6  =  the  displacement  of  any  point  P  on  the  armature 
from  the  axis  of  one  of  the  coils,  measured  in 
actual  mechanical  radians. 
a  =  the  span  of  the  mean  turn  of  the   coil  group, 
measured  in  mechanical  radians. 

/j,  =  the  total  distribution  factor  for  the  pth  harmonic 
due  to  the  spread  of  the  coil-side,  its  value 
being   given   by   the   product   of   the   winding 

factor/^  =  -— T-- ,  and  the  slot-width  factor 


Jsp  — 


sin  pA 
pX 


ipy 


Hemitropic  winding. — With  this  winding,  all  the  coils 
in  the  same  phase  carry  current  in  the  same  direction, 
and  it  is  imperative,  if  even  harmonics  are  to  be 
avoided,  that  the  mean  span  of  the  coil  group  shall 
correspond  to  the  normal  value  of  the  pole-pitch. 

Under  these  conditions,  the  value  of  the  IVI.M.F.  at 
any  point  is  obtained  from  (35)  by  replacing  2a  by  Tr/m, 
and  is  represented  by  the  series  : — 

2X 

^  =  — {/m  sin  Jtt  X  cos  m9  +  J/^m  sin  tt  cos  2m9 

+  if 3m  sin  JStt  X  cos  3m9  -i-  .   .  .\ 
_2X 
-  ^ifm  COS  m9  -  i/3„i  cos  3m9 

+  i/omCosSm^  -  ■   •  •} (39) 

The  series  (38)  and  (39)  for  the  M.M.F.  distribution 
of  a  normal  multipolar  winding  show  the  various  terms 
with  the  actual  corresponding  numbers  of  pole-pairs, 
to/2,  3m/2,  5m/2,  etc.,  and  to,  3m,  5to,  etc. 

For  certain  purposes,  such  as  when  dealing  with 
pole-changing  windings,  it  is  convenient  to  have  the 
series  in  this  form. 

When  dealing  solely  with  the  case  of  a  normal  winding 
it  is  naturally  more  convenient  to  express  the  series 
in  terms  of  the  main  number  of  poles  as  the  fundamental 
harmonic,  and  to  have  the  angles  expressed  in  terms 
of  the  electrical  measure  corresponding  to  the  funda- 
mental harmonic. 

The  series  then  become,  respectively  : — 

iX 

X  =  -^{f'l  sin  ai  cos  ^i  +  J/^  sin  3ai  cos  39i  +  .  .  .\ 


for  a  winding  with  one  coil  per  pole,   and 

h-  i/;  cos  301  n-  .  ■  .} 


2X 


for  a  hemitropic  winding. 

The  factors  f[,  f^,  etc.,  for  the  various  harmonics 
are  obtained  readily  from  Figs.  7  and  9,  or  from 
Figs.  11  and  12.  These  graphs  represent  the  values  of 
the  winding  factor  and  the  slot-width  factor,  plotted 
against  the  value  of  the  slot-pitch  and  the  slot  width, 
respectively,  expressed  in  electrical  degrees  to  cor- 
respond to  the  particular  order  of  harmonic  under 
investigation.  Figs.  11  and  12  are  drawn  to  a  scale 
suited  for  giving  accurately  the  values  for  the  funda- 
mental harmonic,  and  Figs.  7  and  9  are  especially 
suited  for  use  in  the  case  of  the  higher  harmonics. 
The  graphs  are,  of  course,  equally  suited  for  use  in 
ordinary  calculations  for  the  E.M.F.  induced  in  armature 
windings,  the  winding  factors  for  slotted  armatures 
being  readily  obtained  from  Figs.  9  and  12,  which 
are  in  a  form  particularly  suited  for  use  in  a  design 
office. 

Normal  full-pitch  windings. — It  is  usual,  in  dealing 
with  windings,  to  define  the  pitch  as  that  measured 
from  centre  to. centre  of  the  phase  bands,  as  in  Fig.  17, 
and  thus  not  necessarily  as  the  mean  span  of  the  com- 
ponent coils. 

In  the  case  of  a  hemitropic  winding  of  the  concentric 
type  the  pitch  has  the  same  value  as  the  mean  span 
of  the  coil,  and,  if  even  harmonics  in  the  M.M.F.  wave 
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are  to  be  avoided,  this  mean  span  must  be  made  equal 
to  one  pole-pitch.  The  use  of  any  other  span  would 
result  in  the  disturbance  of  the  magnetic  balance  of 
any  machine  having  an  odd  number  of  pole-pairs,  and 


r- 


(8>(g)|0(8) 


0® 


®® 


Fig.   17.  • 

no  instance  of  any  normal  hemitropic  winding  in  which 
the  mean  span  is  not  an  exact  pole-pitch  has  come  to 
the  author's  notice.* 

In  a  concentric  winding  having  one  coil  per  pole  per 
phase,  a  full-pitch  winding  is  obtained  when  the  coils 
belonging  to  each  phase  are  arranged  as  in  Fig.  IS  (a). 
The  mean  span  of  the  component  coils  is  thus 
2a  =  77  —  2sy,  where  s  is  the  number  of  slots  per  coil- 
side,  i.e.   2s  is  the  number  of  slots  per  phase  band. 


(b) 

Fig.  18. 

In  the  case  of  a  two-phase  winding,  the  mean  span 
of  the  component  coils  is  thus  2a  =  37r/4,  and  in  the 
case  of  a  three-phase  winding  2a  =  577/6.  For  a  normal 
two-thirds  winding  the  mean  span  of  a  single-phase 
winding  is  2a  =  277/3. 

In  dealing  with  such  windings  it  is  convenient  to 
calculate  on  the  basis  of  the  equivalent  hemitropic  full- 
pitch  winding  [see  Fig.  18  (b)].  That  such  a  method 
is  justifiable  follows  at  once  from  first  principles.  It 
may  also  be  shown  mathematically  as  follows  : — 


Xp  =  —  X  -    X  f,-p  X  /„.p  sm  pa 


P 
_4X       1 

—  X     "      X  Jgn  ■ 

TT  p  '^ 


[from  (38)] 


sm  spy  /77 

• — : X  sin  p   - 

s  sm  py  \2 


4X 


sin  2spy 


=  X  -    X  /m)  X  sin  p  ^    X   „ — : ~ 

So  far  as  the  production  of  the  main  air-gap  field  is 
concerned,  the  winding  shown  in  Fig.  18  [a]  is  therefore 
equivalent  to  that  shown  in  Fig.  18  (6).  (The  effect  of 
the  "  free  "  portions  of  the  conductors  is  different  with 
the  hemitropic  winding  from  that  with  the  equivalent 
winding  having  one  coil  per  pole.) 

•  One  special  instance  of  a  hemitropic  winding  of  such  a  type 
occurs  when,  in  order  to  suppress  tooth  ripples  in  the  E.M.F.  wave, 
extra,  idle,  slots  .are  provided.  Such  windings  are  very  rare  and 
quite  special,  since  with  polyphase  machines  certain  coils  would 
span  one  slot  more  than  others. 


\\'ith  two-layer  windings,  which  are  generally  of  the 
lattice  or  barrel  type,  the  individual  slot-coils  of  which 
the  winding  is  built  up  all  have  the  same  span,  which 
for  a  full-pitch  winding  must  itself  be  an  exact  pole- 
pitch. 

Fractional-pitch  ■windings. — It  has  been  seen  that  by 
choosing  suitably  the  value  of  the  mean  span  of  the 
coil  group,  any  particular  harmonic  can  be  eliminated 
from  the  resulting  M.M.F.  distribution  wave.  In  con- 
sequence, by  suitably  choosing  the  value  of  the  span  2a 
any  particular  harmonic  can  be  eliminated  from  the 
E.M.F.  induced  in  the  winding  by  a  rotating-field 
system.  So  that,  in  practice,  fractional-pitch,  or 
chorded,  windings  are  sometimes  used  to  obtain  a 
pure  E.M.F.  wave.  In  addition  there  are  certain 
electrical  and  mechanical  advantages  to  be  derived 
from  the  use  of  such  windings  in  machines  of  large 
pole-pitch,  such  as  turbo-alternators.  With  commu- 
tator machines,  and  in  particular  with  rotary  con- 
verters, chording  the  winding  by  one  slot-pitch  results 
in  improved  commutation  conditions. 

To  avoid  even  harmonics  in  the  M.M.F.  wave,  it  is 
imperative  that  fractional-pitch  windings  should  not 
be  of  the  hemitropic  type.  Occasionally  single-layer 
windings  with  one  coil  per  phase  per  pole  are  used, 
but  more  often  they  are  of  the  two-layer  lattice  type.* 

VI.  The  Resulting  Magnetomotive  Force  Dis- 
tribution DUE  TO  A  Single  Coil  carrying 
Alternating   Current. 

It  is  proposed  to  concentrate  attention  first  upon  the 
case  of  sinusoidal  currents  of  the  same  frequency.  Later, 
the  effects  of  non-sinusoidal  currents  will  be  discussed. 

Let  Xmax.  =  the  maximum  value  of  the  M.M.F. 
developed  by  the  coil,  and  let  X^^ax.  cos  cut  =  the  value 
of  the  M.M.F.  developed  by  the  coil  at  any  time  t. 
Then  the  value  of  the  difference  of  magnetic  potential 
between  stator  and  rotor  at  a  point  P  displaced  by 
6  radians  from  the  axis  of  the  coil,  and  at  time  t,  is, 
from  (3)  : — 

2 
X  =  "  X^„^  cos  lotlji  sin  a  cos  6  -\-  i/o  sin  2a  cos  2d 

+  J/s  sin  3a  cos  39  -{-  .  .  .}      .      (40) 
The  general  term  is  thus  : — 

2  1 

Xj,  =     X^^r  cos  oit  y.  -  X  /j,  sin  pa  cos  pd 

77  ■  P 

=  2Cp  cos  u>t  cos  p9 

=  Cp  cos  {cot  -  p9)  +  Cp  cos  {cot  +  pd)      .      (41) 

2  1 

where  2C„  =       X  X,nax.  X  -  X  fpSmpa 

'^  77  P 

=  the  maximum  value  of  the  amplitude  of 
the   2p-po\e  M.M.F.   component. 

The  M.M.F.  component  corresponding  to  2p  poles 
may  thus  be  resolved  into  two  parts.     The  maximum 

•  As  shown  later,  when  the  number  of  phases  of  the  winding 
is  even,  hemitropic  fractional-pitch  windings  may  be  used  without 
the  production  of  even  harmonics. 


THE   MAGNETOMOTIVE   FORCE   OF   WINDINGS. 


767 


value  of  each  of  these  parts  is  independent  of  the  value 
of  6,  and  hence  of  the  position  of  the  point  under  con- 
sideration, and  is  equal  to  Cp.  In  short,  each  com- 
ponent M.M.F.  is  equivalent  to  two  M.M.F.'s  of  constant 
amplitude,  Cp,  of  sinusoidal  distribution,  and  rotating 
synchronously  in  opposite  directions.  The  component 
rotating  in  a  positive*  direction  is  represented  by 
Cp  cos  {wt  —  p9) ,  and  the  inverse  component  by 
Cp  cos  {ojt  +  p9) . 

The  series  for  the  M.M.F.  wave  due  to  a  single  coil 
may  thus  be  expressed  in  the  form  ; — • 

X  =  [/Ci  cos  [oit  -  8)  +  C-i  cos  {wt  -  20) 
+  C3COS  {cut-  3d)  +  .  .  .} 

+  {Ci  cos  {cot  +  6)  +  Co  cos  {wt  +  2d) 

+  Cscos{wt+  W)  +  .  .  .}]       .      (42) 

The  first  of  the  two  component  series  for  x  contains 
solely  the  terms  corresponding  to  M.M.F.'s  rotating  in 
a  positive  direction  at  angular  speeds  of  w,  ai/2,  a»/3, 
etc.,  radians  per  second,  and,  in  general,  w/p  radians 
per  second.  The  second  contains  all  the  terms  cor- 
responding to   negative   direction  of  rotation. 

It  is  important  to  realize  that,  although  each  com- 
ponent M.M.F.  may  be  resolved  into  two  oppositely 
rotating  M.M.F.'s  of  constant  amplitude  and  wave- 
form, it  is  not  correct  to  deal  in  a  similar  manner  with 
the  M.M.F.  wave  as  a  whole.  The  author  has  already 
illustrated  this  point  graphically.!  Mathematically,  it 
follows  from  (42)  that  the  distribution  waves  for  both 
the  normal  and  the  inverse  rotating  components  have 
not  a  constant  wave-form.  The  positive  rotating 
component,  for  example,  is  represented  by  the  series  : — 


Xa  =  Ci  cos  {wt  —  6) 


Co  cos  {wt  -  2d) 
+  C-i  cos  (wt  —  39) 


The  wave-form  represented  by  this  series  is  obviously 
dependent  not  only  upon  the  values  of  the  coefficients 
Ci,  Co,  etc.,  but  also  upon  the  value  of  t.  The  actual 
"wave-form  at  any  instant,  expressed  in  a  series  of  sines 
and  cosines,  is  given  by  : — 

Xa  =  cos  wtf  Ci  cos  9  +  Co  cos  29  +  Cs  cos  39+ .  .  .\ 

+  sinaj<<{^Cisin^-}-C2sin  2^-|-C3sin  39  +  ..  .}(43) 

In  a  similar  manner  the  wave-form  of  the  inverse 
rotating  component  may  be  obtained,  and  is  represented 
ty:- 


,    ^3  cos  39+  .  .  .y 
:!osm29  +  C3sm29  +  ...y{U) 


xi,=  cosaf</Ci  cos  9  +  C2  cos  29  +  C'. 
—  sin  cot  J"  Ci  sin  ^-f  Co 

Series  (43)  and  (44)  indicate  that  each  rotating 
■component  of  the  actual  alternating  M.M.F.  wave 
may,  in  turn,  be  resolved  into  two  purely  alternating 
components.  The  main  axes  of  these  two  alternating 
•components  are  displaced  by  90°  in  space,  and,  the 
time  displacement  between  them  being  J  period,  there 
is  a  certain  similarity  to  the  case  of  a  two-phase  winding. 
An    important    difference    from    the    two-phase    case 

•  Positive  direction  of  rotation  is  talten  as  counter-clockwise. 
t  Journal  I.E.E.,   1919,  Supplt.  to  vol.  57,  p.   79. 


exists,  however,  in  that  the  two  alternating  components 
have  different  wave-shapes,  the  one  being  represented  by 

Cj  cos  9  +  Co  cos  29  +  Cs  cos  39  +  .  .  . 
and  the  other  by 

Ci  sin  9  +  C.  sin  29  -t-  C3  sin  3^  -f-  .   .  . 

=  Ci  cos  (6>-j7T)-C2  Sin  2{9~Itt)~Cs  cos  3(0- ^tt) 
-1-  Ci  sin  4(0  -  iTT)  -f  C5  cos  5{9  -  Jtt)  -  .  .  . 

The  difference  in  the  wave-shapes  is  thus  due  to  the 
difference  in  the  phase  relationships  of  certain  of  the 
harmonics.* 

The  cosine  terms  in  (43)  and  (44)  each  represent 
exactly  one-half  of  the  alternating  M.M.F.  due  to  the 
coil ;  the  joint  effect  of  the  sine  terms  in  the  two  series 
is,  of  course,  zero.  As  a  simple  example,  the  case  of 
a  coil  having  a  mean  span  of  tt  radians  and  a  uniformly 
distributed  coil-side  spreading  over  tt  radians  may  be 
taken.  (The  coil  would  thus  correspond  to  a  surface- 
wound,  fully-distributed  single-phase  winding.)  The 
actual  M.M.F.  distribution  due  to  this  coil,  when 
carrying  alternating  current,  is  a  wave-shape  of  triangular 
form  represented  by  ; — 


4X„ 


;  t(j<\cos  9 


.39 


};  cos  59 


.} 


The  M.M.F.  corresponding  to  the  component  rotating 
positively  is  : — 

Xa  =  — ^[cos  a>z{cos  9  +  .',  cos  39  +  .,'-,  cos  59  +  .  .  .} 

77- 

+  sin  to«{sin  9  +  I  sin  39  +  o'^  sin  59  +  .   .   .}] 

The  two  series  contained  in  the  above  expression 
represent,  respectively,  wave-shapes  which  are  identical 
so  far  as  the  1st,  5th,  9th,  etc.,  harmonics  are  coacerned, 
but  the  other  harmonics  are  of  opposite  sign  in  the  two 
cases. 

The  wave-shapes  of  the  normal  rotating  component 
of  the  alternating  M.M.F.  will  thus  change  periodically 
between  these  two  waves  as  limiting  conditions.  The 
amplitude  of  any  particular  harmonic  remains  constant, 
but  its  relative  phase  changes. 

It  is  thus  necessary,  when  dealing  with  alternating 
M.M.F.  waves,  that  the  well-known  method  of  replacing 
an  alternating  field  by  two  equal  and  constant  fields 
rotating  synchronously  in  opposite  directions  shall  be 
applied  separately  to  each  harmonic  of  the  M.M.F. 
wave,  and  not  to  the  wave  as  a  whole. 


Vn.  The  Resulting  Magnetomotive  Force  Dis- 
tribution DUE  to  a  Number  of  Similar  Coils 
CARRYING  Alternating  Current. 

Attention  will  be  confined  to  the  case  when  the 
currents  in  the  various  coils  have  the  same  virtual 
value. 

Case  1.  Two, coils  displaced  by  2ifi,  carrying  currents 

'  The  series  for  the  rotating  components  of  the  alternating 
M.M.F.  due  to  a  single  coil  include,  respectively,  all  the  harmonics 
rotating  in  a  positive  direction  for  the  normal  component,  and 
in  a  negative  direction  for  the  inverse  component.  With  a  two- 
phase  winding,  the  fundamental,  fifth,  ninth,  etc.,  harmonics  of 
the  rotating  M.M.K.  rotate  in  a  positive  direction,  and  the  third, 
seventh,   eleventh,   etc.,   in   a   negative   directiou. 


765        CLAYTON:    A   MATHEMATICAL  DEVELOPMENT   OF   THE   THEORY   OF 


=  the  M.M.F.  devel- 
2^)  =  the  M.M.F. 


displaced  by  2<j>. — Let  X,„aj,  cos  cut 
oped  by  coil  I,  and  X,„„^^  cos  (ojt 
developed  by  coil  11. 

Further,  let  coil  II  be  2if;  radians  in  advance  of  coil  I, 
as  in  Fig.    13. 

Then  the  difference  of  magnetic  potential  between 
stator  and  rotor  at  a  point  P  distant  by  6  mechanical 
radians  from  the  axis  of  coil  I,  due  to  the  sole  action 
of  coil  I,  is,  from   (42)  : — 

x'  =  { Ci  cos  {cut  —  0)  +  Co  cos  [col  —  29) 
-r  0-3  cos  {(ot  —  3d)  +  .  .   .} 

+  {Ci  cos  {wt  +  6)  +  C2  cos  {wt  +  20) 
+  C3  cos  [cot  4-  39)  +  .    .    .} 

The  displacement  of  the  above  point  from  the  axis 
of  coil  II  is  (6  —  2iji)  radians.  Hence  the  effect  of  this 
second  coil  is  represented  by  the  series  ; — 

k" = cos  (coJ  ^  2^)  {  2Ci  cos  (5  -  2^}  +  2C2  cos  2  {^  -  2i/r) 

+  2C3  cos  3(61  -  2i/()  -;-  .  .  .} 

=  {Ci  cos  Icot  -  e  -  2(^  -  i/j)] 

-f  Co  cos  [cut  -  29  -  2(<f)  -  2^)]  -f  .   .   .} 
+  {Ci  cos  [oii  -f  e  -  2(^  +  i/()] 

-rCo  cos  [out  +  29-  2((f)  +  2i/r)]  +  .  .  .} 

The  total  effect  of  the  two  coils  is  therefore  given 
by:- 

X  =  x'  -\-  x" 

=  2[{Ci  cos  (^-i/i)  cos  [u)t-9—(<f>—i/j)] 

+  C2COS  (^-2i/r)  cos[wt-29—((l>~2ili)]+  .  .  .} 
+  {Ci  cos  ((^4-i/()  COS  [a)i  +  0-(^  +  i/r)] 
+  C2Cos(^-f2^)cos[aj«  +  25-(^+2^)]4-..}]  (45) 

The    general    term,     corresponding    to    the    2p-pole 

component  of  the  resulting  M.M.F.  wave,  is : — 

Xp  =  2\Cp  cos  {(j>  —  pijj)  cos  [wt  —  pd  —  (<f>  --  pifi)] 

+  Cp  cos  (^+J3^)  COS  [iot+pO  —  {(I>+p4>)] }    (46) 

Hence,  so  far  as  the  2/j-pole  component  of  the  resulting 
M.M.F.  is  concerned,  the  combined  effect  of  the  two 
coils  is  equivalent  to  the  joint  action  of  a  constant 
2p-pole  M.M.F.  of  sinusoidal  distribution  and  amplitude 
2Cp  cos  (^  —  ptji),  rotating  synchronously,  i.e.  at  2a>/p 
radians  per  second,  in  a  counter-clockwise  direction, 
and  a  2p-pole  iI.]\I.F.  of  sinusoidal  distribution  and 
amplitude  2Cp  cos  (cj)  +  pifj)  rotating  synchronoush-  in 
a  clockwise  direction. 

The  general  term  (46)  may  further  be  expanded  by 
replacing  cos  (<j)  —  pifj)  by  cos  (^  +  ptp)  -p  2  sin  ^  sin  pijt, 
and  then  is  ; — 

Xp  =  2[C;,{cos  (^  +  pifi) 

+  2  sin  <j>  sin  p^y  cos  [ojt  —  p9  —  (<f)  —  pifi)] 
+  Cp  cos  {(f>  +  pijj)  cos  [wt  +  p9  —  {(f>  -r  pip)]} 

=  2{2Cj,  cos  ((f)  -r  pt/j)  cos  p{d  —  tp)  cos  (wt  —  (f>) 

+  2Cp  sin  cf>  sin  ptp  cos  [wt  ~  pd  ~  {(f>  ■-  ptp)]}  (47) 

Of  these  two  terms,  the  former  represents  a  purely 
alternating  M.M.F.  corresponding  to  2p  poles,  of  sinu- 


soidal   distribution    and    amplitude     4Cj,  cos  ((p  +  piji) 

=  2  X  (2X,„axjTT)  X  1/p  X  fp  sin  pa  cos  (^  +  pip).  The 
second  term  represents  a  constant  sinusoidal  M.JM.F. 
of  the  same  number  of  poles  rotating  synchronously 
in  a  counter-clockwise  direction,  its  amplitude  being 
4Cp  sin  (p  sin  ptp. 

In  a  similar  manner,  by  substituting  cos  (<p  —  ptp) 
—  2  sin  (p  sin  p>p  for  cos  {(p  +  pip)  in  (46),  the  general 
term  may  be  expressed  in  the  form  : — 

Xp  =  2\2Cp  cos  {(p—pip)  cosp(6-'ip)  cos  (wt~<p) 

—  2Cp  sin(p  sin  ptp  cos  [wt-rp9—((p+ptp)]y    (48) 

The  resulting  2^-pole  component  may  therefore  also 
be  regarded  as  being  equivalent  to  a  pure  sinusoidal 
alternating  M.M.F.  wave  of  amplitude  iCp  cos  (cp  —  ptp), 
together  with  a  constant  sinusoidal  M.M.F.  wave  of 
amplitude  —  4Cp  sin  cp  sin  pip  rotating  svnchronously  in 
a  clockwise  direction. 

The  resulting  27J-poIe  component  is  thus  a  constant, 
synchronously  rotating  M.M.F.  if  either  cos  (<p  +  pip)  =0, 
or  cos  (<p  —  pip)  =  0. 

If  cos  {(p  +  pip)  =  0,  the  resulting  2p-pole  com- 
ponent is  of  sinusoidal  distribution  and  amplitude 
2Cj,cos  ((p-pip)  =2X,„ajln  x  l/p  x  fp  sin  pa  cos  (cp-pip) 
and  rotates  sjTichronously  in  a  counter-clock\vise 
direction. 

Similarly,  if  cos  (<p  —  pip)  =  0,  the  component  has 
an  amplitude  2Cp  cos  (cp  -r  pip)  and  rotates  s^mchro- 
nously  in  a  clockwise  direction. 

On  the  other  hand,  the  2/)-pole  component  is  purely 
alternating  when  sin  <p  sin  pip  =  0.  The  amplitude  of 
the  component  will  then  have  a  maximum  value  of 
4Cp  cos  (<p  +  pip) . 

Alternatively,  the  condition  for  the  component  to 
be  purely  alternating  may  be  stated  in  the  form 
±  cos  ((p  —  pip)  =  cos  (<p  -r  ptp). 

In  the  general  case  the  component  corresponding  to 
any  particular  number  of  poles  will  be  partly  alternating 
and  partly  rotating  ;  it  will  always  be  of  sinusoidal 
distribution,  and  its  amplitude  will  vary  betrween  the 
limiting  values  of  ^C p  cos  <p  cos  pip  and  4:C p  sin  ^  sin  pip. 
The  effect  is  thus  of  the  nature  of  an  elliptical  rotating 
M.M.F.,  the  direction  of  rotation  being  counter-clock- 
wise when  cos  ((p  —  pip)  is  numericall}-  greater  than 
cos  ((p  +  ptp],  and  vice  versa. 

Hence,  with  two  similar  coils  displaced  by  2ip  radians, 
and  carrying  currents  displaced  by  2<p  :  The  condition 
for  the  2p-pole  M.M.F.  component  to  he  a  constant  rotating 
M.M.F.  is  ;— 

(a)  For  counter-clockwise  rotation  : — 

<P  +  ptP==  (2M  -  1)| 

^=^{(23i-l)J-^} 

(b)  For  clockwise  rotation  : — 

p4,-<P  =  (2m  -  1)^ 


li' 


'P  =  ^^{i2M-l)^^<Pj. 
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In  both  {a)  and  (b)  neither  <(>  nor  pt/t  must  be  a 
multiple  of  7r/2. 

Case  2.  Any  number,  m,  of  similar  coils  having  a 
constant  mechanical  phase  displacement  2ift  between 
successive  coils,  the  currents  in  successive  coils  being 
displaced  by  2cf>. — Using  the  same  notation  as  in  the 
previous  case,  the  value  of  the  M.M.F.  developed  by 
the  »ith  coil  will  be  represented  by 


A'     ,.  cos  /cu«  —  2( 


1)^} 


and  this  coil  will  be  2(m  —  1)^  radians  in  advance  of 
coil  I. 

The  general  term  in  the  series  for  the  M.M.F.  dis- 
tribution due  to  the  joint  action  of  the  m  coils  is 
then  : — 

Xp  =  2Cp{cos/)^cos  a)t+  cosp{9  —  2ifi)  cos  {cot—2<f>)-}-  ... 
+  cospW-2{7n-l)tfi]  cos  [ojt-2(m~l)<f>]} 

=  Cj,[{cos  (wt-jjd)  +  cos  [tot-pd-2{(l)-jji/i)]  +... 
+  cos  [cot-pd-2(m—l){<l)-pif/)]y 

+  {cos{ojt+p9)  +  cos  [u)t+pd-2{<f,+pt/,)]  + ... 
+  cos[cot  +  pd-2{m-l){<f,+p,ji)]}] 

sin m(4>-'rpilt)  „  ,         ,,  "1 

+   sm  J^;j;'cosrco.+pg^(^-l)(^+P^)j}(49) 


■■c„ 


=  mCp\Fp  cos  [ojt  —  (f>'  —  pd') 


+  Fp  cos  (cut  —  4''  +  p9')  / 


'il- 


(50) 


In  this  last  expression,  cfi'  —  {m  —  1)^,  i.e.  one-half 
of  the  angle  by  which  the  current  in  the  last  coil  lags 
behind  that  in  coil  I,  and  6'  =  6  —  (m  —  Vfifi  represents 
the  displacement  of  any  point  from  an  origin  midway 
between  the  axes  of  the  two  extreme  coils. 

The   factors   Fp  and  Fp  represent,  respecti\'ely, 

sin  mid)  —  pib)                sin  mUh  +  pdj] 
—     and     -    - 


OT  sin  (<f>  —  pip) 


isin(^  +  pi/j) 


and  are  of  the  nature  of  coil  "  distribution  factors  "  or 
"  winding  factors  "  for  m  coils  having  a  displacement 
of  2{ptjj  —  <f>)  and  2((^  +  p>p)  electrical  radians,  respec- 
tively, between  successive  coils.  These  factors  can  be 
read  off  at  once  from  the  graphs  given  in  Figs.  9  and  12. 
The  total  resulting  !M.M.F.  distribution  due  to  the 
m  coils  is  therefore  represented  by  the  series  ; — 

a-  =  n^'^FiCi  cos  (ojt  —  (^'  —  d') 

+  f'oC.2  cos  {(x}t  -  (f)'  -  2d')  +  .  .  .} 
-f  {K'Ci  cos  (oii  -  4>'  +  0') 

-f  f'^Co  cos  {cot  -(/>'  +  29')  +  ...}]  (51) 

It  is  thus  a  great  convenience  when  dealing  with  the 
M.M.F.  developed  by  a  number  of  coils  fed  with  alter- 
nating currents,  to  resolve  each  individual  alternating 
component  of  the  M.M.F.  developed  by  each  of  the 
coils  into  its  two  constant,  oppositely  rotating  com- 
ponents, and  then  to  deal  separately  with  all  the 
components  rotating  clockwise  and  with  those  rotating 
counter-clockwise  for  each  number  of  poles. 


In  the  case  under  consideration,  the  phase  displace- 
ment in  electrical  radians  between  the  rotating  com- 
ponents due  to  successive  coils  for  the  2p-pole  M.M.F. 
is  [pijj  —  (f))  for  the  counter-clockwise  components,  and 
{(f>  +  ptp)  for  the  clockwise  components,  as  indicated 
in  Fig.  19.  The  resulting  amplitudes  of  the  rotating 
M.M.F.  s  for  any  value  of  p  are  thus  readily  obtained 


by  an  ordinary  vector  construction,   or,   more  simply, 
by  reference  to  the  graphs  mentioned  above. 

In  general,  the  2p-pole  component  is  of  the  nature 
of  an  elliptical  rotating  M.M.F.  The  direction  of 
rotation  is  counter-clockwise  when 

sin  in{(f>  —  pifi) 
sin  ((f)  —  pip) 
is  numerically  greater  than 

sin  m{<f>  +  pip) 


sin  {(p  +  pip) 
and  vice  versa. 

The  distribution  of  the  M.M.F.  component  is  always 
sinusoidal,  and  the  limiting  values  of  its  amplitude 
are,  respectively,  mCp{Fp  -{-  Fp)  and  mCp{Fp  —  Fp)i 
i.e.  mX„„/7r{/p(l/p)  X  sinpaiFp  ±  Fp)} . 

The  component  is  eliminated  when  both 


sin  m{(p  —  pip) 


and 


± 


sin  m{(p  -f  pip) 
sm{(p  +  pip) 

sin  m{(p  +  pip) 


sin  ( (p—  pip) 
otherwise,  when 

sin  m{(p  —  pip) 
sin  {<p  —  pip)  sin  {cp  -\-  pip) 

the  component  is  purely  alternating. 

When  sin  m{(p  +  pi/f)/sin  {(f>  +  pip)  =  0,  the  2p-pole 
component  is  a  constant  sinusoidal  M.M.F.  rotating 
synchronously  in  a  counter-clockwdse  direction,  and  when 
sin  m{(f)  —  pip)lsm  {(p  —  pip)  =  0  the  component  rotates 
synchronously  in  a  clockwise  direction. 

The  following  conclusions  may  thus  be  drawn  for  any 
particular  component  of  the  resulting  M.M.F.  wave  : — 
(1)  The    amplitude    of    the    positively,    i.e.    counter- 
clockwise,   rotating   component   has  the  maxi- 
mum jxjssible  value  of  mCp  when 
(p  —  pip  =  0  OT  Mtt  * 

<f>  (<p        MlT\ 

'''    4~^) 
*  M  is  any  integer,  positive  or  negative. 


i.e.  when 


p=^-or 
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(2)  The   amplitude   of   the   negatively  rotating   com- 
ponent is  equal  to  mCp  when 

<f>  +  pi/)  =  0  or  Mtt 


i.e.  when 


p 


~    ^    J 


P 


(3)  The  positively  rotating  component  is  eliminated 

when 

m{(f)  —  pip)  =  J/tt 

(f>       M 

where  M/m  is  not  an  integer  or  zero. 

(4)  The  negatively  rotating  component  is  eliminated 

when 

77i((j)  +  pip)  =  Mtt 

<f,       M 

-A 
where  Mjm  is  not  an  integer  or  zero. 

(5)  If  both   conditions   (3)    and    (4)    are  fulfilled   the 

2p-pole  component  is  entirely  eliminated. 

(6)  If  condition   (4)   only  is  fulfilled,  the  component 

is  a  constant  sinusoidal  2p-pole  M.M.F.  rotating 
at  synchronous  speed  in  a  positive  direction, 
i.e.   counter-clockwise. 

(7)  If  condition   (3)  only  is  fulfilled,  the  component 

is   a   constant   M.M.F.    rotating   synchronously 

in  a  negative  direction. 

/  ff 

(8)  Thecomponent  is  purely  alternating  if  i^p  =  ±  Fp- 

i.e.  when 


7T 
~    ^    7 

m       ip 


sin  ni((p  —  pip) 
sin  (^  —  pip) 


± 


sin  m(cf>  +  pip) 
sin  {(p  +  piP) 


Case  3.  Any  number,  m,  of  similar  coils  spaced  uni- 
formly around  the  armature,  the  currents  in  adjacent  coils 
being  displaced  by  2cp. — The  resulting  M.M.F.  distribu- 
tion may  at  once  be  deduced  from  (49)  by  substituting 
2TTlm  for  2ip. 

The  general  term  in  the  resulting  M.M.F.  series  thus 
becomes  : — • 


T„  =  C, 


C  sin  {pTT  —  m4>) 


'p       ^■''\sin  {pTT  —  }>Kp)lm 


sin  (p77 


cos  {ojt  —  pQ'  —  <p') 
ni(p) 


sin  [pTT  +  nup)/)! 


{cot  +  pd' -  (p')\   (52 


The  positively  and  negatively  rotating  components, 
respectively,  are  therefore  eliminated  when  p  =  m/p/TT 
or  (iikPItt)  +  Mm,  and  when  p  =  Mm  —  (m/p/Tr),  where 
M  is  any  integer  other  than  a  multiple  of  m. 

\\'hen  M  is  a  multiple  of  m  in  the  above  expressions 
the  values  of  the  rotating  components  have  the  maximum 
possible  value  of  mCp. 

Since  p  is  of  necessity  an  integer,  for  either  of  the 
abo\e  conditions  to  be  satisfied  it  is  necessary  that 
m<p  shall  be  a  multiple  of  77. 

The  M.M.F.   component  is   purely   alternating  when 

sin  ipn  —  irub)               sin  {pn  -f-  mcp) 
—  — ' ,  I.e.  when  p  =  Mot, 


sin  {pTT  —  m<p)/m 
or  2(p  =  0  or  n. 


sin  (pTT  +  m(p)Jm' 


So  that,  independent  of  the  phase  displacement  2<p 
of  the  currents,  when  p  =  Mm,  the  2p-pole  M.M.F.  is 
purely  alternating,  and  if  2(p  =  0  or  tt,  the  resulting 
2p-pole  component  M.M.F.  is  purely  alternating  for 
all  values  of  p. 

Unless  one  of  these  two  conditions  is  satisfied,  the 
resulting  M.M.F.  corresponding  to  2p  poles  will  be  of 
the  nature  of  an  elliptical  rotating  M.M.F.  for  all  cases 
where  7n<p  is  not  a  multiple  of  tt. 

The  case  of  m(p  =  Mn  is  of  considerable  importance 
in  practice  :    it  is  therefore  considered  separately. 

Case  4.  Any  number,  tn,  of  similar  coiis  spaced  uni- 
formly around  the  armature,  the  phase  displacement  2<p 
betajeen  the  currents  in  adjacent  coils  being  a  multiple  of 
27T/m. — Let  m<p  =  qn,   where  q  is  any  integer. 

The  general  term  corresponding  to  2p  poles  now 
becomes,  from  (49)  and  (52)  : — 

r    sin(p-9)7r  f  ttH 

a;p=Cp-^  ^ T^r;— <^°s     ojt-pd+{m,-l){p-q)- 

'^       ^  Lsm  Tip  — 5  7rV'«         L  mj 


sin  {p  +  q)TT 
sm[{p  +  q)TT]/m 


cos 


^ojt+pe-{m--l){p  +  q)y^j 


\\  (53) 


The  rotating  components  are  therefore  eliminated 
for  all  cases  where  sin  {p  —  q)TTlm,  and  sin  (p  -f  q)TTlm, 
respectively,  are  not  zero. 

Hence  all  the  counter-clockwise  rotating  components 
are  eliminated  excepting  those  of  the  orders  q  or  Mm  -f  q, 
and  the  only  clockwise  rotating  components  present 
are  those  of  the  orders  Mm  —  q,  where  M  is  any  integer. 

The  two  components  for  any  given  value  of  p  can 
only  be  equal  when  (p  —  q)  and  (p  -r  <l)  are  both 
multiples  of  m,,  or  zero. 

These  conditions  can  only  obtain  when  both  p  and  q 
are  odd  multiples  or  both  even  multiples  of  wi/2,  so 
that  the  only  values  of  q  that  can  fulfil  these  conditions 
are  q  =  0  and  q  =  m/2,  corresponding  to  2(^  =  0  or  77. 

In  all  cases  the  value  of  the  amplitude  of  any  com- 
ponent which  is  not  eliminated  will  correspond  to 
mCp,  and  it  may  readily  be  shown  that  the  terms 
corresponding  to  the  rotating  components  that  are 
not  eliminated  simplify  to  mCp  cos  (cut  —  pd)  and 
mCp  cos  (cat  +  p9),  respectively. 

The  resulting  M.M.F.  is  therefore  represented  by 
the  series  : — 


/ 


x=ml{^Cij  cos  (cot  — qO)  +  C^^^cos  (cot  —  m  +  q9)  + 
-t-  {C;„_jCOS  [cot  +  m  —  qd) 

-{-  C„„-gCOs  (cot  +  2m -qd)  +...}]  (54) 

The  deductions  for  the  case  under  consideration  may 
therefore  be  summed  up  as  follows  : — 

(1)  All  M.M.F.  components  are  eliminated,  excepting 

those  for  which  (p  —  q)  or  (p  -f-  q)  is  zero  or 
a  multiple  of  the  number  of  coils. 

(2)  If  g  =  0,  all  components  are  eliminated  for  which 

the  number  of  pole-pai's  is  not  a  multiple  of 
the  number  of  coils  ;  in  general  both  odd  and 
even  multiples  may  be  present,  and  the  result- 
ing M.M.F.  is  purely  alternating  and  does  not 
rotate. 
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(3)  If    9  =  m/2,    i.e.    2<^  =  tt,    all    components    are 

eliminated  for  which  the  number  of  poles  is  not 
an  odd  multiple  of  the  number  of  coils,  and 
the  resulting  M.M.F.  is  again  purely  alter- 
nating, the  maximum  amplitude  of  each  com- 
ponent present  being  2mCp. 

(4)  li  p  =  q  or  Mm  +  q,  the  resulting  2p-pole  com- 

ponent is  constant  and  rotates  synchronously 
in  a  positive  direction,  its  amplitude  being  7nCp. 

(5)  If  p  =  Mm  —  q,  the  resulting  2p-pole  component 

is  of  constant  amplitude  mCp,  and  rotates 
synclironously  in  a  negative,  i.e.  clockwise, 
direction. 

For  (i)  and  (5),  q  must  not  be  zero  or  a  multiple 
of  m/2.  The  above  statements  hold  good  for  all  values 
of   the  coil-span   and   for  the   spread   of   the   coil-side. 


we  have  to  deal  with  both  symmetrical  polyphase 
systems  and  hemi-symmetrical  systems,  the  two- 
phase  system  representing  simply  two  consecutive 
phases  of  a  symmetrical  four-phase  system. 

With  a  symmetrical  system  having  an  odd  number 
of  phases,  the  system  can  be  regarded  as  forming  one- 
half  of  a  symmetrical  system  having  double  the  number 
of  phases  of  the  supply,  as  shown  in  Fig.  20.  For 
example,  there  is  no  difficulty  in  feeding  a  normal 
six-phase  motor  winding  from  a  three-phase  supply. 

With  a  symmetrical  system  having  an  even  number 
of  phases,  on  the  other  hand,  the  supply  cannot  be 
utilized  for  feeding  a  winding  having  double  the  number 
of  phases.  For  example,  12-phase  currents  cannot  be 
supplied  to  a  12-phase  motor  winding  direct  from  a 
si.x-phase  supplJ^ 

A  hemi-symmetrical  polyphase  system  can  naturally 


Table  4. 

The  Orders   of  the  M.M.F.  Components   established   by   a    Winding   with    12    Coils,    uniformly   spaced   around  the 
Armature,  for   Various   Values  of  the  Phase  Displacement  between  the  Currents  in  Adjacent  Coils. 


Orders  of  M.M.F 

,  components 

20  in  degrees 

Positive  rotation 

Negative  rotation 

1 

30 

1, 

13,   25,  37.  etc. 

11,   23,  35,  etc. 

2-pole,    12-phase 

2 

60 

2 

14,  26,   38     „ 

10,  22,  34     „ 

4-pole,   6-phase 

3 

90 

3, 

15,   27,   39     „ 

9,   21,   33     „ 

6-pole,   4-phase 

4 

120 

4, 

16,   28,  40     „ 

8,   20,   32     ,, 

8-pole,   3-phase 

5 

150 

5, 

17,   29,   41     „ 

7,    19,   31     „ 

— 

6 

180 

6, 

18,  30,   42     „ 

6,   18,  30     „ 

1 2-pole,  single-phase 

7 

210 

7, 

19,   31,   43     „ 

5,    17,   29     „ 

— 

8 

240 

8, 

20,   32,   44     „ 

4,   16,  28     „ 

8-pole,  3-phase 

9 

270 

9, 

21,   33,   45     ., 

3,   15,  27     „ 

6-pole,  4-phase 

10 

300 

10, 

22,   34,  46     „ 

2,   14,  26     „ 

4-pole,  6-phase 

11 

330 

11, 

23,   35,   47     ,, 

1,   13,  25     „ 

2-pole,   12-phase 

12  (0) 

0 

12, 

24,   36,   48     „ 

12,   24,   36     ,, 

24-pole,  single-phase  hemitropic 

For  the  latter  half  of  the  table  the  main  direction 
the  former  half,  positive.  It  will  be  noted  that  even 
g  =  4  or  8. 

These  latter  determine  the  value  of  Cp  but  otherwise 
do  not  affect  the  problem. 

To  illustrate  this  particular  case.  Table  4  has  been 
prepared  for  a  stator  wound  with  12  coils,  and  for 
values  of  q  from  0  to  12,  inclusive. 

Vlll.  The  Normal  Polyphase  Winding. 

In  dealing  with  polyphase  windings  a  certain  degree 
of  complexity  arises  out  of  the  fact  that  it  has  become 
the  custom  to  designate  the  windings  by  the  number 
of  phases  of  the  supply  system.  Thus  all  windings  fed 
from  a  three-phase  supply  are  usually  called  three- 
phase  windings,  and  those  from  a  two-phase  supply, 
two-phase  windings,  so  that  a  winding  may  have  either 
one  or  two  coils  per  pair  of  poles  for  each  "  phase." 
Further,  there  is  the  unfortunate  fact  that  whereas 
with  three-phase  currents  the  displacement  between 
the  phases  is  27t/3,  with  so-called  two-phase  currents 
the    displacement    is    not    27r/2,    but    27r/4.     In    short, 


of  rotation  of  the  resulting  M.M.F.  is  negative,  and  for 
harmonics  of  the  lowest  order  present  only  occur  when 

be  used  to  feed  a  symmetrical  winding  having  double 
the  number  of  phases  of  the  supply ;  e.g.  a  normal 
four-phase  winding  can  be  supplied  from  a  two-phase 
supply. 

It  is  inconvenient  to  have  to  deal  separately  with 
the  various  types  of  winding,  and  it  is  desirable  to  find 
some  means  of  making  all  the  types  fall  simply  into 
one  common  category. 

Now  it  may  be  taken  that  in  ever}'  case  of  a  normal 
polyphase  winding  the  coils  are  uniformly  spaced,  and 
that  if  N  is  the  number  of  coils,  i.e.  coil  groups,  per 
pair  of  poles,  the  phase  displacement  between  the 
currents  in  adjacent  coils  is  27t/N.*  The  author  there- 
fore  finds   it  a  convenience   to   define   the   number   of 

•  Thus  a  motor  fed  from  a  three-phase  supply  may  have  three 
coils  per  main  pair  of  poles,  the  pliase  displacement  between  the 
currents  in  nciglibouring  coils  being  23r/3,  or  it  may  have  six  coils 
per  pair  of  poles,  fed  with  currents  displaced,  m  neiRlibounng 
coils,  by  2t!-I6.  With  a  two-phase  supply  it  is  practically  invariable 
to  have  four  coils  per  pair  of  poles,  and  to  feed  them  with  currents 
displaced,  in  neighbouring  coils,  by  2n-/4. 
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phases  of  the  winding  as  being  equal  to  the  number 
of  coil  groups  per  pair  of  poles,  i.e.  equal  to  N.  If  the 
number  of  coils  per  pair  of  poles  is  odd,  then  the 
number  of  phases  of  the  supply  system  must  be  equal 
to  JV.  If,  however,  iV  is  an  odd  multiple  of  2,  then 
the  number  of  phases  of  the  supply  system  need  only 
be  NJ2  ;  in  addition,  with  a  hemi-symmetrical  supply 
system,  the  number  of  phases  of  the  supply  wUl  be  NI2. 


Under  these  conditions,  therefore,  the  only  harmonics 
present  in  the  resulting  M.M.F.  wave  are  certain 
multiples  of  5,  the  main  number  of  pole-pairs,  and, 
quite  independent  of  the  span  of  the  coil  groups,  the 
elimination  of  the  higher  harmonics  becomes  more 
and  more  complete  as  the  number  of  phases  of  the 
winding  is  increased. 

li  N  is  sal  even  number,  independent  of  the  span  of 
the  coil  groups,  even  harmonics,  i.e.  components  cor- 
responding to  an  even  multiple  of  2q  poles,  are  entirely 
eliminated,  since  in  that  case  MN  i  1  must  be  an  odd 
number. 

If,  however.  A'  is  an  odd  number,  even  harmonics 
may  be  present  unless  the  span  is  suitably  chosen, 
since  {2M  —  l)iV  ^  1  will  be  an  even  number.  It 
therefore  becomes  necessary  to  employ  full-pitch 
windings  in  such  cases,  so  that  sin  ga  =  1-0. 

For  a  full-pitch  winding,*  when  A'  is  an  odd  number 
the  series  becomes  : — 

x  =  ^^^^[{/;cosM-ei) 


The  Fourier  series  for  the  M.M.F.  distribution  of  a 
normal  poh-phase  winding  foUows  at* once  from  the 
previous  section.  The  total  number  of  coils,  m,  is  now 
equal  to  'Sq,  since  q  is  the  number  of  main  pairs  of  poles. 

The  M.M.F.  distribution  is  therefore  obtamed  from 
(54)  by  substituting  iV'g  for  m,  and  becomes  : — 

x=m\\C  ^coz  {ait  — q9)  —  C,„+g  cos  (oji  — m-|-2^)-f ...] 

4-[C„_jC0S  (wt  +  m-q6) 

-r-Oom-q  COS  (tof+2m— 30)  +  ...]} 
=iyrg{[CgC0s(ajf— gg)  +  C(Ka.HjCos(a)t-(A"-f  I)gg)-f ...] 
-{-[C(x_i)j  cos  (cot -r AT—  IqO) 

+  C(2.\-l)8COS  (wt-2N-lqe) +  ...]} 

^if^jns^irf^  sm  qa  cos  {cut  -  qd) 

+  ^^^^/s(K-M)  sin  (A'-f  I)2a  cos  {ojt-N+\qe)-\-...\ 

+     ^^rr^/3(N-i)sin{Ar-l)gacos(aj<-r-N'-l2^)-f-    | 

(55) 

Representing  now  the  various  angles  in  electrical 
measure,  based  upon  2q  poles,  the  series  becomes  : — 

x=.N^^U'j[  sin  ai  cos  {wt  -  6^) 

+^^/s+i  sin  (JV+l)ai  cos  {wt-A'+ldi)-^..^ 

+  fiTrx/N-i  ^  ■^'(- 1)''!  '^°^  (<ot+'N^l9i)  +  ...~\\ 

(56) 


2N 


r     I 


Similarly,  when  A'  is  an  odd  multiple  of  2  the  series 
for  the  M.M.F.  developed  by  a  winding  in  which  the 
coils  have  a  mean  span  of  an  exact  pole-pitch  is  : — 

X  =  ^^[{/;cos  {ojt-8,) 

-nT/^-'''°'  i^i-^^iOi) +■■■-■■} 

+{^/n-i  <=°^  {<ot-N^9i) 

~  2J^-^^^--i''°'  M+2.Y-10i)  +  ...-...}J 

and  when  the  value  of  A'  is  an^even  multiple  of  2   the 
series  becomes  ; — ■ 

|/^cos(aji-6li) 

+  2Atl/LN-i  -^"^  M+2^^0i) +  ...-...}] 

For  the  case  of  full-pitch  coils,  therefore,  it  is  thus 
an  advantage  to  have  an  odd  number  of  coils  per  pair 
of  poles,  so  far  as  the  production  of  a  pure  rotating 
M.M.F.  is  concerned. 

Thus,  fo  r  example,  with  a  Q-pTiase  winding  the  lowest 
orders   of   higher  harmonics  present  are  the   1 7th  and 

*  This  involves  the  value  of  the  mean  span  of  the  coil  being  an 
exact  pole-pitch. 
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19th,  as  compared  with  the  11th  and  13th  present 
with  a  12-phase  winding. 

On  the  other  hand  it  must  be  remembered  that 
chprding  the  winding  has  important  advantages,  and 
that,  by  adopting  a  suitable  span  for  the  coil  when  N 
is  even,  the  importance  of  any  of  the  high  harmonics 
present  may  be  very  considerably  reduced. 

The  orders  of  the  harmonics  present  for  various 
values  of  the  number  of  coils  per  pair  of  poles,  i.e.  the 


magnetomotive  force  established  by  a  winding  in  which 
the  slots  are  "  skewed  "  corresponds  sufficiently  closely 
to  that  of  a  uniformly  distributed  winding.  The  case 
under  consideration  may  therefore  be  taken  as  applying 
directly  to  a  synchronous  converter  in  which  the  slots 
are  skewed. 

The  spread,  2^^,  of  each  of  the  phase  groups  is,  in 
electrical  measure,  2^^  =  277/iV,  i.e.  fij  =  tt/N. 

The   distribution   factors   for   the   various   harmonics 


Harmonics  present  in  the  Resulting 

M.M.F.  of  Polyphase  Windings. 

Number  of  phases,  i.e. 
number  of  coils  per  pair 

Order  of  harmonic 

of  poles 

N  = 

Positive  rotation 

Negative  rotation 

3 

7,   13,   19,   25,   31,  etc. 

5,    11,    17,   23,   29,  etc. 

4 

5,   9,    13,   17,   21,  .etc. 

3,   7,   11,    15,   19,  etc. 

6 

7,   13,   19,   25,   31,  etc. 

5,   11,   17,  23,   29,  etc. 

8 

9,    17.  25,   33,   41,  etc. 

7,   15,  23,   31,   39,  etc. 

9 

19,   37,   55,  etc. 

17,  35,  53,  etc. 

12 

13,   25,   37,  etc. 

11,  23,   35.  etc. 

number  of  phases  of  the  winding,  and  for  full-pitch 
coils,  are  given  in  tabular  form  above. 

For  both  N  =  Z  and  i\r  =  6,  the  only  odd  harmonics 
that  are  eliminated  by  the  interaction  of  the  phases 
of  the  winding  are  those  of  the  third  order,  viz.  the 
3rd.   9th,    15th,   etc. 

For  iV  =  4,  the  interaction  of  the  phases  does  not 
result  in  the  elimination  of  any  of  the  higher  harmonics 
of  odd   orders. 

As  a  result,  the  fluctuations  in  the  armature  M.M.F. 
of  machines  with  A/^  =  4  (a  number  commonly  employed 
with  two-phase  machines)  may  be  of  considerable 
importance,  even  in  the  case  of  alternating-current 
generators  and  synchronous  motors.* 

With  AT  =  3  or  JV  =  6  (numbers  commonly  employed 
for  three-phase  machines)  the  fluctuations  in  the 
armature  M.M.F.  are  rarely  of  importance  in  the  case 
of  alternators  or  synchronous  motors,  but  become  very 
important  in  the  case  of  synchronous  converters.! 

With  iV  =  9,  the  elimination  of  the  higher  harmonics 
is  very  perfect,  the  6th,  7th,  11th  and  13th  present  in 
the  case  of  iV  =  3  or  iV  =  6,  being  absent. 

The  theory  of  the  M.M.F.  developed  by  the  various 
types  of  two-phase  and  three-phase  windings  has  been 
ably  given  by  Mr.  B.  Hague,  J  so  that  it  is  not  proposed 
to  deal  in  great  detail  with  the  subject  in  the  present 
paper,  but  to  concentrate  attention  upon  such  matters 
as  may  tlirow  additional  light  upon  the  subject. 

Uniformly  distributed  windings. — It  is  proposed  to 
deal  first  with  windings  of  the  two-layer  type. 

It    may    be    taken    that    the    average    effect    of    the 

•  See,  for  instance,  A.  R.  Clayton  :  "  The  Wave-shapes  obtain- 
ing with  Alternating-cnrrent  Generators  working  untler  Steady 
Short-circviit  Conditions,"  Journal  I.E.E.,   1916,  vol.   64,  p.   92. 

t  See.  for  instance.  Miles  Walker  :  "  The  Diagnosis  and  Cure 
of  Troubles  in  Electrical  Machinery,"  pp.   357  and  3.58. 

t  B.  Hague  :  "  The  Mathematical  Treatment  of  the  Magneto- 
motive Force  of  Armature  Windings,"  Journal  I.E.E.,  1917, 
vol.  55.  p.  489. 


which   may   be   present   in    the   resulting   M.M.F.    thus 
become  : — 


,       sin  Pi 


sin  I  tt/N) 
tt/N 


/[(2M- 


sin[(2Af-l)Ar-t-i: 


N 


I 


1)N-H]  = 


/[(2M-I)N-1]  = 


[(2M-1)^+1]- 


sin[(2M-l)iV-l]- 
[(2M- 1)2^-1]  J 


{2M-l)N+l 


1 

(2M-l)N~l 


x/i 


xA' 


/liMN  +  i-gMA'-t-l-^l 


f: 


1 


2MN  -  1  =  — 


2MiV-l 


/i 


The  series  for  the  resulting  M.M.F.  for  an  A^-phase 
winding  with  full-pitch  coils,  at  a  point  P  distant  by 
di  electrical  radians  from  the  axis  of  one  of  the  coils, 
is  thus  : — 

(a)  when  AT  is  an  odd  number, 


NX„ 


sin  {tt/N) 
nJN~ 


llcos  {cot  -  dl) 


(2N  +  1)2 


cos  (cu/-2xV  -I-  ldi)-\- 


■■] 


1 


-„  cos  {(x)t  +  2N  -  l^i) 


L      (2.V  -  1)- 
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(6)  when  N  is  an  odd  multiple  of  2, 
_  ^'^max.   ^  sin  {7T/X)rr         ,    ,     Q  . 


+  i(];r:ri)2^°^f'"-^-i^i) 


+w 


-,  cos  (aj<-i-2A'-]| 


.-■••}]  ^ 


periodically    between   two   limiting   forms   represented 

respectively,  when  N  is  even,  by  : — 


NX„, 


sin  (tt/JV) 
tt/N 


{^°^^i+[{(F:rT)^'=°^(^-''^^ 


+  (^rhp-^(^^-^)^i}+---]} 


(62) 


58) 


(2iV-l)i 
and  (c)  when  i\r  is  an  even  multiple  of  2, 

a:  =  -^^X-^^^^|_|cos(a.f-0O 

~(jy+l)2''°^  (a;<-.V+lei)-i-  ...—...} 

+  (2^7^-  ^°'  (^^'^^.V^l^i)  -...  +  ...  j 

(59) 

The  series  given  in  (6)  and  {c)  represent  exactly  the 
same  wave-form,  with  the  exception  of  a  phase  dis- 
placement   of   tt/'ZX.     B3^   changing   the   origin,    as    in 


0Q(S)®©®iOOO000 


and 

IT 


+ 


sin  [-nim  r        „         r        1 
r,  cos  (.V  +  l)^ij 


{N+  1) 

r    1 


+ 


\_{2N  -  1) 


-  cos  {2N  -  1)^1 


(2N- 


L_  cos  (2.V^l)eiJ -...  +  ...} 


(63) 


The  first  of  these  wave-forms  obtains  when  the  axis 
of  the  resulting  M.M.F.  coincides  with  the  junction  of 
Irwo  successive  phases,  and  the  second  when  the  axis 
of  the  M.iM.F.  is  at  the  centre  of  a  phase  band. 

It  may  readily  be  shown  that,  to  a  very  close 
approximation,  the  maximum  value  of  the  amplitude 
of  the  resulting  M.M.F.  due  to  a  polyphase  winding  as 
given  above  reduces  to  * 


1  2         '0      3  4 

Fig.  21. 

Fig.  21,  to  a  point  between  successive  phase  bands, 
the  resulting  M.M.F.  may,  in  ever)'  case  when  A'  is  even, 
be  represented  by  : — - 

^       ^'^maz.  ^  sin  (7r/iV)[- 

^  (.V  -  1)-  ''°^  ^""^  +  N'^19,)  }+••■]  (60) 
and  when  N  is  odd  by  : — 


NX. 


max.   ^  sin  {tt/N)  f 


7r2  /  3 


m 


and  the  minimum  value  to 


NX, 


max.    ^   sm  (TTi 


IN      \ 


TT- 

6N 


.(-#.)} 


(64) 


(65) 


The  total  fluctuation  in  the  value  of  the  amplitude 
of  the  resulting  M.M.F.  is  thus  : — 


NX„ 


sin  (77/Al  r  772  ,  3\\ 

TTfN      \2nA         NVj 


NX„ 


^  -max.   ^  sm  {tt  N)[- 

X  = X  — - —    cos  {wt  —  e^) 

77  tt/N     L_ 


+  {  {2N  \  1)2  ^°"  ''^'  -  ^^  +  l^i) 

+  (2iy-l)2  ^°^  ("''  +  2.V  -  W,)  }+•••]   (61) 

These  series  will  hold  when  the  M.M.F.  developed 
by  the  coil  after  the  origin  is  represented  bj'  X,^^  sin  cot 
when  N  is  an  even  multiple  of  2,  and  by 

^max.  sin  [cot  +  (77/iV)]     and     X„„^.  sin  [cot  +  {2n)IN] 

in  the  other  cases,  respectively. 

The    resulting    M.M.F.    distribution    will    thus    var>' 


rr/N 

Expressed  as  a  fraction  of  the  fundamental  harmonic, 
the  total  fluctuation  in  the  value  of  the  amplitude  is 
therefore  : — 


772   /  ^\ 

2iV2  (^    "^  N'^J 


The  deviation  from  the  value  of  the  fundamental  thus 
varies  inverselv  as  the  square  of  the  number  of  phases  of 
the  winding  (attention  is,  at  the  moment,  confined  to  the 
case  of  an  even  number  of  phases). 

*  To  a  first  approximation,  the  series  inside  the  square  brackets 
ia  (62),  when  Q'l   =  0,  reduces  to 

]fE\l+22  +  p  +  p  -I-  •••/ 

the  sum  o£  wtuch  is  tZ/S.Ys. 

By  taking  the  formula  given  in  (64),  a  closer  approximation  is 
obtained. 

Note  ;— 

(A  -  1)2  ^  (xV  +  1)2        -*^^        •      -*       +   •  ■  •) 
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When  the  number  of  phases  is  odd,  the  limiting 
values  of  the  amplitude  of  the  resulting  M.M.F.  are 
respectively : — 


NX 


max.  ^  sin  {tt/N) 


and 


NX, 


mfl£.^sin  {n/N) 


tt/N 


{'-il 


,+  ; 


TT/N       I'      V(2Ar-l)2     {2N+1) 

■^  \{m-  i)2J  +  [{4N+  i)y  +  •  ■  7 

NX,^^_  ^  sin  (tt/N)  f^  _  jr 
2iN 


■=) 


Tr/AT 


{'-mi'^^^} 


(67) 


So  far  as  the  M.M.F.  wave  is  concerned,  the  percentage 
deviation  from  the  fundamental  harmonic,  when  N  is 
odd,  is  thus  the  same  as  for  a  number  of  phases  equal 
to  2iV. 

For  all  practical  purposes,  the  values  deduced  from 
formula;  (64)  to  (67)  are  sufficiently  exact,  with  the 
possible  exception  of  cases  in  which  extreme  accuracy 
is  required  in  dealing  with  a  winding  in  which  iV  =  4. 
Even  with  this  low  value  of  N,  the  values  deduced  for 
the  amplitudes  have  an  error  of  only  0-8  per  cent  for 
the  maximum  amplitude,  and  0-5  per  cent  for  the 
minimum.  For  N  —  Z  or  iV  =  6,  the  corresponding 
errors  are  only  about  0-25  per  cent  and  0-15  per  cent, 
the  error  decreasing  very  rapidly  as  the  number  of  phases 
increases. 

It  is  a  convenience  to  have  the  various  values  of 
the  M.M.F.  expressed  in  terms  of  the  total  number  of 
ampere-conductors  per  pole  on  the  armature.  If  Z^  is 
the  total  number  of  conductors  on  the  armature,  /oV2 
the  maximum  value  of  the  current  per  conductor,  and 
p„i  the  number  of  main  pairs  of  poles  : — 


X„ 


X  V2 


and  the  amplitude  of  the  fundamental  becomes 


NX, 


^r.       sin  {TTJN)  _  I^Za  ^   Va  ^  Sin  (ttIN) 

X  • , , ,    ~    —  ~ X    X 


TT/AT 


2p„ 


2p„ 


IT 

X  -^— /i 

77 


TTJN 


=  0 -450/1 


The    limiting    values    of    the    M.M.F.    are    therefore 
given  by 


and     0 -450/1  ^ 


I„Z„ 


_.2    /  ^  \  ^ 

7,(  1  -f  -— ,  1  Uvhen  N  is  even, 


2p„,  I       6IV2 
,d  0-450/;xg{l  +  ^,(l4-j^,)} 


and  0- 450/1  X 


2Pm 


2iN' 


i'+w^y 


when  Af  is  odd. 


It  will  be  noticed  that  for  all  practical  purposes  the 
difference  between  the  maximum  value  of  the  amplitude 
and  the  amplitude  of  the  fundamental  harmonic  is 
twice  as  great  as  the  difference  bet\veen  the  amplitude 
of  the  fundamental  and  the  minimum  amplitude  of  the 
resulting  M.M.F. 

Table  5  gives  the  values  of  the  various  amplitudes 
for  different  values  of  the  number  of  phases.  The 
values  are  given  in  terms  of  the  value  of  the  "  virtual  " 
ampere-conductors  per  pair  of  poles,  and  also  as  a 
percentage  of  the  fundamental  harmonic. 

Table  5. 

The  Amplitude  of  the  Resulting  Magnetomotive  Force  0/ 
Polyphase  Windings. 

(The  table  refers  to  the  case  of  full-pitch  two-layer 
windings.  N  denotes  the  number  of  phases  of 
the  winding,  i.e.  the  number  of  complete  coils 
per  pair  of  poles.) 


Value  of  amplitude  of  M.M.F. 

Number 
of  phases 

Actual  value  [(Ja^a)/(2pw)]  x 

Relative  value 

Funda- 
mental 

MaKiraum 
value 

Minimum 
value 

Funda- 
mental 

Maximum 
value 

Minimum, 
value 

3 

4 

6 

8 

9 

12 

15 

18 

0-372 
0-405 
0-430 
0-439 
0-441 
0-445 
0-447 
0-448 

0-408 
0-495 
0-471 
0-463 
0-446 
0-455 
0-449 
0-453 

0-354 

0-353 
0-408 
0-428 
0-439 
0-440 
0-446 
0-446 

1000 
1-000 
1-000 

1-000 
1-000 
1-000 
1-000 
1-000 

1-096 
1-221 
1-096 
1-054 
1-010 
1-023 
1-004 
1-010 

0-950 
0-872 
0-950 
0-976 
0-995 
0-988 
0-998 
0-995 

[Note. — The  figures  given  above  are  for  uniformly 
distributed  windings  and  may  be  taken  to  correspond 
sufficiently  exactly  to  the  case  of  a  machine  with 
skewed  slots.) 

The  magnetomotive-force  ripples. — Series  (57)  shows 
that  the  resulting  M.M.F.  of  a  uniformly  distributed 
polyphase  winding  is  equivalent  to  a  constant  funda- 
mental harmonic  rotating  in  a  positive  direction  at 
synchronous  speed,  and  to  a  number  of  ripples  repre- 
sented by  the  joint  action  of  harmonics  of  orders 
MN  +  1,  and  MN  -  1  rotating  at  l/(il/.V  -J-  l)th  and 
1/{MN  —  l)th  of  the  speed  of  the  fundamental,  in 
positive  and  negative  directions  respectively. 

For  even  values  of  N,  M  is  any  integer,  but  for  odd 
values  of  N,  M  must  be  an  even  integer. 

The  combined  effect  of  the  (MN  +  l)th  and  the 
{MN  —  l)th  harmonics  is  thus  of  interest. 

To  a  first  approximation,  unless  MN  is  relatively 
small,  the  joint  effect  of  the  pair  of  harmonics  may  be 
represented  by  : — 
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NX„ 


'I'd 


(MN 


D- 


-,  cos  {cut  +  MN  —  Wi) 


NX 

77 


NX„ 


cos  (wi  +  M2^?  -  l^i)] 


^  W2'5^2  COS  (W«  -  e,)  COS  3/J^0i} 


M2Ar2 

The  term  cos  {cut  —  9i)  indicates  that  the  disturbance 
corresponding  to  the  combined  effect  of  the  two  har- 
monics travels  at  synchronous  speed,  and  the  term 
cos  MN9i  indicates  that  nodes  always  occur  at  points 
where  cos  MNd^  =  0,  i.e.  at  the  points  on  the  armature 
where  di  =  ■7T/2MN,  3tt/2MN,  5tt/2MN,  etc.  As  a 
result,  the  wave-shape  representing  the  ripple  due  to 
the  {MN  +  l)th  harmonics  corresponds  somewhat  to 
the  tooth  ripple  due  to  flux-swinging  in  the  pressure- 
wave  of  a  machine  having  MN  slots  per  pair  of  poles, 
but  the  wave-shape  of  the  complete  ripple  varies 
periodically.  The  half-period  of  the  cycle  of  changes 
corresponds  to  a  motion  of  the  fundamental  component 
corresponding  to  tt/MN  electrical  radians,  and  hence 
the  frequency  of  the  changes  is  MN  times  the  main 
frequency  of  the  alternating  currents  in  the  winding. 
The  ripple  thus  swings  relatively  to  the  main  M.M.F. 
component  as  indicated  in  Fig.  22,  which  is  drawn  for 
the  case  when  MN  =  6. 

The  series  for  the  total  resulting  M.M.F.  due  to  a 
uniformly  distributed  polyphase  winding  may  therefore 
be  approximately  represented  by  : — 

^  4=  ^^^/^  cos  {ojt  -  0i)  1 1  +  1^  (cos  NO, 

+  i  cos  2Ndi  +  I  cos  3N9i  -f  .  .  .)  |  *     .     (68) 

The  wave-shape  of  the  resulting  M.M.F.  may  thus  be 
resolved  into  a  constant  fundamental  together  with  a 
series  of  ripple  disturbances  as  in  Fig.  22,  corresponding 
to  N,  2N,  3N,  etc.,  ripples  per  period.  (When  JV  is 
odd,  the  ripples  correspond  only  to  the  even  multiples 
of  N.)  Each  of  these  ripples  gives  rise  to  an  effect 
corresponding  to  flux-swinging,  the  frequency  of  the 
swing  being  respectively  N,  2N,  3N,  etc.,  times  the 
frequency  of  the  alternating  currents,  and  the  effect 
is  a  maximum  at  the  axis  of  the  resulting  M.M.F.  of 
the  complete  winding. 

In  the  case  of  rotating-armature  machines,  such  as, 
in  particular,  synchronous  converters,  the  axis  of  the 
resulting  fundamental  harmonic  of  the  armature  M.M.F. 
is  stationary  in  space,  so  that  the  effect  of  the  variations 
in  the  armature  M.M.F.  actually  corresponds  to  the 
fiu.x  swinging  backwards  and  forwards  in  space,  and 
the  magnetic  oscillations  so  established  may  be  of 
considerable  importance.  In  the  case  of  synchronous 
converters  working  at  any  normal  power  factor  the 
magnetic  oscillations  wiU  be  very  marked  and,  in  most 

•  This  series  is  true  for  all  cases  if  the  origin  is  taken  at  a  point 
between  successive  phase  bands,  as  already  indicated,  and,  in  the 
case  when  N  is  an  odd  number,  if  only  the  terms  involving  an  even 
multiple  of  N  are  included. 


cases,  practically  maximum  in  the  neighbourhood  of 
the  interpoles. 

For  low  values  of  MN  the  ripple  shown  in  Fig.  22 
and  series  (68)  do  not  represent  fully  the  M.JNI.F.  cor- 
responding to  the  harmonics  of  the  orders  MN  +  1, 
but  in  every  case  represent  by  far  the  major  portion 
of  the  effects  due  to  these  harmonics. 

The  general  case  of  a  winding  in  slots. — As  already 
stated,  the  case  of  a  winding  in  skewed  slots  may  be 
considered    to    be    sufficiently    covered    by    that    just 


Fig.  22. 

considered.  For  other  cases  it  is,  in  general,  necessary 
to  make  use  of  the  expression  given  in  (56).  The  only 
higher  harmonics  present  are,  for  the  greater  part,  of 
sufficiently  high  orders  to  make  the  assumption  that 
the  M.M.F.  of  each  slot  is  concentrated  at  its  centre 
line  unwarrantable,  and  to  make  it  imperative  to  take 
the  slot-width  factor  into  consideration. 

For  full-pitch  coils  series  (57)  to  (62)  may  be  used, 
the  values  of  the  various  coefficients  being  obtained 
readily  from  Figs.  7  and  9,  or  11  and  12,  the  values 
depending  both  upon  Q,  the  number  of  slots  per  pole, 
and  upon  the  ratio  of  the  slot  width  to  the  slot-pitch. 

So  far  as  the  M.M.F.  ripples  are  concerned,  the 
remarks  made  for  the  case  of  a  uniformly  distributed 
winding  may  also  be  applied  to  this  case,  but  the 
ripples  will  in  general  be  more  pronounced,  especially 
in  the  case  of  the  harmonics  of  orders  2Q  ±  1  and 
4Q  ±  1,  for  which  the  value  of  the  factor  /„,p  differs 
but  little  from  unity. 
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Table  6. 

The  Amplitudes  of  the  M.M.F.   Components  established 
bvXormal  Full-pitch  Polyphase  Windings — in  Slotted 
Armatures. 
The  amplitude  of  the  component  is  obtained  by  the 
product  of  the  virtual  value  of  the  armature  ampere- 
wires  per  pole,  {IaZa)l{^Pm)-  and  the  constant  obtained 
from  the  table  below,  A  =  0-4  y. 


6  slots  per  pole 

9  slots  per  pole 

Order  of 

Harmonic 

^■=3 

N  =  i 

N 

=  6 

N=3 

2\7  =  6 

N  =  0 

1 

0-375 

0-409 

0- 

434 

0-374 

0-432 

0-443 

3 

0 

0-0497 

0 

0 

0 

0 

5 

0-0192 

9-0210 

0- 

0222 

0-0166 

0-0190 

0 

7 

0-0131 

0-0143 

0- 

0151 

0-0093 

0-011 

0 

9 

0 

0-0143 

0 

0 

0 

0 

11 

0-0272 

0-0295 

0- 

0314 

0-0057 

0-0065 

0 

13 

0-0218 

0-0226 

0- 

0240 

0-0056 

0-0064 

0      - 

15 

0 

0-0045 

0 

0 

0 

0 

17 

0-0034 

0-0036 

.0- 

0038 

0-0178 

0-0198 

0-0203 

19 

0-0024 

0-0027 

0- 

0028 

0-0144 

0-0166 

0-0170 

21 

0 

0-0026 

0 

0 

0 

0 

23 

0-0046 

0-0050 

0- 

0053 

0-0019 

0-0027 

0 

26 

0-0029 

0-0031 

0- 

0033 

0-0016 

0-0018 

0 

1-2  slots  per  pole 

15  slots  per  pole 

JV=3 

N  =  4, 

N  =  e 

N  =  i 

N  =  6 

1 

0-373 

0-405 

0-431 

0-373 

0-430 

3 

0 

0-0458 

0 

0 

0 

5 

0-0158 

0-0172 

0-0183 

0-0155 

0-0179 

7 

0-0080 

0-0088 

0-0094 

0-0082 

0-0095 

9 

0 

0-0061 

0 

0 

0 

11 

0  0042 

0-0046 

0-0049 

0-0038 

0-0043 

13 

0-0035 

0-0038 

0-0040 

0-0029 

0-0034 

15 

0 

0-0024 

0 

0 

0 

17 

0-0031 

0-0034 

0-0037 

0-0022 

0-0025 

19 

0-0036 

0-0039 

0-0041 

0-0020 

0-0023 

21 

0 

0-0052 

0 

0 

0 

23 

00126 

0-0138 

0-0145 

0-0022 

0-0025 

25 

0-0085 

0-0093 

0-0098 

0-0026 

0-0030 

29 

. — 

— 

— 

0-0099 

0-0115 

31 

— 

— 

— 

0-0089 

0-0103 

18  slots  per  pole 

N  =  3 

iV  =  4 

N  =  6 

.V  =  9 

if  =  12 

1 

0-372 

0-405 

0-430 

0-441 

0-445 

3 

0 

0-0460 

0 

0 

0 

5 

0-0163 

0-0167 

0-0177 

0 

0 

7 

0-0080 

0-0088 

0 

0 

0 

9 

0 

0-0058 

0 

0 

0 

11 

0-0035 

0-0038 

0-0041 

0 

0-0042 

13 

0-0026 

0-0029 

0-0031 

0 

0-0032 

15 

0 

0-0023 

0 

0 

0 

17 

0-0018 

0-0020 

0-0021 

0-0021 

0 

19 

0-0016 

0-0017 

0-0019 

0-0019 

0 

21 

0 

0-0016 

0 

0 

0 

23 

0-0014 

0-0015 

0-0016 

0 

0-0017 

25 

0-0013 

0-0014 

0-0015 

0 

0-0016 

35 

0-0082 

0-0089 

0-0095 

0-0097 

0-0098 

37 

0-0075 

0-OOS 

2 

0-0 

087 

0 

0089 

0-0089 
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An  average  value  for  the  ratio  of  the  slot  width  to 
the  slot-pitch,  in  the  case  of  synchronous  converters, 
is  0-4.  Tables  have  therefore  been  prepared  by  the 
author,  showing  the  relative  values  of  the  amplitudes 
of  the  various  harmonics  for  typical  values  of  N  and  Q, 
and  based  upon  this  ratio. 

In  Table  6,  N  denotes  the  number  of  complete  coil- 
groups  per  pair  of  poles  in  the  case  of  two-layer 
windings,  i.e.  with  sjmchronous  converters  N  denotes 
the  number  of  slip-rings. 

For  single-layer  full-pitch  windings,  N  denotes  tw-ice 
the  number  of  phases  of  the  winding,  e.g.  for  a  three- 
phase  winding  the  constants  are  tabulated  under  JV  =  6. 
When  the  number  of  coil  groups  per  pair  of  poles  is 
even,  the  data  tabulated  hold  for  single-layer  windings 
in  which  the  coil  span  is  [N  —  1)ttIN  electrical  radians. 
For  a  normal  two-phase  winding  the  constants  are  thus 
tabulated  under  N  =  i. 

Single-layer  windings. — The  general  expressions  given 
for  the  M.M.F.  distribution  of  a  polyphase  winding, 
(55)  and  (56),  hold  for  all  tj^ses  of  winding.  The  main 
difference  between  a  single-layer  and  the  corresponding 
double-layer  winding  is  that  the  spread  of  the  coil- 
side,  77/jV,  with  the  former  is  one-half  of  that,  2TrlN 
with  the  latter. 

With  single-layer  windings  concentric  coils  are  very 
commonly  used ;  the  displacement  between  corre- 
sponding coil-sides  of  adjacent  coils  is  ^ttjN,  and 
the  spread  of  the  coil-side  is  ttjN,  so  that  it  is  possible 
to  employ  coils  having  any  span  that  will  conform 
to  2ai  =  (2iVf  —  l)77/iV,  M  being  any  integer.  For 
example,  when  ^  =  3  the  mean  span  of  the  coils  may 
be  77/3,  77,  577/3,  777/3,  377,  etc.  ;  when  J/  =  4  the  span 
may  be  77/4,'  377/4,  577/4,  777/4,  etc.  ;  and  when  iV  =  6 
the  span  may  be  77/6,  77/2,  577/6,  777/6,  etc.  Full-pitch 
coils  can  thus  be  used  if  the  number  of  phases  of  the 
winding  is  an  odd  number,  but  not  if  it  is  even. 

In  general,  when  N  is  odd,  full-pitch  coils  are  used, 
and  when  N  is  even,  the  span  of  coils  is  invariably 
[N  —  l)77/iV  for  a  normal  concentric  winding.* 

The  values  of  the  various  factors,  /^,  etc.,  with 
single-layer  windings  will  be  identical  with  those 
obtaining  for  the  2iV-phase  two-layer  winding  wth  the 
same  slotting. 

\\'hen  N  is  odd  the  only  higher  harmonics  present 
are  those  of  orders  2MN  d:  1,  for  full-pitch  coils,  so 
that  the  M.M.F.  distribution  due  to  a  single-layer 
winding  with  an  odd  number  of  phases  is  identical 
with  that  of  the  corresponding  full-pitch  two-layer 
winding  of  double  the  number  of  phases. 

^^Tlen  N  is  even  and  the  coil  span  is  (N  —  \)ttIN. 
the  chording  factor  for  the  (MN  ±  l)th  harmonic  is 
cos  {MN  ±  l)«yi,  the  winding  factor  is 

[sin  s{MN  ±  l)yi]/[s  sin  [MN  ±  \)y{\ 
and  their  product  is 

[sin  2s{MN  ±  l)yi]/[2s  sin  [MN  ±  \)y{\ 
This  latter  is  identical  with  the  winding  factor  for  the 
corresponding  two-layer  full-pitch  winding. 

As  a  result,  the  data  tabulated  for  two-layer  windings 
apply  also  to  the  case  of  single-layer  windings  of  normal 
•  Occasion.illy,    when   A?  =  6,   a   mean   span   of   n-/2   electrical 
radians  is  used. 
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types,  the  only  reser\ations  being  that  when  N  is  odd 
the  data  corresponding  to  2N  coils  per  pair  of  poles 
should  be  taken,   as  indicated  below  the  tables. 

So  far  as  the  production  of  air-gap  field  is  concerned, 
it  follows  also  that  when  N  is  an  odd  number  the  effect 
of    a    single-layer   2V-phase    winding    is    identical   with 
that  of  a  single-layer  winding  with  2N  coils  per  pair, 
of  poles,  each  spanning  (N  —  1)tt/N  radians. 

Fractional  pitch,  or  chorded,  windings. — The  general 
expression  for  the  M.M.F.  developed  by  a  polyphase 
winding,  as  given  in  (56),  is  : — 

a:= 25?-  [//{sinai  cos  [wt-d^] 

+  ^;^^/.v-t-lSin  (-?^-hl)ai  cos  (o^t-N+\6{]+  .  .  .| 


+ 


1 


\n-\ 


fy-isin  (N-  l)ai cos  (wt+N-\di)  + 


...}] 


The  effect  of  chording  the  winding  can  therefore  at 
once  be  determined  by  inserting  in  the  above  series 
the  appropriate  value  for  the  half-span  ai  of  the  coil, 
expressed  in  electrical  measure  to  correspond  to  the 
main  number  of  poles. 

In  cases  where  the  amount  of  chording  is  very  small, 
as  for  example  in  the  case  of  a  winding  chorded  by  one 
slot-pitch,  it  is  more  convenient  to  express  the  above 
series  in  terms  of  the  amount  by  which  the  winding  is 
chorded.  Thus,  for  example,  when  N  is  an  even 
number  the  M.M.F.  distribution  due  to  a  polyphase 
winding  may  be  represented  by  : — 

x= <  j -^  cos  Oi  cos  (uit  —  Gi) 

where  28i  =  tt  —  2ai,  as  in  series  (2). 

The  values  of  the  amplitudes  of  the  various  higher 
hasmonics  are  therefore  obtained  from  those  for  the 
corresponding  full-pitch  winding  by  multiplying  by  the 
appropriate  chording  factors,  which  latter  are  simply 
the  cosines  of  one-half  of  the  angle  by  which  the  winding 
is  chorded,  expressed  in  electrical  measure  to  accord 
with  the  particular  harmonic  under  investigation. 

When  N  is  an  odd  number  the  series  for  the  M.M.F. 
distribution  is  : — 


NX„ 


'-y^\  cos  §1  cos  (ojt  -  6'i)  -  ■^-J^f's+'i 


xcos  [N  +  1)-  sin  (jV 


+ 


1 


2N  +  1 

X    cos  {(Jjt 


l)§i  cos  (cot-  N  +  l^i) 
/.;Y  +  isin  (2iV  -f  1)^  X  cos  (2N  +  l)§i 

"    } 


2N  +  Wi)  -  . 


X  cos  {wt 

1 

+ 


N 


m 


2N 
X  cos  (2N 


-JiX-ism(2N-  1)- 


■l)SiCos(ajf-|-2iV-l^i) 


l)8i 


•}] 


The  winding  no  longer  spanning  an  exact  pole-pitch, 
the  even  harmonics,  i.e.  of  orders  (2il/  —  1)N  ±  1, 
are  not  now  eliminated. 

For  the  odd  harmonics,  the  chording  factor  is  again 
the  cosine  of  the  equivalent  angle  of  chording,  but  for 
the  even  harmonics  the  factor  is  the  sine  of  the  angle 
of  chording,  in  electrical  measure  corresponding  to  the 
particular  harmonic  under  consideration. 

In  general,  the  effect  of  chording  the  winding  is  to 
reduce  the  relative  importance  of  all  the  higher  har- 
monics in  the  M.M.F.  wave,  with  the  exception  of  those 
of  orders  2Q  ±  I,  4iQ  ±  1,  etc.,  for  which  the  relative 
importance  is  the  same  as  with  full-pitch  coils.  The 
reduction  is  greatest,  when  N  is  even,  in  the  case  of 
harmonics  of  orders  Q  ±  1,  3Q  ±  1,  etc. 

When  the  number  of  phases  of  the  winding  is  even, 
no  additional  harmonics  are  introduced  by  chording 
the  coils,  but  when  N  is  odd  an  important  series  of 
even  harmonics  is  introduced. 

Windings  in  which  the  coils  are  short-chorded  by  one 
slot-pitch  are  of  common  occurrence  ;  the  author  has 
therefore  thought  fit  to  tabulate  data  relating  to  such 
windings.  For  other  less  common  cases  the  formute 
here  developed  may  be  applied  readih^ 

The  values  given  in  Table  7  correspond  exactly  to  those 
given  for  the  case  of  full-pitch  coils,  with  the  exception 
that  the  winding  is  taken  to  be  chorded  by  one  slot- 
pitch.  The  tables  relate  to  the  case  of  two-layer 
windings  and  for  a  slot  width  =  0-4  x  slot-pitch. 


IX.  Pole-Changing  Windings. 

It  follows  at  once  from  the  series*  for  the  resulting 
magnetomotive  force  developed  by  a  single  coil,  that, 
with  certain  exceptions  depending  upon  the  span  of 
the  coil,  any  given  coil  can  be  utilized  in  the  production 
of  a  magnetic  field  of  any  desired  number  of  poles. 
The  exceptions  occur  only  when  sin  pa  =  0,  i.e.  when 
the  product  of  the  number  of  pairs  of  poles  and  the 
span  of  the  coil  is  a  multiple  of  27r.  For  the  case  of  a 
complete  coil  group  in  which  the  coil-side  is  distributed 
in  two  or  more  slots,  further  exceptions  occur  when 
sin  p^  =  0.  Quite  independent  of  the  mean  span  of 
the  coil  group,  therefore,  the  coil  group  cannot  be  utilized 
in  the  formation  of  a  magnetic  field  for  which  the 
product  of  the  number  of  poles  and  the  spread  of  the 
coil-side  is  a  multiple  of  477. 

Further,  it  has  been  shown  that  for  m  similar  coils, 
or  coil  groups,  spaced  uniformly  around  an  armature  : — 

(1)  If  all  the  coils  carry  currents  of  the  same  magnitude 

and  in  the  same  direction,  the  fundamental 
harmonic  of  the  resulting  M.M.F.  distribution 
corresponds  to  a  2m-pole  field. 

(2)  If  polyphase  currents  are  supplied  to  the  m  coils, 

such  that  the  phase  displacement  2(j)  between 
currents  in  successive  coils  is  a  multiple  of  the 
angle  of  mechanical  phase  displacement  betiveen 
neighbouring  coils,  i.e.  2^  =  g2TT/m,  the  main 
component  of  the  M.M.F.  distribution  is  deter- 
mined by  the  value  of  q.  Normally,  the  two 
most    important    components    are    the    2g-pole 

*  Cf.  series  (3),  page  751. 
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Table  7. 

The  Amplitudes  of  the  M.M.F.  Components  established 
by  Normal  Two-layer  Polyphase  Windings  Short- 
chorded  by  One  Slot-pit:h.     A  =  0-4y. 

The  amplitude  is  given  by  the  product  of  (IaZa)l'^Pm 
and  the  factor  tabulated  below. 


Order  of 

N  = 

3 

harmonic 

Q  =  6 

Q  =  9 

0  =  12 

0  =  1-5 

0  =  18 

1 

0-36+ 

0-369 

0-370 

0-371 

0-371 

2 

0-0483 

0-0324 

0-0229 

00195 

0-0163 

4 

0  0237 

0-0158 

00114 

0-0097 

0-0081 

5 

0-0050 

0-0107 

0-0125 

0-0133 

0-0148 

7 

0  0034 

0-0039 

0-0049 

0-0081 

0  0066 

8 

0-0107 

0-0076 

0  0056 

0-004S 

0-0040 

10 

0-0080 

0-0060 

0-0044 

0-0038 

0-0032 

11 

0-0203 

0-0019 

0-0006 

0-0015 

0-0020 

13 

0-0210 

0-0036 

0-0005 

0-0006 

0-0011 

U 

0-0047 

0  0039 

0-0030 

0-0026 

0-0022 

16 

0-0034 

0-0033 

0  0025 

0-0023 

0-0019 

17 

0-0009 

00176 

0-0016 

0-0005 

0-0002 

19 

0-0006 

0-0142 

0-0025 

0-0008 

0-0001 

20 

0-0020 

0-0023 

0-0019 

0-0017 

0-0015 

22 

0-0014 

0-0019 

0-0017 

0-0015 

00013 

23 

0-0044 

0-0008 

0-0125 

0-0016 

0-0006 

25 

0-0028 

0-0005 

0-0084 

0  0023 

0-0007 

iV  =  6 

Q  =  t; 

Q  =  9 

0  =12 

Q  =  15 

0  =  IS 

1 

0-419 

0-426 

0-427 

0-427 

0-428 

5 

0-0058 

0-0122 

0-0145 

0-0155 

0-0161 

7 

0-0039 

0-0038 

0-0067 

0-0071 

0-0075 

11 

0-0303 

0-0022 

0-0006 

0-0017 

0-0024 

13 

0  0232 

0-0040 

0-0005 

0-0007 

0-0013 

17 

0-0010 

0-0195 

0-0023 

0-0005 

0-0002 

19 

0-0007 

0-0164 

0-0033 

0-0009 

0-0002 

23 

0-0051 

0-0017 

0-0144 

0-0019 

0-0007 

25 

0--0032 

0-0006 

0-0092 

0-0026 

0-0009 

iV  =  4 

Q  =  6 

0  =  1-3 

0 

=  18 

1 

0-395 

0-401 

0- 

403 

3 

0-0035 

0-0423 

0- 

0445 

5 

0-0054 

0-0137 

0- 

0151 

7 

0-0037 

0-0054 

0- 

0072 

9 

0-0101 

0-0023 

0- 

0041 

11 

0-0185 

0-0006 

0- 

0022 

13 

0-0218 

0-0005 

0- 

0012 

15 

0-0032 

0-0011 

0- 

0006 

17 

0-0009 

0-0021 

0- 

0002 

19 

0-0007 

0-0031 

0- 

0001 

21 

0-0018 

0-0048 

0- 

0004 

23 

0-0048 

0-0137 

0- 

0006 

25 

0-0030 

0-0092 

0- 

0008 

JV  =  9 

Order  of 
harmonic 

JV  =  13 

9  =  9 

Q  =  18 

0  =  18 

1 

0-437 

0-439 

1 

3-443 

8 

0-0097 

0-0047 

u 

3-0024 

10 

0-0078 

0-0038 

13 

3-0014 

17 

0-0200 

0-0002 

23 

3-0007 

19 

0-0173 

0-0002 

25 

B-0009 

component  rotating  synchronously  in  a  positive 
direction,  and  the  2(m  —  5)-pole  component 
rotating  in  a  negative  direction. 
(3)  When  adjacent  coils  carry  currents  of  the  same 
magnitude  but  displaced  by  180°  in  phase,  the 
fundamental  harmonic  of  the  resulting  M.M.F. 
corresponds  to  m  poles. 

It  follows  therefore  that  there  are  two  main  methods 
of  changing  the  number  of  main  poles  established  by  a 
given  winding,  viz. 

(A)  By  altering  the  number  of  coil  groups  ;    and 

(B)  By   retaining    the    original    number,    m,    of   coil 

groups,  but  altering  the  phase  displacement,  2(^, 
of  the  currents  in  successive  coils  of  the 
winding. 

Both  tliese  methods  are  in  use  in  practice. 

Method  A  can  best  be  applied  in  the  case  of  two- 
layer  barrel  windings,  in  which  all  the  slot  coils  have 
the  same  span.  By  suitably  connecting  the  coil-ends 
a  normal  barrel  winding  can  be  arranged  for  various 
numbers  of  poles,  and  with  single-phase  windings  no 
great  difficulty  would  be  thus  experienced.  With 
three-phase  windings  the  possibilities  of  the  method 
are  much  more  limited  owing  to  the  need  of  conserving 
the  correct  balance  of  the  phases. 

Method  B  can  be  applied  equally  well  with  all  t>-pes 
of  winding,  single-layer  or  double-layer,  barrel  or 
concentric. 

It  will  be  a  convenience  to  deal  separately  with  the 
more  common  cases  of  change-pole  windings  met  with 
in  practice,  and  to  show  how  the  theory  developed  in 
the  present  paper  can  be  applied  to  such  cases. 

Case  1.  Numbers  of  poles  in  the  ratio  2  :  1. — For  this 
ratio,  a  winding  corresponding  to  a  normal  hemitropic 
single-layer  winding  for  the  larger  number  of  poles  is 
often  employed.  It  is  made  suitable  for  the  smaller 
number  of  poles  by  reversing  the  current  in  alternate 
coils  of  each  phase  group. 

So  far  as  a  single-phase  winding  is  concerned,  and 
hence  also  for  any  one  phase  of  a  polyphase  winding, 
the  principle  of  this  method  follows  at  once  from 
Section  IV  of  the  paper.  For  if  m  is  the  total  number 
of  coils,  each  spanning  7r/m  radians,  when  all  the  coils 
carry  current  in  the  same  direction  the  M.M.F.  dis- 
tribution becomes  :— 


2X  r 
=  —\fmCOsme-  J/; 


■j,n  COS  3m9  +  1 /5„, cos  5md  -...} 
[from  (39)] 


and    when    adjacent    coils    carry    current    in    opposite 
directions  the  M.M.F.  distribution  is  given  by  : — 

4X  r  ,        .    TT        m9     ,  ,  .     Stt        Zmd  1 

»^  =  —  I  /m/2  sm  4  cos  —  -I-  J/3„/2  sm  —  cos  —  -f  ...  j- 

ffrom  (38)] 

=  0-  707  X  —  I  /,„/2  cos  —  +  J/3„/2  cos  _  -  ...  I  (69) 

Thus  if  the  winding  is  a  normal  full-pitch  winding 
for  the  large  number  of  poles,  it  becomes  considerably 
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chorded  for  the  small  number  of  poles,  the  chording 
factor  sin  pa  being  0-707  *  for  each  of  the  harmonics 
present  in  the  M.M.F.  distribution. 

The  fundamental  harmonic  of  series  (39)  corresponds 
to  ?n  pole-pairs,  whereas  that  of  series  (69)  is  for 
m/2  pole-pairs. 

^^■ith  poh-phase  windings  it  is  necessary  not  merely 
to  hahe  the  number  of  poles  produced  by  each  phase 
of  the  winding,  but,  in  addition,  to  arrange  that  the 
direction  of  rotation  of  the  main  M.M.F.  component 
shall  be  the  same  for  both  numbers  of  poles,  and  it  is 
of  course  essential  that  the  main  M.:M.F.  component 
shall  be  of  constant  amplitude,  i.e.  that  the  rotating 
field  due  to  this  component  shall  not  be  "  elliptical." 

The  method  in  use  for  halving  the  number  of  poles 
of  a  normal  hemitropic  single-layer  pol}T)hase  winding 
does  not,  therefore,  merely  involve  reversing  the  cur- 
rents in  alternate  coils  of  each  of  the  phase  groups. 
The  method  should  rather  be  regarded  as  falhng  directly 
into  classification  B,  the  number  of  poles  being  halved 
by  reducing  the  phase  displacement  between  the 
currents  in  adjacent  coils  to  one-half  of  the  value 
obtaining  for  the  larger  number  of  poles.  Thus,  in  the 
case  of  a  normal  three-phase  winding  of  the  hemitropic 
tj-pe  with  concentric  coils,  for  a  normal  full-pitch 
8-pole  winding  there  vriW  be  3  x  4  =  12  coils,  and  the 
currents  in  neighbouring  coils  will  be  displaced  by 
277/3.  To  convert  the  winding  into  a  4-pole  winding 
this  phase  displacement  is  reduced  to  77/8,  i.e.  the 
winding  is  converted  into  a  six-phase  hemitropic  winding 
having  4  poles. 

For  the  mechanical  displacement  between  the  coils 
we  have  2>fi  =  2tt/12.  Hence  for  the  8-pole  grouping, 
since  2<f>  =  27r/3,  g  =  4,  and  the  M.^M.F.  at  any  point 
on  the  armature  circumference  is  given  by  : — 


=  ?^r{/4  sin  ^  cos  {cot  -  4.6) 


+  i/2s  sin  ^  cos  {cut  -  289)  +  .  .  .\ 

C  577 

+  ■[  sf-io  sin  -^   cos  {cut  -f  206) 

-f  -rV/«  sin  ~  cos  {cdI  +  U6)  +  ■  •  •}  | 

For   the    4-pole   grouping,    2(}>  =  77/3   and   q  =  2,    so 
that  the  IM.^NI.F.  is  now  represented  by  : — 


6X„ 


-11/2  sin  ^  cos  {ojt  -  26) 
4/14  sin  '^  cos  {cot  -  Ud)  +  .  .  .\ 


i/10  sin  —  cos  {cot  +  10^ 

+  ri/-^"  sin cos  {cot  -^  2 

4 


2^)  +  .   .  .}] 


Again,    for   a   normal  full-pitch   8-pole   winding,    the 

•  The  various  factors /r,  sin  pa  used  in  the  series  for  the  M.M.F. 
have  also  to  be  used  in  E.M.F.  calculations  with  such  windings. 


chording  factor  becomes  0  •  707  for  each  of  the  components 
of  the  4-pole  :\I.M.F. 

\\'hen  the  number  of  phases  of  the  supply  s^-stem  is 
odd  there  is  no  particular  difficulty  in  arranging  for 
the  phase  displacement  between  the  currents  in  adjacent 
coils  to  be  one-half  of  that  between  phases  of  the  supplv 
system.  Fig.  20  indicates  the  method  in  the  case  of 
a  five-phase  supply. 

With  sj'mmetrical  polj^hase  systems,  if  the  number 
of  phases  of  the  supply  is  even  it  is  not  possible  to 
halve  the  phase  difference  without  employing  a  phase 
transformer. 

In  the  case  of  the  8-pole  three-phase  winding  dis- 
cussed above,  the  amphtude-of  the  fundamental  har- 
monic is  : — 


fi  sm  4a  = fi 

77  77 


and    for   the   4-pole   arrangement   of   the   winding   the 
amphtude  is  : — 


6X„ 


V2  sin  2a 


6X„ 


-/o  0-707 


The  ratio  is  thus  :- 


=  2x0- 


r07-^  =  2  X 
/* 


0-99 
707  X  — —  =  1 
0-96   ■ 
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So  far  as  the  production  of  the  4-pole  INI.^I.F.  is 
concerned,  therefore,  the  winding  is  only  73  per  cent 
as  effective  as  a  normal  full-pitch  winding. 

Case  2.  lumbers  of  poles  in  the  ratio  4  :  3. — This 
ratio  is  commonly  employed  in  polyphase  traction 
motors,  methods  A  and  B  both  being  used. 

In  the  first  method  it  is  necessary  to  arrange  that  m, 
the  number  of  coil  groups,  can  be  altered  in  the  ratio 
of  4  :  3,  and  hence  the  spread  of  the  phase  band  in  the 
ratio  of  3:4.  It  is  therefore  inconvenient  to  apply  a 
concentric  winding,  but  a  two-layer  barrel  ■winding  is 
well  suited. 

With  a  single-phase  winding  thus  arranged  for  pole- 
changing  it  is  obvious  that  certain  of  the  coils  will 
carry  current  in  the  same  direction  ^\-ith  both  arrange- 
ments of  the  winding  :  for  the  other  coils  the  current 
with  the  large  number  of  poles  will  be  in  the  opposite 
direction  to  that  obtaining  with  the  smaller  number. 
Hence  the  winding  may  be  divided  into  two  parts  ; 
b}-  joining  these  parts  in  "  straight  series  "  the  smaller 
number  of  poles  is  obtained,  and  the  larger  number 
by  connecting  the  two  parts  in  "  reversed  series." 
\\'ith  a  single-phase  winding  the  necessary'  controller 
arrangements  are  thus  very  simple,  but  with  polyphase 
windings  a  much  greater  subdi\-ision  of  the  winding  is 
necessary',  and  the  controller  becomes  rather  elaborate. 
It  may  readily  be  shown  that  the  coils  must  be  di\-ided 
into  as  many  groups  as  the  square  of  the  number  of 
phases  if  iV^  is  odd,  and  one-half  of  that  number  if  N 
is  even.  Thus  when  N  =  4,  i.e.  with  a  winding  suitable 
for  a  two-phase  supply,  8  groups  are  necessarj',  and 
when  N  =  6,  i.e.  a  winding  suitable  for  a  three-phase 
supply,    18  groups  are  necessary. 
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In  spite  of  the  large  number  of  leads  that  have  to 
be  taken  out  to  the  pole-changing  controller,  this 
method  of  pole-changing  is  employed  in  some  of  the 
most  recent  three-phase  locomotives. 

The  series  for  the  resulting  M.M.F,  distribution 
follow  at  once  from  (55),  and  for  the  case  of  a  winding 
axranged  for  6  and  8  poles,  respectively,  are  : — - 


X  = 


8X 


^^r//3  sin  3a  cos  {cjt  -  39) 

TT        LI 

+  1/21  sin  21a  cos  {cot  -  21^)  +  .  .  .} 
+  {if  15  sin  15a  cos  {wi  +  159) 

+  T 1  /33  sin  33a  cos  {cut  +  330) 


and 


•}] 


X  = 


6X„ 


-[{fi  sin  4a  cos  {cot  —  id) 
+  i/assin  28a  cos  {cot  -  2S6)  -f  .   .   .} 
+  {i/20  sin  20a  cos  {cot  +  206) 

+  j\fii  sin  44a  cos  {cot  +  440)  -f  . 


•}] 


The  value  of  2a,  the  angle  spanned  by  the  individual 
slot-coils  (in  mechanical  measure),  will  be  chosen  to 
suit  best  the  particular  duty  the  machine  has  to  per- 
form ;  normally,  the  value  corresponding  to  an  exact 
pole-pitch  for  the  larger  number  of  poles  will  be  satis- 
factory. The  winding  then  becomes  a  full-pitch  winding 
for  the  larger  n  amber  of  poles,  and  a  f,  fractional-pitch 
winding  for  6-pole  operation. 

For  a  winding  arranged  in  72  slots,  and  for  a  slot 
width  equal  to  one-half  of  the  slot-pitch  the  above 
series  thus  becomes  : — 


X  =  ?^^T/0-959  cos  {cot  -  40) 

^  ■    L  I 

-  I  X  0-166  cos  {cot  -  289) 

+  tV  X  0-174  cos  {cot  -  529)  +  .  .  . 
+  {i  X  0-211  cos  (w*  +  209) 
—  Vr  X  0- 151  cos  {cot  +  44:9)  + 
for  8-pole  operation, 
and 


-}]  -  m' 


8A' 


^[^0-884  cos  (a)«  -  39) 

-  }  X  0-141  cos  {cot  -  2l9) 
+  tV  X  0-043  cos  {cot  -  399)  -  •   -   ■} 
+  {^  X  0-077  cos  (cui  +  159) 

—  j\  X  0-044  cos  {cot  +  339)  +  •••}] 
for  6-pole  working. 


(71) 


To  apply  method  B  in  this  case  it  is  necessary  to 
have  some  means  of  altering  in  the  ratio  of  4  :  3  the 
phase  displacement  between  the  currents  in  adjacent 
coils. 

An    obvious    pair    of    suitable    values    is    given    by 

*  Xmox,  is  taken  to  be  the  value  of  the  M.M.F.  per  coil  for  the 
8-pole  winding,  so  that  if  the  value  of  the  current  is  maintained, 
iXmail'i  is  the  corresponding  value  for  the  6-pole  winding. 

In  contrasting  this  case  with  the  following  it  must  be  borne 
in  n  ind  that  X  for  the  single-layer  winding  there  discussed  will 
of  necessity  be  twice  the  value  for  the  corresponding  two-layer 
winding  having  double  the  number  of  coils. 


2(/)  =  27T/3  and  2(f)  =  7?-/2,  values  which  are  at  once 
obtainable  from  a  three-phase  and  a  two-phase  supply, 
respectively.  For  example,  a  normal  hemitropic  three- 
phase  winding  has  12  coils  for  an  8-pole  machine,  and 
a  normal  6-pole  winding  for  a  machine  working  on  a 
two-phase  system  has  also  12  coils.  In  fact,  if  single-  ■ 
layer  windings  are  used  in  both  cases  the  actual  arrange- 
ment of  the  coils  is  identical,  excepting  only  the  con- 
nections between  coils,  etc. 

With  12  coils  the  effect  of  varying  the  phase  displace- 
ment between  the  currents  in  adjacent  coils  has  already 
been  discussed  and  the  relevant  data  tabulated.  The 
value  of  q  for  the  8-pole  arrangement  is  4,  and,  for  the 
6-pole  arrangement,   3. 

The  series  for  the  resulting  M.M.F.  thus  become  : — 


3X„ 


'--[{fi  cos  {cot  -  49)  +  l/og  cos  {cot  -  289) 


+  tV/52  cos  (oji  -  520) -1-  .  .   .} 
+  {.^/20COs(aj<  +  209) 

+  t'1/44  cos  {cot  +  449)  + 
for  the  8-pole  arrangement. 


■}] 


and 


4A' 


+ 


r         377  . 

-     -i  /3  sm  —  cos  {cot  —  39) 

159)  +  . 

+  09) 


+  ff/i3  sm  —  cos  {cot 


■} 


.  ^     ■     On 

^/g  Sin  — ;-  COS  {cot 
o 


+  ff-li  sin  -^cos  {cot  +  210)  -f  .  .  .11 

for  the  6-pole  arrangement, 

and  for  the  case  in  which  the  mean  span  of  the  coil 
corresponds  to  an  exact  pole-pitch  with  the  larger 
number  of  poles,  i.e.  for  a  normal  8-pole  single-layer 
tliree-phase  winding. 

For  the  case  of  a  72-slot  winding  previously  con- 
sidered, the  resulting  M.M.F.  for  the  8-pole  arrangement 
is  exactly  as  in  series  (70).  For  the  6-pole  arrangement, 
the  M.M.F.  will  now  be  represented  by  : — 

x=^^-^^^r(  0-900  cos  (aj«-30)^  !  XO- 191  cos  {cot-\59) 

-l-i X 0-121  cos  (a)«-270)-  .  .  .} 
-1-{JX 0-305  cos  {cot  +  09) 

-1x0- 143  cos  {cot  +  2\9)+  .  .  .}]* 

The  application  of  method  B  to  this  case  thus  in\-olves 
the  use  of  a  phase  transformer  ;  in  the  case  of  a  three- 
phase  supply  the  Scott  method  is  utilized  to  obtain 
the  two-phase  currents  necessary  for  operation  with 
the  smaller  number  of  poles. 

Case  3.  Windings  for  operation  at  many  different 
numbers  of  poles'.  The  Creedy  motor. — In  the  previous 
case  it  is  of  course  possible,  as  shown  in  Table  4,  to 
utilize  the  winding  with  12  coils  for  4,  6  or  8  poles, 
the  winding  being  fed  with  six-phase,   four-phase  and 

•  Cf.  series  71. 
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three-phase  currents,  respectively,  involving  the  use  of 
a  phase  transformer  for  the  6-pole  connection.  Mr. 
Creedy  has  developed  a  method  of  speed  control  of 
induction  motors  in  which  the  number  of  poles  can  be 
varied  in  steps  of  2  over  a  very  wide  range,  especially 
in  the  case  of  low-speed  motors.  The  method  falls 
into  classification  B,  the  change  in  the  number  of  poles 
being  effected   entirely  by  changing  the  displacement 

Table  8. 

The  Amplitudes  of  the  M.M.F.  Components  Established 
by  a  Polyphase  Winding  having  31  Coils  and  fed 
with  Currents  having  Varioits  Phase  Displacements 
in  Successive  Coils,  as  in  the  Creedy  Motor. 

Number  of  slots  =  165;  coil  span  =11  slot-pitches. 


Winding  factors,  etc. 

Amplitude  of  M.M.F. 

Number  of 
pole-pairs* 

Ut 

f'f 

sin  pa 

//  sin  po. 

■Jp 

r^Za 

5 

0-963 

1-000 

0-866 

0-834 

0-375 

00375 

26 

0 

254 

0-990 

0-743 

0-185 

— 

0-0016 

36 

0 

091 

0-981 

0-951 

0-085 

— 

0-0005 

6 

0 

949 

1-000 

0-951 

0-902 

0-406 

0-0338 

25 

0 

300 

0-990 

0-866 

0-257 

— 

0  0023 

37 

0 

115 

0-980 

0-995 

0-112 

— 

0-0007 

7 

0 

931 

0-999 

0-995 

0-925 

0-416 

0-0297 

24 

0 

342 

0-991 

0-951 

0-323 

— 

0  0030 

38 

0 

139 

0-979 

0-995 

0-135 

— 

0-0018 

8 

0 

909 

0-999 

0-995 

0-903 

0-407 

0-0254 

23 

0 

384 

0-991 

0-995 

0-379 

— 

0-0037 

39 

0 

161 

0-978 

0-951 

0-150 

— 

0-0009 

9 

0 

886 

0-999 

0-951 

0-822 

0-370 

0-0206 

22 

0 

426 

0-993 

0-995 

0-421 

— 

0-0043 

40 

0 

180 

0-976 

0-886 

0-152 

— 

0-0009 

10 

0 

861 

0-999 

0-866 

0-745 

0-335 

0-0168 

21 

0 

468 

0-993 

0-951 

0-443 

0-0047 

41 

0 

197 

0-975 

0-743 

0-143 

0-0008 

11 

0 

834 

0-998 

0-743 

0-626 

0-282 

0-0128 

20 

0 

510 

0-994 

0-866 

0-439 

— 

0-0049 

42 

0-212 

0-973 

0-407 

0  084 

0-0005 

between  the  currents  in  adjacent  phases  of  the  winding, 
a  very  fine  gradation  in  the  displacement  being  obtained 
by  employing  a  supply  having  a  verj'  large  number 
of  phases. 

•  For  the  components  rotating  in  a  positive  direction,  the  number 
of  poles  is  placed  to  the  left  of  the  column,  and  to  the  right  for 
negative  rotation. 

The  amplitude  of  the  main  harmonic  is  given  in  terms  of  the 
virtual  value  of  the  ampere-conductors  per  pole,  the  number  of 
poles  being  based   upon   that   harmonic. 

The  final  column  gives  the  amplitudes  of  the  various  components 
in  terms  of  the  total  ampere-conductors  on  the  armature. 


The  mathematical  theon,'  of  the  M.M.F.  developed 
by  the  Creed v  motor  follows  at  once  from  (54).  By 
taking  ??i,  fairly  large  and  at  the  same  time  making  it 
a  prime  number,  a  satisfactory  winding  can  be  obtained 
with  various  values  for  the  main  number  of  poles  if  an 
m-phase  supply  is  used.  A  phase  transformer  is  thus 
necessary-,  but  if  it  is  used  in  the  form  of  an  auto- 
transformer  it  is  of  relatively  small  dimensions. 

The  only  higher  harmonics  present  in  the  wave  of 
resulting  M.M.F.  are  those  of  orders  Mm  +  g,  rotating 
in  the  positive  direction,  and  those  of  orders  Mm  —  q, 
rotating  in  a  negative  direction.  With  the  large  values 
of  m  put  for\vard  by  Mr.  Creedy,  the  resulting  M.M.F. 
wave  is  thus  remarkably  pure,  and,  under  the  a,ssump- 
tions  made  in  the  present  paper,  the  resulting  flux 
distribution  will  be  practically  sinusoidal  if  q  is  very- 
small  in  comparison  with  m. 

When  m  is  a  prime  number,  the  higher  harmonics, 
excepting  only  in  the  case  oi  q  —  1,  will  not  be  multiples 
of  q,  i.e.  of  the  fundamental  number  of  poles.  As  a 
result,  the  flux-distribution  wave  cannot  be  subdivided 
into  q  similar  parts  as  with  a  normal  polyphase  winding, 
but  the  field-form  over  one  pole-pitch  will  have  slightly 
different  shapes  for  each  of  the  2q  poles.  The  deviations 
are  not  likely  to  be  appreciable  unless  q  approaches  m/2. 

Table  8  indicates  the  orders  of  the  harmonics  present 
with  various  values  of  q  for  the  case  of  m  =  31,  for  a 
165-slot  winding,  and  with  the  slot  width  equal  to 
one-half  of  the  slot-pitch.  The  relative  values  of  the 
amplitudes  of  the  harmonics  of  orders  q  and  Mm  ±  q 
are  given  in  Table  8,  for  the  case  when  the  mean  span 
of  the  coil  is  1 1  slot-pitches,  corresponding  to  practically 
a  full-pitch  coil  for  14  poles. 

X.  The  Effects  of  Saturation,  Higher  Harmonics 

IN  THE  Current-wave,  etc. 

When  the  iron  parts  of  the  magnetic  circuit  absorb 
an  appreciable  portion  of  the  magnetomotive  force, 
the  resulting  difference  of  magnetic  potential  between 
stator  and  rotor  at  any  point  on  the  rotor  circum- 
ference can  no  longer  be  obtained  by  summing  the 
effects  produced  by  the  individual  action  of  the  sepa- 
rate coils.  The  variation  in  the  degree  of  saturation 
of  the  teeth  over  the  pole  pitch,  the  effect  of  the 
flux  leaking  across  the  slots,  and,  in  cases  of  highly 
saturated  cores,  the  calculation  of  the  exact  effect  of 
the  saturation  of  the  core,  all  further  complicate  the 
problem.  Under  such  conditions,  therefore,  it  becomes 
necessary  to  deal  with  each  case  on  its  own  merits, 
and  no  general  analytical  or  synthetical  method  is 
admissible. 

C.  C.  Hawkins*  has  shown  how  the  actual  shape  of 
the  field-form  can  be  obtained  in  the  case  of  a  cylindrical- 
field  alternator,  and  Dr.  F.  T.  Chapmanf  has  discussed 
the  problem  as  it  affects  the  induction  motor. 

In  general  it  may  be  taken  that  the  effect  of  saturation 
will  not  invalidate  the  conclusions  arrived  at  in  the 
present  paper  so  far  as  the  main  number  of  poles  pro- 
duced by  any  particular  winding  is  concerned,  although 

•  Hawkins,  C.  C,  Smith,  S.  P.,  and  Neville,  S.  :  "  Papers 
on  the  Design  of  Alternating-current  Machinery." 

t  F.  T.  Chapm.\n  :  "  The  Air-gap  Field  of  the  Polj-phase 
Induction  Motor,"  Electrician,   1916,  vol.   78,  p.   9. 
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the  amplitude  of  the  fundamental  harmonic  in  the 
resulting  flux  wave  will  be  influenced  largely  by  the 
degree  of  magnetic  saturation.  For  the  higher  har- 
monics, ho\ve\-er,  both  the  orders  present  and  their 
relative  importance  will  be  determined  very  largely 
by  the  degree  of  magnetic  saturation.  Harmonics 
absent  in  the  flux-wave  when  the  iron  is  totally 
unsaturated  appear  as  the  degree  of  saturation  is 
increased,  while  others  already  present  may  be  increased 
or  decreased,  the  analysis  of  the  wave-form  changing 
with  ever}'  change  in  value  of  the  current  in  the  coil. 
The  author*  has  already  illustrated  this  point  in  so  far 
as  the  third  harmonics  in  the  M.M.F.  of  cylindrical- 
field  alternators  are  concerned. 

With  polvphase  windings  the  eft'ect  of  magnetic 
saturation  will  be  to  reduce  the  importance  of  the 
periodic  changes  in  the  total  resulting  M.M.F.,  and  to 
result,  at  the  same  time,  in  the  wave-shape  of  the 
rotating  flux  distribution  being  more  nearly  constant, 
although  departing  very  considerably  from  the  pure 
sinusoidal  form. 

The  current  carried  by  the  windings  may  also  not 
be  sinusoidal,  but  contain  higher  harmonics  of  con- 
siderable importance. 

In  many  cases,  such  as  in  induction  motors,  the  main 
reason  for  the  current  deviating  from  sinusoidal  form 
is  to  be  found  in  the  fact  that  the  reluctance  of  the 
iron  parts  is  of  importance.  Under  such  conditions 
it  is  of  little  use  to  attempt  to  determine  by  any 
analytical  mathematical  method  the  effect  of  each 
individual  current  harmonic ;  saturation  of  the  iron 
again  renders  futile  any  such  attempt. 

In  the  case  of  alternators  and  synchronous  converters 
there  is,  however,  often  more  justification  in  dealing 
separately  with  the  effects  of  each  of  the  current  har- 
monics, especially  in  the  case  of  harmonics  of  relatively 
low  orders. 

Let  the  current  be  represented  by 

*  =  Ilmax.  COS  ojf  +  I-zmaz.  COS  2ujt  +  I-imax.  COS  3aj«  +  .  .  . 

so  that  the  M.M.F.  due  to  the  nth  current  harmonic 
will  be  represented  by  X„„,„^_  cos  nojt. 

Then  the  difference  of  magnetic  potential  between 
stator  and  rotor  due  to  the  sole  action  of  the  nth 
current  harmonic  in  the  case  of  a  normal  polyphase 
winding  will  be,  from  (.'54)  : — 

a-„  =  ?«[■[  C„j  cos  {niot  —  nqd) 

-f  C,n  +  nq  cos  [noit  —  m  +  nqd)  +  .    .    .} 

+  {C,„-„,,  cos  {ncot  +  m  —  nqd)  +  .  .  .}] 

where  q  is  based  upon  the  fundamental  current  har- 
monic. 

The  effect  of  any  particular  current  harmonic  is  thus 
at  once  obtained  in  cases  where  the  reluctance  of  the 
iron  parts  can  be  neglected. 

In  brief,  the  effect  of  the  nth  current  harmonic  is  to 
cause  the  speed  of  rotation  of  the  pth  field  component 
due  to  that  harmonic  to  be  ncu/p  radians  per  sec.  and 
at  the   same   time    to   increase    from    2(f)    to    2n^    the 

*  A.  E.  Clayton:  "Third  Harmonics  in  the  Phase  Pressure 
of  Cylindrical-Field  .Alternators,"  Electrician,  1916,  vol.  77,  p.  216. 


value  of  the  phase  displacement  between  the  currents 
in  neighbouring  coils  due  to  the  nth  harmonic. 

The  series  for  the  effect  of  the  nth  current  harmonic 
expressed  in  electrical  measure  to  correspond  to  the 
fundamental  of  the  main  :M.M.F.  is  thus  : — 

a-„  =  ]  -In  COS  [noit  —  nOi) 

+  ^-— — h'+  n  sm{N  +  n)  -  cos  {najt  -  N  +  ndi)  +  ..'>■ 

X  cos  {nwt  +  N  —  nOi)  -^  .   .   .| 

For  a  normal  polyphase  winding  the  field  components 
due  to  the  nth  current  harmonic  will  therefore  be  made 
up  solely  of  those  of  orders  (MN  +  n)  times  the  main 
number  of  poles  rotating  in  a  positive  direction,  and 
those  of  orders  MN  —  n  rotating  in  a  negative  direction. 
For  the  general  case  M  is  any  integer,  but  for  full-pitch 
coils  when  N  is  an  odd  number  only  even  values  for 
M  must  be  taken,  for  the  reasons  previously  stated.* 
As  a  result  the  field  components  due  to  the  nth  harmonic 
will  in  general  be  of  different  orders  from  those  due 
to  the  fundamental. 

Hence  the  wave-shapes  of  the  M.M.F.  due  solely  to  the 
action  of  any  particular  current  harmonic  will,  in 
general,  differ  from  that  due  to  the  fundamental 
harmonic. 

This  is  illustrated  by  Table  9,  which  shows  the  field 
components  established  in  normal  full-pitch  polvphase 
windings  by  the  various  harmonics  of  the  current  wave. 
The  direction  of  rotation  of  the  various  components  is 
indicated. 

The  table  relates  to  full-pitch  single-laver  windings 
when  the  number  of  coils  per  pair  of  poles,  i.e.  the 
number  of  phases,  N,  of  the  winding  is  odd.  When 
N  is  even  the  data  relate  either  to  full-pitch  two-layer 
windings  or  to  the  normal  single-layer  winding  having 
a  coil  span  of  2a  =  (2V  —  1)  x  tt/jV. 

With  two-layer  windings  with  an  odd  number  of 
phases,  the  spread  of  the  coil-side  is  such  as  to  eliminate 
all  component  M.M.F.'s  of  orders  corresponding  to  any 
multiple  of  the  number  of  phases.  It  will  be  seen 
from  the  table  that  such  components  are  established 
only  by  current  harmonics  of  orders  corresponding  to 
any  multiple  of  the  number  of  phases,  hence  with 
double-layer  windings  such  current  harmonics  do  not 
give  rise  to  any  resulting  M.M.F.f 

Thus  the  third,  fifth,  seventh,  ninth,  etc.,  current 
harmonics  do  not  produce  any  resultant  M.M.F.  with 
two-layer  windings  having,  respectively,  tliree,  five, 
seven,  nine,  etc.,  phases. 

With  the  corresponding  single-layer  windings  these 
particular  current  harmonics  give  rise  to  both  the 
normal  and  inverse  rotating  components  of  all  fields 

•  Assuming  that  even  harmonics  are  not  present  in  the  current 
wave.  If  e\en  harmonics  are  present,  for  dealing  with  these 
harmonics  .1/  must  be  an  odd  number  if  iV  is  odd.  If  A'  is  even, 
and  full-pitch  coils  are  used,  the  rcsultint;  M.M.F.  due  to  es'en 
harmonics  in  the  current  is  nil  for  a  bal.-mced  polyphase  system. 

t  The  unusual  case  of  one  slot  per  pole  per  phase  is  an  exception. 
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of  orders  corresponding  to  any  odd  multiple  of  the 
order  of  the  number  of  phases.  That  is,  the  nth  current 
harmonic  gives  rise  to  a  purely  alternating  M.M.F. 
when  n  is  any  odd  multiple  of  2\/,  if  iV  is  an  odd  number, 
and  of  NI2  if  .J^  is  an  even  number,  for  all  cases  except 
the  two-layer  winding  with  an  odd  number  of  coils 
per  pair  of  poles. 

Thus  all  odd  current  harmonics  of  the  third  order 


number  of  poles  if  the  winding  is  of  the  single-layer 
tj'pe  ;  for  a  two-layer  winding  as  used  in  sjTichronous 
converters  the  effect  of  the  ninth  current  harmonic  will 
be  zero. 

In  general  it  may  be  stated  that,  in  every  case  of 
a  two-layer  ^vinding,  purely  alternating  M.M.F.  com- 
ponents can  only  be  produced  when  N  is  an  odd 
multiple  of  2. 


Table  9. 

The  M.M.F.  Components  Established  by  Current  Harmonics  of  Various  Orders. 

The  data  relate  to  full-pitch  coils  and  to  polyphase  windings. 


M.M.F.  component  due  to  cxuxent  harmonic  of  order 

Number  of 
phases  of 
winding, 

JV  = 

1 

3 

5 

7 

9 

U 

2 

^^ 

r^ 

^r^ 

r\ 

.r> 

r^^^ 

r^ 

r~^ 

,^~^ 

/^ 

r\ 

^^ 

r\, 

3 

1 

5 

3 

3 

5 

1 

1 

5 

3 

3 

5 

1 

5 

1 

7 

11 

9 

9 

11 

7 

7 

11 

9 

9 

11 

7 

11 

7 

13 

17 

15 

15 

17 

13 

13 

17 

15 

15 

17 

13 

17 

13 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

4 

1 

3 

3 

1 

1 

3 

3 

1 

1 

3 

3 

1 

nil 

nil 

5 

7 

i 

5 

5 

7 

7 

5 

5 

7 

7 

5 

nil 

nil 

9 

11 

11 

9 

9 

11 

11 

9 

9 

11 

11 

9 

nil 

nU 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

5 

1 

9 

3 

7 

5 

5 

7 

3 

9 

1 

1 

9 

7 

3 

11 

19 

13 

17 

15 

15 

17 

13 

19 

11 

11 

19 

17 

13 

21 

29 

23 

27 

25 

25 

27 

23 

29 

21 

21 

29 

27 

23 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

6 

1 

5 

3 

3 

5 

1 

1 

5 

3 

3 

5 

1 

nil 

nil 

7 

11 

9 

9 

11 

7 

7 

11 

9 

9 

11 

7 

nil 

nil 

13 

17 

15 

15 

17 

13 

13 

17 

15 

15 

17 

13 

nil 

nil 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

8 

I 

7 

3 

5 

5 

3 

7 

1 

1 

7 

3 

5 

nil 

nil 

9 

15 

11 

13 

13 

11 

15 

9 

9 

15 

11 

13 

nil 

nil 

17 

23 

19 

21 

21 

19 

23 

17 

17 

23 

19 

21 

nU 

nil 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

9 

1 

17 

3 

15 

5 

13 

7 

11 

9 

9 

11 

7 

11 

7 

19 

35 

21 

33 

23 

31 

25 

29 

27 

27 

29 

25 

29 

25 

37 

53 

39 

51 

41 

49 

43 

47 

45 

45 

47 

43 

47 

43 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

12 

1 

11 

3 

9 

5 

7 

7 

5 

9 

3 

11 

1 

nil 

nil 

13 

23 

15 

21 

17 

19 

19 

17 

21 

15 

23 

13 

nil 

nil 

25 

35 

27 

33 

29 

31 

31 

29 

33 

27 

35 

25 

nil 

nil 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

give  rise  to  purelj-  alternating  M.M.F.'s  corresponding 
to  odd  multiples  of  three  times  the  main  number  of 
poles  for  all  normal  three-phase  and  six-phase  windings, 
excepting  onlv  the  case  mentioned  above,  ^^'ith  a 
nine-phase  winding,  the  ninth  current  harmonic  will 
give  rise  to  an  alternating  field  of  nine  times  the  main 


When  the  order  of  the  current  harmonic  is  such 
that  n  =  MN  ±  1.  the  M.M.F.  due  to  the  harmonic 
has  a  distribution  corresponding  exactly  to  that  due  to 
the  fundamental  current  harmonic.  The  angular  speed 
of  the  resulting  M.^M.F.  is,  however,  MN  i  1  times 
that  for  the  fundamental  current  harmonic.     In  cases 
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where  n  =  MN  +  1  the  corresponding  M.M.F.  rotates 
in  the  same  direction  as  that  when  n  =  1  ;  but  when 
n  =  MN  —  1  the  motion  is  in  the  reverse  direction. 

It  will  be  noticed  that  for  the  most  common  cases 
of  JV  =  3,  4  or  6  all  the  current  harmonics  fall  into 
one  of  the  above  groups,  i.e.  n  =  MN  ±1  or 
n  =  (2M  —  1)N  if  N  is  odd,  or  (2ilf  -  l)2V/2  if  JV  is 
an  odd  multiple  of  2. 

For  larger  values  of  iV  such  as  are  met  with  occa- 
sionally, e.g.  N  =  9  OT  N  =  12,  the  majority  of  the 
current  harmonics  will  give  rise  to  M.M.F.  waves  of 
entirely  different  shapes  from  those  due  to  the  funda- 
mental, and,  moreover,  will  not  contain  any  terms 
corresponding  to  the  main  number  of  poles. 

Even  when  N  =  5,  no  fundamental  field  component 
is  produced  by  the  3rd,  5th  or  7th  harmonics  in  the 
current  wave.  When  N  =  9  only  the  fundamental 
and  the  17th  and  19th  current  harmonics  (out  of  the 
first  20  orders)  give  rise  to  an  M.M.F.  component  having 
the  main  number  of  poles. 

The  effect  of  current  harmonics  of  orders  MN  ±  1 
is  of  especial  interest  since  the  effect  of  the  variations 
of  the  magnetomotive  force  of  an  alternating-current 
synchronous  machine  will  tend  ultimately  to  establish 
current  harmonics  of  corresponding  orders.* 

Amongst  others,  these  current  harmonics  will  give 
rise  to  an  M.M.F.  component  having  a  number  of  poles 
equal  to  n  times  the  main  number  rotating  in  a  positive 
direction  at  exactly  the  same  speed  (revolutions  per 
second)  'as  the  main  component  of  the  total  M.M.F. 
As  a  result,  when  the  current  is  not  sinusoidal,  and 
under  the  conditions  assumed,  the  constant,  syn- 
chronously rotating  component  of  the  resulting  M.M.F. 
is  no  longer  of  sinusoidal  field  form.  That  is,  if  such 
a  machine  were  provided  with  perfect  amortisseurs  so 
as  to  eliminate  completely  the  fluctuations  in  the 
armature  M.M.F.,  the  wave-form  of  the  resulting 
armature  M.M.F.  would  not  be  sinusoidal  but  would 
contain  harmonics  of  orders  corresponding  to  the  har- 
monics present  in  the  current  wave. 


Conclusion. 

A  mathematical  development  of  the  theory  of  the 
magnetomotive  force  developed  by  armature  windings, 
on  the  lines  of  that  here  given,  lends  itself  readily  to 
dealing  with  abnormal  cases,  such  as,  for  example,  any 
case  in  which  the  symmetry  of  the  winding  is  adver- 
tently or  inadvertently  disturbed.  The  winding  factors 
plotted  in  the  present  paper,  and  tabulated  in  an 
Appendix,  may  also  be  applied  to  E.M.F.  calculations. 
For  such  calculations,  however,  the  slot-width  factors, 
fgp,  do  not  apply,  as  it  may  be  taken  that  there  is  no 
appreciable  phase  difference  in  the  E.M.F.  induced 
in  the  conductors  on  the  two  walls  of  the  slot. 

In  the  preparation  of  the  manuscript  of  the  paper, 
and  in  the  construction  of  the  diagrams,  the  author  has 
received  valued  help  from  Mr.  J.  Walton,  Associate  of 
the  Manchester  College  of  Technology,  and  would  like 
to    record    his    thanks    for    and    appreciation    of    that 

•  A.   E.  Clayton:    Journal  I.E.E.,    1916,  vol.   54,  p.    103. 


assistance.  The  author  is  also  indebted  to  Mr.  H.  J. 
Shelley,  B.Sc,  for  assistance  in  reading  the  proofs  of 
the  paper. ' 

APPENDIX. 

(1)  The  Fourier  Series  for  the  Wave-form  shown 
IN  Fig.  2. 

For  all  the  terms  except  those  of  the  zero-th  order, 
the  analysis  is  not  affected  by  displacing  the  wave 
bodily  relative  to  the  axis. 

With  the  origin  taken  to  be  77/2  radians  from  the 
axis  of  the  coil,  the  amplitude  of  the  pth  sine  term  is 
given  by  : — ■ 

If-' 
Ap  =  -lysm  pOyddx 

=  —   sin  pdidOi 

ttJ, 


=      /cos  p8  —  COS  p(tt  —  8)  \ 

2X 
=  —  cos  pb 

TT 
2X     .     PTT 

=  —  sm  -—  X  sm  pa 
TT  2  ^ 

if  p  is  an  odd  number, 
=  0     if  p  is  an  even  number. 


and 


Similarly,  the  amplitude  of  the  pth  cosine  term  is 

Br. 


Xf"" 

cos  pO^ddi 


=  "   /sinp(7r 

■7T     L 


S) 


^PS} 


2A' 


sinpS 


and 


2X        PIT 
=  - —  cos  -—  X  sin  pa 
77  2 

if  p  is  an  even  number, 
=  0     if  p  is  an  odd  number. 


With  the  origin  taken  at  the  axis  of  the  coil,   the 
amplitude  of  the  pth  cosine  term  becomes  : — 

Sp  =  -f  f  cos  pddd  +   [  cos  pedi] 


=  —{sin  pa  —  sin7)(27T 
7r 

2A'   . 

=  ■ —  sm  pa 

'TT 


a)} 


and  the  amplitude  of  the  pth  sine  term  is  : — 

TT 


-{cosp(27r  —  a)  —  cos  pa}  =  0 
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(2)  Winding   Factors   for   Uniformly   Distributed 
Windings.* 


$ 

s 

-S 

S 

C    Oj 

c  £ 

H  ^ 

C  'O 

■  —  t-l 

Z-^ 

5inp3 

^"1 

sin  Pt3 

sinp/J 

■^'S 

sinpd 

ffl"^ 

«^ 

o)^ 

n^ 

£„■ 

PU 

o     . 

Pli 

Pl3 

l^ 

P3 

at 

ao 

c-tl 

B.O 

cnii 

0 

I -000 

140 

0-769 

280 

0-263 

660 

-0-087 

2 

1000 

142 

0  -  763 

282 

0-256 

670 

-0  072 

4 

1-000 

144 

0-757 

284 

0-248 

680 

-0  059 

6 

1000 

146 

0-751 

286 

0-241 

690 

-0-043 

8 

0-999 

148 

0-744 

288 

0  234 

700 

-0-028 

10 

0  999 

150 

0  738 

290 

0-227 

710 
720 
7« 
760 
780 
800 

-0-014 
0 

0-027 
0-052 
0-073 

12 

0-998 

152 

0-732 

292 

0-220 

14 

0-998 

154 

0-725 

294 

0-212 

16 

0-997 

156 

0   719 

296 

0-205 

18 

0-996 

158 

0-712 

298 

0   198 

0-092 

20 

0-995 

icn 

0-705 

300 

0191 

820 

0-107 

22 

0-994 

162 

0-699 

302 

0-184 

840 

0-118 

24 

0-993 

164 

0-692 

304 

0-177 

860 

0-125 

26 

0-991 

166 

0  -  685 

306 

0-170 

880 

0-128 

23 

0-990 

168 

0-678 

308 

0-163 

900 
920 

0-127 
0-123 

30 

0-988 

170 

0-672 

310 

0-156 

940 

0-115 

32 

0-987 

172 

0-665 

312 

0-149 

960 

0  103 

34 

0-985 

174 

0-658 

314 

U-143 

980 

0-090 

36 

0-9S4 

176 

0-651 

316 

0    136 

1000 

0-073 

38 

0-982 

178 

0-644 

318 

0   129 

1  020 

0-056 

40 

0-980 

180 

0-637 

320 

0   122 

1040 
1  060 

0-038 
0  019 

42 

0-978 

182 

0-630 

322 

0-116 

1  080 

0 

44 

0-976 

184 

0-622 

324 

0-109 

1  100 

—  0-017 

46 

0-973 

186 

0-615 

326 

0   103 

48 

0-971 

188 

0-608 

328 

0-096 

1  120 
1  140 

-0-035 
-0-050 

50 
52 

0-968 
0-966 

190 
192 

0-601 
0  ■  594 

330 
332 

0-090 
0  084 

1  160 
I  180 
1200 

-0-064 
-0-075 
-0  083 

54 

0-963 

194 

0  -  586 

334 

0  077 

56 

0-961 

196 

0-578 

336 

0-071 

1  220 

-0-088 
-0  091 

58 

0-958 

198 

0-572 

338 

0  065 

1  240 

1  260 

-0-091 

60 

0-955 

200 

0-564 

340 

0  059 

1280 

-0-088 

62 

0-952 

202 

0-557 

342 

0  052 

1300 

-0083 

64 

0-949 

204 

0  -  550 

344 

0  046 

1  320 
1  340 
1  360 

-0-075 
-0066 
-0054 

66 

0-946 

206 

0-542 

346 

0  040 

68 

0-942 

208 

0-534 

348 

0-034 

1380 

-0-042 

70 

0-939 

210 

0  527 

350 

0  029 

1400 

-0-028 

72 

0-935 

212 

0-520 

352 

0-023 

74 

0-932 

214 

0-512 

354 

0-017 

1420 

-0014 

76 

0  -  928 

21B 

0-505 

356 

0-011 

1  440 

0 

78 

0-924 

218 

0-497 

358 

0-006 

1  460 
I  480 
1  500 

0014 
0  027 
0  038 

80 

0-920 

220 

0-489 

360 

0 

82 

0-917 

222 

0  -  482 

370 

-0-027 

1  520 

0-049 

84 

0-913 

224 

0-474 

380 

-0-052 

1540 

0-057 

86 

0-909 

226 

0-467 

390 

-0-076 

1  560 

0-063 

88 

0-904 

228 

0-459 

400 

-0  098 

1  580 
1  600 

0  068 
0-071 

90 

o-9on 

230 

0-451 

410 

-0-118 

1  620 

0-071 

92 

0-896 

232 

0-444 

420 

-0-136 

1  640 

0  069 

94 

0-892 

234 

0  436 

430 

-0153 

1  660 

0-065 

96 

0-887 

236 

0-429 

440 

-0-167 

1  680 

0  059 

98 

0-882 

238 

0-421 

450 

-0-180 

1  700 
1  720 

0-052 
0  043 

100 

0-878 

240 

0   414 

460 

-0   191 

1  740 

0-033 

102 

0-873 

242 

0-406 

470 

-0-200 

1  760 

0  ■  029 

104 

0-868 

244 

0-398 

480 

-0-207 

1  780 

0  Oil 

106 

0-863 

246 

0-391 

490 

-0-212 

1  800 

0 

108 

0-858 

248 

0-383 

500 

-0-215 

1  820 

-0-011 

110 

0-853 

250 

0-375 

510 

-0-217 

1840 
1  860 

-0-021 
—  0031 

112 

0-848 

252 

0-368 

520 

-0-217 

1  880 

—0-039 

114 

0-843 

254 

0-360 

530 

-0-215 

1  900 

—  0-046 

116 

0-838 

256 

0  -  353 

540 

-0-212 

118 

0-832 

258 

0-345 

550 

-0-203 

1920 
1  940 

-0  052 
-0-056 

120 

0-827 

260 

0-338 

560 

-0-202 

1  960 
1980 

2  000 

-0-058 
-0-058 
—0-056 

122 

0-822 

262 

0-330 

570 

-0-194 

124 

0-816 

264 

0  323 

580 

-0-186 

126 

0-810 

266 

0-315 

590 

-0-176 

2  020 

-0-053 

128 

0-805 

268 

0-308 

600 

-0-165 

2  040 
2  060 

-0-049 
-0  043 

130 

0-799 

270 

0-300 

610 

-0-154 

2  080 
2  100 

-0-035 
-0027 

132 

0-793 

272 

0-293 

620 

-0142 

134 

0-787 

274 

0-285 

630 

-0-129 

2  120 

-0-019 

136 

0-781 

276 

0-278 

640 

-0-115 

2  140 

-0  009 

138 

0-775 

278 

0-270 

650 

-0-101 

2  160 

0 

(3)  Table  of  Winding  Factors. 
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These  factors  may  also  be  utilized  for  slot-width  factors. 


Number  of  slots 

per  c-jil-side,  t  = 

-il 

2 

3 

4 

6 

6 

8 

10 

12 

2 

1  -000 

1000 

0-999 

0-999 

0-998 

0-997 

0-993 

0-993 

4 

0-999 

0-998 

0  997 

0-995 

0-993 

0-890 

0-980 

0-971 

6 

0  999 

0-996 

0-993 

0-989 

0-984 

0-972 

0-955 

0-935 

8 

0  998 

0-994 

0-988 

0-980 

0-972 

0-949 

0-921 

0-888 

10 

0-996 

0-990 

0-981 

0-969 

0-956 

0-919 

0-879 

0-828 

12 

0  995 

0-986 

0-973 

0-957 

0-937 

0  889 

0-829 

0-754 

14 

0  993 

0-980 

0-963 

0-941 

0-915 

0-8.50 

0-771 

0-680 

16 

0-990 

0-974 

0-952 

0-924 

0-890 

0-807 

0-708 

0  596 

18 

0-988 

0-967 

0-939 

0-904 

0-863 

0-760 

0-639 

0-507 

20 

0-985 

0-960 

0-927 

0-882 

0-832 

0-709 

0-567 

0  417 

22 

O-98-.i 

0-951 

0-910 

0-859 

0-798 

0-655 

0-492 

0-325 

24 

0  978 

0-942 

0-894 

0-833 

0-762 

0-598 

0-417 

0-236 

26 

0-974 

0  933 

0-876 

0-806 

0-725 

0-540 

0-341 

0-151 

28 

0-970 

0-922 

0-857 

0-777 

0-685 

0-478 

0-266 

0-072 

30 

0-966 

0-911 

0-837 

0-746 

0-644 

0-418 

0-193 

0 

32 

0-961 

0-899 

0-815 

0-715 

0-601 

0-357 

0-124 

-0-063 

34 

0-956 

0-886 

0-793 

0-682 

0-558 

0-297 

0-059 

-0-116 

36 

0-951 

0  873 

0-770 

0-647 

0-513 

0-238 

0 

-0-159 

38 

0-946 

0-859 

0-745 

0-612 

0-468 

0-180 

-0053 

-0-190 

40 

0-940 

0-844 

0-720 

0-576 

0-422 

0-125 

-0100 

-0-211 

42 

0-934 

0  829 

0-694 

0-539 

0-376 

0-073 

-0-140 

-0-221 

44 

0-927 

0-813 

0-667 

0-502 

0-331 

0  023 

-0-172 

-0-221 

46 

0-921 

0-796 

0-639 

0-464 

0-285 

-0-020 

-0-196 

-0-212 

48 

0-914 

0-779 

0-611 

0-426 

0-241 

-0-064 

-0-213 

-0-195 

50 

0-906 

0-762 

0-583 

0-388 

0197 

-0101 

—0-222 

-0-171 

52 

0-899 

0  744 

0-553 

0-350 

0155 

-0-133 

-0-225 

-0-141 

54 

0-891 

0-725 

0-524 

0-310 

0-113 

-0-162 

-0-220 

-0-108 

56 

0-883 

0-706 

0-494 

0-274 

0-074 

-0-185 

-0-210 

-0-072 

58 

0-875 

0  687 

0-464 

0-237 

0-036 

-0-203, 

-0-194 

-0-036 

60 

0-866 

0-667 

0-433 

0-200 

0 

-0-217 

-0-173 

0 

62 

0-857 

0-646 

0-402 

0-164 

-0-034 

-0-225 

-0-149 

O-034 

64 

0-848 

0-626 

0-372 

0-139 

-0-065 

-0-228 

-0-121 

0-064 

66 

0-839 

0-605 

0-341 

0-094 

-0-092 

-0-228 

-0-092 

0-090 

68 

0-829 

0-583 

0-311 

0  062 

-0-121 

-0-223 

-0-061 

0  111 

70 

0-819 

0-561 

0-280 

0-030 

-0-145 

-0-215 

-0-030 

0-126 

72 

0-809 

0-539 

0-250 

0 

-0-167 

-0-202 

0 

0-135 

74 

0-799 

0-517 

0-220 

-0-029 

-0-185 

-0-187 

0-029 

0-138 

76 

0-788 

0-495 

0-191 

-0-056 

-0-201 

-0-168 

0-056 

0-135 

78 

0-777 

0-472 

0-162 

-0-082 

-0-214 

-0-173 

0-079 

0  126 

80 

0-766 

0-449 

0-133 

-0-106 

-0-225 

-0-125 

0-100 

0112 

82 

0-755 

0-426 

0-105 

-0-129 

-0-232 

-0-101 

0-117 

0-094 

84 

0-743 

0-403 

0-078 

-0-149 

-0-237 

-0-076 

0129 

0-073 

86 

0-731 

0-380 

0-051 

-0-168 

-0-239 

-0051 

0-138 

0-050 

88 

0-719 

0-357 

0-025 

-0-185 

-0-240 

-0  025 

0-142 

0-025 

90 

0-707 

0-333 

0 

-0-200 

-0-236 

0 

0141 

0 

92 

0-695 

0-310 

-O024 

-0-213 

-0-230 

0-024 

0-137 

-0-024 

94 

0-682 

0-287 

-0-048 

-0-224 

-0-223 

0-047 

0-129 

-0-045 

96 

0-669 

0-264 

-0-070 

-0-233 

-0-213 

0  068 

0-117 

-0-066 

98 

0-656 

0-241 

-0-091 

-0-242 

-0-202 

0-088 

0-102 

-0-082 

100 

0-643 

0-218 

-0-112 

-0-245 

-0-189 

0105 

0-084 

-0-094 

102 

0-629 

0-195 

-0-131 

-0-249 

-0-174 

0-120 

0-064 

-0-102 

104 

0-616 

0-172 

-0-149 

-0-250 

-0157 

0-132 

0-043 

-0105 

106 

0-602 

0-150 

-0-166 

-0-250 

-0-140 

0-141 

0-022 

-0-104 

108 

0-588 

0-127 

-0-182 

-0-247 

-0-121 

0-147 

0 

-0-098 

110 

0-574 

0105 

-0-196 

-0-243 

-0-102 

0-150 

-0-021 

-0-088 

112 

0-559 

0-084 

-0-210 

-0-238 

-0-082 

0-151 

-0-041 

-0-075 

114 

0-545 

0  062 

-0-222 

-0-230 

-0-061 

0-148 

-0  060 

-0-058 

116 

0-530 

0-041 

-0-232 

-0-222 

-0-041 

0-143 

-0076 

-0-040 

118 

0-515 

0-020 

-0-242 

-0-211 

-0-020 

0135 

-0-089 

-0-020 

120 

0.500 

0 

-0-250 

-0-200 

0 

0125 

-0-100 

0 

JOO 

0-485 

-0-020 

-0-257 

-0-187 

0  020 

0-113 

-0-107 

0-020 

124 

0-469 

-0-039 

-0-263 

-0-174 

0039 

0-099 

-0-112 

0-038 

126 

0-454 

-0-058 

-0-267 

-0-159 

0-058 

0-082 

-0-112 

0-053 

128 

0-438 

-0077 

-0-270 

-0-143 

0-075 

0-065 

-0-110 

0-069 

130 

0-423 

-0-095 

-0-272 

-0-126 

0-092 

0-046 

-0-104 

0-079 

132 

0-407 

-0-113 

-0-272 

-0-109 

0107 

0-028 

-0-095 

0-087 

134 

0-391 

-0-130 

-0-272 

-0-092 

0-121 

0-009 

-0-083 

0-090 

136 

0-375 

-0-146 

-0-270 

-0-074 

0-133 

-0-009 

-0069 

0-089 

138 

0-358 

-0-162 

-0-266 

-0-055 

0-144 

-0-028 

-0-054 

0-085 

140 

0-342 

-0-177 

-0-262 

-0037 

0-1.54 

-0-040 

-0-036 

0-077 

142 

0-326 

-0-192 

-0-257 

-0-018 

0-161 

-0-062 

-0-018 

0-065 

144 

0-309 

-0-206 

-0-2.50 

0 

0-167 

-0-076 

0 

0-051 

146 

0-292 

-0-219 

-0-242 

0-018 

0-171 

-0-090 

0-018 

0-035 

148 

0-276 

-0-232 

-0-234 

0-036 

0-172 

-0-102 

0-036 

0-018 

150 

0-259 

-0-244 

-0-224 

0-054 

0-172 

-0-112 

0-052 

0 

152 

0-242 

-0-255 

-0-214 

0-070 

0-171 

-0-119 

0-066 

-0-018 

154 

0-225 

-0-266 

-0-202 

0-087 

0-167 

-0-124 

0-079 

-0  035 

156 

0-208 

-0-276 

-0-190 

0102 

0-162 

-0  127 

0-089 

-0-060 

158 

0-191 

-0-285 

-0-177 

0117 

0-155 

-0-127 

0096 

-0-063 

160 

0-174 

-0-293 

-0-163 

0-130 

0-147 

-0-125 

0-100 

-0  073 

162 

0-156 

-0-301 

-0-149 

O-ltS 

0-137 

-0-120 

0-101 

-0-080 

164 

0-139 

-0-307 

-0-134 

0-1.55 

0-125 

-0-113 

0-099 

-0-084 

166 

0-122 

-0-313 

-0-118 

0-165 

0-112 

-0-101 

0-OSo 

-0-084 

168 

0105 

-0-319 

-0-102 

0-174 

0-099 

-0-093 

0-087 

-0-080 

170 

0-087 

-0-323 

-0-085 

0-182 

0-084 

-0  08] 

0-077 

-0-074 

172 

0-070 

-0-327 

-0-069 

0-188 

0  068 

—0-067 

0-064 

-0-062 

174 

0-052 

-0-330 

-0-052 

0-193 

0-052 

-0-C51 

0-P,W 

-0-0.19 

176 

0035 

-0-332 

-0-035 

0-197 

0-035 

-0-034 

0-034 

-0-034 

178 

0-017 

-1.-333 

-0-017 

0-199 

0017 

-0  017 

0  on 

-0-017 

180 

0 

-0-333 

-0-000 

0-200 

0 

0 

0 

) 
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(4)  The  Fourier  Series  for  the  Wave-form  shown 
IN  Fig.  6. 

Taking  the  origin  at  the  axis  of  the  coil,  the  amplitude 
of  the  pth  cosine  term  becomes  : — 

^p  =  -\y  cos  pddd 

X  COS  pddd  -   I  ^(^  _  a  -/3)  cos  pdde  > 

0  *'a  +  ^  J 


=?{D-^ 


«+/j 


^      -gCOSfi^  +  ^^sinp^ 


1^ 


.^^sin^psl 
P  J 


«+3-l 


=  — x^x-„{cosp(a  -^3)  -  cosp(a  +^)} 

2X    sin  pS     1 

=  —  X ~  X  -  sin  pa 

TT  PP        P 


In  a  similar  manner,  or  indeed  by  mere  inspection 
of  the  wave,  it  may  be  shown  that  sine  terms  are 
absent. 


(."))  The  Total  M.M.F.   due  to  a  Concentric   Coil 
(of.  Fig.  8). 

Taking  X/s  to  be  the  value  of  the  M.M.F.  developed 
by  each  component  slot-coil,  the  total  amplitude  of  the 
pth  harmonic  becomes  :— 

2Xf  .  , 

—  <;_smpao  +  sinp(ao  +  2y)  -f  ...  +  sinp(ao -t- s- 1  2y)  J> 

2X       sin  spy         . 

=  —  X '-  X  sinp(ao  +  s  —  ly) 

ns        smj»y  '^ 

2X        sin  spy 

=  —  X  ■ — : —  X  sm  pa 

TT         s  sin  py 

where  a  =  ag  +  {s  —  l)y  —  the  mean  span  of  the  coil. 


788 


GILL  :    ADDRESS   TO   THE    LONDON    STUDENTS'  SECTION. 


ADDRESS   TO    THE    LONDON    STUDENTS'    SECTION 

By  F.   Gill,  President. 

(Address  delivered  9ih  March,   1923.) 


Economics  in  Engineering. 

In  my  presidential  address  *  to  the  Institution  I 
made  use  of  the  following  words  : — • 

"  I  do  not  remember  an  instance  of  a  student  being 
familiar  with  the  economic  aspect  of  engineering  studies, 
nor  of  one  who  had  any  idea  of  how  to  tackle  a  problem 
of  engineering  economics.  Yet  that  question  of  eco- 
nomics is  the  fundamental  problem  of  the  engineer." 

Accordingly  it  seemed  incumbent  on  me  to  talk  to 
you  mainly  about  this  matter,  since  if  it  is  so  important, 
and  if  it  is  not  being  generally  treated  in  the  schools, 
I  must  do  what  I  can  to  ventilate  the  subject.  I  have 
spoken  on  this  line  of  thought  to  several  of  the  Local 
Centres,  but  have  not  so  far  been  challenged  as  to  the 
accuracy  of  the  statement  that  students  do  not  appear 
to  be  taught  this  matter,  though  it  is  not  to  be  expected 
that  the  statement  is  universally  true.  Frederic  Bacon, 
Professor  of  Engineering  at  University  CoUege,  Swansea, 
has  recently  stated  j  : — 

"  During  and  since  the  War,  labour  and  economic 
troubles  have  been  so  acute  that  it  is  incredible  that 
our  educational  system  for  training  engineers  can  much 
longer  blink  the  fact  that  engineering  is  not  merely 
concerned  with  materials  and  design  ;  but  with  finance, 
economics,  labour,  materials  and  design." 

So  that  it  may  perhaps  be  accepted  that  the  accusation 
is  in  fact  sufficientlv  accurate. 

Engineering  is  in  reality  a  tliree-dimensional  work 
since  it  involves  considerations  arising  out  of  the 
physical  properties  of  materials,  the  economic  problem 
and  the  psychology'  of  those  doing  the  work,  and  these 
three  of  necessity  react  on  each  other.  But  the  one 
to  be  referred  to  now  is  the  economic  problem. 

WTiat  do  we  mean  by  economy  and  economics  ? 
Originally  the  word  referred  to  the  management  of 
the  household  by  a  frugal  use  of  money  ;  we  may  sav 
it  differs  from  parsimony,  which  implies  an  improper 
saving  of  expense.  Until  recently  it  seems  not  unfair 
to  say  that  it  was  concerned  solely  with  the  subject 
known  as  Political  Economy,  which  has  been  defined 
in  Professor  ilarshall's  "  Principles  of  Economics  "  as 
"  a  study  of  man's  actions  in  the  ordinary  business 
of  life  ;  it  inquires  how  he  gets  his  income  and  how 
he  spends  it."  The  engineer,  however,  has  given  a 
new  meaning  to  the  word  (though,  of  course,  it  is  part 
of  the  larger  subject),  since  he  has  applied  its  processes 
to  help  him  in  selecting  plant  and  methods  for  achieving 
what  he  wants  to  do. 

The  engineer's  job  is  not  only  applied  physics  ;  it 
is  that,  of  course,  but  it  is  more,  for  that  by  itself  would 

•  See  Journal  I.E.E.,  1922,  vol.  61,  p.  1. 

t  "  The  Importance  of  Economics,"  Western  Mail,  23  February, 


.  neglect  the  important  element  of  cost.     There  are  three 
very  important  sections  to  his  work,  namely  : — 

Requirements,  in  which  he  sets  out  as  exactly  as  is 
practicable  just  what  is  to  be  done  and  the  limits  of 
accuracy  to  be  observed.  This  is  important,  because 
it  is  the  absence  of  strict  requirements  which  so  often 
permits  unlike  things  to  be  quoted  as  alternatives. 

Design,  in  which  he  arrives  at  alternative  methods 
of  filling  the  requirements. 

Selection,  in  which  he  chooses  which  of  the  alternative 
designs  (each  of  which  will  meet  the  requirements)  it 
is  best  to  employ.  For  how  often  it  happens  that, 
when  a  piece  of  work  has  been  constructed  according 
to  the  engineers'  designs,  the  management  can  only 
operate  on  a  margin,  important  no  doubt,  but  the 
question  as  to  whether  or  not  the  work  shall  be  profit- 
earning  has  been  settled  when  the  design  was  made. 
For  consider,  it  is  settled,  always  within  margins,  what 
shall  be  the  money  pavable  as  a  return  on  the  capital 
employed ;  the  money  required  to  offset  wear  and 
tear  and  obsolescence  ;  the  money  required  for  main- 
tenance ;  the  cost  of  feeding  the  plant  and  the  cost  of 
such  matters  as  insurance,  taxes  and  overhead  charges. 
It  is  almost  impossible  for  efficient  management  to 
make  profit  out  of  a  poor  engineering  job. 

If  this  is  so,  then  the  engineer  is  vitally  concerned 
with  the  profit  made  bv  his  firm  and  he  cannot  stand 
aloof  as  one  connected  onlv  with  the  scientific  and 
mechanical  sides  of  the  business ;  he  is,  and  must 
regard  himself  as  being,  very  much  concerned  with 
the  question  of  profit  earning. 

So  we  see  that  one  important  part  of  the  engineer's 
work  is  selection  from  among  alternatives,  any  of  which 
will  achieve  the  reisult  desired.  This  part  of  his  work 
maj',  in  fact,  be  illustrated  by  Fig.  1.  This  curve 
shows  a  number  of  alternatives,  N,  any  one  of  n'tich 
gives  the  same  desired  requirements,  plotted  against  the 
cost.  There  is  invariably  a  bottom  point  to  the  curve 
and  the  engineer  is  alwa^-s  seeking  that  point  as  it 
shows  him  how  to  do  his  work  at  least  cost. 

Now  what  do  we  mean  by  least  cost  ?  Let  us  get 
right  back  to  the  origin  so  as  not  to  be  misled  by  the 
names  of  tokens,  for  though  it  is  convenient  to  con- 
sider cost  in  terms  of  money,  yet  really  monej-  is  only 
a  token.  \Mien  man  works  he  produces  something — 
let  us  assume  he  grows  and  harvests  potatoes.  If  he 
is  diligent  and  thrifty  he  does  not  consume  aU  the 
potatoes  he  produces,  and  the  spare  potatoes  are  his 
capital.  Because  he  has  these  spare,  other  men  are 
anxious  to  work  for  him,  to  grow  com  to  exchange 
for  his  potatoes,  for  example.  In  fact,  directly  he 
consumes  less  than  he  produces  he  becomes  a  capitalist 
able  to  caU  on  others  for  their  work.     The  capitalist 
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is  wanted,  and  not  to  become  one  indicates  an  unthrifty- 
spirit. 

Since  it  is  inconvenient  to  trade  by  barter,  that  is 
exchange  of  goods,  money,  the  common  denominator 
which  goes  into  all  things  commercial,  was  invented, 
and,  still  later,  credit,  which  in  large  transactions 
replaces  money.  But  at  the  back  of  all  the  complex 
matter  of  trade,  cost  involves  the  expenditure  of  human 
effort  and  so  the  effort  to  do  a  thing  at  lowest  cost 
means  with  the  least  expenditure  of  human  effort. 

For  example,  to  produce  a  motor  at  lower  cost 
involves  less  effort  in  producing  the  motor  and  more 
purchasers  to  enjoy  the  benefit  of  the  machine  and  so 
the  lightening  of  their  labours.  Like  mercy,  "  it 
blesses  him  that  gives  and  him  that  takes  "  and, 
rightly  considered,  is  work  in  which  any  man,  even 
though  he  be  an  idealist,  may  take  a  pride  and  delight, 
always  supposing,  of  course,  that  the  work  itself  is 
beneficial  to  humanity. 
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Just  here  a  caution  is  necessary.  In  Fig.  1  we  saw 
that  at  the  bottom  of  the  curve  the  rate  of  change 
in  slope  is  very  small,  that  not  much  was  gained  if 
in  that  case  1^  varied  between  2-5  and  4,  and  that  it 
would  be  waste  effort  to  push  the  search  for  least  cost- 
to  its  ultimate  conclusion.  So  we  get  as  a  requirement 
in  the  engineer  the  sense  of  the  proportion  of  things — • 
he  must  know  when  to  stop. 

Fig.  2  illustrates  this ;  obviously  it  may  not  be 
economical  to  push  the  quest  for  efficiency  to  the  last, 
seeing  that  in  the  illustration  the  cost  of  obtaining 
additional  efficiency  becomes  so  burdensome. 

If  in  this  figure  we  read  on  the  right-hand  scale 
"  Return,  in  £ "  instead  of  "  Efliciency,  per  cent," 
then  It  is  seen  that  for  the  expenditure  of  the  first 
£1  in  cost  we  get  an  increased  return  of  £8  ;  for  the 
next  £1  we  get  a  return  of  £4  ;  then  £2,  then  £1,  then 
£0-5  and  so  on.  But  at  the  third  £  cost  we  reach 
the  point  where  an  additional  cost  of  £1  will  return 
only  £1,  and  after  that  the  return  will  be  less  than 
the  cost.  This  curve  illustrates  the  law  known  as 
that  of  Diminishing  Returns  and  the  point  of  Negative 
Return. 

We  come  then  to  this  :  the  engineer's  job  is  the 
wise  utilization  of  money,  and  in  achieving  this  he  has 
to  take  many  things  into  consideration. 


Assume  that  a  reservoir  is  to  be  made  and  a  dam 
constructed  at  the  end  of  a  valley  ;  theoretically,  given 
enough  labour  and  material,  anybody  can  do  this  ;  it 
is  only  necessary  to  heap  in  sufficient  of  the  right  kind 
of  material,  and  the  job  is  simple  enough.  But  to 
build  the  dam  rightly  at  the  lowest  cost  is  not  by  any 
means  a  simple  job. 

So  we  have  to  consider  "  cost,"  and  that  needs 
definition.  For  our  present  purpose  there  are  two 
costs  ;  which  of  the  two  is  meant  should  always  be 
made  clear,  and  they  must  be  considered  separately. 
They  are  First  Cost  and  Annual  Cost  or,  since  it  is 
better  to  avoid  the  use  of  the  same  word.  Annual 
Charges.  Frequently  these  two  are  mutually  antagon- 
istic and  it  is  necessary  to  settle  the  principles  which 
are  to  govern  selection.  For  example  :  Assume  a 
situation  in  which  there  is  as  yet  no   plant  installed 
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and   let   there   be   two    alternative   ways   of   achieving 
the  results  required,  A  and  B  as  below  : — 


Alternative  A. 

Alternative  B. 

First  Cost  £10  000. 

First 

Cost  £15  000 

nnual  charges — 

£ 

£ 

Return  on  capital     . 

500 

750 

Depreciation  .  . 

600 

450 

Maintenance  .  . 

500 

300 

Operation 

900 

600 

2  500 

2 

100 

Annual  Charges  for  A  = 

£2  500 

It 

B  = 

£2  100 

It  is  evident  here  that  although  alternative  B  requires 
more  capital,  yet  it  is  worth  while  to  expend  the  greater 
sum  because  the  annual  charges  are  less,  so  that  either 
a  reduced  sum  can  be  asked  for  the  product  or,  since 
the  results  achieved  are  the  same,  the  cash  for  the 
product  can  be  the  same  and  an  excess  profit  made.* 
If,  therefore,  capital  is  available  and  if  all  risks  are 
properly  included  in  the  computations,  it  is  usual  and 

*  See  F.  Gill  and  W.  W.  Cook:  "Principles  involved  in  com- 
puting tlie  Depreciation  of  Plant,"  Journal  I.E.E.,  1917,  vol.  55, 
p.  138. 
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correct  to  select  on  the  basis  of  annual  charges  rather 
than  on  the  basis  of  first  cost.  If  capital  is  not 
available  it  may  be  necessary  to  select  on  the  basis 
of  first  cost,  but  that  is  equivalent  to  force  majeure, 
not  selection. 

If,  then,  selection  is  to  be  made  on  the  basis  of  annual 
charges,  it  is  necessary  to  have  these  annual  charges 
as  accurate  as  practicable  and  they  may  not  be  lightly 
treated  by  rough  approximations  which  may  lead  to 
serious  error  in  selection.  Now,  obviously,  the  figure 
of  10  per  cent  for  capital  charges  which  is  constantly 
used  in  the  few  engineering  discussions  on  economics 
is  just  such  a  rough  approximation  which  cannot 
possibly  be  true  for  all  the  cases  of  varying  life  and 
conditions  for  which  it  is  used.  In  the  example  just 
given,  if  capital  charges  (i.e.  return  on  capital  plus 
depreciation)  had  been  taken  at  10  per  cent,  the  total 
annual  charges  for  A  and  B  would  have  been  equal, 
and  the  choice  would  uTongly  fall  on  alternative  A 
because  of  the  lower  first  cost.  The  only  virtue  which 
the  10  per  cent  possesses  is  that  it  is  easy  to  calculate  ! 


8  12  16  20 

Time,  in  years 

Fig.  3. 

Let  us  look  then  at  the  items  which  go  to  make  up 
the  annual  charges  and  see  on  what  they  depend. 

Return  on  capital  outlay,  frequently  termed  interest  ; 
this  must  be  treated  as  a  charge,  because  no  engineer, 
in  the  absence  of  special  circumstances,  is  justified  in 
constructing  plant  which  will  not  pay  an  adequate 
return  on  its  own  first  cost.  The  amount  of  this  return 
will  depend  upon  the  amount  of  capital  expended 
(which  may  include  charges  to  capital  during  construc- 
tion), and  upon  the  credit  of  the  owner  of  the  plant 
in  the  then  state  of  the  money  market.  It  may,  for 
example,  be  4i,  5,  6  or  8  per  cent  per  annum  and 
therefore  it  may  vary  according  to  the  credit  of  the 
one  for  whom  the  work  is  to  be  constructed,  and  the 
frequency  and  amount  of  further  capital  expenditure 
will  also  affect  it. 

Depreciation. — I  define  this  as  (1),  "renewals," 
being  provision  for  the  diminution  in  value  of  plant 
in  place,  by  reason  of  causes  outside  the  control  of 
the  owner  (e.g.  age,  wear,  accidents),  and  (2),  "  im- 
provements," being  provision  to  enable  him  to  take 
the  plant  out  of  commission  before  its  physical  life 
is    exhausted,    that    is,    by    reason    of    causes    within 


the    control    of    the   owner,  sometimes  referred  to  as 
"  obsolescence." 

The  money  required  annually  as  provision  against 
depreciation  will  depend  upon  the  life  of  the  plant 
chosen,  which  in  turn  depends  on  the  conditions  under 
which  it  will  work,  and  the  kind  of  plant  selected. 
The  credit  of  persons  will  also  be  involved,  since  the 
money  put  away  each  year  should  eEim  interest ; 
unless  it  is  so  put  away  in  some  form  or  another,  the 
growing  financial  liabilitj'  may  become  overwhelming. 
The  amount  will  also  depend  upon  the  method  of 
treating  the  provision  for  depreciation  ;  but  since  this 
part  of  the  subject  is  too  large  to  be  dealt  with  now, 
it  will  be  assumed,  for  the  purpose  of  this  discussion, 
that  the  sinking  fund  method  will  be  used.  Note  that 
the  depreciation  provision  is  to  replace  the  capital 
expended,  not  to  replace  the  plant ;  this  may  cost 
more  or  less. 

Taxes. — These  will  largely  depend  on  political  decisions 
and  on  whether  the  owner  is  subject  to  taxation. 

Insurance. — This  will  largely  depend  upon  the  kind 
of  plant  used  and  upon  whether  or  not  any  o\vner, 
in  fact,  recognizes  his  liability  to  provide  for  insurance 
as  an  annual  charge. 

Administration. — This  will  depend  upon  the  plan  of 
operation  and  organization  followed  by  each  individual 
owner  of  plant. 

Maintenance. — This  wll  depend  upon  the  degree  or 
quality  of  maintenance  desired  by  the  owner,  upon 
the  kind  of  plant  constructed  and  upon  its  situation. 
Operation. — This  will  depend  upon  the  kind  of  plant 
employed,  but  may  also  be  affected  by  the  individual 
conditions  applicable  to  each  job. 

In  all  these  cases  there  is  the  common  element  of 
the  employment  of  money  during  a  period,  and  so 
the  conditions  under  which  money  may  be  employed 
must  be  part  of  the  engineer's  knowledge.  This  leads 
us  to  the  matter  of  interest,  which  may  briefly  be  put 
somewhat  as  follows :  Money,  being  merely  credit, 
may  not  be  held  for  nothing ;  the  mere  possession 
of  money  or  of  materials  and  plant  for  which  money 
might  be  exchanged,  involves  a  continuous  charge  so 
long  as  the  possession  lasts. 

If  I  put,  say,  £100  away  in  a  stocking  and  leave 
it  there  safely  and  draw  my  £100  from  the  stocking 
in  10  years'  time,  it  has  cost  me  something.  For  if 
the  market  rate  for  money  is,  saj-,  4  per  cent  per  annum, 
that  £100  if  invested  at  4  per  cent  compound  interest 
for  10  years  would  have  grown  to  £148,  and  so  the 
policy  of  putting  the  money  away  uselessly  has  involved 
the  loss  of  £48. 

If  the  market  rate  had  been  6  per  cent  per  annum 
the  loss  would  have  been  £79  and,  of  course,  if  the 
time  had  been  longer,  say  20  years  at  6  per  cent  per 
annum,  the  loss  would  have  been  still  greater,  viz. 
£220.  Parenthetically,  one  may  say  that  it  was  this 
failure  to  use  wisely  the  credit  placed  at  his  disposal 
that  brought  down  the  rebuke  on  the  head  of  the 
unprofitable  servant. 

We  may  illustrate  this  matter  by  considering  it 
somewhat  in  the  light  of  financial  perspective.  Fig.  3 
shows  the  amount  to  which  £1  will  accumulate  if  it 
earns  interest  for  a  number  of  years,  and  also  its  present 
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value  if  its  payment  is  deferred  for  a  number  of  years. 
It  will  be  obvious  that  an  expenditure  of  £1  first  cost 
now  is  more  serious  than  an  expenditure  of  £1  first 
cost  deferred  for  a  number  of  years.  Hence  it  would 
not  be  correct  to  add  to-day's  first  cost  and  deferred 
first  cost  ;  they  must  be  brought  to  some  common 
time  basis,  generally  the  present  time.  As  an  example, 
if  a  scheme  involves  the  expenditure  of  £100  now  and 
£100  in  10  years'  time,  the  total  present  value  of  the 
expenditure  (assuming  6  per  cent  per  annum)  is  made 
up  as  follows  : — 

£ 

Now  100 

Deferred:   100  x  0-56  ..  .  .        56 


Total  present  value 


£156 


In  the  same  way  Fig.  4  shows  the  amount  to  which 
a  payment  of  £1  per  annum  (called  an  annuity)  will 
accumulate  if  it  earns  interest  for  a  number  of  years, 
and  the  present  value  of  the  annuity. 
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If  £1  per  annum  at  6  per  cent  per  annum  will  increase 
in  20  years  to  £36-79  then  it  is  obvious  that  to  accu- 
mulate £1  at  the  end  of  20  years  at  6  per  cent  per 
annum  will  require  an  annual  payment  of  1/36-79 
=  £0-027,  and  so  sinking-fund  tables  are  formed, 
being  the  reciprocal  of  the  amount  of  £1  per  annum 
at  the  various  rates  of  interest. 

Fig.  5  illustrates  sinking-fund  payments,  both  if 
interest  is  disregarded  and  if  it  is  taken  at  6  per  cent ; 
there  is  shown  also  the  ratio  between  the  two.  Now 
in  engineering  computations  of  depreciation,  interest  is 
frequently  disregarded,  but  it  must  be  remembered 
that  accurate  annual  charges  cannot  be  ascertained 
unless  the  rate  of  interest,  appropriate  to  the  occasion, 
is  taken  into  account. 

Perhaps  enough  has  been  said  to  proceed  now  to 
illustrate  the  point  by  reference  to  particular  cases,  but 
the  treatment  must  be  very  approximate  in  order  to 
cover  the  ground  in  the  time  available. 

(1)  First  of  all  let  us  take  a  case  of  opening  a  street 


in  which  to  lay  ducts  to  contain  cables.  The  rate  of 
growi:h  has  been  estimated,  the  cost  of  breaking  up 
and  restoring  the  street  surface  is  known  ;  also  the 
excavation  cost  and  how  it  varies  with  the  number 
of  ducts ;  the  cost  of  the  ducts  laid  ;  the  financial 
rates  such  as  interest,  depreciation,  etc.  Suppose  we 
require  to  have  6  ducts  now  and  3  more  later  on,  then 
our  problem  is  whether  we  shall  lay  the  additional 
3  ducts  now  or  wait  until  they  are  required.  We  may 
approach  this  roughly  as  follows  :  Assume  the  cost  of 
a  trench  containing  9  ducts  to  be  45s.  per  yard  run, 
the  cost  of  the  same  with  6  ducts  is  32s.,  therefore 
the  additional  cost  of  the  3  ducts  if  laid  now  is  45  —  32 
=  13s.  per  yard.  Assume  also  that  the  cost  of  3  ducts 
laid  independently  is  22s.  per  yard  run.  Further 
assume  that  the  full  charges  on  capital  are  8  per  cent 
per  annum. 

s. 
The  extra  cost  now  per  yard  is       .  .  .  .      13 

The  extra  cost  deferred  per  j-ard  is  .  .     22 

The  ratio  of  these  is  13/22  =0-59.  From  the  8  per 
cent  interest  tables  we  see  that  0-59  is  the  present 
value  of  £1,    7   years  hence,   so  that  if  the  growth  is 
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such  as  to  require  the  extra  ducts  within  7  years  it  is 
economical  to  lay  them  while  the  ground  is  open.  Just 
what  is  the  most  economical  period  to  plan  for  (there 
is  such  a  period  and  it  is  important)  cannot  be  treated 
in  such  a  hasty  manner. 

(2)  You  may  say  this  is  just  common  sense,  and  so 
it  is,  but  the  sense  is  not  common.  To  demonstrate 
this,  let  me  quote  Professor  ISIiles  Walker's  book  on 
"  The  Specification  and  Design  of  Dynamos  "  (1915), 
where  on  pages  495  et  seq.  he  says  : — 

"  We  may  wish  to  build  the  generator  as  cheaply  as 
possible,  using  the  smallest  amount  of  wire  that  will 
give  us  a  temperature  rise  not  greater  than  the  guaran- 
teed temperature  rise. 

"  We  may  be  ruled  by  considerations  of  efficiency 
and  settle  the  number  of  watts  which  are  to  be  wasted 
in  shunt  excitation. 

"  A  large  number  of  buyers  will  buy  the  cheapest 
machine  that  appears  to  be  good  enough  for  their 
purpose.     Other  buyers,  on  the  other  hand,  recognize 
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that  very  often  a  more  expensive  machine  of  higher 
efficiency  vrill  save  more  in  the  year  than  the  interest 
on  the  extra  cost.  Witli  power  at  one  halfpenny'  per 
unit,  a  kilowatt  of  twelve  hours  a  day  for  300  days 
in  the  vear  wiU  cost  £7  10s.  per  annum.  Capitalizing 
this  at  10  per  cent  we  get  £75.  It  would  in  many 
cases  be  worth  w^hile  for  a  buyer  to  pay  £75  more  for 
a  machine  which  will  save  him  1  kilowatt  in  the  shunt 
excitation. 

"  In  the  machine  worked  out  on  page  489  [75  k\V, 
525  volts,  25  cycles,  750  r.p.m.]  the  loss  in  the  shunt 
coils  and  rheostat  is  820  watts.  The  weight  of  copper 
is  64  kilograms.  This  is  almost  the  minimum  weight 
■we  could  use  if  we  are  to  meet  the  temperature  guaran- 
tees. It  would  be  good  policy  to  increase  this  weight 
and  make  a  saving  in  shunt  losses  if  the  buyer  would 
recognize  the  fact,  and  pay  a  greater  price.  There  is 
room  for  another  1  500  turns,  which  would  reduce  the 
losses  by  250  watts.  This,  on  the  above  basis  of 
calculation,  could  be  capitalized  at  £19,  and  yet  the 
cost  of  the  extra  1  500  turns  would  not  be  more  than 
£8.  Yet  so  keen  are  many  buyers  to  buy  the  cheaper 
[i.e.  at  first  cost]  machine,  heedless  of  small  differences 
in  efficiency,  that  the  practice  of  using  the  least  possible 
quantity  of  copper  pays  from  the  manufacturer  s  point 
of  view. 

"  The  same  want  of  regard  on  the  part  of  the  buyer 
for  small  differences  in  efficiency  leads  many  manu- 
facturers to  use  ordinary  dynamo  steel  of  good  quality 
at  (say)  £11  per  ton  rather  than  alloyed  steel  at  £25 
per  ton.  In  the  present  case,  with  ordinary  iron  the 
iron  losses  work  out  at  840  watts,  whereas  with  alloyed 
steel  they  could  be  reduced  certainly  to  600  watts. 
The  saving  of  240  watts  is  worth  about  £18,  and  the 
cost  of  the  alloyed  iron  would  not  be  more  than  £5. 
Some  buyers  are  beginning  to  recognize  these  facts, 
and  the  future  may  see  a  very  great  increase  in  the 
efficiency  of  small  generators  and  motors." 

One  is  tempted  to  ask  where  were  the  buyers  educated, 
that  they  should  have  their  minds  so  set  upon  first 
cost  as  not  to  recognize  that  the  apparently  dearer 
machine  is  really  the  cheaper  one. 

But  this  matter  of  10  per  cent  capital  charges  never 
appeals  to  me,  so  it  will  do  no  harm  to  take  the  case 
more  in  detail.  Let  us  assume  the  following,  using 
the  same  figure  of  £8  as  the  increased  first  cost : — 

Case  A  Case  B 

First  cost £352  £352  -|-  £8  =  £360 

Scrap  value,  15  per  cent  .  .        52  54 


Depreciable  amount         . .   £300  £306 

The  return  on  capital  being  taken  at  6  per  cent  per 

annum,   the   sinking   fund   to   redeem   the   depreciable 

amount  will  also  be  at   6  per  cent  per  annum.     Let 

the  life  be  assumed  at  15  years. 

Our  annual  charges  will  be  as  follows  : — 

Return   on   capital,   6 

per  cent  on  £352        =£21-1  on  £360=  £21-6 

Sinking    fund,    6    per 

cent  300  X  0-043      =£12-9       306  X  0-043  =  £13-2 


£34-0 


£34-8 


But  by  adopting  the  machine  in  Case  B  we  are  saving 
0-25  kW  at  £7  10s.  per  kW  for  300  twelve-hour  days 
in  a  year.  Hence  the  annual  charge  of  the  machine 
in  Case  A  should  be  increased  by  0-25  x  £7  10s.  =  £1-9. 

Our  annual  charges  will  therefore  be  : — 

Case  A. — Annual  charge  £34-0  -f  £1-9  =  £35-9 
Case  B. — Annual  charge  =  £34-8 

In  other  words  a  saving  of  £1  - 1  per  annum  is  effected 
by  adopting  the  machine  in  Case  B,  which  is  £8  dearer 
in  first  cost. 

Now  we  find  that  if  the  machine  in  Case  B  were  to 
cost  £372  initially,  that  is  £20  more  in  first  cost  than 
the  machine  in  Case  A,  the  annual  charges  would  be 
the  same  in  both  cases.  (Notice  that  it  does  not 
"  pay  "  to  buy  the  machine  at  £20  additional  first  cost, 
that  is  the  additional  first  cost  at  which  the  two 
machines  equate,  but  it  does  "  pay  "  to  give  the  addi- 
tional £8  first  cost,  and  it  would  "  pay  "  to  give  any 
increased  additional  amount  up  to  £20.) 

(3)  In  the  scheme  for  sanctioning  loans  bv  local 
authority  undertakers  the  Electricity  Commissioners 
"  adopt  as  a  general  basis  the  principle  of  sanctioning 
separate  repayment  periods  determined  by  the  estimated 
life  of  the  various  assets  (land,  buildings,  plant,  etc.)." 

Some  of  the  maximum  periods  are  : — 


Years 

Land,  freehold  . . 

.      60 

Buildings 

.      30 

Plant  and  macliinery   .  . 

.      20 

H.T.  trunk  transmission  mains 

.      40 

Overhead  lines  . . 

.     25 

]\lains  and  services 

.     25 

JNIeters     . . 

.      10 

Presumably  the  period  for  freehold  land  is  based 
upon  something  other  than  the  life  of  the  asset. 

In  cases  where  the  generating  plant  is  likely  to  be 
superseded  the  term  is  less  and  is  usually  15  years. 

I  understand  that  with  regard  to  steam  plant  the 
maximum  loan  period  for  turbo-generators  is  20  years 
and  for  Diesel  engines  15  years.  I  am  not  questioning 
the  correctness  of  these  lives  when  I  pomt  out  (again 
assuming  6  per  cent  interest,  but  this  time  without 
scrap  value,  for  simplicity)  that  this  difference  in  the 
loan  period  will  have  an  effect  on  the  economics  of 
the  matter  because  the  sinking  fund  for  a  15-year 
period  at  6  per  cent  is  57  per  cent  greater  than  for  a 
20-year  period. 

(4)  Let  us  take  another  and  very  usual  kind  of  case, 
and  work  it  out  in  detail. 

Let  us  assume  a  30  ft.  pole  line  1  000  ft.  in  length, 
situated  in  a  roadway.  The  pole  line  has  four  8-wire 
arms  with  No.  14  S.W.G.  iron  w-ire  for  distributing 
purposes.  It  is  expected  that  in  any  event  this  route 
will  have  to  be  removed  from  the  roadway  at  the 
expiration  of  6  years.  The  line  will  not  carry  any 
further  arms,  and  additional  facilities  can  only  be 
provided  by  installing  a  25-pair  aerial  cable  on  this 
pole  line.  There  are  at  present  16  pairs  of  wires 
branching  off  the  route  for  subscribers'  circuits  (referred 
to  later  as  branches)  and  the  growth  is  such  that  a 
further  24  circuits  will  be  wanted  within  6  years,  which 
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then  represents  the  ultimate  requirements.  When  this 
pole  line  is  abandoned  the  new  distributing  system 
that  replaces  it  will  consist  of  a  25  ft.  pole  line  1  000  ft. 
long,  built  in  an  alley-way  behind  the  houses  and 
carrying  a  50-pair  aerial  cable  with  suitable  terminals. 
The  question  is  whether  it  would  be  cheaper  to  place 
the  25-pair  cablte  on  the  existing  pole  line,  utilize  it 
for  6  years  and  then  build  the  new  line  (recovering 
the  existing  line),  or  to  build  the  new  line  and  take 
down  the  roadway  line  at  once.  After  6  years  the 
construction  would  be  the  same  in  both  cases,  so  it  is 
only  necessary  to  consider  the  costs  for  a.  period  of 
6  years.  The  figures  given  as  "  first  costs  "  and  "  annual 
charges  "  are  for  the  purpose  of  illustrating  the  two 
cases  only,  and  must  not  be  taken  as  being  in  any 
way  representative  figures.  Money  is  assumed  to 
earn  6  per  cent  per  annum,  and  we  work  out  the  two 
cases  as  follows  : — 


From 
figures-  :- 


these    calculations    we    obtain    the    following 


Case    I. — Present  value  of  charges    ..   £256-79 
Case  II. — Present  value  of  charges    ..   £207-22 

Difference  in  favour  of  Case  II  .  .     £49-57 

Therefore  it  is  cheaper  to  abandon  the  existing 
roadway  line  at  once. 

(5)  Another  illustration,  and  one  of  a  kind  which 
may  affect  the  young  engineer  before  he  conies  to  the 
day  of  big  things,  is  taken  from  relay  design.  When 
relay's  have  to  remain  in  operation  for  a  considerable 
time  the  annual  power  charges  become  important  and 
the  design  must  be  such  as  to  give  minimum  annual 
charges.  In  Fig.  6  is  shown  a  group  of  curves  for  a 
type  of  relay,  and  these  illustrate  how  nearly  the 
minimum    annual   charges    have    been    attained    for    a 


Case  I. — Existing  Pole  Line  retained  for  Six  Years. 

Item  First  cost  Annual  charges 

(1)  Existing  Plant.  £  o^ 

(a)   30  ft.  poles,  staj;^  and  steps        . .          .  .  . .          .  .          .  .      30  12 

(6)   Arms  and  wire        .  .          .  .          .  .          .  .  .  .          .  .          . .      50  18 

(c)    16  existing  branches  at  £2  each             .  .  . .          .  .          .  .      32  18 

(2)  1  000  ft.  25-pan-  L.C.  cable,  including' suspension  strand  and  terminals     80  15 


Present  value  of  £30-36  per  annum  for  6  years  =  30-36  x  4-917 
(see  Fig.  4)      .  . 

(3)  24  branches  during  6-  years,  equivalent  to  all  deferred  3  years  and 

existing  for  3  years  more,  24  at  £2  each  .  .  .  .  .  .     48 

Present  value  =  annual  charges-  x  present  value  3  years  x  present 
value  3  years  deferred  =  8-64  x  2-673  (see  Fig,  4)  x  0-839 
(see  Fig.  3) 

(4)  Transfer    loss    upon    recovery  of  pole    route,,  cable  and    branches 

6  years  hence,  say  £125  at  0-705  (see  Fig.  3).. 

Total  present  value  of  all  charges    .  . 


18 


£ 

3-6 
9-(> 
5-76 
12-0 

30-36 


8-64 


Present  value 
of  charges 

£ 


149-28 

19-38 

88-13 

£256-79 


(1) 
(2) 
(3) 


(4) 


(5) 


Case  II. — Build  New  Line  and  take  down  Existing  Pole  Line  at  once. 

Item  First  cost 

£ 

Erection  of  2-5  ft.  poles  and  stays        .  .  . .  .  .  .  .  . .     21 

Erection  of  1  000  ft.  50-pair  cable,  suspension  strand  and  terminals  110 
16  existing  branches  at  £2  .  .  .  .  .  .  .  .  .  .  . .      32 


Present  value  of  £24-78  per  annum  for  6  years  =  24-78  X  4-917 

(see  Fig.  4)     .  . 
24  branches  during  6  years,  equivalent  to  all  deferred  3  years  and 

existing  for  3  years  more,  24  at  £2  each  .  .  .  .  .  .      48 

Present  value  =  annual  charges  X  present  value  3  years  x  present 

value  3  years  deferred  =  8  •  64  x  2.- 673  (see  Fig,  4)  x.  a-83& 

(see  Fig.  3)     . . 
Transfer  loss  on  route  taken  down  now,  say  £66     .  . 

Total  present  value  of  all  charges    . . 

Vol.  6L 


Annual  char 

ges 

% 

12 

£ 
2-52 

15 

16 

5 

18 

5- 

76 

IS 


24-78 


8-64 


Present  value 
of  charges 


121-84 


19 

38 

66 

00 

£207 

22 

5a 
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certain  standard  tj'pe,  when  the  relay,  without  any 
change  whatever,  is  in  operation  for  periods  of  from 
60  to  600  minutes  per  day.  Because  of  var\'ing  con- 
ditions in  different  places,  relative  cost  figures  are 
shown  ;  the  main  points  are,  the  principle  that  even 
apparently  simple  apparatus  design  requires  the  appli- 
cation of  economics,  and  the  fact  that  this  illustration 
is  taken  from  just  the  kind  of  work  on  which  the  young 
engineer  is  likely  to  be  engaged. 

Let  us  refer  to  one  more  illustration  of  a  system  in 
which  certain  definite  results  are  to  be  reached  but 
which  mav  be  achieved  in  several  different  ways. 
Obviously  there  will  be  some  relation  between  the 
money  which  may  be  spent  on  one  part  and  that  which 


1-4 
PI  f, 

"g  1,  1-0 

f 

— -1 

Pa 

§1. 

5  f^o 

- 

r 

^ 

s 

tan 

lard 

h 

^/. 

t— '  t3 

a;  cj 

0-4 

;^ 

y 

_Cu 

1 
rve(i):B.ela3 

:  i  .;; 

r  ppei 

-atec 

I  60 

Oini 

8 

0 

nute 

spe 

r  d. 

y_ 

3 

1 

2 

5 

t 

b 

b 

Selative  capital  cost 
KiG.  6. 

mav  be  spent  on  another  part  so  as  to  obtain  the  lowest 
total  cost ;  in  other  words,  we  obtain  a  balance  or 
equilibrium  between  the  relative  costs  and,  as  previously 
stated,  these  costs  may  be  analysed  from  the  points 
of  view  of  both  first  cost  and  annual  charges. 

In  engineering  any  work  and  particularly  in  engineer- 
ing any  system  it  is  impossible  to  do  it  economically  un- 
less market  prices  are  known.  For  with  the  market  in 
one  state  it  may  be  profitable  to  spend  more  money  on, 
say,  iron  and  less  on  copper,  or  vice  versa,  and  this 
cannot  be  determined  without  prices.  When  markets  are 
steady,  standard  prices  can  be  used  for  long  periods, 
but  when  they  are  unsteady  the  engineer  must  obtain 
prices  before  he  can  select. 

I  do  not  believe  that  courses  of  study  are  necessary 
to  treat  this  matter  in  the  schools.     It  rather  requires 


an  attitude  of  mind  on  the  part  of  the  teacher,  in  order 
that  this  kind  of  treatment  shall  be  applied  sometimes 
to  the  problems  dealt  with.  One  great  objection  to 
the  present  method  is  that  because  students  do  not 
get  this  training  at  college  they  have  to  acquire  it 
either  by  their  own  efforts  or  by  the  aid  of  men  in 
practice  and  not  by  the  aid  of  skilled  teachers. 

It  is  sometimes  suggested  that  these  questions  of 
annual  charges  are,  after  aU,  matters  of  accounting 
and  are  not  really  of  interest  to  engineers.  That  this 
view  is  entirely  wrong  is  at  once  seen  by  considering 
the  separate  occasions  on  which  these  charges  are 
important.     Thus : — 

"  (a)  Before  plant  of  any  magnitude  is  constructed  it 
is  necessary  to  ascertain  which  of  alternative 
plants  is  the  economical  one  to  employ  for 
the  purpose. 
(6)  Either  before  construction,  or  soon  after,  it  may 
be  necessary  to  determine  the  rates  to  be 
charged. 

(c)  After  the  plant  is  in  operation,  costs  have  to  be 

ascertained  and  profits  determined. 

(d)  When  it  is  proposed  to  scrap  any  plant  in  favour 

of  a  larger  or  more  efficient  type,  it  is  necessary 
to  compute  the  savings  which  will  be  effected 
and  the  loss  of  capital  involved.  Depreciation 
enters  into  both  calculations. 

(e)  In  the  event  of  a  sale  of  plant  on  what  are  known 

as  '  tramway  terms,' depreciation  of  the  plant 
has  to  be  ascertained  on  one  basis,  and 
:        (/)    If  the  business  is  sold  as  a  going  concern  it  may 
I  be  necessary  to  compute  the  depreciation  on 

another  basis."  * 

[        My  object  in  bringing  this  matter  before  you  young 
i   engineers  is  to  try  to  interest  you  in  a  very  important 
i   part  of  the  work  that  you  will  ultimately  undertake. 
These  principles  are  necessary  even  in  small  matters  ; 
they  are  vital  to  the  safe  handling  of  large  engineering 
schemes    involving    great    expenditure.     Some    of    you 
;   may   be   called   upon   to   be   responsible   for   the   wise 
spending  of  great  sums  of  money,  and  to  do  this  you 
must  work  along  the  principles  which  I  have  briefly 
!   sketched.     With  an  adequate  knowledge  of  engineering 
j   economics  added  to  the  more  usual  engineering  know- 
ledge, you  may  go  izx,  increase  the  reputation  of  your 
i   profession,   and   do  useful  work  ;     without  it  you   are 
I   not  safe  guides  as  to  the  expenditure  of  large  sums  of 
money. 

*  F.  Gill  and  W.  W.  Cook:  "The  Depreciation  of  Plant," 
Journal  I.E.E.,  1917,  vol.  55,  p.  167,  slightly  altered. 
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{Paper  received  lllh  November,   1922.) 


SUMJIAKV. 


The  object  of  the  paper  is  to  determine  the  overload 
capacity  of  an  induction  motor  when  operated  synchron- 
ously, and  the  puUing-in  capacity  at  synchronism.  Inci- 
dentally, in  view  of  suggestions  made  in  this  connection  in 
periodicals,  experimental  data  have  been  obtained  for 
(1)  two  methods  of  using  a  star-connected  rotor  for  excita- 
tion, and  (2)  the  resulting  heating  of  rotor  windings  under 
the  two  methods  of  excitation.  Further  readings  have  been 
taken  so  as  to  enable  curves  of  ef&cienc}%  power  factor  and 
stator  current  to  be  drawn. 

The  conclusions  are  that  the  advantages  of  synchronous 
operation  of  induction  motors  are  most  pronounced  when 
the  method  is  utilized  at  times  of  light  load  and  up  to  about 
70  per  cent  of  full  load.  At  heavier  loads  there  is  a  loss  of 
efficiency  and  only  a  slight  improvement  in  power  factor. 
Owing  to  the  necessity  of  adjusting  the  excitation  to  the 
load,  synchronous  operation  is  unsuitable  in  the  case  of 
fluctuating  loads. 


IXTRODUCTION. 


The  most  serious  defect  of  the  polyphase  induction 
motor — its  low  average  power  factor — has  exercised 
the  ingenuity  of  numerous  inventors,  and  many  attempts 
have  been  made  to  improve  the  performance  of  the 
motor  in  this  respect.  Development  has  proceeded 
along  two  main  lines  :  (1)  By  providing  the  motor 
with  auxiharv'  external  devices  known  as  phase 
advancers  ;  and  (2)  by  modifying  the  design  of  the 
motor  so  that,  while  retaining  its  desirable  starting 
features,  it  could  be  run  as  a  synchronous  machine, 
with  all  the  ad\-antages  of  power  factor  control,  when 
once  started.  A  great  deal  of  interest  has  recently 
centred  on  this  problem,  as  evidenced  by  the  compara- 
tively large  number  of  papers  published  on  it.j 

In  this  paper  a  brief  account  is  given  of  some  results 
obtained  with  an  ordinary  three-phase  induction  motor 
(7^  b.h.p.,  100  volt,  50  periods,  1  450  r.p.m.)  having 
star-connected  windings.  The  machine  was  coupled  to 
a  direct-current  generator  which  formed  a  convenient 
load,  and,  after  having  been  run  up  to  speed,  was 
excited  by  means  of  direct  current  supplied  to  the 
rotor  windings  through  the  slip-rings. 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  pubUcatiou  of  the 
paper  to  which  they  relate. 

t  The  following  references  may  be  useful:  A.  Soulier:  Revue 
Generale  de  V£lcdricUe,  1919,  vol.  5,  pp.  505  and  831  ;  R.  G. 
Warner  and  A.  E.  Kxowlton:  Electrical  World,  192",  vol.  76, 
p.  1021;  J.  Le  Monnier:  Revue  Generale  de  I'tlleciricile,  1920, 
vol.  8,  p.  687;  J.  Gewecke:  E.T.Z.,  1921,  vol,  42,  p.  1217. 
Mr.  L.  H.  A.  Carr's  pacer  {Journal  I.E.E.,  1922,  vol.  60,  p.  165) 
appeared  after  the  experiments  described  in  the  present  paper  had 
been  completed. 


Two    Methods    of    Using    Star-coxxected    Rotor 
Winding  as  Exciting  Winding. 

Two  methods  of  using  a  star-connected  rotor  winding 
for  d.c.  excitation  are  available,  namely,  (1)  two 
windings  only  in  series,  with  the  third  left  out  of  circuit 
entirely  ;  and  (2)  two  windings  in  parallel,  both  being 
in  series  with  the  third.  These  two  methods  are  repre- 
sented in  Figs.  1  (a)  and  1  (c). 

Let  Fig.  1  (a)  represent  the  circuit  diagram  of  the 
rotor,  the  full-line  arrows  denoting  the  directions 
(assumed  positive)  for  the  currents  in  the  vvdndings 
AO,  BO  and  CO,  under  normal  operation  as  an  induc- 
tion   motor.     Fig.    1    (6)    is    the    corresponding   space- 


FiG.  1. — Circuit  and  vector  diagrams  for  series  and  parallel 
arrangements  of  rotor  windings. 


vector  diagram,  which  is  drawn  as  follows.  The  lines 
OA,  OB  and  OC  give  the  directions  of  the  magnetic 
axes  of  the  three  rotor  windings  OA,  OB  and  OC 
of  Fig.  1  (a),  the  angles  between  these  axes  being 
120  electrical  degrees.  The  magnitude  of  each  flux  is 
represented  by  the  length  of  the  corresponding  vector 
in  Fig.  1  (6).  When  the  rotor  is  run  short-circuited 
under  normal  conditions  of  operation  of  the  machine 
as  an  induction  motor,  the  vectors  in  Fig.  1  (i>)  repre- 
senting the  fluxes  due  to  the  rotor  currents  are  alter- 
nating vectors  having  time-phase  differences  of  120°, 
and  their  resultant  is,  as  is  well  known,  a  simple  rotating 
vector  of  constant  length.  When  only  two  phases, 
OA  and  OB,  are  used  [as  shown  in  Fig.  1  (a)]  for  d.c. 
excitation,  the  corresponding  vectors  in  Fig.  1  (6)  are 
equal  jmd  of  constant  length.  Further,  the  direction 
of  the  vector  OB  niust  be  reversed,  since  with  the 
connections  shown  in  Fig.  1  {a)  the  current  in  OB  is 
negative.     Thus  the  resultant  flux,  obtained  by  com- 
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pounding  OA  and  OB  reversed  [as  shovm  in  Fig.  1  (6)], 
is  -v/3  tinaes  the  flux  due  to  either  phase  when  acting 
alone.  Considering  now  the  second  arrangenient,* 
Fig.  1  (c),  with  the  sarne  current  in  the  winding  OA 
as  before,  the  currents  in  the  other  two  windings  are 
each  half  that  in  OA,  and  negative.  The  vector  diagram 
for  this  case,  Fig.  1  {d),  gives  the  magnitude  of  the  re- 
sultant iiux  equal  to  1  ■  5  times  that  due  to  the  phase  OA. 
Hence  we  see  that,  with  a  given  exciting  current,  the 
stator  voltage  obtained  in  case  (1)  is  v"3/l-5=  1-15 
times  the  voltage  with  the  second  arrangement ;  or, 
in  other  words,  to  develop  a  given  stator  voltage  the 
first  arrangement — that  of  two  phases  in  series — requires 
less  exciting  cun-ent. 

It  was  thought  desirable  to  verify  these  conclusions, 
and  accordingly  open-circuit  tests- were  made  employing 
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Fig.  2. — Curves  of  magnetization  with  series  and  parallel 
arrangements  of  rotor  windings  :  short-circuit  charac- 
teristic and  sjTichronous  impedance  curve. 

fl)  Magnetization  curve  with  d.c.  excitation  in  rotor,  using  two  windings 
only  in  series. 

(2)  Magnetization  curve,  using  two  windings  in  parallel  and  in  series  with  the 
third. 

(3)  Short-circuit  test  with  d.c.  excitation  in  two  windings  of  the  rotor  in 
series,  and  stator  short-circuited. 

(4)  Synchronous  impedance. 

the  two  methods  of  excitation.  The  results  are  given 
in  Fig.  2.  The  ratio  of  the  exciting  currents  for  a 
given  stator  voltage  varies  from  1-11  to  1-18,  the 
average  value  being  1-15.  Fig.  2  also  shows  the  short- 
circuit  characteristic  and  the  variation  of  the  syn- 
chronous impedance  with  excitation. 

Heating  of  Rotor  Winding. 

Considering  next  the  copper  losses  in  the  windings 
in  the  two  cases  for  a  given  stator  voltage,  we  have  for 
the  copper  losses  in  the  first  case  2rl-,  Mhere  /  is  the 
exciting  current,  and  in  the  second  case 

[r  +  (r/2)]  [(V3/l-5)i]2  =  (3/2)  X  (3/2-25)»-/2  =  irl"- 

•  -A.  delta  arrangement  of  rotor  windings  is  exactly  identical  with 
this  second  arrangement,  both  as  regards  voltage  developed  by  the 
stator  and  heating;  tliis  answers  the  question  raised  by  Mr.  A.  M. 
Taylor  in  the  Electrician,   1921,  \ol.  86,-  p.  386.  • 


Thus  the  total  copper  losses  are  the  same  in  the  two 
cases,  but  their  distribution  is  different.  In  order  to 
study  the  effect  of  this  difference  of  distribution,  tests 
were  made  using  an  excitation  of  55  amperes  in  the 
first  case  and  65  amperes  in  the  second  case,  these 
being  the  currents  required  to  generate  the  same  voltage 
in  the  stator.  The  machine  was  in  each  case  run  for 
seven  hours  continuously,  and  the  temperature-rises 
were  obtained  by  the  increase-of-resistance  method. 
The  curves  of  temperature-rise  are  given  in  Fig.  3. 
These  show  that  the  plain  series  arrangement  is  the 
better  of  the  two,  as  in  the  second  arrangement  the 
wmding  carrjong  the  full  current  reaches  a  higher 
temperature  than  that  of  the  series-connected  coils  of 
the  first  arrangement. 

Overload  Capacity. 

The  following  procedure  was  adopted  for  the  purpose 
of  determining  the  overload  capacity  at  various  excita- 
tions. The  rotor  excitation  being  maintained  con- 
stant, the  motor  load  was  increased  by  a  series  of  steps. 
At  each  value  of  the  load  the  motor  was  allowed  to  run 


3  4  5 

Tiiae,  in  hours 

Fig.  3. — Curves    of   temperature-rise. 

Curve  (a). — Temperature-rise  of  coil  3. 

„     (*)■ —  „  „      coils  1  and  2. 

„      (c). —  „  „       coils  5  and  6. 

,,      (i). —  „       coil  4. 

for  some  time  in  older  to  make  sure  that  it  would 
carry  the  load  continuously  wthout  dropping  out  of 
step.  Readings  were  taken  of  input,  output,  voltages 
and  currents.  The  load  was  increased  by  smaU  amounts 
at  a  time,  until  the  motor  dropped  out  of  step.  This 
gave  the  overload  capacity  for  the  particular  excitation 
used  ;  each  value  so  obtained  was  verified  by  repeating 
the  set  of  readings.  The  test  was  carried  out  for  a 
number  of  different  excitations  up  to  an  excitation  of 
65  amperes,  corresponding  to  about  55  per  cent  overload 
on  the  rotor  w'ndings.  The  results  obtained  are  shown 
in  cur\-e  2  of  Fig.  4  ;  the  theoretical  curve  1  gives 
the  calculated  overload  capacity  corresponding  to 
\'arious  excitations,  and  was  obtained  from  the  circle 
diagram  for  the  machine  considered  as  a  sjTichronous 
motor.  The  overload  capacity  increases  with  the 
excitation    very   nearly   according   to   the   straight-line 
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law,  just  as  in  the  case  of  a  synchronous  motor  of 
ordinary  design.  The  curve  bends  downwards  at  high 
excitations,  o\\ing  to  the  saturation  of  the  core.     The 
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Fig.  4. — PulUng-in   and   overload   capacity   of   synchronous 
induction  motor. 

true  S5Tichronous  motor  has  a  large  overload  capacity 
because  of  the  large  ratio  of  field  ampere-turns  to 
armature    ampere-turns,    or,    in    other    words,    because 
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Fig.  5. — Relation  between  stator  current  and  load  at  various 
excitations. 

of  the  relatively  long  air-gap.  The  demagnetizing 
effect  of  the  armature  current  is  relatively  small.  In 
the  induction  motor,  on  the  other  hand,  the  air-gap  is 
small  and  the  demagnetizing  effect  consequently  great. 


Hence  the  induction  motor,  when  used  sjoichronously, 
is  very  sensitive  at  lagging  power  factor  and  becomes 
unstable  ;  but,  when  running  with  a  leading  current, 
the  magnetizing  effect  of  the  stator  ampere-turns  renders 
its  operation  stable.  In  the  particular  machine  expeii- 
mented  on,  the  maximum  load  under  synchronous 
operation  is  9-0  b.h.p.  with  an  excitation  of  55  amperes, 
which  is  within  the  safe  temperature  limit.  \Mien 
operated  synchronously  with  the  maximum  safe  exciting 
current  the  machine  has  therefore  an  overload  capacity 
of  20  per  cent. 

It  may  be  worth  while  to  note  here  the  fact  that 
a  synchronous  motor  of  the  ordinary'  type  will  admit 
of  a  large  variation  in  its  excitation  at  all  loads.  An 
induction  motor,  however,  is  rendered  unstable  by"a 
relatively  small  decrease  in  its  excitation.     A  peculiarity 
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Fig.  6. — Power  factor  and  efficiency  curves. 

exhibited  by  the  V-curves  of  the  induction  motor  used 
synchronously  is  that  the  curve  joining  the  points  of 
minimum  armature  currents  bends  to  the  right,  whereas 
in  the  synchronous  motor  the  gradual  shifting  of  the 
point  of  minimum  current  is  first  towards  lower  and 
then  towards  higher  values  of  the  excitation. 

PuLLixG-iN  Capacity. 
The  next  set  of  tests  consisted  in  determining  the 
pulling-in  capacity  at  the  moment  of  sj-nchronizing, 
that  is,  in  determinmg  the  power  corresponding  to  the 
torque  exerted  by  the  motor  at  the  moment  of  passing 
into  synchronism.  In  carr5dng  out  these  tests  the 
motor  was  started  as  an  induction  motor  and  the  rotor 
resistances  were  gradually  short-circuited.  The  motor 
was  then  loaded  by  means  of  the  d.c.  generator  coupled 
to  it.  The  d.c.  excitation,  which  had  previously  been 
adjusted  to  a  definite  value,  was  applied  as  soon  as  the 
starting  resistances  were  cut  out.  It  was  observed 
whether  the  motor  pulled  into  synchronism  or  not. 
The  tests  were  carried  out  with  different  \-alues  of  the 
load,  and  the  exact  amount  of  excitation  required  to 
synchronize  was  determined  for  each  load.  The  results 
are  shown  in  curve  3  of  Fig.  4.     It  was  not  possible  to 
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determine  the  pulling-in  capacity  for  loads  above 
4-3  b.h.p.,  as  the  excitation  required  was  beyond  the 
safe  temperature  limit  of  the  windjngs. 

Stator  Current  and  Power  Factor. 

In  Fig.  5  are  plotted  curves  showing  the  connection 
between  the  stator  current  and  the  output  of  the  motor 
for  various  degrees  of  excitation,  and  for  comparison 
the  curve  of  the  stator  current  corresponding  to  induc- 
tion operation  is  also  shown.  It  will  be  noticed  that 
when  used  as  a  synchronous  motor  the  machine  is  very 
sensitive  to  changes  of  excitation,  the  stator  current 
varying  between  extremely  wide  limits  as  the  excitation 
is  changed.  In  this  respect  the  motor  differs  from  the 
ordinary  type  of  synchronous  machine,  the  excitation 
of  which  may  be  varied  considerably  without  pro- 
ducing correspondingly  large  changes  in  the  armature 
current. 

In  Fig.  6  are  plotted  the  curves  of  power  factor  and 
efficiency.  From  these  it  wiU  be  seen  that  the  point 
of  maximum  power  factor  shifts  rapidly  to  the  right. 


I  30 

zo 


0 


.4 

^ 

^ga. 

■-^ 

50  amperes         j 
/          !^,60dmperes 

!==^ 

,/ 

¥/ 

y^ 

H 

1/ 

V 

1 


lu 


4  S  6 

Output,  in.  b-h.p. 

Fig.   7. — Relation  between  output  and  efficiency  at  various 
excitations. 

the  ends  of  the  curves  being  the  points  at  which  the 
motor  breaks  from  synchronism. 

In  Fig.  6  are  also  given  two  efficiency  curves.  One 
of  these  refers  to  the  efficiency  of  the  machine  as  a 
plain  induction  motor,  while  the  other  gives  its  efficiency 
as  a  synchronous  motor  when  the  exciting  current  is 
adjusted  to  give  a  power  factor  of  unity  at  each  load. 

From  these  efficiency  curves  it  will  be  seen  that 
between  about  20  per  cent  and  70  per  cent  of  full  load, 
the  efficiency  of  the  machine  used  as  a  synchronous 
motor  is  higher  than  its  efficiency  as  an  induction 
motor,  provided  that  the  most  suitable  excitation  is 
used  for  each  load  ;  above  70  per  cent  load  the  opposite 
holds  good,  due  to  the  increased  rotor  excitation 
losses. 

Fig.  7  gives  the  efficiency  curves  corresponding  to 
various  constant  values  of  the  excitation. 

The  experimental  results  from  which  the  various 
curves  were  plotted  are  given  in  the  Appendix. 

The  authors  are  greatly  indebted  to  Professor  Alfred 
Hay  for  suggesting  the  work  to  them,  for  his  kindly 
advice  and  criticism,  and  for  revising  the  paper. 


APPENDIX. 

Table   1.* 

Synchronous  Operation. 

Excitation  5  amperes,   100  volts. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kW 

0-65 

b.h.p. 

0-37 

per  cent 

43-3 

0-34 

amps. 

10-2 

0-76 

0-47 

46-2 

0-38 

10-8 

0-83 

0-53 

48-5 

0-39 

11-5 

0-89 

0-60 

50-7 

0-40 

12-1 

0-99 

0-71 

53-5 

0-39 

14-0 

Table  2. 
Synchronous  Operation. 
Excitation   10  amperes. 


Input 

Output 

Efficiency 

Power  factor 

stator  current 

kW 

0-76 

b.h.p. 

0-41 

per  cent 

41 

0-60 

amps. 

6-3 

0-81 

0-51 

46 

0-61 

6-7 

0-86 

0-56 

49 

0-62 

71 

0-93 

0-61 

49 

0-65 

7-4 

1-03 

0-68 

50 

0-69 

7-8 

1-10 

0-76 

51 

0G9 

8-4 

1-24 

0-85 

52 

0-70 

9-4 

1-37 

0-97 

53 

0-70 

10-5 

1-49 

I-OO 

52 

0-71 

11-3 

1-77 

1-25 

53 

0-59 

16-4 

T.\BLE    3. 

Synchronous  Operation. 
Excitation   15  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kW 

0-76 

b.h.p. 

0-43 

per  cent 

420 

0-82 

amps. 

4-3 

0-86 

0-55 

47-5 

0-90 

4-5 

1-02 

0-67 

49-3 

0-91 

6-5 

1-29 

0-81 

47-5 

0-97 

6-8 

1-78 

1-47 

620 

0-94 

100 

1-88 

1-72 

68-6 

0-91 

11-0 

2-23 

1-97 

66-5 

0-89 

13-5 

2-51 

2-19 

65-4 

0-83 

16-5 

2-59 

2-25 

65-3 

0-76 

18-5 

The  final  reading  in  each  table  is  the  pull-out  point. 
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Table  4. 
Synchronous  Operation. 
Excitation  20  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

k\V 

b.h.p. 

per  cent 

amps. 

0-71 

0-44 

46-6 

0-58 

50 

1-14 

0-85 

56-1 

0-80 

6-8 

l-oO 

1-20 

60-0 

0-89 

8-5 

2-08 

1-95 

70-2 

1-00 

10-9 

2-38 

2-31 

72-6 

0-98 

130 

2-69 

2-69 

750 

0-87 

16-5 

Table  5. 
Synchronous  Operation. 
Excitation  30  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kVV 

b.h.p. 

per  cent 

amps. 

101 

0-64 

47-5 

0-32 

130 

1-29 

0-96 

55-8 

0-44 

13-2 

1-93 

1-78 

69-5 

0-67 

140 

2-51 

2-41 

72-1 

0-84 

15-2 

3-25 

3-35 

77-2 

0-98 

17-4 

4-06 

4-33 

80-0 

0-99 

22-0 

4-47 

4-64 

78-0 

0-83 

29-0 

Table  6. 
Synchronous  Operation. 
Excitation  40  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  ciu-rent 

kW 

116 

b.h.p. 
0-.54 

per  cent 

34-4 

0-21 

amps. 

210 

2-91 

2-36 

610 

0-66 

21-9 

3-65 

313 

64-4 

0-78 

240 

4-31 

3-80 

66-1 

0-87 

25-9 

4-51 

4-65 

77-3 

0-91 

26-3 

5-23 

5-36 

76-8 

0-96 

290 

6-50 

6-35 

73-3 

0-99 

35-5 

Table  7. 
Synchronous  Operation. 
Excitation  50  amperes. 


Input 

Output 

Efficiency 

Power  factor 

stator  current 

kW 

1-21 

b.h.p. 

0-43 

per  cent 

26-4 

0-15 

arops. 

27-3 

1-87 

1-19 

47-5 

0-28 

28-5 

2-48 

1-76 

53-2 

0-40 

28-6 

2-95 

2-45 

02-4 

0-48 

29-4 

3-62 

3-20 

66-3 

0-60 

30-4 

4-18 

3-75 

67-2 

0-68 

31-2 

513 

4-85 

710 

0-80 

33-4 

0-20 

5-80 

70-1 

0-89 

370 

7-70 

7-27 

70-8 

0-99 

420 

8-50 

8-18 

72-0 

0-95 

48-5 

Table  8. 
Synchronous  Operation. 
Excitation  60  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kW 

1-36 

b.h.p. 

0-43 

percent 

23-5 

0-13 

amps. 

350 

1-87 

105 

42-2 

0-20 

360 

2-48 

1-60 

48-4 

0-29 

370 

302 

205 

510 

0-38 

370 

4-23 

3-41 

60-5 

0-56 

37-5 

5-07 

4-41 

65-3 

0-68' 

38-3 

6-70 

6-09 

68-2 

0-86 

40-8 

910 

8-80 

710 

0-99 

49-5 

9-80 

9-56 

73- 1. 

0-97 

550 

Table  9. 
Synchronous  Operation. 
Excitation  65  amperes. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kW 
1-46 

b.h.p. 

0-43 

per  cent 

21-9 

0-11 

amps. 
410 

3-81 

307 

60-5 

0-43 

420 

5-33 

4-75 

67-0 

0-61 

440 

6-65 

619 

69-3 

0-75 

460 

7-77 

7-28 

70-3 

0-86 

48-0 

8-55 

8-00 

70-4 

0-93 

490 

10 -.30 

10-15 

74-0 

1-00 

56-0 

T.\ble  10. 
Asynchronous  Operation. 


Input 

Output 

Efficiency 

Power  factor 

Stator  current 

kW 

b.h.p. 

per  cent 

amps. 

0-60 

0-40 

49-7 

0-25 

140 

0-96 

0-80 

62-8 

0-38 

14-5 

1-31 

115 

65-7 

0-50 

15-3 

1-96 

1-79 

68-2 

0-65 

17-5 

2-52 

2-43 

72-2 

0-73 

200 

3-22 

3-24 

75-4 

0-82 

22-7 

3-77 

3-80 

76-0 

0-85 

25-7 

4-63 

4-72 

76-5 

0-88 

300 

5-54 

5-87 

77-7 

0-90 

35-5 

6-44 

6-68 

77-9 

0-92 

40-3 

7-00 

7-24 

77-6 

0-92 

44  0 

7-30 

8-08 

830 

0-92 

460 

8-20 

8-57 

78-5 

0-91 

52  0 

9-40 

9-27 

740 

0-91 

600 

800 
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695th  ORDINARY  MEETING,  22  FEBRUARY,  1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O  .B.E.,  President,  took  the  chair  at  6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  15th 
February,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

The  first  part  of  the  meeting  was  taken  up  by  a  lecture 
by  Dr.  H.  W.  Nichols  entitled  "  Transoceanic  Wireless 
Telephony  "  (see  page  812),  which  was  foUowed  by  a 
discussion  (see  page  820). 

Mr.  B.  Welboum  then  exhibited  two  cinematograph 
fihns  illustrating  "  The  Electrification  of  the  Chicago, 
Milwaukee  and  St.  Paul  Raihoad  Company,"  in  con- 
nection with  which  he  made  the  following  remarks  : — ■ 

"  The  Chicago,  Milwaukee  and  St.  Paul  RaLI:oad  is 
the  first  trans-continental  line  in  the  United  States  of 
America  to  make  a  commencement  with  main-line 
electrification.  They  have  done  a  great  pioneer  work 
in  electrifying  their  Une  at  3  000  volts  (d.c),  having 
behind  them,  so  far  as  I  know,  only  the  experience  gained 
on  the  Butte,  Anaconda  and  Pacific  line,  which  operates 
at  2  400  volts  and  is  now  worked  in  close  co-operation 
with  the  Milwaukee  system.  The  fihns  show  that  the 
power  is  derived  from  hydro-electric  stations,  although 
the  stations  themselves  are  not  shown,  and  is  transmitted 
along  a  single-circuit  100  000-volt  three-phase  Une, 
which  runs  parallel  with  the  track  for  the  whole  distance. 
The  length  of  route  electrified  is  approximately  650 
miles  ;  it  is  mainly  single  line,  with  turnouts  and  sidings, 
the  total  single-track  equivalent  being  about  850  miles. 
The  electrified  portion  runs  from  Tacoma  on  the  west 
coast  right  up  into  the  mountains  for  about  200  miles, 
and  then  there  is  a  break  in  the  neighbourhood  of 
Spokane.  East  of  this,  the  electric  system  again  begins 
and  is  continued  for  over  400  miles.  The  supply  for 
this  system  comes  chiefly  from  the  Montana  Power 
Company  and  I  think  it  wiU  be  of  great  interest  to  supply 
engineers  in  this  country  to  know  that  the  railway 
company  has  not  felt  it  necessary  to  provide  its  own 
power  station,  but  has  been  content  to  rely  on  the  public 
supply.  The  100  000-volt  lines  are  tapped  into  sub- 
stations placed,  on  the  average,  about  32  miles  apart, 
and  the  substations,  in  the  aggregate,  contain  nearly 
90  000  kVA  of  transformer  plant.  The  equipment  of 
each  substation  consists  of  two  or  more  3  000-volt 
(d.c.)  sets,  consisting  ot  a  synchronous  motor  to  which 
are    coupled    two     1  500-volt    (d.c.)    generators.     The 


catenary'  equipment  is  very  simple,  consisting  of  a  steel 
messenger  wire  from  which  are  supported  two  contact 
or  trolly  wires,  side  by  side.  It  will  also  be  seen  from 
the  films  that  the  construction  is  of  the  simplest  possible 
character,  presumably  owing  to  financial  considerations. 
The  poles  are  of  uncreosoted  wood  throughout  and 
have,  I  believe,  been  cut  from  the  forests  through  which 
the  system  runs.  On  them  a  number  of  wires  will  be 
seen.  At  the  top  is  the  negative  feeder.  There  are  also 
4  400-volt  (a.c.)  signal  wires,  telephone  circuits,  load- 
control  wires,  and  the  3  000-volt  (d.c.)  feeders.  The 
automatic  signalling  arrangements  are  fed  by  the  4  400- 
volt  (a.c.)  wires  to  ivhich  I  have  referred.  At  the 
signalling  points  this  pressure  is  transformed  down  first 
to  110  volts  at  the  pole,  and  then  to  23  volts  at  the 
lamp  terminals.  The  track  itself  is  exceedingly 
interesting  to  all  permanent- way  and  civil  engineers. 
The  films  show  that  at  one  point  the  train  has  to  climb 
a  2  ■  2  per  cent  gradient.  This  is  the  steepest  part  of 
the  line,  but  there  is,  m  addition,  a  21  mile  stretch  at 
a  gradient  of  1  •  7  per  cent.  The  maximum  height  to 
which  the  railway  climbs  at  any  point  is  6  000  feet. 
The  track  itself  is  good,  and  is  ballasted  throughout 
very  much  in  the  same  way  as  the  lines  in  this  country, 
so  that  the  dust  is  kept  down  to  a  minimum.  A  great 
deal  of  the  interest  of  the  line  is  centred  in  the  loco- 
motives, of  which  there  are  two  types,  both  arranged 
for  regenerative  control.  There  is  a  gearless  type 
weighing  260  tons  and  having  a  continuous  rating  of 
3  200  h.p.,  and  a  quill  type  weighing  284  tons  and  having 
a  rating  of  3  400  h.p.  These  locomotives,  both  of  which 
are  shown  in  the  films,  are  fitted  with  pantagraph 
collectors,  and  the  current  collection  is  excellent.  The 
action  of  the  pantagraph  when  passing  over  the  wires 
at  a  junction  is  particularly  interesting,  and  I  shall 
arrange  for  the  film  to  be  slowed  down  at  that  point 
to  enable  the  action  to  be  more  readily  followed.  These 
films  are,  I  tliink,  of  interest  to  every  kind  of  engineer, 
but  of  particular  interest  to  young  engineers  who  are 
intending  to  go  abroad  to  earn  their  living,  as  they 
will  help  them  to  visualize  the  sort  of  conditions  they 
will  meet  with  in  other  countries." 

On  the  motion  of  the  President,  a  vote  of  thanks 
to  Dr.  Nichols  and  Mr.  Welbourn  was  carried  with 
acclamation,  and  the  meeting  terminated  at  8  p.m. 


696th  ORDINARY  MEETING,  1  MARCH,  1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinarj'  Meeting  of  the  22nd 
February,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 


A  list  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

A  paper  by  Mr.  S.  W.  Melsom,  Associate  Member, 
and  Mr.    E.   Fawssett,   Member,   entitled   "  Permissible 


PROCEEDINGS   OF   THE    INSTITUTJON. 


801 


Current  Loading  of  British  Standard  Impregnated 
Paper-Insulated  Electric  Cables  "  (see  page  517),  being 
the  Second  Report  of  the  British  Electrical  and  Allied 


Industries  Research  Association  on  the  Research  on 
the  Heating  of  Buried  Cables,  was  read  and  discussed, 
and  the  meeting  terminated  at  7.50  p.m. 


28th  WIRELESS  SECTIONAL  MEETING,   7  MARCH,   1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Professor  G.  W.  O.  Howe,  D.Sc,  Chairman  of  the 
Section,  took  the  chair  at  6  p.m. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  7th  February,  1923,  were  taken  as  read  and 
were  confirmed  and  signed. 


A  paper  by  Mr.  H.  Morris-Airey,  C.B.E.,  Member, 
entitled  "  Development  of  High-power  Valves,"  was 
read  and  discussed,  and  the  meeting  terminated  at 
7.45  p.m. 


697th    ORDINARY    MEETING     (JOINT     MEETING    WITH     THE     ROYAL    INSTITUTE    OF    BRITISH 

ARCHITECTS),   15  MARCH,    1923. 


(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  1st 
March,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

Messrs.  H.  M.  Bayers  and  G.  W.  Page  were  appointed 
scrutineers  of  the  ballot  for  the  election  and  transfer  of 
members  and,  at  the  end  of  the  meeting,  the  result  of 
the  ballot  was  declared  as  follows  : — 


Elections. 

Members. 

Pickles,  Verney. 


Dickson,  Joseph. 


A  ssociate 
Allbright,  William  James. 
Conway,  John,  B.Sc. 
Gregory,  Harrv  John,  B.Sc. 

(Eng.). 
Harris,  Percival  Frank. 
Hender.son,  Augustine 

Stuart. 


Members. 

Khambati,        Natvarlal 

Ranehhodlal. 
Little,  William  Robert. 
Stuart,  George  Cassie  I. 
Sutthery,  Colin  Pellatt. 
Whittaker,    Harry,    B.Sc. 

(Eng.). 


Graduates. 


Burdett,  Edward  Priestley. 
Comerton,  James  Edward. 
Davidson,  Harold  Stuart. 
Fades,  John  Henry. 
Fitzpatrick,  Edward 

Joseph. 
Gibbons,  William  John. 
James,  Hubert  Renshaw. 
Knight,  Harry  Stanley  Y. 
Macarthur,     Neil     Brown, 

B.Sc. 


Miller,  David  McRoberts. 
Piatt,  George  Augustus. 
Read,  Alfred  Howard. 
Skinner,  Edward. 
Stead,  Charles  Cecil. 
Ward,  Walter. 
Whaley,  Ralph  Stanley. 
White,  William  George. 
Wind,  Hubert. 


Students. 

Arnott,  James  Monkman.  Bearman,     Cyril     Wallace 

Bagiiley,  Eric.  G. 

Baldwin,  Roy.  Bourn,  Ralph. 

Bayliss,  Gordon  Houston.  Bourn,  Wallis. 


Students — continued. 


Bower,  Charles  William. 

Brandon,  George  Douglas. 

Bregazzi,  Percy. 

Briggs,  Reginald  McCray. 

Brunker,  Edward  George. 

Cater,  Charles  Osborne. 

Child,  Thomas  William. 

Church,  Geoffrey  Theodore. 

Clark,  Percy  Denby. 

Collecott,  Francis  Robert. 

Curphey,  George  Alfred. 

Daniel,  Robert  Richard. 

David,  Ronald  Paul. 

de  Alwis,  Dion^-sius  Regi- 
nald C. 

Dean,  Harry  Pitt,  B.Sc. 
(Eng.). 

Dickerson,  Leslie  Hugh. 

Dickinson,  David  W'alter  L. 

Edwards,  Alec  Felix. 

Emery,  Edward. 

Emery,  Wilfred  Daniel. 

Epps,  Herbert  Fletcher. 

Frost,  J.  Leslie. 

Gainsford,  Guy  Bernard.     , 

Garland,  Thomas  Aloysius. 

Gillespie,  Colin  Arthur. 

Griffin,  Raymond  Walter. 

Hague,  Charles  Kenneth  F. 

Hale,  Thomas  Charles. 

Hands,  Howard  Frederic, 
B.Sc.   (Eng.). 

Harding,  Thomas  Victor. 

Hegazy,  Hamed  Mahmoud. 

Holroyd,  Brian' Newton. 

Howson,  Frank. 

Jones,  Ivor  Idris. 

Lake,  Vernon  Sheridan. 

Lee,  Williamson. 

Lieberg,  Owen  Stanley. 


Lister,  Clement  Marsliall. 

McAinsh,  Neville  James. 

McCormick,   Joseph  Deer- 
ing. 

Macfarlane,  John  Anthony 
R. 

Mackay,  Alexander. 

Malcomson,    John    Ran- 
some. 

Mathews,  Henrj-  Mends. 

Matthews,  Richard  Cyril. 

Middleton,  Basil  Norman. 

Middleton,  Hilton. 

Morgan,  William  Reginald. 

Morris,  Quinton. 

Palmer,  Archie  Emerson. 

Paton,  Allan  Park. 

Paul,  Cedric  Stewart  T. 

Pegg,  Reginald  Noel. 

Pickerill,  Albert. 

Pollard,     Archibald    Hay- 
ward. 

Pollard,  John  Amyas  G. 

Purdon,  Edmund  Rodney. 

Rayner,  Frederick  John. 

Reading,  John. 

Roche,  Alleman  Holly. 

Rose,  William  Charles. 

Sanyal,  Dwijendra  Nath. 

Scott,  William. 

Shelley,  Arthur  Herbert. 

Singh,  Sidhu  Balbir. 

Subramanian,  Krishna 

A>-yar. 

Subramanian,     Mrityun- 
jaya. 

Sutcliffc,  John  Roy. 

Thomas,  Alfred  Joseph. 

Thompson,  Arthur  Frank. 

Tweedie,  Patrick  Graeme. 
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Students — continu  ed . 


Tyacke,  Nicholas  Arthur. 
^^'alke^,  Gerald  Nicholson. 
Walker,  William    Kennedy 


Watt,  Andrew. 
Westlake,  Albert  Edward. 
White,  Edwin  James. 
^^'hittle,  George  Edwin. 


Associates. 
Jameson,  Charles  Godfrej-.       Ward,  Basil  Kendall. 

Transfers. 
Associate  Metnber  to  Member. 


Davies,  Albert  William. 
Gregorj-,  Richard  Walter. 
Hann,  Colin  Stuart. 
Jack,  Hugh,  B.Sc. 
Jacques,  Gerald,  Major. 
Owen,  Alexander  Cay. 


Robinson,  Percival  James. 

Shephard,  Thomas  Fred- 
rick G. 

Thomson,  James  Alexan- 
der V. 

Ward,  Francis  Morlev. 


Associate  to  Member. 
Cable,  Matthew. 

Graduate  to  Associate  Member. 

Gamer,  Richard  Hough.  Leishman,     George    Alex- 

ander B.,  Major,  M.C. 


Student  to  Associate  Member. 


Hoseason,  Donald  Bright. 

Lawrence,     Frederick 
Charles,  M.C,  B.Sc. 

Pocock,     Geoffrey     Craw- 
ford. 


Croft,  Edward  Hugh. 
Fimberg,  Leopold  Bernard. 
FitzGerald,  Alan  Stewart. 
Giller,  William  Leslie. 
Grainger,    Ernest    James, 
B.Sc.(Eng.). 

Associate  to  Associate  Member. 

Bullock,  Harold  John. 

Student  to  Graduate. 


'    Boyland,  Harold  John. 
Coles,  Carl  Featherstone. 
Dickson,  Robert  Thompson. 
Johnson,  Rowland  Alfred. 
Xewburn,  Edgar  Allan. 


Robson,  Charles  William. 
Sharp,  Harry  Steven  N. 
Turrell,  Francis  Henry. 
^^■almsley,  Thomas. 


.\  discussion  took  place  on  "  Co-operation  betvveen 
the  Architect  and  the  Electrical  Engineer  "  (see  page  736), 
with  introductor\'  papers  by  Mr.  Francis  Hooper, 
F.R.I.B.A.  (see  page  726),  and  Mr.  J.  W.  Beauchamp, 
Member  (seepage  728),  and  the  discussion  was  adjourned 
to  the  OrdLnarj-  ileeting  to  be  held  on  the  22nd  March, 
1923. 

The  meeting  terminated  at  7.38  p.m. 


698th    ordinary    MEETING    (JOINT    MEETING     WITH     THE     ROYAL    INSTITUTE    OF     BRITISH 

ARCHITECTS),    22    MARCH,     1923. 

(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  15th 
March,  1923,  were  taken  as  read  and  were  confirmed  and 
signed. 


The  discussion  on  the  papers  by  !Mr.  Francis  Hooper, 
F.R.I.B.A.,  and  Mr.  J.  W.  Beauchamp,  Member, 
entitled  "  Co-operation  between  the  Architect  and  the 
Electrical  Engineer"  (see  pages  726  and  728),  was 
continued,  and  the  meeting  terminated  at  7.53  p.m. 


29th    MEETING    OF   THE   WIRELESS    SECTION,    II    APRIL,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Professor  G.  W.  O.  Howe,  D.Sc,  Chairman  of 
the  Section,  took  the  chair  at  6  p.m. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  7th  !March,  1923,  were  taken  as  read  and 
were  confirmed  and  signed. 


A  paper  by  Dr.  N.  W.  ^IcLachlan,  Member,  entitled 
"  The  Application  of  a  Revolving  Magnetic  Drum 
to  Electric  Relays,  Siphon  Recorders  and  Radio 
Transmitting  Keys,"  was  read  and  discussed,  and  the 
meeting  terminated  at  7.50  p.m. 


CHANDLER:   DIRECTIONAL  WIRELESS   TELEGRAPHY   IN   AIRCRAFT. 
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DIRECTIONAL    WIRELESS    TELEGRAPHY    IN    AIRCRAFT.* 

By  C.   K.   Chandler,  M.B.E.,  Associate  Member. 

{Paper  first  received  23(rf  October,    1922,   and  in  final  form   29th  January,   1923.) 


Summary. 

The  paper  deals  with  the  operation  of  directional  wireless 
telegraphy  in  aircraft  where  the  directional  aerials  are 
installed  in  the  aircraft. 

The  main  difficulty  in  this  work  is  to  deal  with  the  errors 
which  arise.  Cur\'es  are  given  showing  the  errors  obtained, 
and  formula  are  developed  showing.the  factors  on  which  the 
errors  depend.  Methods  of  predicting  and  correcting  the 
errors  are  given. 

Curves  of  variation'^in  bearings  of  transmitting  stations 
are  given  and  discussed.  A  possible  cause  of  these  variations 
is  given. 


The    Need    of    Directional    Wireless    Navigation 
FOR  Aircraft. 

The  question  of  air  navigation  differs  from  navigation 
on  the  sea  in  that  it  deals  with  (1)  higher  speeds, 
(2)  unknown  air  currents,  which  affect  the  aircraft 
more  than  the  sea  craft,  (3)  difficulty  in  obtaining 
accurate  fixes  when  using  the  sextant,  due  to  the 
variable  movement  of  the  machine,  and  (4)  large  compass 
errors  which  may  develop  due  to  vibration  and  swinging 
of  the  aircraft,  these  being  much  greater  than  in  the 
case  of  surface  craft. 

Further,  at  night  or  in  fog  the  navigator  of  an  air- 
craft is  at  a  loss  since  he  has  only  an  approximate  idea 
of  the  air  currents  through  which  he  passes.  Due  to 
the  high  speed  and  consequent  distance  travelled  these 
may  vary  considerably  during  a  journey.  Unable  to 
take  sights  or  observe  his  drift  the  pilot  may  get  hope- 
lessly lost. 

For  these  reasons  air  navigation,  using  directional 
wireless  bearings  to  give  position  lines,  has  been 
developed,  since  this  is  independent  of  the  weather 
and  the  time  of  day. 

Methods  in  Use. 

Three  methods  of  using  directional  wireless  are 
available,  and  are  given  below. 

(1)  The  machine  transmits  a  message  which  is  picked 
up  by  two  ground  wireless  stations,  equipped  with 
directional  wireless  apparatus.  These  stations  each 
take  bearings  and  plot  them  on  a  chart,  the  intersection 
of  the  position  lines  giving  the  position  of  the  aircraft. 
The  position  is  then  signalled  to  the  aircraft.  This 
method  suffers  from  the  disadvantage  that  in  time  of 

*  The  Papers  Committee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  ap]inivo(l  bv  the  Com- 
iDittce)  on  papers  ]nil)lished  in  the  Jmirnal  witlunit "  bpiiig  read 
at  a  mcetinf;.  Coinniunications  should  rearli  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  whicli  tliey  relate. 


war  it  discloses  the  position  of  the  aircraft  to  enemy 
stations. 

(2)  Directional  wireless  apparatus  in  aircraft,  with 
which  bearings  are  taken  on  any  known  transmitting 
station.  These  bearings  are  plotted  by  the  navigator 
in  the  aircraft,  thereby  fixing  his  position. 

(3)  Directional  transmission  wliere  a  directional 
wireless  station  is  arranged  to  transmit  a  "  beam  "  in 
one  direction  only.  This  beam  is  arranged  to  sweep 
round,  so  that  the  wireless  operator  in  the  aircraft 
can  hear  a  signal  only  when  the  beam  is  in  his  direction. 
A  signal  is  also  sent  out  when  the  beam  is  pointing  in, 
say,  a  northerly  direction  ;  thus  the  operator  can 
take  the  interval  of  time  between  the  first  signal  and 
the  instant  when  the  beam  reaches  him,  and,  knowing 
the  speed  of  rotation  of  the  beam,  he  can  get  his  bearing 
from  the  transmitting  station.  This  method  suffers 
from  the  disadvantage  that  a  large  number  of  stations  _ 
would  be  necessary  to  cover  a  given  area,  since  the 
transmitting  efficiency  is  not  great. 

It  is  proposed  here  to  describe  the  directional  wireless 
receiving  apparatus  in  aircraft,  giving  an  account  of 
the  factors  which  affect  the  working  of  the  apparatus. 

Directional   Wireless   Apparatus    in    Aircraft. 

The  directional  wireless  aerial  as  used  in  the  Royal 
Air  Force  consists  of  two  coils  at  right  angles  to  one 
another.  The  coils  may  be  mounted  in  the  wings  of 
the  aircraft  or  on  a  framework  inside  the  fuselage. 
This  framework  can  be  rotated  with  respect  to  the 
fore-and-aft  line  of  the  machine. 

When  wing  coils  are  used  the  whole  machine  must 
be  swung  in  the  air  to  obtain  a  bearing.  As  this  luethod 
seriously  affects  the  compass  and  takes  a  machine  off 
its  course,  wing  coils  are  only  used  for  "  hoiuing,"  i.e. 
flying  along  a  radius  towards  a  transmitting  station, 
thus  enabling  an  aircraft  to  return  to  its  base. 

Method  of  operation. — The  two  coils  are  connected 
up  as  shown  in  Fig.  1,  and  the  operation  is  as  follows  : — 
A  signal  is  picked  up  using  both  coils  connected,  i.e. 
with  the  change-over  switch  on  the  right-hand  contacts. 
The  change-over  switch  is  moved  to  the  left  to  include 
the  balance  coil,  which  has  the  same  inductance  as  the 
auxiliary  coil.  This  ensures  the  main  coil  circuit 
remaining  in  tune  with  the  incoming  signal.  The 
directional  wireless  aerial  is  rotated  until  the  loudest 
sound  is  heard  in  the  telephones,  indicating  that  the 
main  coil  is  pointing  approximately  towards  the  trans- 
mitting station.  The  change-over  switch  is  now  moved 
to  the  right-hand  contacts,  thus  including  the  auxiliary 
coil  and  the  reversing  switch.  By  using  the  re\ersing 
switch  the  energy  picked   up  by  the  auxiliary  coil  is 
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caused  to  be  first  added  to  that  in  the  main  coil,  and   :  the  error  tends  to  turn  the  aerial  towards  the  axis  of 

then   to   oppose   it,   thus   giving  a  difference   in   signal   i  the  machine. 

strength   so   long   as   the   auxiliary   coil   is   picking   up   ^        In  the  early  days  of  directional  wireless  in  aircraft 

energ)'.     The  aerial  is  now  turned  until  no  difference  '  it   was   found   to   be   practically   impossible   to   obtain 

^AMAAAAAAAA^ 

Auxiliary  coil 
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coil 


Fig.  1. 


in  signal  strength  is  heard  as  the  reversing  switch  is 
thrown  from  side  to  side.  The  auxiliary  coil  is  then 
at  right  angles  to  the  path  of  the  wave,  and  the  main 


Fig.  2. 

coil  is  pointing  to  the  transmitting  station,  thus  giving 
the  bearing  of  the  station  from  the  aircraft. 

Errors  in  Bearing. 
When  the  directional  wireless  apparatus  is  used  in 
aircraft,   it   is   found   that  the  bearings  thus   obtained 
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Fig.  3. 

are  not  correct.  Further,  if  bearings  are  taken  on  a 
known  transmitting  station  for  different  angles  of 
incidence  of  the  waves  on  to  the  aircraft,  and  the 
corrections  necessary-  to  give  true  bearings  are  plotted 
for  different  angles  of  incidence,  we  get  a  curve  of  the 
form  shown  in  Fig.  2,  having  maximum  values  in  the 
four    quadrants,     i.e.    a    quadrantal    curve    in    which 


correct  bearings  even  when  error  curves  had  been 
plotted  and  the  readings  corrected.  To  investigate 
this  a  machine  was  swung  on  different  days  before 
and  after  flying,  and  the  curves  in  Fig.  3  were  obtained, 
showing  that  the  errors  vary  from  day  to  day.  Further 
curves  were  obtained  using  different  wave-lengths,  with 
the  result  shown  in  Fig.  4. 

An  investigation  was  then  undertaken  to  find  the 
cause  of  these  variations  in  error,  and  if  possible  to 
eliminate  them.  As  a  result  it  was  discovered  that  the 
wireless  waves  passing  the  metal  work  of  the  machine 
set  up  high-frequency  currents  in  the  wires.  Thus 
high-frequency  magnetic  fields  are  produced  which  in 
turn    generate    voltages    in    the    auxiliary   coil.     Then^ 


zooaiis 


Fig.  4. 

when  the' auxiliary  coil  is  really  at  right  angles  to  the 
incoming  w-ave,  it  still  has  a  voltage  produced  in  it 
and  therefore  we  get  a  difference  in  signal  strength  on 
adding  it  to  or  subtracting  it  from  the  main  coil. 

In  order  to  get  no  change  in  signal  strength  the 
aerial  system  has  to  be  turned  round  until  the  energy 
picked  up  bv  the  auxiliary  coil  from  the  wireless  wave 
is  equal  in  amount  and  opposite  in  action  to  the  energy 
due  to  the  mutual  inductance  between  the  auxiliary 
coil  and  the  metal  work.  The  metal  work  of  the 
machine  can  in  the  first  instance  be  regarded  as  a  coil 
of  wire  placed  across  the  aircraft,  since  the  wires  are 
joined  together  and  make  metallic  contact,  and  the  wings 
containing  most  of  the  long  wires  are  across  the  machine. 
The  voltage  generated  in  the  metal  work  will  then 
depend  on  the  angle  of  incidence  of  the  wave,  being  a 
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maximum   when   the  wave  is   incident   at   90"   to   the 
fore-and-aft  line  of  the  macliine. 

Let  the  maximum  R.M.S.  value  of  the  voltage 
generated  in  the  metal  work  be  denoted  by  E„,  then 
the  \-oltage  generated  when  the  wave  is  incident  at  an 
angle  d  from  the  fore-and-aft  line  of  the  machine  is 
given  by 

E  =  E„,iind (1) 


The  current  flowing  in  the  metal  work  is  then  given 


by 


/  = 


E„, 


(2) 


where  Z  is  the  impedance  of  the  metal-work  circuit. 

The  voltage  generated  in  the  auxiliary  coil  by  this 
current  is  obtained  from  the  expression  : — 


En  =  oiMI  =  — ~  sm  I 


(3) 


where  oj   is   277   times   the   frequency   of   the   incoming 
wave ;  and 
M  is  the  coefficient  of  mutual  inductance  between 
the  auxiliary  coil  and  the  metal-work  circuit. 

When  the  direction-finding  aerial  is  turned  until  no 
difference  in  sound  is  heard  on  using  the  reversing 
■switch,  the  angle  made  by  the  main  coil  with  the  axis 
of  the  machine  is  (0  ib  a),  where  a  is  the  additional 
small  angle  through  which  the  auxiliary  coil  has  been 
turned  in  order  to  neutralize  the  mutually  induced 
voltage,  i.e.  a  is  the  quadrantal  error  for  that  particular 
angle  of  incidence. 

The  mutual  inductance  is  a  maximum  when  the 
main  coil  is  pointing  along  the  axis  of  the  machine,  so 
"that  when  the  aerial  system  is  turned  through  an  angle 
[6  ±  a)  the  mutual  inductance  is  given  by 


M  =  M„,a:c.  cos  (d  ±  a) 


(4) 


Now  if  Va  is  the  maximum  voltage  generated  in  the 
:auxiliary  coil  when  pointing  towards  the  transmitting 
station,  then  the  extra  voltage  required  to  overcome 
the  mutually  induced  voltage  is  given  by  V^  sin  a, 
rso  that  we  can  make  the  following  equations  : — 


cuMmax  K  . 

sm  a  =  —  „         cos  (6'  ±  a)  sm  i 


(5) 


ir  =  ^jrV.tan.^-^^^^^^^^sin2.     (6) 

We  must  now  investigate  Z  in  order  to  find  what 
values  of  inductance,  resistance  and  capacity  are 
admissible.  In  the  first  place,  when  the  wave  is  incident 
at  right  angles  to  the  axis  of  the  machine  the  greatest 
difference  of  potential  will  exist  betvveen  the  two  extreme 
ends  of  the  wing  wires.  In  fact  these  bracing  wires 
form  a  number  of  loops  in  series,  in  which  E.M.F.'s 
arc  generated  by  the  incoming  signal  waves.  The 
•ends  of  the  vertical  wires  are  connected  together  by 
the  bracing  wires  inside  the  wings,  so  that  we  have  a 
circuit  in  which  flows  an  ordinary  conductive  current 
in  parallel  with  a  capacity  current  which  charges  the 
'metal  work  of  the  machine. 


Now  consider  the  errors  observed.  It  will  be  seen 
that  when  the  wave  is  incident  at  an  angle  of  45°  the 
error  tends  to  turn  the  aerial  towards  the  axis  of  the 
machine.  The  auxiliary  coil  or  the  aerial  is  now  no 
longer  at  right  angles  to  the  path  of  the  wireless  wave, 
so  that  a  voltage  is  generated  in  it  which  has  the  same 
sense  as  that  generated  in  the  metal  work  of  the 
machine  when  this  is  regarded  as  a  coil  lying  athwart- 
ships.     Thus  the  two  voltages  are  in  phase  and  may 


,V 


IP 


Fig.  5. 


be  represented  as  in  Fig.  5,  where  OE  is  the  voltage 
generated  in  the  metal  work  and  OV  the  voltage 
generated  in  the  auxiliary  coil. 

Now  the  voltage  induced  from  the  metal-work  current 
must  be  opposite  in  phase  to  OV  and  can  be  represented 
by  OP.  The  current  to  generate  this  voltage  must  be 
in  the  phase  position  given  by  OI,  i.e.  it  is  a  lagging 
current.     Thus  the  capacity  current  must  be  small. 


Fig.  6. 

The  impedance  then  is  made  up  of  two  components, 
inductive  reactance  and  resistance,  so  that  (6)  be- 
comes ; — 


tan  a  = 


cxjMmax.K  sin  29 


2f^-s/[B:^  +  ci^L^] 


\a)M^^^Ks\n^6y 


(7) 


The  factor  ojMK  sin  2^/2  is  small  compared  with 
\/{R-  -f  (U-L-],  since  M„,ax.K-  is  very  small.  Thus  (7) 
becomes  : — 


tan  a 


i"M„y,x.K 


2y/[R-+  6u2/>'j 


-—r.  sin  2^ 


(8) 


From  this  expression  it  w-ill  be  seen  that  if  R  is  small 
compared  with  ujL  the  true  quadrantal  error  is  inde- 
pendent of  wave-length  but  depends  on  the  constants 
involved  in  the  construction  of  the  machine,  such  as 
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the  size  and  material  of  the  wing  structures  and  the 
size  of  the  auxihar\'  coil  of  the  directional  wireless 
aerial. 


In  this  case,     tan  a  = 


■i'J  jnar  ■'^ 


2L 


.29 


(9) 


In    expression    (8)    IMK   is    a   constant   for   a    given 
machine  since  it  depends  only  on  constructional  details. 


Fig.  7. 
Fig.  7  [b)  shows  the  analysis  of  the  quadrantal  error  curve,  for  water. 

o)  is  also  a  constant  for  a  given  wave-length,  and  Z  is 
the  only  factor  which  can  vary.  The  impedance  Z  is 
made  up  of  two  components,  self-inductance  and 
resistance  ;  of  these,  the  inductance  should  not  change, 
since  the  metal  work  is  rigidly  fixed  on  the  machine  ; 
thus  it  would  appear  to  be  the  resistance  component 
which  causes  the  variation  in  quadrantal  error. 

The  Handley  Page  machine  under  test  was  overhauled 
to  find  any  possible  places  where  change  of  resistance 


could  take  place,  and  it  was  decided  that  the  most 
likely  place  was  at  the  pin  joints  where  the  bracing 
wires  are  joined  to  the  struts.  These  joints  were  short- 
circuited  by  short  lengths  of  copper  wire  and  the 
machine  was  again  swung  for  quadrantal  error,  with 
the  results  showTi  in  Fig.  6,  which  should  be  compared 
with  Figs.  3  and  4.  It  will  be  seen  that  the  curves 
are  much  more  regular  and  do  not  change  appreciably 
from  day  to  day,  although  there  is  still  a  change  with 
change  of  wave-length.  The  machine  was  flown  in  the 
interval  betvveen  the  taking  of  the  cur\^es  of  Fig.  6. 
When  using  this  "  metallized  "  machine,  bearings  taken 
in  the  air  were  satisfactory. 

The  effect  of  the  bonding  is  to  ensure  that  the  resist- 
ance of  the  metal  work  does  not  change  due  to  the 
vibration  in  flight  causing  variable  electric  contacts 
at  the  pin  joints  and  thus  changing  the  current  paths 
in  the  metal  work. 


Analysis  of  quadrantal  error  curve,  for  land. 


Table  1  gives  values  of  true  quadrantal  error  com- 
ponents for  different  wave-lengths  taken  on  a  "  metal- 
lized "  aircraft. 

Table  1. 


Wave-length 

Quadrantal  component 

5  200 
3  900 

2  700 

5-o° 
5 -So" 
5-2^ 

Effects    of   Metal    Work   ^ctixg    as    ax    Aerial. 

Further,  it  was  found  that  when  an  aircraft  is  swnjng 
on  the  ground  the  capacity  will  be  affected  by  the 
proximity  of  buildings  and  the  height  of  the  aircraft 
above  ground.  This  is  especially  the  case  wth  sea- 
planes and  flying  boats,  due  to  the  sea  being  such  a 
good  conductor. 

The  metal  work  of  the  aircraft  may  be  connected 
to  the  ground  or  water,  or  a  large  capacity  to  earth 
may  exist  when  the  aircraft  is  on  the  ground,  so  that 
the  metal  work  acts  as  a  straight-wire  aerial.  In  this 
case  as  the  aircraft  is  swung  round  the  variation  in 
induced  voltage  is  a  function  of  9  and  not  of  29. 

Fig.  7  (a)  shows  curves  taken  on  land  and  on  the 
water  for  the  same  aircraft  and  on  the  same  station 
(Paris).  An  analysis  of  the  water  curve  Fig.  7  (6) 
shows  a  sin  29  curve  and  a  cos  9  curve  out  of  phase 
with  the  29  cur\e  by  120=.     Thus  the  metal  work  of 
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the  aircraft  is  acting  both  as  a  coil  and  as  an  aerial. 
The  '"  aerial  "  effect  is  due  to  the  very  large  capacity 
to  earth  when  afloat,  this  capacity  being  very  much 
reduced  when  the  aircraft  is  mounted  on  a  trolly  on 
land. 

Fig.  8  shows  the  analysis  of  the  quadrantal  error 
curve  taken  when  the  aircraft  was  on  the  trolly  on  the 
land  and  thus  raised  above  the  water.  It  will  be  noted 
that  the  phase  values  and  amplitudes  of  the  curves  are 
different,  this  being  due  to  the  effect  of  the  pro.ximity 
of  the  sea  water  on  the  receptive  qualities  and  electrical 
capacity  of  the  metal  work  when  the  aircraft  was  afloat. 
Thus  it  will  be  seen  that  the  error  curve  must  be  taken 
with  the  aircraft  raised  from  the  ground  sufficiently  to 
reduce  the  "  aerial  "  efiects  to  the  same  values  as  those 
obtained  in  the  air.  These  curves  can  be  split  up  still 
further  to'  give  fore-and-aft  and  athwartships  com- 
ponents. In  fact,  by  treating  them  like  the  com- 
pass deviation  curves  we  can  get  the  A,  B,  C,  D,  etc., 
components. 

Table  2  gives  the  values  of  the  "  aerial  "  efiects  of 
the  metal  work  split  up  into  two  components  cor- 
responding to  the  B  and  C  components  of  the  compass 
deviation.  These  give  the  sin  6  and  cos  6  components 
of  the  correction  curve  for  difierent  wave-lengths. 

Table  2. 


The  complicated  structure  of  the  metal  work  of  an 
aircraft  gives  many  aerials  in  parallel,  each  aerial 
circuit  having  difierent  constants.  Thus  for  difierent 
wave-lengths  w-e  get  not  only  different  current  values 
in  the  metal  work  but  also  difierent  current  distribu- 
tions. We  cannot  represent  these  varying  current 
distributions  by  splitting  up  the  "  aerial  "  efiects  into 
sin  Q  and  cos  6  components,  since  the  resultant  LS 
value  of  the  aerials  are  fictitious  and  do  not  represent 
the  actual  valufes,  although  the  resultant  effect  shows 
a  regular  change  with  wave-length  [see  Fig.   7   (c)]. 

The  components  shown  in  Table  2  indicate  that  the 
equivalent  aerials  must  have  natural  wave-lengths  of 
the  order  of  3  000  m,  and  that  the  cos  d  component 
has  two  wave-lengths  between  2  700  m  and  5  200  m 
at  which  the  error  is  zero.  This  would  appear  to  be 
impossible  if  an  equivalent  aerial  is  producing  this 
component,  i.e.  the  change  of  the  value  of  the  com- 
ponents with  wave-length  is  erratic. 

The  only  method,  then,  which  can  be  used  to  predict 
the  errors  due  to  this  aerial  effect  for  aircraft  of  a 
particular  type  is  to  swing  one  machine,  analyse  the 
error  curve,  and  assume  that  the  errors  on  any  one 
wave-length  are  constant  for  all  aircraft  of  that  type. 
That  this  is  feasible  is  shown  by  Table  3,  which  gives 
the    components    for    difierent   aircraft    on   the   same 


wave-length,  viz.  2  700  m.  It  will  be  noticed  that 
they  are  practically  identical.  Further,  the  maximum 
values  are  not  large  and  therefore  do  not  affect  the 
resultant  errors  very  considerably. 

Table  3. 


Wave- 
length 

Machioe  1 

Machine  2 

B 

c 

B 

c 

m 

2  700 

—  2-8° 

0-15'' 

-  3-5° 

-  0-5° 

Non-varying  errors. — In  addition  to  the  errors  men- 
tioned above  we  have  a  component  which  does  not 
vary  with  the  angle  of  incidence  of  the  wave.  This 
corresponds  to  the  A  component  of  the  compass  devia- 
tion, and  may  be  due  to  bad  adjustments  in  fixing 
the  directional  wireless  aerials,  scales,  pointers,  etc., 
and  to  the  aerial  acting  as  an  ordinary  vertical  aerial. 
In  that  case  the  component  will  have  the  same  values 
for  any  angle  on  which  bearings  are  taken. 

Table  4  shows  that  the  component  varies  with 
different  transmitting  stations.  An  error  in  taking  the 
bearings  from  the  chart  when  swinging  the  machine  on 
known  stations  will  give  a  non- varying  error  which  varies 
with  the  station  but  not  with  wave-length.  Further, 
any  mutual  induction  or  capacity  which  may  exist 
between  the  main  and  auxiliary  coils  will  cause  an 
"  A  "  component  varj'ing  with  wave-length. 

Another  source  of  this  error  is  the  apparent  move- 
ment of  the  transmitting  station  which  varies  with  the 
time  of  day.  This  is  further  referred  to  later  in  the 
paper. 

Table  4. 


Station 

Component  A 

Poldhu 

Chelmsford 

Paris 

—  2° 

-  0-6^ 
-f  0-8° 

From  the  above  considerations  it  will  be  seen  that 
the  errors  for  a  machine  of  a  given  t^-pe  can  be  pre- 
dicted, except  in  so  far  as  the  non-varying  component 
may  vary  from  machine  to  machine  and  from  station 
to  station.  This  variation  can  be  found  approximately 
by  swinging  the  machine  once  on  a  given  station,  since 
the  variation  from  station  to  station  is  not  very  large 
in  this  part  of  the  world,  although  it  may  be  serious  in 
the  tropics. 

Correction  of  quadrantal  error. — ^VVith  all  these  dis- 
torting effects  the  curves  of  error  are  rarely  pure  curves  ; 
also  the  errors  are  frequently  large  so  that  it  is  easy 
to  make  mistalies  of  one  or  two  degrees  when  taking 
bearings  and  applying  corrections.  It  will  be  of 
advantage,  then,  to  have  sonae  means  of  reducing  the 
errors  to  small  values  as  is  done  in  compass  work. 
This  can  be  accomplished  by  means  of  a  quadrantal 
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error  corrector.  One  form  consists  of  a  coil  capable 
of  picking  up  energy  from  the  incoming  signal  and  so 
arranged  that  a  voltage  which  just  neutralizes  the 
voltage  induced  by  the  currents  in  the  metal  work  is 
induced   in   the   directional  wireless   apparatus   by  the 
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Fio.  9. 

currents  in  this  coil.  The  circuit  is  arranged  as  shown 
in  Fig.  9.  The  loop  aerial  C  is  arranged  so  that  a 
voltage  may  be  induced  in  it  from  the  incoming  signal. 
This   coil  is   placed   near   the   auxiliary   coil  A   of  the 


If  this  angle  a'  is  equal  and  opposite  to  the  angle  a 
produced  by  the  metal  work  there  will  be  no  error  in 
tlie  observation  of  the  bearing.  Whether  a'  is  opposed 
to  a  or  not  depends  on  the  phase  relationship  between 
the  voltages  induced  in  the  auxiliar)-  coil  by  the  metal 
work  and  by  C.  This  relationship  can  be  adjusted  by 
means  of  tbe  variable  capacity  S',  which  alters  the  angle 
of  lead  or  lag  of  the  current  in  C,  and  therefore  the 
phase  relationship  of  the  induced  voltage  in  A. 

Thus,  knowing  a,  the  quadrantal  error,  6,  the  angle 
of  incidence  of  the  wave,  cu  (=  'IttJ)  of  the  incoming 
signal,  L',  the  inductance  and  capacity  for  the  circuit  C, 
and  taking  Z'  =  \a)L''^\j{u)S')']  we  can  find  K'M'^ax. 
Calling  this  a  constant  we  can  calculate  the  capacity 
.S'  required  to  neutralize  the  quadrantal  error  at  all 
points  of  the  quadrantal  error  curve. 

When  the  curve  is  a  pure  sine  curve  S'  will  obviously 
be  a  constant,  since  a  varies  as  sin  29,  but  when 
the  curve  is  distorted  iS"  must  be  varied  as  the  angle  0 
varies.     This   can   be   arranged   by   driving   a   selector 
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direction-finding  apparatus  and  is  connected  to  a 
variable  condenser.  The  aerial  circuit  consists  of  a 
rectangular  coil  of  I?  turns  of  rubber-covered  wire, 
the  sides  of  the  coil  being  4  ft.  by  3  ft. 

\Mien  undamped  waves  are  incident  the  error  produced 
by  currents  in  the  circuit  is  given  by 


tan  a'  = 


where  M'  is  the  coefficient  of  mutual  inductance  between 
the  coils  C  and  A  ;  and 
Z'  is  the  impedance  of  the  circuit  CS'.' 


SOTtch  from  the  rotating  directional  wireless  aerial  so 
that  the  correct  value  of  S'  is  inserted  for  a  given  angle 
of  incidence  of  the  wave. 

In  practice  even  with  very  distorted  curves  the  errors 
are  negligible  when  correction  is  made  at  five  or  six 
selected  points  on  each  wave.  We  thus  require  a  separ- 
ate set  of  condensers  for  each  different  wave-length  we 
wish  to  receive  when  very  distorted  quadrantal  error 
curves  are  obtained,  so  that,  just  as  we  insert  correcting 
'magnets  in  the  case  of  the  magnetic  compass,  we  insert 
condensers  in  the  correcting  circuit  for  the  wireless  com- 
pass. The  complete  apparatus  is  then  as  sho^-n  inFig.  10. 
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The  curves  in  Fig.  11  show  the  effects  of  using  a 
corrector  coil  with  one  value  of  capacity,  the  plain 
curve  being  obtained  with  no  corrector  and  the  dotted 
curve  with  the  corrector  switched  in. 

Further,  Fig.  12  shows  the  relationship  between  the 
correcting  capacity  and  the  angle  of  incidence  of  the 
wave.  The  capacity  will  be  seen  to  vary  very  slightly 
over  a  large  variation  in  angle  of  incidence  of  the  wave  ; 
hence  the  possibility  of  correction  with  very  few  capacity 
values. 

Wave  Distortion. 

When  the  incoming  wireless  wave  is  distorted,  due 
either  to  heavy  loading  of  the  transmitter  or  to  the 
surface  over  which  it  is  propagated,  the  currents  set 
up  in  the  metal  work  will  not  be  pure  sine  waves  but 


Fig.   11. — Effect  of  quadrantal  error  corrector. 

may  be  made  up  of  a  fundamental  sine  wave  together 
with  one  or  more  harmonics.  The  quadrantal  error 
is  then  due  to  the  sum  of  the  effects  produced  by  the 
fundamental  and  the  harmonics,  so  that  the  equation 
for  the  quadrantal  error  becomes  : — 


tan  a  =  (uMK 
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The  effect  of  the  harmonics  on  the  quadrantal  error 
may  be  very  large,  especially  if  the  metal-work  circuit 
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is  in  resonance  with  any  harmonic,  since  1/Z,  will  then 
be  small. 

The  effect  of  signals  from  very  heavily  loaded  aerials 
is  shown  in  Fig.  l.'l.  These  aerials  were  used  in  small 
beacon  stations  having  a  power  of  2  kW  and  trans- 
mitting on  a  wave-length  of  2  300  m.  The  aerials  were 
small,  the  height  being  120  ft.  and  the  span  200  ft., 
hence  the  inductance  loading  was  very  high,  giving  a 
very  distorted  wave. 

Vol.  (51. 


To  sum  up,  it  is  necessary,  in  order  to  get  the  best 
results,  to  metallize  thoroughly  all  machines  and  swing 
them  well  away  from  the  ground  or  any  earthed 
objects.  The  quadrantal  error  can  be  neutralized  by 
the  use  of  a  corrector  coil  connected  in  series  with  a 
variable  condenser  and  magnetically  coupled  to  the 
directional  wireless  aerial  so  that  the  voltage  induced 

-2  Or 


Fig.  13. 

in  the  auxiliary  coil  of  the  set  by  the  currents  in  the 
metal  work  is  wiped  out  by  the  voltages  induced  by 
the  corrector  coil. 

Daily  Variation  in  Directional  Wireless 
Bearings. 
When   using   directional   wireless   to   obtain   bearings 
of  fixed  ground  stations  it  has  been  noticed  that  the 
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bearings  are  not  constant,  but  appear  to  change  during 
the  cour.se  of  the  24  liours.  The  change  is  sometimes 
well  defined,  varying  with  the  time  of  (hiy  more  or  less 
in  the  form  of  a  ■sine  wave,  but  more  often  tlie  curve 
follows  no  definite  laws,  only  sharp  variations  being 
obtained  (cf.  T'lgs.  14  and  15).  The  variation  observed 
is  not  very  large,  being  of  the  order  of  2°  or  3°  in  this 
part  of  the  worki,  but  even  this  may  cause  large  errors 
in    position-finding   when    the   fixed    station   is   several 
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hundred  miles  away.  It  is  therefore  important  to  try 
to  find  the  cause  of  the  variation  in  order  that  cor- 
rections can  be  made  for  navigation  purposes. 

The  following  are  the  possible  causes  of  variations  : — 

(1)  Local  errors  at  the  receiving  station  which  may 

vary  with  the  time  of  day,  e.g.  moisture  on  a 
mass  of  trees  near  the  receiving  aerials. 

(2)  Errors   due   to   the   nature   of   the   country   over 

which  the  wave  has  passed,  e.g.  whether  sandy 
or  wet,  whether  metalliferous  near  the  surface, 
etc. 

(3)  Refraction  when  passing  a  coast  line. 

(4)  Continuous  refraction  during  the  whole  passage  of 

the  wave. 

(5)  Reflection  from  some  moving  surface,  such  as  the 

day  and  night  shadow  line. 

Cause  (1)  may  be  detected  by  taking  observations 
from  different  stations  separated  by  considerable  dis- 
tances so  that  the  results  with  different  surroundings 
can  be  compared.  This  has  been  done  (see  Figs.  15 
and  16)  and  it  will  be  noticed  that  the  variations  are 
similar  although  the  readings  for  Fig.  15  were  taken 
in  the  middle  of  a  dry,  open  parade  ground,  and  those 


Fig.   15. 

for  Fig.  16  in  a  marshy,  open  meadow.  Thus  (1)  would 
appear  to  be  ruled  out  as  causing  the  variation. 

The  nature  of  the  country  between  the  transmitting 
and  receiving  stations  may  affect  the  wave,  but  this 
effect  would  be  constant  and  not  change  with  the  time 
of  day,  since  the  character  of  the  land  or  water  will  not 
change. 

Coastal  refraction  may  account  for  a  varying  effect 
since  there  may  exist  a  sharply  defined  barrier  on  the 
two  sides  of  which  the  atmosphere  has  widely  different 
electrical  properties.  Thus  over  the  sea  the  air  is 
highly  ionized  as  compared  with  that  over  the  land. 
This  ionization  will  change  with  the  time  of  day,  due  to 
the  action  of  the  sun's  rays  and  their  reflection  from 
the  water. 

The  velocity  of  an  electromagnetic  wave  can  be 
calculated,  according  to  Maxwell's  theory,  from  the 
formula  V  =  \l\/{^iK),  where  /x  =  permeability,  and 
K  =  dielectric  constant,  so  that  any  change  in  ^i  or  K 
will  cause  a  change  in  the  velocity  of  the  wave  and  there- 
fore produce  refraction.  Due  to  the  difference  in 
ionization  over  the  sea  and  land  it  is  possible  that  the 
dielectric  constant  K  for  the  atmosphere  over  the  sea 
is  different  from  that  for  the  atmosphere  over  the  land. 

It  has  been  noticed,  however,  that  the  deviations 
occur  even  when  no  coast  line  intervenes,  and  also  that 


stations  situated  to  the  northward  of  the  receiving 
station  had  no  variation  with  the  time  of  day,  but  a 
constant  deviation  only.  Stations  east  and  west, 
however,  did  vary  with  the  time  of  day  (cf.  Figs.  17 
and  14  for  Stonehaven  and  Poldhu  respectively,  these 
curves  being  taken  at  Farnborough). 

It  is  well  known  that  sunlight  possesses  great  power 
of  producing  ionization  in  gases  by  action  of  the  short 
wave-lengths  on  the  molecules  of  gas.  This  power  is 
called  the  photo-electric  effect  of  light.  Now  consider 
two  stations  several  hundred  miles  apart  along  a  parallel 
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Fig.  16. 

of  latitude.  The  sun  rising  at  the  easterly  station 
begins  to  ionize  the  air,  whilst  the  other  station  is  still 
in  darkness.  As  time  passes,  the  ionization  increases 
and  extends  to  the  westerly  station  so  that  a  gradient 
in  ionization  is  established  between  the  two  stations. 
Later  in  the  day  the  sun  is  more  powerful  at  the  westerly 
station,  whilst  re-combination  of  the  electrons  and  the 
ions  has  commenced  at  the  easterly  station,  so  that 
the  gradient  is  eventually  reversed  and  becomes  easterly 
instead  of  westerly. 
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The  positions  of  maximum  and  minimum  ionization 
travel  round  the  earth  following  the  sun,  causing  a 
continual  change  in  the  ionization  gradient  between 
two  stations  on  a  parallel  of  latitude.  We  have  just 
seen  in  connection  with  coastal  refraction  that  the 
dielectric  constant  of  the  air  may  be  affected  by  the 
amount  of  ionization.  The  ionization  gradient  will 
produce  a  gradient  in  the  dielectric  constant,  which 
would  cause  a  wireless  wave  travelling  along  a  parallel 
of  latitude  continually  to  change  its  velocity,  thus 
giving  rise  to  continuous  refraction. 
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We  can  account  for  the  permanent  deflection  of 
stations  due  north  and  south  in  the  following  way  : — • 

Stations  on  a  north  and  south  line  will  have  a  definite 
ionization  gradient  from  the  equator  to  the  poles,  since 
the  light  waves  must  penetrate  a  greater  distance 
through  the  air  to  the  more  northerly  stations.  The 
ionization  will  thus  be  greater  at  the  equator  than  at 
the  poles.  This  gradient  does  not,  however,  change 
with  the  time  of  day,  so  that  we  get  a  permanent 
deflection.  When  a  wave  is  travelling  in  a  north- 
easterly direction,  sa)',  it  will  be  under  the  influence 
of  both  gradients  and  the  result  will  be  the  vector 
sum  of  the  individual  deflections.  The  upper  portions 
of  the  wave  then  being  refracted,  the  whole  of  the  wave 
is  refracted,  the  upper  portion  to  a  far  greater  extent, 
however,  than  the  lower  portion  nearer  the  ground. 
An  analogous  case  is  the  effect  of  rivers  and  good 
conducting  layers  in  the  earth's  surface  deflecting 
wireless  waves  from  their  true  path. 

The  effects  of  changes  in  the  ionization  of  the 
atmosphere  will  be  to  produce  changes  in  the  deflection 
of  the  wireless  waves,  so  that  although  a  general  change 
in  deflection  may  take  place  varj'ing  with  the  time 
of  day,  sharp  variations  may  also  be  experienced,  being 
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produced  by  varying  atmospheric  conditions,  especially 
variations  in  the  upper  atmosphere.  The  deflections 
may  be  expected  to  be  large  and  subject  to  sharp 
variations  in  equatorial  regions,  due  to  the  large  amount 
of  ionization  taking  place,  and  also  in  polar  regions, 
due  to  the  concentration  of  ionization  at  these  points. 
In  addition  to  the  daily  variation  in  wireless  bearings 
we  should,  if  our  theory  is  correct,  expect  to  find  an 
annual  cha-ge  in  the  variations  due  to  the  different 
gradients  produced  in  winter  and  summer.  That  this 
is  the  case  may  be  seen  by  comparing  Fig.  18  (showing 
cur\-es  taken  in  December)  with  Figs.  14  and  15  (showing 
cur\-es  taken  in  September)  on  the  same  station  (Poldhu). 


ze'iz'ia 

It  will  be  noted  that  the  variation  in  December  is  very 
much  smaller  than  that  experienced  in  September. 

When  directional  wireless  work  is  carried  out  in 
equatorial  regions,  it  will  be  of  great  importance  to 
investigate  the  deflections  produced,  and  it  would 
seem  that  the  best  method  of  attack  would  be  to  study 
the  effects  of  ionization  of  the  atmosphere,  expecially 
at  high  altitudes.  Existing  meteorological  stations 
could  be  used  for  this  purpose,  and  when  reliable 
formulae  had  been  deduced  from  observations,  forecasts 
could  probably  be  made  by  means  of  which  it  would 
be  possible  for  navigators  using  directional  wireless  to 
correct  their  bearings. 

The  last  possible  cause  of  variation  in  bearing  is  the 
effect  of  reflection  from  the  daylight-night  shadow  line 


Sliddow  line- 
FiG.  19. 

(see  Fig.  19).  This  would  cause  stations  due  north  of 
the  receiving  station  to  vary  more  than  stations  due 
east  and  west  during  the  da)',  because  the  angle  of 
reflection  would  vary  continuously  for  stations  north 
and  south,  but  would  not  vary  for  stations  east  and 
west,  the  wireless  waves  being  incident  normally  on 
the  shadow  line,  whilst  the  waves  from  the  stations 
north  and  south  are  incident  at  angles  which  might 
cause  reflection. 

It  is  found,  however,  that  stations  on  an  east  and 
west  line  vary  more  than  stations  on  a  north  and  south 
line,  showing  that  reflection  from  the  shadow  line  cannot 
produce  the  variation  observed. 
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TRANSOCEANIC   WIRELESS   TELEPHONY. 


By  Dr.  H.  W.  Nichols. 


[Lecture  delivered  before  The  Institution,  V:2;id  February 

I  think  that  many  of  the  members  know  that  the 
American  Telephone  and  Telegraph  Company  and  the 
Radio  Corporation  of  America  have,  for  the  past  two  or 
three  months,  been  carr>-ing  on  investigations  to  deter- 
mine signal  strength  and  other  important  data  which 
will  allow  us  ultimately  to  engineer  a  transatlantic 
radio  telephone  circuit,  if  this  be  desired.  I  hope  that 
members  will  forgive  me  if  a  good  deal  of  what  I  say 
to-night  is  somewhat  elementarv' ;  I  want  to  be  sure 
that  they  know  exactly  what  is  meant  by  some  of 
the  terms  and  phrases  which  have  grown  up  in  the  past 
seven  or  eight  years  in  connection  with  this  art. 

In  order  to  introduce  the  subject  as  easily  as  possible, 
I  should  like  to  ask  members  to  consider,  first  of  all, 
a  very  simple  type  of  telephone  circuit,  namely  a 
circuit  consisting  of  a  line,  a  microphone,  a  battery 
and  a  receiver,  all  in  series.  This  is  shown  in  Fig.  1,  in 
which  a  represents  a  telephone  line,  which,  of  course, 
is  not  the  simple  thing  it  is  represented  to  be  by  the  two 
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wires.  It  has  attenuation,  and,  ordinarU)',  the  current 
at  the  sending  end  is  greater  than  that  at  the  receiving 
end.  6  is  a  battery  which  sends  a  direct  current 
through  this  circuit.  I  shaU  refer  to  this  current  as 
the  "  carrier  "  current ;  it  is  constant,  c  is  a  micro- 
phone, the  function  of  which  is  to  vary  the  amplitude 
of  the  otherwise  steady  current.  It  does  what  we  call 
"  modulate  "  the  carrier  current,  d  shows  the  simplest 
type  of  telephone  receiver,  consisting  of  an  electro- 
magnet with  a  diaphragm  on  which  the  magnet  can 
operate.  All  this,  of  course,  sounds  very  simple,  but 
it  is  important  that  we  run  over  it.  When  the  micro- 
phone is  operating,  the  otherwise  constant  amplitude 
of  the  carrier  current  is  varied  slightly.  The  result 
is  that  there  flows  through  the  telephone  receiver  a 
current  which  is  made  up  of  two  components,  the 
first  being  the  constant  carrier  current  or  something 
almost  exactly  equal  to  it,  and  the  second  the  signal, 
the  variable  ripple  superposed  on  the  carrier. 

The  telephone  receiver  itself,  being  an  electromagnet, 
gi^es  a  deflection  proportional  to  the  square  of  the 
current  flowing  through  it.  This  is  indicated  by  the 
following  formula  : — 

,(/,  +  I,)-  =  I;  +  21,1,  +  /J 


If  Ic  represents  the  constant  carrier  current,  and 
Ig  the  signal,  the  force  on  the  diaphragm  of  the  tele- 
phone receiver  is  proportional  to  the  square  of  I,.  +  Ig, 
which  is,  of  course,  made  up  of  three  terms,  namely 
I,  (which  is  constant,  because  I,  is  constant),  the 
middle  term  2/^/^  {this  is  directly  proportional  to 
the  signal,  which  is  what  we  want  to  get)  and  Ig,  which 
is  proportional  to  the  square  of  the  signal  and  conse- 
quently of  double  frequency,  because  any  periodic 
function  squared  gives  a  constant  and  a  double  fre- 
quency component.  Consequently  we  do  not  want 
the  third  term. 

If  speech  is  to  be  of  good  quality  in  the  receiver, 
the  ij  term  must  be  small  compared  with  the  2/,/5 
term  ;  in  other  words,  the  carrier  must  be  rather  large 
compared  with  the  signal,  and  this  condition  does 
obtain  in  the  case  of  a  simple  telephone  circuit  of  this 
kind. 

This  kind  of  circuit  possesses  two  or  three  disadvan- 
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tages  which  apply  also  to  the  radio  circuit,  and  that 
is  my  only  excuse  for  referring  to  it.  In  the  first  place, 
it  wiU  be  noticed  that  the  circuit  requires  that  the 
battery  should  send  current  through  the  line.  Now 
the  battery  current,  i.e.  the  carrier  current,  contains 
no  element  whatever  of  signal,  and  consequently  there 
is  no  need  to  transmit  the  direct-current  carrier  from 
the  transmitting  end  to  the  receiving  end,  except  as 
a  means  for  producing  this  middle  term,  2/5/5,  s-t  the 
receiver.  The  transmission  of  the  carrier  current 
through  the  line,  therefore,  involves  an  unnecessary 
loss  of   power.     This  is  one  disadvantage. 

Another  disadvantage  is  this.  This  line,  being  an 
actual  telephone  line,  will  have  both  its  attenuation 
and  impedance  varying  with  weather  and  other  con- 
ditions. Now,  if  the  characteristics  of  the  line  vary-, 
then,  since  the  carrier  is  transmitted  from  the  trans- 
mitting end,  both  I,  and  Ig  in  the  middle  term 
of  that  last  expression  will  vary,  and  consequently 
we  shall  get  the  variation  factor  in  the  received 
signal  squared,  instead  of  to  the  first  power. 

The  first  obvious  improvement  on  this  simple  system 
is  shown  in  Fig.  2.  This  differs  from  Fig.  1,  in  that 
two  transformers  have  been  introduced.  The  first 
transformer  restricts  the  carrier  current  to  the   trans- 
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mitting  apparatus,  because  that  is  the  only  place  where 
it  is  needed.  The  variations  in  this  carrier  current 
go  through  the  transformer  and  to  the  receiving  end. 
At  the  receiving  end,  if  we  receive  in  the  manner  shown 
by  this  figure,  we  shall  get  only  double-frequency 
signals,  that  is,  we  shall  not  get  intelligible  signals, 
because  the  only  thing  that  appears  at  the  receiver  is 
the  Ig  term.  In  order  to  make  the  signals  intelhgible 
at  the  receiving  end,  it  is  necessary  to  reintroduce 
the  carrier  current  I^,  which,  of  course,  in  practical 
telephone  apparatus  is  done  either  by  putting  a  batterj' 
at  e  or  by  placing  a  permanent  magnet  in  the  telephone 
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receiver.  This  change  restores  the  conditions  which 
existed  at  the  receiving  end  under  the  conditions  indi- 
cated by  Fig.  1. 

In  Fig.  3  I  have  plotted  as  a  spectrum  the  distri- 
bution of  currents  which  must  be  passed  by  the  line. 
It  is  well  known  that,  in  order  to  transmit  intelligible 
speech,  a  range  of  frequencies  of  something  like  3  000 
periods  is  required.  The  microphone  generates,  and 
the  line  must  transmit,  a  spectrum  represented  roughly 
by  the  rectangle  on  the  left  of  the  figure. 
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So  far  I  have  endeavoured  to  bring  out,  first  the 
meaning  of  "  carrier,"  and  secondly,  the  fact  that  the 
carrier  does  not  contain  any  element  of  signal  and 
need  not  be  transmitted  to  the  receiving  station.  There 
are,  in  fact,  real  advantages  to  be  gained  by  not  trans- 
mitting it. 

In  Fig.  4  I  have  shown  exactly  the  same  kind  of 
circuit,  except  that  the  carrier  current  is  now  an  alter- 
nating current  of  frequency  /,.,  deli\ered  b)-  the  alter- 
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nator.  In  other  respects  the  transmitting  end  of  the 
circuit  is  exactly  the  same.  The  microphone  modulates 
the  alternating  carrier  current,  and  the  result  of  that 
modulation — the  result  of  var\-ing  that  alternating 
current's  amplitude  in  accordance  with  speech — is  to 
produce  a  spectrum  represented  by  Sj,  /^  and  So,  as  in 
Fig.  5.  There  is  a  carrier  frequency  component  /^ 
and  then  there  is  a  band,  called  the  upper  side  band, 
extending  up  to  the  carrier  frequency  plus  3  000  periods  ; 
also  there  is  another  band,  called  the  lower  side  band. 


extending  down  to  the  carrier  frequency  minus  3  000 
periods  ;  in  other  words,  the  effect  of  modulating 
an  alternating  current  carrier  by  speech  is  to  produce 
a  spectrum  twice  as  wide  as  the  band  which  it  is  neces- 
sary to  transmit. 

At  the  receiving  end  is  shown  a  devdce  which  functions 
in  a  similar  manner  to  the  telephone  receiver ;  that 
is  to  say,  currents  in  the  output  circuit  of  the  tube  are 
proportional  to  the  square  of  the  voltage  applied  across 
its  input  terminals.  This  means  that  the  tube  con- 
ditions are  so  arranged  that  if  we  apply  a  sine  wave 
to  the  grid  circuit  we  shall  get  a  current  of  double 
frequency  in  the  output  circuit. 

Exactly  the  same  remarks  apply  to  this  circuit  as 
to  the  simple  telephone  circuit.     There  is  transmitted 
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over  the  line  a  current  having  a  spectrum  as  shown  in 
Fig.  5.  The  carrier  component  has  no  element  of 
signal  in  it,  and  there  is  no  need  to  transmit  it  over  the 
line.  If  we  do,  then  the  effects  of  variations  in  the  line 
will  be  squared  in  the  receiving  circuit,  and,  further- 
more, we  shall  use  much  more  power  if  we  transmit 
the  carrier  than  if  we  do  not.  There  are  two  very 
important  advantages,  therefore,  to  be  derived  from 
excluding  the  carrier  from  the  line  itself. 

In  order  to  exclude  the  carrier  current,  the  device 
shown  in  Fig.  6  is  used.  There  are,  o£  course,  other 
ways  of  efiecting  the  same  result.  The  Carrier  current 
is  generated  by  means  of  the  alternator  shown  in  the 


Si  S; 


Fig. 


middle  of  the  figure,  and  the  speech  which  is  to  modulate 
this  carrier  current  is  applied  at  the  left.  If  this  cir- 
cuit is  examined,  it  will  be  seen  that  if  no  speech  is  being 
applied,  and  if  the  tubes  and  transformers  are  quite 
symmetrical,  the  carrier  current  will  produce  no  effect 
whatever  in  the  output  circuit  of  that  system,  because 
currents  will  flow  down  in  the  upper  part  of  the  trans- 
former winding,  and  equal  currents  will  How  up  in 
the  lower  part  of  the  winding.  As  soon  as  we  begin 
to  speak,  however,  the  tube  will  be  unbalanced,  and  we 
shall  secure  an  output  proportional  to  that  unbalance, 
and  the  peculiarity  about  the  output  is  that  tliere  will 
be  no  carrier-frequency  component  present.  Tliat  is 
shown  by  the  spectrum  indicated  in  Fig.  7. 

Instead  of  getting  the  original  spectrum,  as  in  Fig.  5, 
we  shall  get  a  new  one  which  contains  only  one-third 
of  the  power  of  the  original  one  but  still  contains  all 
the  elements  of  the  signal.     The  two  side  bands  are 
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exactly  alike  ;  we  do  not  even  need  to  transmit  both 
of  them.  If  we  transmit  only  one  of  them,  we  shall 
still  have  all  the  elements  of  signal  which  were  present 
in  the  speaking  voice,  so  that  by  means  of  electrical 
filters  we  can  cut  out  all  but,  let  us  say,  the  upper 
side  band.  In  the  receiving  end,  in  exactly  the  same 
way  as  before,  if  we  apph'  the  side  band  directly  to 
the  receiving  tube  we  shall  get  in  the  output  circuit 
of  that  tube  a  signal  which  is  uninteUigible,  because  it 
is  proportional  to  the  square  of  the  input.  Conse- 
quently it  will  be  of  double  frequency.  However,  if 
at  the  receiving  station  we  introduce  again  the  carrier 
component  in  exactly  the  same  way  as  we  did  in  the 
case  of  the  simple  telephone  circuit,  and  then  square 
the  result — that  is,  detect  the  signal — it  can  very 
easily  be  seen  by  the  binomial  theorem  that  we  shall 
get  exactly  the  same  condition  as  before,  i.e.  one  com- 
ponent directly  proportional  to  the  signal,  and  that 
is  what  we  want  to  get. 

Time  will  not  allow  me  to  discuss  exactly  what 
happens  in  detection.  In  general  there  will  be  developed 
in  the  output  circuit  frequencies  which  contain  aU  the 
possible  combinations  that  can  be  secured  by  addition 
to  and  subtraction  from  all  the  impressed  frequencies. 
Just  one  word  more  on  this.  The  effect  of  transmitting 
only  one  of  these  side  bands,  if  it  were  due  to  a  simple 
sine  wave,  would  be  that  we  would  use  only  one-si.xth 
the  amount  of  power  in  the  complete  modulated  wave. 

So  far  I  have  been  talking  about  wires.  The  only 
difference  between  wire  transmission  and  radio  trans- 
mission is  in  the  medium  used  for  it.  Radio  transmission 
must,  of  course,  take  place  through  what  is  known  as 
the  ether  ;  the  ether  differs  considerably  from  a  con- 
ductor, and  is  vers-  much  more  like  a  condenser  than 
a  copper  wire.  Consequently,  in  order  to  get  signals 
through  it,  it  is  necessar\'to  use  rather  high  frequencies, 
because  low  frequencies  cannot  be  transmitted.  Another 
difference  between  the  ether  and  a  copper  wire  is  that 
the  ether  forms,  as  it  were,  a  common  circuit  connecting 
e\eTy  one.  Unless  directional  methods  of  transmis- 
sion or  reception  are  used,  the  only  way  in  which 
we  can  discriminate  betiveen  channels  in  the  ether 
is  on  the  basis  of  frequency.  There  is  another  and 
verA-  important  difference  between  the  ether  and  a 
copper  wire,  i.e.  that  its  transmission  characteristics 
are  very  much  more  variable  than  is  the  case  with 
a  wire  circuit.  There  is  a  tremendous  difference,  for 
example,  bet\veen  day  and  night  transmission  ;  there 
is  a  large  difference  at  different  times  of  the  day ; 
and,  what  is  still  more  annoying,  there  is  a  variation 
going  on  from  minute  to  minute,  or  from  second  to 
second  almost,  especially  with  short  wave-lengths, 
which  it  is  very  difficult  to  take  care  of. 

^Vith  that  introduction,  I  should  hke  to  mention 
what  factors  are  important  in  the  design  of  a  long- 
distance radio  telephone  circuit — as  I  see  them,  of 
course.  In  the  first  place,  it  is  necessan'  to  use  rather 
long  waves.  The  reason  for  this  I  shall  bring  out 
when  I  come  to  discuss  the  measurements  which  we 
have  made.  In  the  second  place,  it  is  obviously  neces- 
san,- to  secure  as  great  an  economy  in  power  as  possible, 
because  the  powers  involved  in  transoceanic  telephony 
are  likely,  in  the  summer  time,  to  amount  to  1  000  k\V. 


In  the  third  place,  it  is  extremely  important  not  to 
use  any  wider  frequency-range  than  is  necessary. 
I  have  already  mentioned  that  a  frequency  band  of 
about  3  000  periods  is  required  to  transmit  the  human 
voice  with  good  quality,  and  even  more  is  needed  to 
transmit  music  with  good  quality.  We  cannot  trans- 
mit more  than  one  channel  in  a  given  frequency-range 
in  the  same  direction. 

The  range  of  wave-lengths  available  for  transatlantic 
communication  is  at  present  fixed  by  the  London 
Convention,  and  probably  will  not  be  changed  very 
much  in  the  near  future.  The  range  of  wave-lengths 
available  is  from  8  000  m  upwards.  Now,  8  000  m  is 
equivalent  to  37  500  periods,  and  about  the  greatest 
wave-length  that  we  are  likely  to  use  in  the  immediate 
future  will  be  about  30  000  m,  equivalent  to  10  000 
periods.  That  is  to  say,  there  is  aA'aUable  for  trans- 
atlantic communication  a  frequencv-range  of  27  500 
periods.  We  can  use  that,  and  we  want  to  use  it  in 
the  most  efficient  manner  possible.  Suppose  we  wish 
to  use  it  for  telephony.  If  we  modulate  in  the  usual 
way  we  shall  produce  a  carrier  and  two  side  bands, 
each  of  the  latter  being  3  000  periods  wide,  making  a 
total  of  6  000  periods  which  must  be  transmitted. 
Using  that  6  000  periods,  in  the  27  000  odd  periods 
available,  we  can  only  have  four  telephone  channels. 
WTiat  is  worse,  if  we  do  that  we  cannot  allow  any  tele- 
graphic communication  at  all,  because  that  frequency- 
range  will  already  be  used  and  there  are  20  or  30  tele- 
graph channels  to  be  taken  care  of.  It  will  be  seen, 
therefore,  that  it  is  extremely  important  to  use  as 
few  periods  as   possible  in  this  transmission. 

For  that  reason  I  think  that  for  transatlantic  com- 
munication by  radio-telephony,  it  is  essential  to  transmit 
only  one  of  the  side  bands.  In  that  way  we  multiply 
the  possible  number  of  channels  approximately  by 
two  ;  or,  in  other  words,  we  leave  free  for  telegraphic 
traffic  a  very  considerable  range  of  frequencies,  because 
we  can  operate  approximately  10  telegraphic  channels 
in  the  frequency-range  required  for  one  telephonic 
channel.  We  must  not  waste  the  frequency-range 
available  in  the  ether  for  telephony  by  transmitting 
the  complete  modulated  wave. 

We  have  built  up  radio-telephony  apparatus  which 
conforms  to  our  ideas  of  what  such  apparatus  ought 
to  be  ;  it  economizes  in  power  by  sending  out  only 
one  side  band  and  it  occupies  the  minimum  frequency- 
range  by  the  same  device.  It  is  fortunate  that  those 
two  conditions  can  be  achieved  b}^  the  same  means.  I 
am  going  to  describe  very  briefly  what  this  apparatus 
is,  and  then  show  some  illustrations  of  it. 

We  commence  by  developing  a  modulated  wave  at 
ver>'  low  power — of  the  order  of  1  watt  or  less — 
employing  vacuum  tubes  of  the  type  used  in  telephonic 
repeaters.  That  is,  we  generate  both  side  bands  but 
not  the  carrier  ;  the  carrier  is  eliminated  by  the  balanced 
modulator  system  shown  in  Fig.  6.  Then  by  means 
of  filters  we  cut  out  one  of  the  side  bands  because 
both  are  not  necessary',  with  the  result  that  we  have 
a  fraction  of  1  watt  of  single  side-band  high-frequency 
telephone  current  of  about  55  000  to  57  000  periods. 
The  next  thing  we  do  is  to  amplify  this  to  about  300 
watts   by    means    of   an   amphfier   consisting   of   three 
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stages.  From  there  it  goes  to  another  amplifier  by 
means  of  whicli  it  is  raised  to  a  power  level  of  about 

5  k\V.  From  there  it  goes  to  still  another  and  larger 
amplifier,  which  is  capable  of  raising  the  power  to 
200  kW  but  which,  in  the  tests  which  we  are  running 
now,  actually  raises  it  to  only  60  kW  because  that  is 
all  we  need.  From  the  final  amplifier  it  is  passed 
to  an  antenna,  which  in  this  case  is  one  of  the  Radio 
Corporation's  antennae  at  Rocky  Point, 

There  is  one  further  argument  in  favour  of  this  single 
side-band  transmission,  which  is  this  :  if  we  are  trans- 
mitting at  60  000  periods  we  cannot  design  an  antenna 
which  will  have  a  perfectly  flat  frequency  characteristic 

6  000  periods  wide  at  60  000  periods,  that  is,  10. per 
cent  of  the  frequencj-.  By  sending  only  one  side  band 
it  is  necessary  to  have  only  6  per  cent  of  the  frequency, 
over  which  the  response  is  fairly  uniform.  Before  I 
give  any  illustrations  of  the  apparatus,  there  is  one 
important    thing    to    emphasize.     This    60    k\V    which 


Fig.   8. 

we  have  been  using  in  our  tests  is  just  the  same  in  its 
effect  as  approximately  250  kW  or  more  of  complete 
modulated  wave  as  ordinarily  produced. 

I  am  sorry  that  I  have  no  drawings  of  the  first  stage 
in  which  the  modulated  wave  is  produced.  Fig.  8 
represents  the  front  view  of  the  5  k\\'  amplifier,  which 
raises  the  power  from  300  watts  to  5  k\V.  At  the 
top  are  meters  for  measuring  the  currents  of  each 
of  the  tv?o  water-cooled  \acuum  tubes  which  are  inside. 
Two  clocks  will  be  noticed,  one  of  which  is  arranged 
to   operate   only   when   the   filament   is   being   burned, 


the    other   when    the    plate    voltage    is 
gives  a  check  on  the  life  of  the  tubes  ; 


applied.     This 
it  is  simply  a 

refinement.  In  the  middle  is  a  thermometer  by  means  of 
which  excessive  temperature-rise  in  the  cooling  water 
can  be  detected.  We  also  have  a  filament  alarm. 
In  the  middle  of  the  panel  are  shown  circuit  breakers 
and  rheostat  handles  for  controlling  the  filament,  also 
a  glass  inspection  tube  through  which  the  water  flows. 
Fig.  9  shows  a  rear  view  of  the  same  amplifier.  The 
two  cylindrical  water  jackets  into  wliich  the  vacuum 


Fig.  9. 

tubes  are  fitted  can  be  readily  seen.  Water  flows 
through  these  and  then  through  the  hose,  which  is 
arranged  in  a  spiral  form  ;  tap  water  is  ordinaril>-  used, 
although  sea  water  could  be  used  if  desired.  Only  a 
small  amount  of  water  is  required  to  cool  the  tubes, 
and  the  temperature  is  regulated  by  the  flow  of  water. 
A  water-flow  alarm,  which  operates  if  the  flow  of  water 
is  cut  off  for  any  reason,  is  provided.  The  length  of 
hose  used  is  necessary  to  insulate  the  tubes  from  earth, 
as  we  are  operating  the  anodes  of  these  tubes  (which 
are,  of  course,  electrically  connected  to  the  water  jackets) 
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at  from  6  000  to  10  000  volts  above  earth  potential. 
It  is,  of  course,  much  more  convenient  to  operate  with 
the  anodes  rather  than  the  filaments  at  a  high  potential. 
The  insulation  between  the  water  jackets  and  earth  is 
the  column  of  water  in  the  hose. 

Fig.  10  shows  the  vacuum  tube  that  we  are  using. 
It  consists  of  a  copper  anode  to  which  is  sealed  the 
glass  cylinder.  This  seal  will  hold  a  vacuum  between 
—  190°  C,  the  temperature  of  liquid  air,  and  +  350°  C, 
the  boiling  point  of  mercury.  No  trouble  of  any 
kind  has  been  experienced  with  these  copper-glass 
seals.  Inside  the  anode  is  the  grid  structure,  a 
helix,  and  inside  that  again  the  tungsten  filament, 
^\hich  takes  about  25  amperes.     For  heating  the  fila- 


aUow  us  to  connect  a  meter  into  any  one  of  the  filament 
circuits  of  the  tubes.  Below  the  switches  are  filament 
adjusting  rheostats.  The  whole  assembly  is  mounted 
in  an  iron  frame,  the  front  of  which  is  about  the  size 
of  an  ordinary  door,  of  about  i  ft.  in  depth.  Each 
of  the  tubes  deals  with  10  kW,  and  this  device  when 
used  as  an  amplifier  will  amplify  a  sine-wave  current 
to  100  kW.  With  two  of  these  ampHfiers  in  parallel, 
a  capacity  of  200  kW  is,  of  course,  obtained. 

Fig.    12   gives   a  view  of  the   same   apparatus   after 
installation   at   the   station   of   the   Radio   Corporation 


Fig.  10. 

ments  we  use  alternating  current  taken  from  the 
secondary  of  a  small  transformer  in  the  amplifier. 
The  terminal  bringing  out  the  grid  lead,  and  the  cap 
mounting  the  filament  terminals,  can  be  clearly  seen 
in  the  illustration. 

The  amplifier  shown  in  preceding  illustrations  raises 
the  power  to  5  kW.  Fig.  1 1  shows  one  of  the  amplifiers 
which  raises  the  power  to  its  final  level,  and  was  prepared 
before  the  assembly  was  finished.  There  are  10  water 
jackets,  mounted  in  two  rows  of  5.  The  hose  serves 
exactly  the  same  purpose  as  in  the  other  amplifier, 
namely,  to  insulate  the  water  jackets  and  the  anodes 
from  earth.     The  switches  mounted  on  the  front  panel 


Fig.  11. 

at  Long  Island.  The  thermometer  indicating  the 
temperature  of  the  cooling  water  can  be  seen  at  the 
top  of  the  panel. 

Fig.  13  is  a  side  view  of  the  same  apparatus.  In 
this  view  can  be  seen  the  device  for  controlling  the  flow 
of  water  and  automatically  shutting  down  the  circuit 
if  the  water  stops. 

There  is  no  illustration  available  of  the  apparatus 
used  to  receive  this  transmission,  but  it  is  extremely 
simple,  consisting  of  a  receiving  set  operating  from  a 
square  loop  comprising  50  turns  of  wire.  The  loop 
is  earthed  in  the  middle  and  is  about  6  ft.  square,  the 
voltage  being  applied  to  the  grid  of  the  receiving  tube 
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from  half  the  coil.  The  reason  for  this  is,  of  course, 
that  an  ordinary  loop  is  not  only  a  loop  but  a  vertical 
antenna,  so  that  greater  directional  effect  is  obtained 
if  we  eliminate  the  vertical  antenna  part  of  the  recep- 
tion. That  is  done  by  making  the  two  halves  of  the 
loop  operate  in  opposite  directions  as  far  as  vertical 
effect  is  concerned,  and  connecting  the  grid  and  filament 
of  the  receiving  tube  across  only  one  half  of  the  coU. 
This  arrangement  produces  very  sharp  directional 
characteristics,  as  compared  with  the  older  method 
of  using  the  full  loop  across  the  receiving  tube. 


Fig.  12. 

Now,  what  travels  across  the  ocean  is  only  one  side 
band  of  this  modulated  wave.  It  has  been  explained 
by  analogy  that  if  we  tried  to  detect  this  alone  we  should 
get  unintelligible  speech  because  all  the  frequencies 
would  be  doubled  ;  therefore,  before  we  attempt  to 
detect  this  we  must  reintroduce  the  carrier-frequency 
component — we  must  reintroduce  the  first  frequency 
that  we  generated  at  Rocky  Point  and  then  suppressed. 
The  first  step,  therefore,  is  to  make  an  oscillator  to 
generate  a  current  of  the  frequency  which  was  eliminated 
at  the  transmitting  end,  and  then  to  couple  this  to 
the  receiving  circuit.  Rather  special  arrangements 
are  made  to  amplify  the  incoming  signal  and,  at  the 


same  time,   to  secure  good  filter  action.     Finally,   the 
combination  is  detected. 

On  detection  of  the  single  side  band  and  the  carrier 
we  get  the  original  speech.  Theoretically,  the  quality 
would  be  much  better  than  would  be  the  case  if  we 
transmitted  both  side  bands  without  the  carrier,  because 
if  we  transmit  both  bands  the  two  bands  beat  and 
interact  with  one  another  in  the  receiving  set,  and  tend 
also  to  produce  double  frequencies.  If,  therefore, 
we  can  maintain  the  frequency  of  our  local  oscillator 
constant  we  can,  as  experience  on  open- wire  "  carrier  " 
circuits   in   the   United    States   has   shown,    get   better 


Fig.  13. 

quality  than  if  we  transmitted  the  complete  modulated 
wave. 

It  is  perhaps  worthy  of  mention  that  this  system 
of  transmission,  i.e.  of  sending  out  only  one  side  band, 
is  in  commercial  use  in  the  United  States  on  the  carrier 
telephone  circuits.  It  is  used  there  not  to  sa\-e  power, 
because  in  the  case  of  land  lines  this  is  not  of  great 
importance,  buf  to  cut  down  the  cross-talk,  which 
would  otherwise  be  caused  by  the  powerful  carrier 
component,  and  also  to  secure  a  greater  number  of 
conversations  in  a  given  frequency-range,  because  on 
an  ordinary  open-wire  circuit  there  are  also  available 
only  about  30  000  periods. 
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After  detection  in  the  receiving  set,  the  resultant 
output  of  the  detector  is  then,  of  course,  amplified 
cis  much  as  may  be  necessary.  This  depends  on  what 
we  are  going  to  do  with  it. 

The  receiving  set  used  was  built  primarily  for  another 
purpose  :  it  was  set  up  at  Xew  Southgate  in  order 
to  make  measurements  of  the  strengths  of  signal 
recei\ed    on    this    side,    and    also    of    the    noise — the 


amplify,  because  we  ampUfy  the  noises  as  well.  It  is 
useless  to  amplify  a  weak  signal,  unless  the  noise  level 
is  so  much  below  the  signal  level  that  the  result  will 
be  intelligible. 

The  first  step,  therefore,  in  the  intelligent  design  of 
a  transatlantic  radio-telephone  circuit,  is  to  determine 
how  much  signal  we  get  over  here  per  kW  in  New  York  ; 
and  secondly,   how  much  noise  we  get.     If  we  secure 
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unavoidable     electrical     disturbances     always     present 
at  every  receiving  station. 

Now,  in  engineering  any  communication  system 
whatever — whether  radio  or  wire  or  speaking  tubes, 
etc. — in  order  to  secure  intelligible  speech  at  the  re- 
cei\ing  end  it  is  absolutely  essential  that  the  strength 
of  the  signal  received  should  be  greater — perhaps 
10  or  15  times  greater — than  any  noises  which  arrive 
at  the  receiving  station.  It  is  perfectlv  obvious  that 
if  we  get  only  a  ven.-  weak  signal — perhaps  only  a  little 
louder  than   the   noises — it   is   of   no   use   whatever  to 


data  of  this  kind  over  one  year  (which  is  about  the  cycle 
for  noise  and  also  for  transmission)  then  it  is,  of  course, 
a  very  simple  matter  to  determine  how  much  power 
we  must  have  for  every  day  in  the  year  at  New  York. 
If  we  know  that,  we  can  find  out  how  much  it  costs, 
and  then  we  can  tell  whether  it  is  commercial  to  do 
it.  No  one  can  tell  before  that.  The  first  step,  there- 
fore, in  the  design  of  such  a  system  is  to  secure  this 
fundamental  infonnation. 

For   the   purpose   of   measuring   the   noise   we   make 
use  of  the  recei\ing  loop  and  compare  the  signal  coming 
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in  with  a  known  signal  which  we  introduce.  Fig.  14 
gives  some  of  the  results  of  these  determinations. 
\\"hat  we  want  to  measure  at  the  receiving  station 
is  electrical  force  or  electrical  intensity.  We  want 
our  results  to  be  independent  of  the  Idnd  of  antenna 
used,  so  we  measure  the  electric  field  strength  in  the 
ether  just  outside  the  antenna.  The  normal  unit 
for  this  is  volts  per  centimetre,  but  this  unit  is  rather 
inconvenient  and  accordingly  we  use  microvolts  per 
metre,  that  is,  absolute  or  C.G.S.  electromagnetic 
imits.  The  results  plotted  in  Fig.  14  are  in  terms 
of  microvolts  per  metre  in  the  ether.  It  is  necessary 
to  remember,  in  examining  this  curve,  that  a  logarith- 
mic scale  is  used  for  the  field  (ordinates)  ;  there  would 
otherwise  not  be  room  to  plot  them  on  the  paper.  The 
times  indicated  are  Greenwich  mean  time.  The  upper 
curve  represents  the  strength  of  signal  which  we  get 
about  this  time  of  the  year  for  every  hour  in  the  24. 

The  curves  are  almost  exactly  alike  from  day  to 
day  at  this  time  of  the  year.  It  will  be  noticed  that 
from  12  hours  to  21  hours,  that  is,  from  noon  to  9  p.m., 
the  signal  strength  is  about  6  or  8  /xV/m.  These  times 
correspond  to  a  period  when  it  is  daylight  the  whole 
way  across  the  Atlantic,  and  when  the  actual  trans- 
mission is  the  poorest.  It  is  a  time  when  the  field 
intensitv  is  lowest.  What  signal  we  get  depends,  of 
course,  upon  the  noise.  At  about  9  p.m.  the  signal 
strength  begins  to  increase.  It  rises  from  8  to  about 
80  units  ;  that  is,  it  increases  about  10  times.  It 
continues  to  increase  until  at  2  o'clock  in  the  morning 
it  is  up  to  150  ^V/m,  i.e.  19  or  25  times  what  it  was 
in  the  afternoon.  That  is  a  perfectly  normal  sort  of 
thing  with  radio  transmission,  and  it  has  an  extremely 
important  bearing  upon  the  design  of  radio  transmission 
systems,  as  I  shall  explain  later.  During  the  time  in 
which  the  field  is  a  maximum,  it  is  night  all  the  way 
across  the  ocean.  We  then  begin  to  get  daybreak 
here  on  the  east  side  of  the  circuit,  and,  since  daylight 
transmission  is  poorer  than  night  transmission,  the 
electric  field  begins  to  come  down  and  finally  at  noon  it 
is  back  to  about  where  it  was  at  noon  the  previous  day. 

It  will  be  noticed  that  the  difference  is  from  some- 
thing like  6  ixVjm  up  to  about  150 — a  variation  of  as 
much  as  25  to  1  in  the  electric  field. 

At  the  same  time,  we  have  measured  and  plotted 
the  noise  tending  to  obscure  this  transmission.  If 
we  had  no'  noise  we  should  not  care  if  we  got  only 
0  •  1  fjV/m,  because  nowadays  we  can  amplify  almost 
without  limit.  We  do  get  noise,  however,  so  we  have  to 
have  bigger  signals.  The  noise  at  noon  on  this  par- 
ticular day — and  this  is  rather  typical — was  about 
0-2  fxV/m,  as  compared  with  8  for  a  signal;  in  other 
words,  a  ratio  of  40  to  1  of  signal  to  noise,  which  allows 
perfectly  good  speech  in  spite  of  the  fact  that  our  signal 
is  not  strong.  As  the  afternoon  goes  on,  the  noise 
increases  until  finally,  at  5  p.m.,  we  have  1  |aV/m 
of  noise  and  only  8  /xV/m  of  signal.  This  means  that 
the  result  will  be  unsatisfactory  ;  it  is  equivalent  to 
a  very  poor  telephone  circuit. 

The  noise  remains  at  this  value  all  through  the  night, 
but  the  signal  strength  goes  up,  so  that  later  we  get 
very  good  conversation.  The  signal  strength  decreases 
again   tow^ards   6  o'clock  in   the   morning.     If  a  curve 


showing  the  ratio  of  signal  strength  to  noise  were 
plotted,  it  would  indicate  that  we  could  get  reasonably 
intelligible  talk  for  12  to  14  hours  a  day  at  this  time 
of  the  year,  using  60  kW  at  New  York.  For  the  remain- 
ing 10  or  12  hours  a  day  we  should  not  get  satisfactory 
talk,  and  at  certain  times,  especially  about  6  o'clock 
at  night,  we  should  get  practically  no  talk  at  all. 

There  is  a  formula  which  gives  the  signal  strength 
at  a  given  distance  and  a  given  frequency,  due  to  a 
given  current  in  a  transmitting  antenna  of  given  effective 
height.  That  formula  contains  two  terms,  the  first 
a  term  which  gives  us  the  spreading-out  effect,  the 
ordinary  inverse-power  law  of  spreading,  and  the 
second,  multiplying  the  first,  which  gives  us  what  is 
known  as  absorption  due  to  ionization  of  the  atmosphere, 
or  something  of  that  kind.  The  absorption  factor 
for  transatlantic  communication  at  60  000  periods 
(about  what  we  are  using)  is  30  to  1.  The  difference 
between  day  and  night  transmission  is  represented  by 
a  clearing  up  of  this  absorption  ;  that  is,  the  normal 
field  is  obtained  in  the  daytime  according  to  this  formula, 
and  then,  if  the  absorption  is  lifted,  the  signal  increases 
by  an  amount  equal  to  the  absorption  factor.  For 
example,  this  signal  ought  to  increase  by  30  times 
between  day  and  night  if  that  formula  were  absolutely 
accurate,  and  as  a  matter  of  fact  it  does  so.  This  is 
for  long  waves— 5  000  to  6  000  m. 

Fig.  15  shows  some  curves  which  were  obtained  in 
connection  with  our  ship-to-shore  telephone  work,  the 
work  of  connecting  the  Bell  telephone  system  in  the 
United  States  with  ships,  so  that  from  the  ship  one  can 
carrv  on  a  conversation  with  anyone  in  the  United 
States.  This  is  done  on  a  short  wa\-e-length,  viz. 
about  400  m,  because  we  want  to  work  over  only  200 
or  300  miles.  There  was  such  a  telephone  set  on  the 
s.s.  "America,"  and  this  is  a  record  of  the  field  strength 
obtained,  as  measured  in  New  York  as  the  "  America  " 
came  from  France  to  New  York.  The  ship  is  going 
towards  the  left-hand  side  of  the  figure.  Two  curves 
are  plotted.  Curve  A  represents  the  so-called  Austin 
formula,  referred  to  previously,  which  should  give  the 
daily  over-water  values  of  received  field.  Curve  B 
is  the  same  formula  without  the  absorption  factor  and 
theoretically  perhaps  that  is  too  strong,  but  it  is  plausible 
at  least — the  difference  between  day  and  night  trans- 
[  mission  ought  to  be  equal  to  the  difference  between 
those  curves. 

When  the  ship  is  verj'  close,  only  about  100  miles 
or  so  away,  the  observed  values  (marked  by  circles) 
!  coincide  with  both  curves  as  they  should  do,  as  it  is 
daylight.  During  the  last  night  before  arrival  there  is 
very  little  change.  During  the  second  day  before 
arri\-al  it  will  be  noticed  that  the  observed  values  fall 
almost  exacth'  along  the  theoretical  curve.  Then 
on  the  second  night  before  arrival  we  begin  to  get 
some  absorption  effects.  There  are  freak  effects  ; 
for  instance,  the  field  suddenly  rises  from  10  /x\7m 
to  70  and  thefi  varies  irregularly,  finally  going  up, 
near  the  beginning  of  the  second  night,  to  100  /xV/m, 
as  compared  with  a  normal  da\'light  measurement  of 
about  6.  On  the  third  da>-  before  arrival  the  ship  is 
about  900  miles  away.  There  are  not  many  observed 
points  plotted,  but  as  a  matter  of  fact  we  obuijied  them 
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in  other  curves.  They  fall  almost  exactly  on  this 
curve  of  the  Austin  formula  until  it  is  night,  when  we 
begin  to  get  tremendous  \'ariations  due  to  the  lifting 
of  the  absorption.  In  other  words,  we  get  a  variation 
of  from  1  /^^7m  to  200  /x^7^l  the  third  night  before 
arrival,  when  the  ship  is  1  100  mUes  away.  This  is 
all  over  water.  There  is  a  ratio  of  200  to  1  in  the  day 
and  night  values.     One  other  point  worthy  of  mention 


The  values  wUl  be  ^•ery  different  during  summer.  In 
summer  the  noise  goes  up  tremendously  and  tbe  trans- 
mission goes  down  somewhat,  so  that  in  order  to  deter- 
mine how  much  power  will  be  required  it  will  be 
necessary-  to  take  these  measurements  over  a  complete 
cycle,  i.e.  one  year.  We  expect,  therefore,  to  continue 
these  observations  until  next  September.  The  worst 
period   is  July  and  August ;    once  we  are  through  the 
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is  not  shown  by  these  curves.  These  remarkably  high 
values  occur  almost  periodically  ;  that  is  to  sav,  there 
is  hkely  to  be  200  itxV/m  for  10  seconds  and  then  1  yxV/m 
for  10  seconds,  so  that  it  is  quite  impossible  to  control 
the  amplification  of  the  circuit. 

We  have  plotted  a  number  of  these  cur\'es,  and  this 
is  typical  of  short-wave  transmission  as  compared  with 
long-wave  transmission.  The  conditions  are  unusually 
favourable  because  all  the   transmission  is  over  water. 


worst  period,  conditions  will  begin  to  repeat  themselves 
again.  We  shaU  therefore  carry  the  results  from  July 
to  September  inclusive,  so  that  we  can  determine  how 
much  power  wUl  be  required  at  Xew  York  to  maintain 
a  commercial  circuit.  \Miether  or  not  such  a  circuit 
will  be  built  depends  on  other  than  engineering  con- 
siderations. We  hope  to  have,  next  year,  information 
which  will  aUow  us  to  design  intelligently  a  commercial 
radio-telephone  circuit  when  and  if  it  is  demanded. 


Discussion  before  The  Ixstitltiox,  22  Febru.\ry,  1923. 


Mr.  L.  B.  Turner  :  I  should  be  glad  if  the  author 
could  give  some  idea  of  how  the  strengths  of  field  were 
measured,  the  strength  of  signal,  and  especially  the 
"  noise  level  "  shown  in  Fig.   14. 

Dr.  W.  H.  Eccles  :  This  lecture  is  really  the  story 


of  a  long  endeavour,  dating  back,  I  think,  to  1913, 
and  continued  verj'  strenuously  by  the  best  scientific 
methods  and  by  great  practical  skill,  chiefly  at  the 
hands  of  the  author,  during  all  these  3-ears.  In  1919 
and  1920  he  perfected  a  scheme  for  speaking  from  ship 
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to  shore,  and  vice  versa,  which  was  tried  out  on  the 
New  Jersey  coast,  and  which  enabled  anyone  on  the 
Bell  system  in  America  to  communicate  witn  a  ship 
at  sea  within,  say,  300  miles  of  the  coast — to  speak  to 
the  ship  as  if  it  were  connected  by  land  wires.  I  am  of 
opinion  that  one  reason  why  the  system  has  not  come 
into  greater  favour  for  communication  between  ship 
and  shore  is  that  other  vessels  when  transmitting  spark 
signals  cause  much  interference.  In  the  case  of  trans- 
oceanic telephony  that  kind  of  interference  can  be  more 
easily  cut  out,  because  a  different  range  of  wave-lengths 
is  used.  Those  early  experiments,  however,  have  led 
the  author  to  his  present  success  and  have  given  him 
and  his  collaborators  the  great  skill  which  has  been 
necessary  in  order  to  carry  things  to  their  present  stage. 
To  me  the  most  interesting  and  novel  part  of  the  lecture 
is  that  which  deals  with  the  propagation  of  waves  across 
the  ocean.  The  author's  curves  for  day  and  night 
transmission,  for  instance,  are  of  profound  importance 
to  all  who  have  to  design  stations  and  circuits  when  great 
distances  are  to  be  covered.  The  noise  curves  shown 
on  the  lantern  slides  are  presumably  stray  noises  of  a 
wireless  origin ;  they  are  perhaps  natural  electrical 
waves,  commonly  called  "  atmospherics."  I  presume 
they  are  not  of  local  origin  at  this  time  of  the  year, 
because  in  England  in  winter  there  are  few  thunder- 
storms and  electrical  discharges.  I  imagine,  therefore, 
that  these  noises  are  due  to  natural  electric  waves 
originating  in  distant  parts  of  the  earth.  The  fact 
that  the  noise  is  a  maximum  here  in  England  at  about 
5  p.m.  is  significant.  At  that  moment  the  sun  will  be 
somewhere  over  Quito,  and  in  a  favourable  position 
for  causing  huge  electrical  displays  on  the  mountains 
of  the  Andes,  and  it  certainly  seems  to  be  at  some 
such  point  of  the  globe  that  these  noises  originate  at  that 
time  of  day. 

Mr.  E.  H.  Shaughnessy  :  The  point  which  most 
impressed  me  in  tne  lecture  was  that  relating  to  the 
development  of  sending  only  the  half  band  of  fre- 
quencies, and  by  that  means  effecting  such  an  economy 
in  power.  The  author  does  not  indulge  in  any  large 
prophecies,  but  is  prepared  to  push  this  investigation 
to  see  what  is  actually  required  in  order  to  get  transmis- 
sion from  America  to  this  country.  I  suggest  that 
measurements  similar  to  those  which  he  has  taken 
in  this  country  should  be  made  in  America,  to  make 
sure  that  a  wireless  telephone  route  in  the  reverse 
direction  is  feasible,  because  speech  in  one  direction  only 
is  of  no  use.  It  is  believed  that  the  atmospheric  con- 
ditions in  America  are  very  much  worse  than  thev  are  in 
this  country,  so  that  deductions  as  to  the  amount  of 
power  required  and  the  capital  cost  for  transmission 
from  America  to  this  country  may  be  misleading  when 
the  c[uestion  of  messages  from  this  country  to  America 
is  considered. 

Mr.  H.  E.  Morrish  :  In  both-way  transmission, 
does  the  author  mean  us  to  understand  that  we  should 
have  to  accept  each  of  the  eight  branches  which  he 
mentioned  as  being  available  for  radio-telephony  as 
being  applicable  in  one  direction  only,  i.e.  that  we  should 
tr;:nsmit  at  one  frequency  from  America  to  England 
and  at  another  from  England  to  America  ?  If  that 
is  so,  is  there  a  possibility  that  reception  and   trans- 


mission could  take  place  on  the  same  aerial  at  these 
frequencies,  or  would  it  be  necessary  to  have  two  dis- 
tinct stations  to  transmit  and  receive  ?  What  distance 
apart  would  those  stations  have  to  be  in  the  case  of 
transmission  between  England  and  America  ?  The 
limit  of  range  of  selectivity  being  what  it  is,  is  there  any 
hope  that  directional  wireless  will  increase  the  possi- 
bilities of  extra  circuits  ?  If  we  transmit  from  America 
to  England  it  appears  to  me  that,  under  present  con- 
ditions, transmission  from  New  York  to  Japan,  for 
example,  would  thereby  be  prejudiced.  Has  the  author 
ever  considered  the  possibility  of  forming  radio  screens 
with  the  idea  of  absorbing  the  current  traveUing  in  a 
direction  in  which  we  do  not  desire  it  to  go  ? 

Dr.  H.  W.  Nichols  [in  reply)  :  I  shall  deal  in  the 
first  place  with  the  measurement  of  noise.  We  are, 
of  course,  primarily  a  telephone  company,  and  we  have 
been  studying  speech  and  the  quality  of  speech  for  a 
great  many  years.  There  has  developed  in  our  labora- 
tory a  technique  for  determining  intelligibility  and 
for  determining  the  effect  of  noise  upon  intelligibility. 
The  method  we  use  is  to  introduce  into  the  loop  a  siren 
note  running  up  and  down  the  whole  frequency  scale 
used  in  speech,  all  on  a  constant  voltage,  and  to  compare 
that  voltage  with  the  noise  ;  that  is  to  sav,  to  determine 
how  low  that  siren  note  can  be  in  order  that  it  shall 
be  just  distinguishable  above  the  noise.  That  will 
probably  seem  to  be  rather  a  rough  method,  but  it 
has  at  the  back  of  it  a  great  deal  of  information  as 
to  the  effect  of  noise  upon  telephonic  quality,  secured 
in  the  laboratories  at  New  York.  A  considerable 
amount  of  very  accurate  work  has  been  done  there, 
with  the  result  that  the  data  which  we  have  now  can 
be  translated  into  actual  intelligibility  numbers. 

Dr.  Eccles  did  not  ask  any  very  definite  questions. 
I  quite  agree  with  what  he  said  about  the  noises.  We 
get  a  little  London  noise  out  there,  which  is  due  to 
ordinary  local  disturbances,  but  I  think  that  the  general 
indications,  particularly  from  the  shape  of  the  noise 
curve,  are  that  we  get  noises  from  places  like  Turkey 
and  further  East.  From  the  curves  one  can  almost 
follow  the  path  of  the  sun. 

Mr.  Shaughnessy  is  quite  right  about  local  receiving 
conditions  in  the  neighbourhood  of  New  York  ;  they 
are  very  much  worse  than  they  are  here.  They  are 
very  much  better  in  the  neighbourhood  of  Maine  than 
they  are  in  New  York,  although  probably  worse  than 
they  are  in  England.  It  is  certainly  necessary  to  carry 
on  two-way  transmission,  and  tests  in  both  directions 
will  certainly  have  to  be  carried  out. 

Mr.  Morrish  asked  whether  or  not  two-\\ay  operation 
can  be  carried  out  on  one  wa\'e-length  or  one  band  of 
frequencies.  I  should  say  not  on  one  band  of  fre- 
quencies. In  the  second  place,  he  incjuired  whether 
one  antenna  would  be  used  for  both  transmission  and 
reception.  I  am  sure  that  would  not  be  the  case, 
because  it  is  so  simple  to  do  it  the  other  way.  A  loop 
receiving  set,  01*  a  combination  of  loop  and  something 
else,  to  give  a  more  sharply  directional  reception  a 
few  miles  away  from  the  transmitting  set,  would  be 
all  that  was  necessary.  His  last  question  concerned 
directional  transmission.  The  answer  to  this  is  tliat 
radio  waves  are  radiations,  just  as  light  is,   and  it  is 
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well  known  that  to  concentrate  a  beam  of  radiation  of 
any  kind  it  is  necessary  to  employ  structures  having 
dimensions  at  least  comparable  with  those  of  the  wave- 
length involved,  and  preferably  some  low  multiple  of 
the  wave-length.  Transatlantic  wave-lengths  are  in 
the  order  of  8  000  m,  or  4  or  5  miles,  so  that  structures 


in  the  order  of  10  miles  in  physical  dimensions  would 
probablv  be  required  for  directional  transmission,  and 
for  sharp  directional  transmission  I  think  that  very 
much  larger  structures  would  be  necessary.  Technically 
it  is  quite  possible  to  do  it,  but  financially  I  think 
that  there  are  many  reasons  against  it. 


AN    ELECTRODE   APPARATUS    FOR   THE    LOCATION    OF   SUBMARINE 

CABLES   AND    FAULTS. *t 


By  F.  B.  YouxG,  B.A.,  D.Sc,  F.Inst.P.,  and  W.  Jevoxs,  M.Sc,  A.R.C.S. 


(Paper  received  2lst  December,    1922.) 


Summary. 


A  method  is  described  of  locating  cable  faults  by  mear.s 
of  a  pair  of  towed  electrodes,  the  cable  section  between  fault 
and  shore  being  energized  by  alternating  or  interrupted 
current.  The  limitations  and  difficulties  of  the  method  are 
discussed  and  remedies  are  indicated. 

Two  practical  trials  of  the  gear  are  briefly  described. 

Simple  approximate  formulae  are  derived  for  the  range 
of  the  gear,  and  numerical  values  are  calculated  for  three 
typical  cables.  It  is  shown  that  the  device  should  be  suffi- 
ciently sensitive  to  locate  an  earthed  break  in  a  modern 
cable  up  to  360  nauts  from  shore  and  an  insulated  break 
up  to  100  nauts,  though  on  account  of  the  difficulty  of 
handling  the  gear  in  deep  water  the  useful  ranges  would 
often  be  much  le?s. 


Introduction. 


^^'hen  a  break  or  fault  occurs  in  a  submarine  tele- 
graph cable  it  is  the  practice  to  locate  the  damaged 
point  by  means  of  electrical  tests  conducted  at  the 
shore  ends.  The  cable  repair  ship  is  then  navigated 
to  the  point  indicated  upon  the  chart,  and  drives  with 
grapnels  are  made  across  the  site  of  the  cable  until 
the  latter  is  hooked.  Although  great  skill  has  been 
developed  both  in  making  the  preliminar\-  tests  and 
in  carrying  out  the  subsequent  sea  operations,  the 
method  is  subject  to  ^•a^ious  possibilities  of  error. 
The  electrical  indications  are  occasionally  uncertain  or 
misleading  ;  owing  to  weather  conditions  either  the  cable 
may  ha\-e  been  originally  wrongly  charted  or  the  cable 
ship  may  make  errors  of  navigation  in  working  out  to  the 
break ;  while  in  congested  areas  the  grapnel  may  pick  up 
a  working  cable  instead  of  the  one  which  is  damaged. 

*  The  Papers  Conunittee  invite  written  communications  (with 
a  view  to  publication  in  the  Journal  if  approved  by  the  Com- 
mittee) on  papers  published  in  the  Journal  without  being  read 
at  a  meeting.  Communications  should  reach  the  Secretary  of 
the  Institution  not  later  than  one  month  after  publication  of  the 
paper  to  which  they  relate. 

t  The  application  of  the  electrode  gear  to  cable  repair  work  was 
suggested  by  Jlr.  B.  S.  Smith. 


Successful  trials  have  been  carried  out  with  a  device 
whereby  the  ^•essel  mav  detect  the  cable  at  a  convenient 
distance  from  the  shore  and  follow  it  out  to  the  break, 
the  delays  due  to  inaccuracies  in  the  tests  or  to  navi- 
gational errors  being  thus  avoided. 


Tha 
D  and  N  (Fig 


I.  General  Description. 
apparatus    consists    of   two  metallic  electrodes. 


1),  which  are  towed  at  the  ends  of  two 


^^j^i^^"- 


insulated  conductors,  of  unequal  length  and  twinned 
throughout  their  common  length,  by  means  of  which 
they  are  connected  through  a  suitable  transformer, 
T,  to  a  three-\-al\e  amplifier.  The  electrodes  may 
conveniently  consist  of  lengths  of  copper  or  phosphor- 
bronze  braiding  tlireaded  over  the  end  of  the  cable 
and  soldered  to  the  conductor.  This  should  be  pro- 
tected  by  a  covering  of  some  stout,   porous  material 
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such  as  hessian  or  a  hemp  pile,  since  friction  between 
the  metal  and  the  sea-bottom  produces  serious  elec- 
trical disturbances.  For  maximum  sensitivity  the 
towing  cable  should  be  loaded  with  a  weight,  W,  so 
that  the  electrodes  are  towed  near  the  ground  (but 
see  Section  VI). 

If  an  alternating  current  of  audible  frequency  is 
passed  through  the  cable,  the  oscillating  magnetic 
field  and  eddy  currents  produced  around  the  latter 
may  be  detected  by  means  of  the  electrode  circuit. 
Hence,  by  towing  the  electrodes  obliquely  across  the 
track  of  the  cable  and  changing  course  each  time  the 
sound  heard  rises  to  a  maximum,  the  ship  may  tack 
along  the  cable  until  the  total  failure  of  the  signals 
indicates  that  the  break  has  been  passed. 

In  arranging  the  power  supply  for  the  cable,  care 
must  be  taken  that  the  potential  difference  between 
core  and  sheath  at  no  time  rises  above  50  volts,  this 
being  the  limit  prescribed  by  the  cable  companies. 
Thus  for  a  sinusoidal  current  the  maximum  potential 
difference  is  50  -i-  \/1  volts  (R.M.S.)  or  35  volts.  A 
con\enient  source  of  power  is  a  50-volt  accumulator 
the  current  from  which  is  rapidly  interrupted  and 
re\ersed  by  means  of  a  motor-driven  commutating 
interrupter  giving  about  500  periods  per  seccnd  (p.p.s.). 
It  is  advisable  to  break  up  the  alternating  current 
into  the  dots  and  dashes  of  a  Morse  letter,  this  being 
readily  effected  by  means  of  a  low-speed  rotary  inter- 
rupter driven  by  the  motor  through  worm  reduction 
gear.  Such  Morse  signals  are  less  liable  than  a  con- 
tinuous note  to  be  masked  by  disturbances  due  to 
such  causes  as  the  ship's  electrical  machinery. 

The  towing  cables  and  deck  leads  must  be  carefully 
twinned  in  order  to  eliminate  as  far  as  possible  electro- 
magnetic disturbances  which  are  almost  invariably 
produced  by  the  ship's  machinery,  whether  electrical 
or  steam-driven.  These  disturbances  may,  however, 
be  conveniently  utilized  for  testing  the  condition  of 
the  electrode  circuit  from  time  to  time.  By  means 
of  the  testing  switches  Sj,  S2  either  electrode  may  be 
replaced  at  will  bv  the  ship's  steel  hull,  which  then 
forms,  together  with  the  remaining  electrode  and  its 
lead,  an  inductive  circuit  whereb)'  the  ship's  disturb- 
ances are  picked  up.  Failure  to  hear  the  ship's  noises 
would  indicate  a  break  in  the  circuit.  If  preferred, 
a  mere  standardized  electromagnetic  testing  field  may 
be  obtained  from  a  small  electrical  buzzer  placed  near 
the  deck  leads. 

The  sensitivity  of  the  detector  depends  upon  the 
distance  between  the  electrodes,  increasing  up  to  a 
certain  limit  as  that  distance  is  made  greater.  There 
is  little  advantage,  if  any,  in  increasing  the  length 
DN  beyond  40  or  50  yards.  The  sharpness  of  the 
maximum  is  increased  as  the  length  is  diminished, 
and  in  practice  a  "  base-line  "  DN  of  10  yards  has 
generally  been  employed.  Any  numerical  data  given 
in  the  paper  may  be  assumed  to  refer  to  a  pair  of  elec- 
trodes towed  close  to  the  sea  bottom  at  a  distance  of 
10  yards  apart  along  a  course  inclined  to  the  telegraph 
cable  at  an  angle  of  45°. 

It  will  be  observed  that  the  electrode  cable-detector 
bears  a  general  resemblance  to  the  "  leader  gear"  now 
being  developed  for  purposes  of  navigation,  the  essential 


difference   being   that   towed,    weighted   electrodes   are 

substituted  for  coils  fixed  on  the  ship's  hull.  It  is 
quite  possible  to  utilize  the  leader-gear  coils  for  the 
detection  of  cable  faults,  but  the  electrodes,  on  account 
of  their  comparative  independence  of  the  depth,  give  a 
much  more  extended  range ;  *  in  view  of  the  very 
limited  currents  which  are  permissible  this  considera- 
tion proves  to  be  of  great  practical  importance  [see 
Section  VI,  (2),  (ii)]. 

The  leader-gear  coils  possess,  within  their  limited 
range,  the  advantage  of  giving  port-starboard  indica- 
tions which  enable  the  vessel  to  follow  a  more  direct 
course.  Similar  indications  may  be  obtained  from 
electrodes  by  towing  two  pairs  of  electrodes  on  the 
ship's  quarters,  as  shown  in  Fig.  2.  By  connecting 
the  amplifier  alternately  to  the  respective  pairs  it  is 
possible   to   determine   from   the   relative   strengths   of 


N:     D, 


N,    D. 


Fig.  2. 


the  signals  on  which  side  of  the  ship  the  cable  lies. 
In  practical  trials,  however,  only  a  single  pair  of  electrodes 
has  hitherto  been  employed. 

n.  Range  of  Detector. 

The  distance  from  shore  at  which  a  break  may  be 
detected  is  limited  primarily  by  the  attenuation  suffered 
by  an  alternating  current  flowing  through  a  submarine 
cable,  due  mainly  to  the  capacity  current  between 
the  core  and  the  sheath.  The  attenuation  constant 
depends  upon  the  resistance,  capacity  and  inductance 
per  unit  length  of  the  cable  and  upon  the  frequency 
of  the  current.  Other  factors  upon  which  the  range 
depends  are  the  weight  of  the  iron  wire  sheathing 
(which  acts  as  a  screen  reducing  the  external  field 
due  to  the  current)  and,  of  course,  the  sensitivity  of 
the  listening  apparatus,  in  which  may  be  included  the 
human  ear.  Finally  the  nature  of  the  cable  fault  itself 
must  be  considered. 

The  selection  of  the  frequency  to  be  employed  involves 
a  compromise,  for  whilst  the  ear  is  most  sensitive  to 
frequencies  of  1  000  p.p.s  or  higher  (and  it  is  to  such 
frequencies  that  commercial  telephones  and  amplifiers 
are  designed  most  readily  to  respond),  the  attenuation 
of  the  current  diminishes  as  the  frequency  is  reduced. 
The  trials  and  calculations  that  were  made  led  to  the 
conclusion  that  a  frequency  of  about  500  p.p.s.  is  the 
most  suitable,  t 

In  sensitivity  tests  of  the  gear  it  was  found  that  if 
a  pair  of  electrodes  10  yards  apart  were  towed  obliquely 
at  an  angle  of  4.5°  across  a  cable  the  sheathing  of  which 
had  a  total  cross-section  of  0- 19  sq.  in.,  it  was  possible 

•  The  terra  "  range  "  in  the  paper  is  employed  to  denote  tlie 
distance  froni  shore  up  to  wliich  the  cable  may  be  detected. 

t  That  is,  if  commercial  amplilicrs  and  telephone  receivers  are 
emploveil.  With  suitably  designeil  apparatus  the  range  might  be 
extended  by  reducing  the  frequency.  It  is  even  possible  that 
subsonic  frequencies  might  be  employed  with  advantage. 
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to  detect  with  certainty  a  core  current  of  as  little  as 
0-2  mA.  As  these  tests  were  made  under  practical 
conditions,  no  special  precautions  being  taken  against 
disturbing  noises  due  to  the  ship's  machinery  and 
steering  gear,  the  result  may  be  safely  taken  as  a  datum 
for  range  calculations. 

At  the  break  or  fault  the  resistance  to  earth  of  the 
core  may  vary  from  a  ver>'  low  value  to  infinity,  accord- 
ing to  the  nature  of  the  contact  between  the  copper  and 
the  sea  w-ater.  The  fault  is  most  readily  detected 
when  the  resistance  to  earth  is  low.  It  is  calculated 
(see  Appendix)  that  an  earthed  fault  in  a  typical  modern 
cable  of  average  resistance  (about  3  ■  1  ohms  per  naut) 
should  be  detectable  at  a  distance  from  shore  of  360  nauts, 
an  input  E.M.F.  of  35  volts  (R.M.S.)  being  assumed. 
This  may  be  taken  as  a  mean  value  for  cables  in  general. 
The  calculated  ranges  for  two  extreme  cases  are  given 
in  the  .Appendix. 

If  the  break  or  fault  is  insulated  the  current  passing 
through  it  is,  of  course,  nil,  but  the  cable  can  still,  by 


however,  that  the  useful  range  will  generally  be  deter- 
mined by  other  considerations.  As  the  depth  increases, 
both  the  length  and  the  strength  of  the  towing  cable 
must  be  increased  correspondingly,  and  the  gear  will 
cease  to  be'  of  value  when  the  advantages  which  it 
offers  are  outweighed  by  the  delays  and  difficulties 
involved  in  its  use.  The  limiting  depth  must  be 
determined  by  experience  ;  it  can  only  be  stated  that 
at  the  depth  of  50  or  60  fathoms  no  difficulty  was 
experienced. 

Since  the  majority  of  breaks  occur  near  the  shore 
and  in  rather  shallow  waters,  the  limitations  either  of 
range  or  of  depth  do  not  seriously  restrict  the  ut 
of  the  gear.  ► 

III.  Distribution  of  Current  in  Cable.     E.n'd- 
Reflection. 

Certain  phenomena  which  have  hitherto  been  la 
of   academic   interest   become   of   practical   importMCe 
in    connection    with    the    apparatus    under    discussion. 


Fig.  3. 

Curve  (a)  represents  the  relative  potential  distribution  along  cable  eartticd  at  seaward  end  (or  current  distribution 
along  cable  insulated  at  seaw  ard  end). 

Curve  (())  represents  the  relative  current  distribution  along  cable  earthed  at  seaward  end  (or  potential  distribution 
alona  cable  insulated  at  seaward  end) 

Ctiblc  LOiistarils  :  R  =  \t  ohms  per  naut  :  K  =  041  /xF  per  naut  ;  L  =  mH  per  naut  ;  frequency  =  SOOp.p.s. ; 
wave-length  of  propagation  =  70"8  nauts. 


means  of  its  capacit}?  current,  be  followed  out  to  a 
point  at  which  this  current  falls  to  the  minimum  audible 
strength.  In  such  a  case  the  point  indicated  by  the 
detector  wiU  not  be  at  the  break  itself  but  at  a  certain 
distance  d  to  shoreward.  The  greater  the  distance  of 
the  break  from  shore,  the  greater  is  the  distance  d,  and  the 
detector  ceases  to  be  of  use  when  d  becomes  excessive. 
In  the  Appendix  it  is  shown  that  up  to  a  distance  of 
100  nauts  from  shore  an  insulated  break  in  the  3-1 
ohm  cable  should  be  located  to  within  40  or  50  yards. 
Beyond  100  nauts  the  distance  d  steadily  increases  to 
nearly  400  yards  at  200  nauts,  and  1  •  4  nauts  at  300  nauts. 
It  is  obvious  that  insulated  breaks  are  much  less  readily 
detected  than  those  which  are  earthed,  but  fortunately 
the  latter  are  of  far  more  frequent  occurrence. 

Since  no  sea  trials  have  been  carried  out  at  a  greater 
distance  from  shore  than  about  16  miles,  the  above-stated 
ranges  lack  experimental  verification.     It  is  probable. 


Owing  to  the  peculiar  wave-like  propagation  of  an 
alternating  current  in  a  submarine  cable,  reflection 
analogous  to  the  reflection  of  sound  waves  at  the  end 
of  an  air-filled  pipe  occurs  at  the  cable  end,  and  the 
interference  between  the  incident  and  reflected  waves 
results  in  an  uneven  distribution  of  current  and  potential. 
Curves  (a)  and  (b)  in  Fig.  3  represent  respectively 
the  potential  and  current  distribution  in  a  cable 
[R  =  1-7  ohms  per  naut)  the  seaward  end  of  which  is 
earthed.  In  this  diagram  the  end  (or  break)  of  the 
cable  is  represented  by  O.  The  shore  (or  input)  end 
of  the  cable  may  be  at  points  A,  C,  E,  etc.,  according 
to  the  distance  from  station  to  break.  That  is  to  say, 
the  end  or  break  is  represented  by  a  fixed  point,  while 
the  input  end  or  station  is  variable  in  position.  The 
scale  of  lengths  is  shown  for  convenience  in  terms  of  A, 
the  wave-length  of  propagation.  The  relative  distribution 
of  potential  along  a  cable   of  any  length  O A  is  repre- 
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sented  by  the  portion  OB  of  the  curve  which  OA 
subtends.  In  order  that  the  curve  may  represent 
also  the  absolute  values,  the  scale  of  ordinates  must 
be  so  chosen  that  AB  represents  the  input  voltage. 
Similarly  the  portion  LJ  of  curve  (b)  represents  the 
relative  current  distribution,  or,  if  AJ  is  taken  as 
representing  the  input  current,  the  absolute  distribution. 
The  distribution  of  potential  and  current  along  a 
cable  whose  end  is  insulated  is  represented  by  the 
same  pair  of  curves ;  but  the  potential  distribution 
is  now  represented  by  (6),  whilst  (a)  represents  the 
distribution  of  current. 

IV.  Potential    Distributiox.      Danger    of    Excess 

VOLT.^GE. 

From  what  has  been  said  it  foUows  that  the  voltage 
£■0  at  the  sending  end  may  quite  possibly  be  exceeded    j 
by  the  voltage  at  other  points.     If,   for  example,   the 
length   of  the    cable    is    A/2,    the    end    being    earthed, 
then   at    a   point   A/i   from   the    end    the   potential   is    ! 
Eo  X  EF/CD  =  Eo  ;<  2  •  35.      The   excess  voltage  in   a    I 
cable  with   end   insulated  may  be   even   greater,  for  if    I 
the  length  is  /\/4  then  at  the  sealed  end  the  potential 
is  e'o  X  OL/EK  =  e'o  X  4-7. 

Cable  experts  do  not  seem  to  be  quite  agreed  as  to 
the  necessity  for  the  restriction  of  the  maximum 
dielectric  strain  to  50  volts.  The  dielectric  strength 
of  the  insulation  is  enormously  in  excess  of  that  implied, 
and  the  regulation  is  presumably  a  refinement  of  pre- 
caution intended  to  secure  a  short  period  of  additional 
service  from  a  cable  which  is  on  the  point  of  breaking 
down.  If  the  restriction  is  to  be  respected,  however, 
it  is  obv-ious  that  a  sending  E.M.F.  of  35  volts  cannot 
be  used  indiscriminately. 

If  U'  is  the  greatest  possible  value,  for  a  cable  of 
given  pattern,  of  the  ratio  of  the  dielectric  strain  at 
the  further  end  to  that  at  the  sending  end,  all  danger 
of  o^'erstrain  is  a\-oided  by  invariably  restricting  the 
input  E.M.F.  to  35/t7'  volts.  For  the  1-7  ohm  cable 
the  permissible  input  E.M.F.  would  be  35  volts  H-  4-7, 
or  only  about  7-5  volts.  Such  a  precaution  is,  however, 
unnecessarily  severe. 

The  curves  in  Fig.  3  show  that  the  conditions  for 
a  high  excess  voltage  are  also  the  conditions  for 
an  abnormally  large  input  current  /q.  If  a  power 
supply  at  35  volts  is  employed  in  series  with  a  guard 
resistance  r,  then  the  voltage-drop  i-Iq  mcreases  or 
diminishes  with  the  tendency  toward  excess  voltage. 
It  is  shown  in  the  Appendix  that  the  cable  is  safe- 
guarded under  all  conditions  if  r  =  Zq(1  —  1/C7').  For 
the  1  •  7  ohm  cable  this  is  equivalent  to  50  ohms. 

More  efficient  methods  of  adjusting  the  input  voltage 
are  possible  if  it  is  desired  to  employ  the  maximum 
E.M.F.  which  the  particular  condition  of  the  cable 
will  permit.  Such  methods  must,  however,  be  employed 
with  caution  owing  to  the  possibility  of  sudden  changes 
in  the  cable  conditions.  If,  for  example,  the  length 
of  the  cable  is  A/4  and  the  end  is  earthed,  then  the 
excess  voltage  is  nil  and  the  full  E.M.F.  of  35  volts 
may  be  employed.  Should,  however,  the  end  be 
grapnelled  and  raised  whilst  the  current  is  still  flow- 
ing, then,  since  the  core  is  thereby  insulated,  the  con- 
ditions for  a  maximum   excess   voltage   are   suddenly 


realized  and  the  dielectric  strain  rises  to  35  X  \/2 
X  4-7  volts  =  235  volts.  The  guard  resistance  should 
produce  no  inconvenient  reduction  of  the  cable  current 
unless  the  break  is  at  a  considerable  distance  from  shore, 
in  which  case  r  may  be  eliminated  without  danger. 

Owing  to  its  low  resistance  the  1  •  7  ohm  cable  repre- 
sents an  extreme  case.  As  the  resistance  increases 
U'  diminishes.  For  the  t>-pical  3- 1  ohm  cable  U'  =  2-7 
and  no  minimum  occurs  beyond  A/2  from  the  end, 
whilst  excess  voltage  does  not  occur  in  the  case  of  a 
cable  having  the  abnormal!}'  high  resistance  of  14  ohrns 
per  naut. 

V.  Current    Distribution.     Danger    of    F.\lse 
Indications. 

From  Fig.  3  it  follows  that  the  strength  of  the  signals 
received  by  the  electrode  circuit  may  not  fall  off  regu- 
larly along  the  cable.  In  the  case  of  an  earthed  break 
the  signals  will  in  fact  normally  increase  in  strength 
as  the  break  is  approached,  with  the  resultant  advan- 
tage that  the  position  of  the  latter  is  well  defined. 
The  uneven  current  distribution  need  cause  no  trouble 
except  when  the  break  occurs  at  extreme  ranges,  but 
in  such  cases  there  is  a  distinct  possibility  of  false 
inferences.  If,  for  instance,  in  the  case  of  the  1  •  7 
ohm  cable  the  current  at  the  break  is  only  just  detect- 
able, then  it  may  be  deduced  from  curve  (b)  (Fig.  3) 
that  on  account  of  the  minimum  at  0-75A  (  =  52  nauts) 
an  observer  following  the  cable  from  shore  would 
cease  to  receive  signals  at  about  60  nauts  from  the 
end  ;  the  signals  would  come  in  again  at  about  40  nauts, 
to  be  lost  once  more  at  30  nauts. 

If  it  is  desired  to  employ  the  detector  at  extreme 
ranges  the  sending  apparatus  should  be  arranged  to 
give  alternate  signals  of  two  different  frequencies 
(e.g.  400  p.p.s.  and  600  p.p.s.).  The  wave-length  of 
propagation  is  appro.ximately  inversely  proportional 
to  the  frequency ;  hence  the  maxima  and  minima 
for  the  two  signals  will  occur  at  different  points  and 
the  signals  will  fail  simultaneously  only  at  the  end  of 
the  cable. 

As  remarked  in  Section  IV,  the  1-7  ohm  cable  pre- 
sents an  extreme  case,  so  that  the  dangers  of  false 
indications  are  in  general  much  less  than  this  example 
would  indicate. 

VI.  Sea  Trials  of  the  Electrode  C.\ble 
Detector. 

The  following  brief  accounts  of  two  practical  trials 
of  the  detector  wiU  serve  to  give  some  idea  of  its 
capabilities. 

(1)  Location  of  cable  break  in  Ballinskclligs  Bay. — 
The  first  trial  was  made  at  the  invitation  of  Messrs. 
Clark,  Forde  and  Taylor  on  a  cable  belonging  to  the 
Commercial  Cable  Co.  which  had  broken  near  the 
shore-end  at  Water\ille,  Co.  Keny.  A  special  feature 
of  the  case  was  that,  owing  to  tlie  large  number  of 
cables  converging  on  Waterville,  to  drag  for  any  given 
cable  was  a  delicate  and  difficult  operation. 

The  customary  electrical  tests  gave  rather  uncertain 
results  but  were  judged  to  indicate  a  break  at  about 
3  nauts  from  the  shore  end.    The  search  with  electrodes 
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was  therefore  commenced  at  about  li  nauts  out,  but 
no  signals  were  received  from  the  cable,  though  several 
working  cables  were  readily  detected  by  the  Morse 
signals  passing  through  them,  the  sounds  in  the  tele- 
phone receivers  closely  resembling  the  tapping  of  a 
Morse  key.  Working  nearer  in  shore  the  repair  ship 
finally  picked  up  the  a.c.  signals  and  the  indicated 
position  of  the  break  was  buoyed.  As  a  safeguard, 
previous  to  grapnelling  the  cable  two  neighbouring 
cables  were  also  located  by  means  of  the  working 
currents  and  buoyed.  Owing  to  the  congestion  of 
cables,  however,  a  di\er  was  employed  and  the  broken 
end  was  found  within  about  15  fathoms  of  the  buoy 
and  about  1  •  3  nauts  from  shore. 

The  actual  break  was  thus  located  at  1-7  nauts 
from  the  supposed  position.  The  significance  of  this 
lies  in  the  fact  that  between  the  supposed  and  the  actual 
position  of  the  break  the  cable  was  crossed  by  tliree 
more  recent  cables.  Hence  the  electrode  detector 
undoubtedly  saved  considerable  time  and  expense. 

The  break  had  occurred  in  the  heavily-armoured 
shore  section  of  "  rock  cable,"  for  which  the  particulars 
were  as  follows  :  if  =  3  ■  1  ohms  per  naut ;  ii  =  0  •  41  fiF 
per  naut ;  total  cross-section  of  sheathing  =  0-92  sq.  in. 
The  input  current  supplied  from  a  secondary  battery 
through  a  rotary-  interrupting  commutator  giving  a 
frequency  of  about  500  p.p.s.  was  reduced  by  means 
of  resistance  to  150  mA.  Owing  to  fouling  of  the 
weight  on  the  rocky  bottom  the  final  search  was  con- 
ducted with  unweighted  electrodes. 

(2)  Location  of  cable  Ireak  off  the  coast  of  Co.  Kerry. — 
This  trial  was  carried  out  at  the  invitation  of  the  Tele- 
graph Construction  and  Maintenance  Co.  by  arrange- 
ment with  the  Commercial  Cable  Co. 

The  shore  tests  had  indicated  a  break  at  15-7  nauts 
from  the  shore  end.  The  electrodes  were  lowered 
at  about  7  miles  out  and  by  following  a  zig-zag  course 
the  vessel  was  able  readilv  to  detect  the  cable  at  point 
after  point  until  the  signals  ceased.  The  observer 
then  stated  that  the  break  lay  between  the  last  two 
points  crossed,  and  the  subsequent  operations  showed 
this  statement  to  be  correct.  These  points  were  about 
1  mile  apart  and  owing  to  some  misconception  the 
limiting  distance  was  not  reduced,  though  this  could 
doubtless  have  readily  been  done. 

In  this  case  the  break  proved  to  haxe  been  located 
by  the  shore  tests  to  within  190  fathoms,  so  that  no 
such  striking  demonstration  of  the  value  of  the  apparatus 
occurred  as  in  the  earlier  trial.  The  trial,  however, 
presented  certain  features  of  interest. 

(i)  The  points  indicated  by  the  electrode  gear  lay 
consistently  to  the  north  of  the  charted  position 
of  the  cable,  the  discrepancv  at  places  amounting 
to  i  mile.  From  obser\-ations  already  made  on 
the  occasions  of  two  earlier  repairs  it  had  been 
inferred  that  the  chart  was  in  error.  The 
electrode  indications  agreed  with  those  observa- 
tions and  afforded  data  for  the  recharting  of 
the  position  of  the  cable, 
(ii)  On  this  occasion  leader-gear  coils  were  carried,  in 
addition  to  the  electrodes.  0%ving,  however, 
to  the  small  input  E.M.F.  which  was  permissible 


and  to  the  depth  of  the  water,  the  coUs  failed 
to  pick  up  signals  beyond  4j  miles  from  the 
shore-end  (depth  of  water  23  fathoms ;  the 
break  occurred  in  50-60  fathoms).  These 
coils  have  certain  definite  advantages  over 
the  electrodes,  being  niore  conveniently  handled 
and  permitting  of  following  the  cable  practically 
on  a  straight  course,  but  their  use  is  apparently 
restricted  to  a  very  short  distance  from  the 
shore. 

(iii)  By  means  of  a  variable  shunt  across  the  tele- 
phones a  rough  comparative  estimate  was 
made  of  the  strength  of  signals.  The  signals  grew 
markedly  louder  toward  the  end  of  the  cable. 

(iv)  The  cable  was  raised  and  cut  at  a  short  distance 
to  landward  of  the  break  before  the  current 
was  switched  off  at  the  shore  station.  At  the 
moment  when  the  cable  was  severed  an  observer 
at  the  station  noted  that  the  input  current 
rose  suddenly  from  its  previous  value  of  0-3 
ampere  to  0-65  ampere. 

Observations  (iii)  and  (iv)  find  their  explanation  in 
the  phenomena  of  end  reflection.  The  cable  in  ques- 
tion had  the  following  constants  per  naut,  approxi- 
mately; i?  =  2-35  ohms,  K  =  0-42  /xF,  L  =  2  mH 
(assumed).  These  constants  imply  at  500  p.p.s.  a 
propagation  wave-length  of  69  nauts  ;  hence  the  length 
of  cable  to  the  break,  15-7  nauts,  was  roughly  a  quarter 
wave-length  and  the  observed  phenomena  exemplify 
the  effects  of  end  reflection  discussed  in  Sections  III 
to  V. 

It  may  be  mentioned  that,  as  on  the  earlier  occasion, 
trouble  was  experienced  with  the  weight  owing  to  the 
rocky  bottom,  and  the  latter  part  of  the  operations 
was  carried  out  with  unweighted  electrodes. 

The  authors  desire  to  acknowledge  their  indebtedness 
to  the  Admiralty  for  permission  to  publish  this  paper, 
to  the  Commercial  Cable  Co.  and  the  Telegraph  Con- 
struction and  ^Maintenance  Co.  for  the  facilities  afforded 
to  test  the  gear,  and  to  ^Messrs.  Clark,  Forde  and  Taylor 
for  their  practical  interest  and  assistance. 

APPENDIX. 

Mathematical  Notes. 

If  R,  K  and  L  are  respectively  the  resistance,  capacity 

and  inductance  per  naut ; 
I  is  the  length  of  cable  from  shore  to  break  ; 
Eg,   !(,    are   respectively    the    E.M.F.    and   current 

at  the  sending  end  ;  and 
E^,   I^   are    respecti\'eh-  the   E.M.F.    and   current 

at  a  distance  .v  from  the  sending  end  ; 

then,  if  the  leakance  of  the  cable  is  regarded  as  neg- 
ligible, 

the  propagation  constant  P  =  a  -\-  j^,* 
the  characteristic  impedance  Zq  =  -v/  [{R  +  fpL)/jpK} 
and  the  wave-length  of  propagation  A  =  Ztt/^. 
*  Where  the  attenuation  constant 

a  =  ^/  [ipA-j  ^/  (R-  +  p'L")  -  pL\] 
and  the  wave-length  constant — 

,i  =^[i,pK\^(E-  +  p-L-')  +  phW 
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If  the  cable  is  earthed  at  the  seaward  end, 
E^  sinh  P(l  -  X) 

^'  =  ^hihPi '^' 

_  Eq  cosh  P(l  -  x) 
^  Zq  sinh  Pi        ^  ' 

If  the  cable  is  insulated  at  the  seaward  end, 
,       e'o  cosh  P(l  -  x) 

^-  = ^SihPi       ^^' 

,  ^  4sinhP(^-_^) 
^  Zo  cosh  PI        ^  ' 

Inspection  of  Equations  (1)  to  (4)  shows  that  the  relative 
distribution  of  potential  or  current  is  given  in  each 
case  by  plotting  the  function  P(l  —  x]  in  the  numerator 
against  (I  —  x),  the  distance  from  the  seaward  end  of 
the  cable  (see  Fig.  3). 


for  a  cable  having  a  sheathing  of  total  cross-section 
0-19  sq.  in.,  i  =  0-2  mA.  The  allowance  to  be  made 
for  variations  in  the  thickness  of  the  sheathing  is  rather 
uncertain,  and  probably  involves  consideration  of  the 
structure  as  well  as  of  the  weight.  From  Oldenburg's 
calculations,*  however,  it  is  inferred  that  within  prac- 
tical limits,  if  the  area  of  cross-section  of  the  cable  is 
S  sq.  in., 


2  X   10-*    •-  5/0- 19  (approximately) 


(6) 


In  the  table  are  given  the  values  of  D  calculated 
from  Equations  (5)  and  (6)  for  three  cables  .\,  B  and  C 
of  extremely  low,  medium  and  extremely  high  resist- 
ance respectively.  The  constants  R  and  K  were  sup- 
plied by  cable  companies.  The  values  of  L  were 
unobtainable,  and  in  the  absence  of  any  opportunity 
for  satisfactory  tests  a  value  of  2mH  per  naut  has  been 
assumed.     This   is    near   the   lower   limit   specified    by 


Table  giving  Practical  Data  for  Three  Typical  Cables. 

Frequency  500  p.p.s. 

The  cable  sheathing  is  assumed  to  have  a  cross-section  of  0-35  sq.  in.  (equivalent  to  12  wires  of  No.  6  S.W.G.; 
The  ranges  are  calculated  on  the  assumption  that  Eq  =  35  volts  (R.M.S.). 


Cable 

Cable  constants, 
per  naut 

Attenuation 
constant, 

Wave-length 

constant, 

/3 

Character- 
istic 
impedance, 
Zo 

D 

(extreme 
range  when 
cable  end  is 

earthed) 

U' 

(maximum 
excess 
voltage) 

r 
(guard 

R 

K 

L 

resistance) 

A 
B 
C 

ohnis 

1-7 
3-1 
14 

0-41 
0-41 
0-32 

mH 

(2)* 
(2)* 
(2)* 

0-012 

0-0217 

0-068 

0-089 
0-C94 
0  ■  104 

71 

74 
123 

71 
07 
00 

nauts 
650 
360 
110 

volts 
4-7 
2-7 

(0-84)t 

ohms 

56 

47 

0 

Note. — A  represents  a  cable  of  extremely  low  resistance.  B  represents  a  modem  cable  of  medium  resistance. 
C  represents  a  cable  of  extremely  high  resistance  and  is  now  almost  obsolete.  It  occurs  at  sea  in  a  few  original 
sections  of  early  cables  only. 


*  Value  of  inductance  assumed  (see  above). 


t  The  fractional  value  for  V  implies  that  excess  voltage  does  not  occur. 


In  the  following  deductions  from  Equations  (1) 
to  (4)  the  magnitudes  only  of  the  results  are  given, 
the  vectorial  angles  being  disregarded. 

Range   of   Detection. 
(a)  End  earthed. — From  Equation   (2), 
/(  =  EqUZo  sinh  PI) 
If  /  is  so  great  that  cosh  al  =  sinh  al  (approximately), 
then  /,  =  {EofZo)  x  2e-°'  (approximately). 

If  i  is  the  minimum  cable  current  detectable  by  the 
electrode  gear,  and  D  the  maximum  distance  from 
shore  at  which  the  break  can  be  detected. 


I,= 


X   26 


oi)  _ 


whence 


a        ®2jBo 


(5) 


The  value  of  i  depends   upon   the  thickness  of  the 
cable   sheathing.     From   experiment    (see    Section    II), 


Malcolm  f  and  is  in  fair  agreement  with  experimental 
values  obtained  by  Pemot.:J: 

Since  Equation  (6)  involves  a  rather  doubtful 
assumption,  it  may  be  pointed  out  that  if  the  factor 
of  error  in  i  is  2",  then,  from  (5),  the  error  in  D  is 
—  (2-30  n/a)  log  2.  For  cable  B  this  is  equivalent 
to  30  nauts  X  n  ;  thus  if  i  should  be  gi\en  twice  the 
correct  value,  the  value  of  D  is  affected  by  less  than 
10  per  cent. 

(6)  End  insulated. — From  Equation  (4),  provided 
(/  —  x)  is  small  compared  with  A, 


EopK{l  -  x) 


(approximately) 


"  cosh  PI 

whence,  if  d  is  the  value  of  {I  —  x)  for  which  I^  =  i, 

d 


i  cosh  PI 


EopK 

•  .Archivfiir  Elektrotechnik,  1920,  vol.  9,  p.  289. 

t  "Tlieorv  of  the  Submarine  Cable,"  p.  34. 

I  Journal  of  the  Franklin  Institute,  1920,  vol.  190,  p.  323. 
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In  the  case  of  cable  B 

ill  =     33  nauts,     d 
100  nauts, 
,,      200  nauts, 
300  nauts. 


:  0-005  naut  or  about  10  yards 
0  0183  naut  or  about  37  yards 
0- 159  naut  or  about  320  yards 
1-39  nauts 


Hence  in  the  case  of  a  modem  cable  of  a\-erage  resist- 
ance the  electrode  detector  should  be  capable  of  locating 
an  insulated  break  up  to  a  range  of  at  least  100  nauts 
to  within  40  or  50  yards. 

Excess  Voltage  due  to  End  Reflectiox. 

If  "  excess  voltage  "  is  defined  as  the  ratio  of  the 
maximum  E.M.F.  in  the  cable  to  the  E.M.F.  at  the 
sending  end,  and  if  U  is  the  maximum  possible  excess 
Aoltage  for  a  cable  of  given  type  assumed  to  be  earthed 
at  the  seaward  end,  then  from  curve  (a)  (Fig.  3)  and 
Equation   (1), 

sir^h  P(A/2  -  A/4)  ^  g. 

sinh  P(A/2)  ^  2/3  ^  ' 

Similarly  for  the  insulated  cable  [\vriting  I  =  x  =  A/4  in 

Equation  (3)] 

cosh   P(0)     ^^^^^^an 

cosh  P{A/4)  2^  ' 

From  (7)  and  (8)  it  follows  that  the  insulated  cable 
is  liable  to  an  excess  \-oltage  twice  as  great  as  that  to 
which  the  earthed  cable  may  be  subjected. 

The  values  of   U'-  are  given  in  the  table  for  cables 


A,  B  and  C.  In  cable  C  at  frequency  500  p.p.s.  the 
phenomenon  of  excess  voltage  does  not  occur  and 
Equation   (8)   ceases  to  be  applicable. 

If  cosech  (a//3)(7r/2)  is  plotted  against  frequency 
it  will  be.  found  to  diminish  regularly  as  the  frequency 
is  diminished.  The  danger  of  excess  voltage  can  there- 
fore be  diminished  by  working  at  a  lower  frequency. 
To  ob\-iate  the  effect  entirely  in  the  case  of  cable  A  would, 
howe\er,  involve  the  reduction  of  the  frequency  below 
100  p.p.s. 

Guard  Resistance. 

In  the  case  of  a  cable  of  length  A/4  insulated  at  the 
end,   the  sending-end  impedance 


J' 


Z,, 


Z„  sinh  (aiP)  (7r/2) 


=  Z' 


.g        tanhP(A/4)  cosh  ta//3)  (7r/2) 

It  is  required  in  the  case  in  question  that  Eq  should 
not  be  greater  than  EfU'  =  E  sinh  (a/j8)  (tt/S),  where 
E  is  the  maximum  E.M.F.  to  which  the  cable  dielectric 
may  be  subjected.  If  E  is  also  the  E.M.F.  of  the  power 
supply,  the  condition  will  be  fulfilled  if  a  guard  resist- 
ance r  is  used  in  series  with  the  power  supply  and  cable 
such  that 

z'     __  ^_ 


z'  + 


i.e.  such  that 


'i'  -  Tj)-^ 


1 


V'/  cosh  (a/j3)  (77/2) 

Since  cosh  (a//3)  (77/2)   is  always  rather  greater  than   1, 
the  cable  is  fully  protected  by  making  r  =  .Zy  ( 1  —  1/f/'). 
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By  L.  Breach,  Member,  and  H.  Midgley,  B.Sc.  (Eng.),  Associate  Member. 


{Paper  first  received  29th  November,  1922,  and  in  final 
2Qth  April,  before  the  Mersey  and  North  Wales 
Centre  ■Ilth  April,   1923.) 

Summary. 

The  paper  deals  only  with  the  supply  of  power  for  the 
auxiliaries  of  a  modern  power  station,  no  attempt  being 
made  to  discuss  the  relative  merits  of  apparatus  such  as 
evaporators,  ejectors,  etc. 

The  following  aspects  of  the  problem  are  dealt  with  : — 

(1)  Consideration  of  the  different  types  of  auxiliaries  used 

in  a  station. 

(2)  Consideration  of  the  different  types  of  supplies  available. 

(3)  Suitability    of    different    auxiliaries    and    supplies    for 

various  conditions  of  station  working. 

Seven  alternative  schemes  for  the  supply  to  the  auxiliaries 
of  a  proposed  new  station  are  described  and  tabulated, 
and  the  advantages  and  disadvantages  of  each  are  considered 
in  turn. 

Certain  of  these  are  recommended  by  the  authors,  this 
recommendation  being  based  on  the  principle  that  no  expense 
should  be  spared  to  secure  a  simple  and  reliable  system  of 
station  auxiliaries. 

Some  observations  are  made  on  features  to  be  taken  care 
of  when  auxiliary  supplies  are  being  laid  down. 


Introduction. 


The  general  question  of  the  drive  of  power  station 
auxiliaries  is  one  which  is  receiving  an  increasing  amount 
of  attention  from  up-to-date  power  station  operating 
and  designing  engineers. 

In  the  case  of  the  early  generating  plants,  consisting 
of  Lancashire  boilers  with  natural  draught  and  hand 
stoking,  supplying  steam  to  simple  condensing  recipro- 
cating engines,  with  condenser  pumps  coupled  mechani- 
cally to  the  main  engines,  practically  the  only  auxiliaries 
requiring  a  separate  drive  were  the  feed  pumps,  which 
were  usually  of  the  steam-driven  reciprocating  type. 

At  the  present  time,  however,  auxiliaries  of  power 
plants  require  a  very  large  amount  of  thought  and 
attention  from  the  designing  engineer,  and  it  is  there- 
fore proposed  to  consider  in  the  paper  a  few  of  the 
points  to  be  watched  when  the  arrangements  for  a 
new  power  station  are  being  prepared. 

When  preparing  a  scheme  for  the  auxiliaries,  one  of 
the  first  questions  which  arises  is  as  to  the  purpose  of 
the  station,  i.e.  whether  it  is  for  constant  running  on 
a  high  load  factor,  possibly  taking  a  "  base  load," 
whether  it  is  for  an  ordinary  commercial  load  of  an 
annual  load  factor  of  about  30  per  cent,  or  whether 
it  may  only  have  to  run  for  a  few  hours  in  the  year, 
as  in  the  case  of  a  station  which  acts  as  a  stand-by  to 
a  hydro-electric  supply.  In  other  words,  it  is  essential 
to  know  whether  continuity  of  supply  or  simplicity  of 
design  is  the  m(  re  important  factor,  for  it  is  obvious 
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that  an  expenditure  on  auxiUaries  which  would  be 
justified  in  the  case  of  a  central  supply  station  feeding 
an  important  industrial  area  would  be  extravagant  in 
the  case  of  a  stand-by  station  to  be  used  only  at 
infrequent  intervals. 

It  should  therefore  be  noted  that  only  a  modern 
station  equipped  with  large  turbo-alternators,  mechani- 
cal stoking,  etc.,  is  dealt  with  in  this  paper,  and  attention 
has  been  confined  to  the  supply  of  power  for  the 
auxiliaries,  i.e.  no  attempt  has  been  made  to  include 
the  discussion  of  the  merits  and  demerits  of  such 
apparatus  as  evaporators,  ejectors,  etc. 

It  is,  of  course,  obvious  that  it  is  very  difficult  to 
lay  down  any  general  rules  as  to  which  is  the  best 
system  of  auxiliary  supply,  for  there  are  many  cases 
where  alternative  schemes  are  technically  equal,  and 
the  choice  may  quite  well  be  based  on  the  likes  and 
dislikes  of  the  engineer  who  will  be  responsible  for 
the  running  of  the  station.  It  is  proposed,  therefore, 
to  deal  with  three  main  aspects  of  the  problem  and  to 
outhne  the  more  important  features  of  these  aspects, 
which  are  as  follows  : — 

(1)  The    consideration     of     the    different    types    of 

auxiliaries  which  may  be  used  in  a  station, 
and  their  individual  requirements  and  relative 
importance. 

(2)  The  consideration  of  the  different  ts'pes  of  supplies 

available  for  the  auxiliaries. 

(3)  The  consideration  of  the  suitabihty  of  different 

combinations  of  auxiliaries  and  supplies  under 
different  conditions  of  station  working. 


(1)  The  Different  Types  of  Auxiliaries. 

For  the  purpose  of  considering  alternative  systems 
of  drive,  the  auxiliaries  in  a  power  station  may  best 
be  grouped  according  to  the  length  of  time  during  which 
they  may  be  shut  down  without  causing  serious  incon- 
venience and  even  damage,  and  this  time  depends 
upon : — 

The  importance  of  keeping  the  station  on  load  with- 
out intermission,  and 

The  importance  of  keeping  the  individual  turbo- 
alternators  on  load  without  intermission. 

It  may  be  taken  as  an  axiom  that  in  a  large  power 
station  with  turbo-alternators  each  of  not  less  tlian 
10  000  kW  capacity,  loss  of  vacuum  must  at  all  costs 
be  avoided,  not  only  because  of  the  fact  that  the  output 
falls  by  about  60  per  cent  when  the  turbine  exhausts 
to   atmosphere,   but  more  importai  t  still,  because   the 
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rise  of  temperature  of  the  blades  at  the  low-pressure 
end,  consequent  upon  the  heat  from  the  windage 
losses,  maj'  cause  serious  distortion  and  damage. 

We  may  therefore  divide  the  auxiliaries  into  four 
types : 

(a)  Those  which  must  not  on  any  account  stop. 
This  includes  the  main  circulating  water  supply, 
the  air  extraction,  and  station  lighting. 

(6)  Those  which  must  not  stop  for  more  than,  say, 
60  seconds.  This  includes  the  boiler  feed- 
pump, and  the  power  for  the  control  circuits. 

(c)  Those  which  may  stop  for  up  to  about  five 
minutes,  but  not  longer.  This  includes  water 
extraction,  individual  stokers,  individual  forced- 
draught  and  induced-draught  fans,  and  venti- 
lating fans. 

{d)  Those  which  may  stop  for  a  period  of  up  to 
about  12  hours  without  shutting  down  the 
station.  This  includes  coal  and  ash  convej^ers, 
coal  crushers,  pumps  for  water-softening  plants, 
and  economizer-scraper  motors. 

Type  (a). — Unless  the  flow  of  circulating  water 
through  the  condenser  tubes  is  due,  in  whole  or  in  part, 
to  gravity  (a  highly  desirable  state  of  affairs  which 
can  rarely  be  obtained  except  in  hilly  countries),  it  is 
evident  that  a  stoppage  of  the  circulating  water  pump 
will  mean  a  stoppage  of  the  flow  of  circulating  water. 
As  the  full-load  input  of  steam  would  boil  the  water 
contained  in  the  tubes  in  about  50  seconds  (the  exact 
time  depending  on  the  design  of  the  condenser)  a 
stoppage  of  the  circulating  pump  consequently  means 
an  immediate  loss  of  vacuum.  That  a  loss  of  vacuum 
will  at  once  follow  a  stoppage  of  the  air  extraction  is 
a  self-evident  fact. 

The  only  way  to  ensure  continuity  of  supply  for 
these  duties  is  to  have  pumps  in  dupUcate,  each  of 
sufficient  size  to  carry  the  load  without  too  great  a 
loss  of  vacuum,  and  drive  each  pump  of  the  pair  from 
a  totally  different  supply.  It  is,  of  course,  possible 
that  both  supplies  might  fail  at  the  same  time,  but, 
if  the  sources  of  suppl}'  are  kept  absolutely  independent, 
the  chances  of  this  are  so  slight  that  for  all  practical 
purposes  such  duphcation  may  be  considered  to  give 
continuity  of  supply.  For  example,  one  pump  steam- 
driven  and  the  other  driven  by  a  motor  supplied  from 
the  main  busbars  would  satisfy  the  requirements, 
but  one  pump  driven  by  an  a.c.  motor  fed  from  the 
main  busbars  through  a  transformer,  and  the  other 
pump  driven  by  a  d.c.  motor  obtaining  its  supply 
from  a  rotary  converter  supplied  through  a  transformer 
also  from  the  same  section  of  the  main  busbars,  would 
not  be  a  good  example  of  duplication,  as  a  fault  on 
that  section  of  the  main  busbars  might  shut  down  both 
the  a.c.  and  d.c.  suppHes.  This  point  will  be  dealt 
with  in  more  detail  later  in  the  paper. 

The  importance  of  having  alternative  supplies  for 
the  station  lighting  is  ob\dous,  as  should  this  fail  at 
the  moment  when  a  fault  occurs  on  the  main  supply, 
the  demoralizing  effect  that  always  follows  total  dark- 
ness would  greatly  accentuate  the  inconvenience  due 
to  the  fault 


Type  (b). — The  classification  of  the  boiler  feed-pump 
under  this  section  is  consequent  upon  the  high  rates 
of  evaporation  now  obtained  in  water-tube  boilers,  in 
which  the  water-level  will  fall  to  a  dangerous  degree 
if  the  feed  supply  fails  for  more  than  about  a  minute 
when  the  boilers  are  on  full  load. 

This  group  of  auxiliaries  must  be  so  arranged  that, 
in  the  event  of  a  failure  of  supply,  another  is  immediately 
available.  For  the  boUer  feed-pumps  one  of  the  most 
suitable  schemes  is  to  have  one  motor-driven  rotary 
pump  and  one  steam-driven  rotary-  pump  for  each 
group  of  boilers,  either  pump  alone  being  capable  of 
feeding  the  group,  the  pump  which  is  not  on  load  being 
always  kept  ready  for  immediate  use. 

Type  (c). — For  the  auxiliaries  of  this  class  an  alter- 
native supply  must  be  readily  available,  but  it  need 
not  be  immediately  available,  a  suitable  arrangement 
being  to  have  this  tj-pe  of  auxiliaries  so  arranged  that 
they  may  all  be  fed  from  either  of  two  alternative 
supplies,  the  change-over  Being  effected,  when  required, 
by  means  of  selector  switches,  the  motors  being  first 
shut  down  and  then  started  up  again  on  the  new 
supply. 

It  will  have  been  noted  that  under  Type  (c)  were 
included  indi\ddual  stokers  and  individual  fans.  The 
stoppage  of  one  or  two  stokers  or  fans  even  at  a  period 
of  peak  load,  whilst  being  inconvenient,  would  not  be 
necessarily  serious,  but  it  is  well  realized  that  for  all 
the  stokers  or  all  the  fans  to  break  down  at  such  a  time 
would  be  disastrous,  and  therefore  the  whole  group 
of  stokers  or  the  whole  group  of  fans  would  come  under 
Type  (6).  As  will  be  seen  later,  this  point  has  been 
taken  into  account  in  the  schemes  put  forward. 

Type  (d). — In  this  case  the  usual  practice  is  to  carry 
spares  for  such  parts  as  are  likel}^  to  cause  trouble,  e.g. 
motor  armatures  and  field  coils.  These  can  be  installed 
without  entailing  a  shut-down  of  more  than  a  few  hours, 
during  which  time  the  auxiUary  can  be  dispensed  with. 
It  win  be  obvious  that  in  the  case  of  coal-conveyor 
motors,  for  instance,  it  should  be  possible  to  rely  on 
the  supply  in  the  service  bunkers  for  such  time  as  is 
required  to  replace  the  armature  of  the  motor. 

To  some  degree  the  relative  importance  of  the  various 
auxiliaries  depends  upon  the  conditions  under  which 
the  station  is  operating,  but  this  feature  -will  be  dealt 
with  when  the  various  schemes  are  considered. 


(2)  Consideration  of  the  Different  Types  of 
Auxiliary  Supply  av.-vilable. 

There  are  many  types  of  auxiliary'  supply,  the  follow- 
ing being  the  more  important : — 

(A)  Direct  steam  drive. 

(B)  Electric,  from  main  alternators  via  high-tension 

busbars. 

(C)  Electric,  from  main  alternators  direct. 

(D)  Electric,  from  main  alternators  \-ia  special  wind- 

ings on  main  transformers. 

(E)  Electric,   from   special  steam-driven  a.c.  or   d.c. 

generator  (house  set). 

(F)  Electric,  from  special  a.c.   or  d.c.   generator  on 

shaft  of  main  turbo-alternator. 
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Each  alternative  supply  must  be  examined  as  to  its 
suitability  under  the  following  circumstances  : — 

(a)  Starting  up,   for  the  first  set  on  a  system   and 

also  for  subsequent  sets. 

(b)  Running  on  full  load  and  also  on  no  load. 

(c)  Shutting  down  any  section  of  the  system. 

{d)  All  conditions  of  faults  on  the  electrical  end   of 
the  station  and  of  the  system. 

Also  all  the  alternative  arrangements  must  be  con- 
sidered from  the  following  points  of  view,  in  the  order 
given. 

(i)  Reliability. 

(ii)  Simplicity  or  foolproofness. 
(Lii)  Attention  required. 
(iv)   First  cost. 

(v)  Effect  on  overall  efficiency  of  station. 
(vi)  Complete    working    costs,    including    charges    pn 

capital  cost, 
(vii)  Effect  on  feed  temperature  or  "  heat  balance." 

In  the  authors'  opinion,  the  question  of  cost  should 
be  considered  only  when  maximum  reliability  has  been 
assured,  and,  in  the  case  of  a  public  supply,  if  there 
is  any  difference  in  reliability  between  two  alternatives 
the  costs  should  not  affect  the  decision. 

After  all,  the  cost  of  the  auxiliary  plant  is  only  about 
5  per  cent  of  the  total  cost  of  a  new  station,  and  it 
would  appear  to  be  false  economy  to  jeopardize  con- 
tinuity of  supply  through  any  saving  which  might 
be  made  in  the  first  cost  of  such  plant. 

A  few  of  the  more  important  features  of  these  alter- 
native supplies  may  with  advantage  be  noted. 

(A)  Direct  steam  drive. — This  may  be  by  either  tur- 
bine or  engine.  On  the  whole,  direct  steam  drive 
requires  more  attention  than  electric  drive,  but  it  has 
the  advantage  of  being  absolutely  independent  of  any 
disturbances  on  the  electrical  system.  For  any  except 
very  small  sizes  the  engine  type  need  not  be  considered, 
but  the  turbine  either  direct-coupled  or  geared  fiUs  a 
very  useful  place. 

Of  course,  at  times  of  heavy  load,  if  the  main  steam 
pressure  falls  the  power  and  speed  of  direct  steam- 
driven  auxiliaries  will  fall  just  when  they  may  be  most 
needed  ;  this  is  especially  the  case  where  an  auxiliary 
turbine  driving  a  main  circulating  pump  exhausts  into 
one  of  the  main  turbines  near  the  low-pressure  end, 
for  under  the  heavy-load  condition  the  back  pressure 
in  the  main  set  rises,  with  a  consequent  increase  in 
steam  consumption  and  fall  of  speed  of  the  auxiliary 
turbine.  This  causes  a  further  fall  of  vacuum  of  the 
main  set,  and  so  the  vicious  circle  goes  on,  with  the 
result  that  the  frequency  of  supply  may  be  reduced 
until  the  load  eases  down. 

A  considerable  amount  of  attention  is  required  to 
keep  tight  the  many  steam-pipe  joints  entailed  with 
direct  steam  auxiharies,  and  the  overall  thermal  effi- 
ciency of  the  station  is  reduced  by  the  heat  losses  due 
to  increased  radiation  surfaces,  etc.  Further  (and 
now  that  the  importance  of  really  pure  de-aerated 
feed  water  is  being  more  and  more  realized,  this  is  a 
matter  of  considerable  weight),  the  use  of  direct  steam 
drive   increases    the    make-up    to    almost    double,    the 


experience  of  one  American  supply  company  being 
that  the  adoption  of  electrically  driven  auxiliaries 
reduced  the  make-up  of  the  total  boiler  feed  in  cir- 
culation from  6  per  cent  to  3  per  cent. 

The  one  auxiliary  for  which  direct  steam  drive  is 
especially  suitable  is  the  boiler  feed-pump,  the  exhaust 
steam  being  utilized  to  heat  the  feed  water,  this  being 
particularly  convenient  when,  for  any  reason,  the  main 
feed-heating  arrangements  are  out  of  action. 

(B)  Electric  drive  from  main  alternator  via  H.T. 
busbars. — This  auxiliary  supply,  if  alternating  current, 
may  be  at  the  busbar  voltage  or  reduced  by  means 
of  transformers,  whilst  in  the  case  of  direct  current  the 
voltage  may  be  whatever  is  found  convenient.  Now 
that  the  building  of  a.c.  motors  of  above  about  50  h.p. 
at  voltages  higher  than  400/500  is  a  matter  of  little 
difficulty,  the  use  of  the  main  generation  voltage,  or  at 
any  rate  a  voltage  of  the  order  of  3  000,  merits  careful 
consideration. 

Assuming  the  main  generation  voltage  to  be  6  600, 
this  would  be  too  high  for  any  motors  except  these  for 
the  main  circulating  pumps.  A  pressure  of  3  000  volts 
would  be  suitable  for  the  main  circulating-pump  motors, 
the  air-pump  and  extraction-pump  motors  (where  these 
latter  pumps  are  both  driven  by  the  same  motor),  and 
the  boiler  feed-pump  motor,  but  there  appears  to  be  little 
advantage  in  stepping  down  to  this  pressure.  In  view 
of  the  extra  cost  of  the  insulation  for  3  000  volts  above 
the  more  usual  voltage  of  400,  once  it  has  been  decided 
to  step  down  for  the  auxiliaries  it  seems  just  as  suitable 
to  step  right  down  to  400  volts  for  all  motors  rather 
than  introduce  another  voltage  intermediate  between 
that  and  the  main  generation  voltage. 

Alternating  current  versus  direct  current  for  auxiliary 
motors. — This  is  a  very  much  discussed  question,  and 
a  few  remarks  on  the  factors  effecting  the  choice  may 
be  of  interest. 

Direct-current  motors  require  frequent  attention  to 
the  commutating  gear  to  avoid  sparking,  and  although 
they  are  often  seen  running  without  any  apparent 
trouble  in  an  atmosphere  full  of  grit  and  dust,  never- 
theless the  d.c.  motor  requires  more  attention  than  the 
a.c.  motor. 

Direct-current  motors  can  be  economically  subjected 
to  speed  regulation  over  a  wide  range  and,  perhaps 
most  important  of  all,  they  can  be  run  off  a  battery 
in  times  of  breakdown  or  other  emergency. 

The  greatest  disadvantage  of  a.c.  induction  motors 
lies  in  the  fact  that  speed  regulation  is  not  an 
economical  proposition.  Of  course  the  speed  of  a  slip- 
ring  motor  can  be  varied  by  varying  the  resistance 
in  the  rotor  circuit,  but  this  is  a  very  wasteful  method, 
and  the  system  of  having  a  controller  to  alter  the  con- 
nections of  the  stator  windings  and  so  alter  the  number 
of  poles,  is  only  suitable  for  three  or  four  speeds  at 
the  most.  Variable-speed  motors  working  on  the 
"  cascade  "  principle  might  be  used,  but  these  give 
only  a  limited  tiumber  of  speeds,  which  are  fixed  by 
the  number  of  poles.  As  final  regulation  must  there- 
fore be  obtained  by  the  use  of  valves  or  dampers,  there 
is  no  advantage  in  the  installation  of  this  type  of  motor 
as  compared  with  the  ordinary  asynchronous  type. 

On  the  other  hand,  in  the  case  of  pumps  and  fans. 
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which  form  a  very  large  proportion  of  power  station 
auxiliaries,  the  output  can  be  reduced  by  tlirottling, 
i.e.  by  control  with  valves  or  dampers. 

It  would  be  interesting  to  know  whether  in  actual 
practice  this  method  of  control  is  any  less  efficient 
than  the  use  of  variable-speed  d.c.  motors. 

Alternating-current  motors,  of  course,  require  much 
less  attention  than  direct-current  motors,  especially  if, 
in  the  case  of  slip-ring  motors,  brush-lifting  gear  is 
fitted.  They  can  run  for  very  long  periods  without 
attention,  and  without  having  to  be  stopped  for 
examination. 

The  fact  that  an  a.c.  motor  is  not  suited  for  direct 
operation  from  a  battery  supply  will  be  dealt  with 
when  particular  arrangements  are  under  consideration. 

(C)  Electric  supply  taken  direct  from  machine  terminals. 
— This  scheme  was  at  one  time  very  popular  with  one 
well-known  firm  of  consulting  engineers,  the  main  ad- 
vantage being  that  in  the  event  of  one  of  the  main 
generator  switches  being  opened  the  auxiUary  supply 
is  not  cut  og. 

(D)  Electric  supply  from  main  alternator  via  special 
windings  on  main  transformers. — This  system  has  been 
adopted  on  sets  Nos.  3,  4  and  5  at  the  Dalmarnock 
station  of  the  Glasgow  Corporation. 

The  arrangement  is  only  suitable  for  a  station  in 
which  the  step-up  transformers  are  directly  coupled 
to  their  respective  turbo-alternators,  and  the  switching 
is  carried  out  on  the  high- voltage  side.  There  would 
appear  to  be  much  in  favour  of  this  scheme,  and  it 
will  be  of  great  interest  to  learn  what  is  the  opinion 
of  the  Glasgow  Corporation  after  it  has  been  in  operation 
for  a  }'ear  or  two.  If  this  arrangement  proves  to  be 
satisfactory,  the  possibility  of  obtaining  the  auxiUarj^ 
supply  in  this  way  should  be  considered  as  an  important 
factor  when  the  choice  between  switching  on  the  low- 
tension  or  high-tension  side  of  the  main  transformers 
is  under  consideration. 

(E)  Electric  supply  from  special  house  set. — This  is 
undoubtedly  the  most  popular  system  of  auxiUary 
electric  supply  in  this  country,  but  there  is  considerable 
diversity  in  the  disposal  of  the  exhaust  steam  from 
the  house  turbine  (or  engine). 

This  steam  may  be  taken  : — 

(a)  To  atmosphere. 

(6)   To  a  stage  of  the  main  turbine  near  the  exhaust 

end. 
(c)   Direct  to  the  condenser  of  the  main  turbine. 
{d)  To  a  feed  heater, 
(e)   To  its  own  condenser. 

(a)  Direct  exhaust  to  atmosphere  is  uneconomical 
and  very  wasteful  of  water,  but  is  simple.  For  emer- 
gency use  it  is  worthy  of  consideration. 

(b)  The  disadvantages  of  exhausting  to  a  stage  of 
the  main  turbine  near  the  low-pressure  end  have  already 
been  mentioned. 

(c)  Exhausting  to  the  main  condenser  suffers  from 
the  same  disadvantages  as  exhausting  to  a  stage  near 
the  low-pressure  end  of  the  main  turbine. 

{d)  Exhausting  to  a  feed  heater  is  a  system  which 
has   been  installed   in   several  recent  American   power 


stations.  As  the  purpose  of  a  house  turbine  is  not  to 
feed-heat,  but  to  generate  power  for  the  auxiliaries, 
and  as  the  use  of  steam  bled  from  the  main  turbine  for 
feed-heating  has  been  found  to  be  both  economical  and 
satisfactory'  in  working,  it  would  appear  advantageous 
to  dissociate  the  house  set  from  the  duty  of  feed-heating. 
In  the  American  stations  to  which  reference  has  just 
been  made,  very  elaborate  arrangements  are  installed 
to  vary  the  load  on  the  house  set  so  that  it  produces 
an  amount  of  exhaust  steam  sufficient  to  keep  the 
feed  water  heated  to  a  constant  temperature,  and  it 
would  seem  that  the  introduction  of  these  devices 
materially  increases  the  complication  of  the  auxiliary 
system,  and  at  the  same  time  reduces  reliability. 

(e)  A  house  set  exhausting  to  its  own  condenser  gives 
an  arrangement  which  is  efiicient  and  self-contained 
but  somewhat  complicated  and,  whilst  it  has  many 
advantages,  it  entails  an  increase  in  the  amount  of 
running  machinerj'  in  the  station,  a  feature  to  be  avoided 
as  far  as  possible.  This  scheme  may  also  entail  an 
increase  in  the  station  staff. 

Whether  one  house  turbine  is  installed  for  the 
auxiharies  of  each  main  set  (as  is  adopted  for  sets 
Nos.  1  and  2  at  Dalmarnock),  or  whether  one  house  set 
is  installed  for  the  whole  station,  is  largely  a  matter  of 
opinion.  In  the  case  of  a  station  in  which  for  long 
periods  only  one  main  turbo-alternator  is  on  load, 
one  house  set  per  main  turbine  would  possibly  be  more 
economical  in  steam  consumption,  but  on  the  other 
hand  the  capital  cost  of  this  proposition  is  much  greater 
than  that  of  the  other,  and  the  authors  are  of  the 
opinion  that,  where  house  sets  are  adopted,  it  is  better 
to  have  two  per  station,  one  on  load  and  the  other  for 
stand-by  purposes. 

(F)  Special  generator  on  the  main  alternator  shaft. — 
This  is  a  comparativelv  recent  proposal  and  appears 
to  have  much  to  commend  it  from  the  operating  point 
of  view,  as  the  supply  from  it  is  totally  independent 
of  any  faults  on  the  main  supply  and  the  only  possible 
source  of  trouble  is  internal. 

Whether  it  should  be  a.c.  or  d.c.  is  open  to  discussion. 
If  d.c.  it  would  be  run  in  parallel  with  the  other  d.c. 
plant  and  the  batterj'  which  is  available  for  emergencies, 
and  of  course  a  certain  number  of  d.c.  auxiliary  motors 
with  the  advantages  previously  mentioned  are  required  ; 
if  a.c.  it  could  no  longer  be  used  directly  in  parallel, 
but  a  simpler  machine  results  and  it  is  a  question  for 
the  manufacturers  as  to  whether  a  d.c.  generator,  of 
say  300  kW  and  3  000  r.p.m.  in  the  case  of  a  16  000  kW 
turbo-alternator  and  of  450  kW  at  1  500  r.p.m.  in  the 
case  of  a  25  000  kW  turbo-alternator,  could  be  satis- 
factorily constructed. 

The  excitation  of  an  a.c.  generator  is  a  matter  of 
consideration.  It  might  be  excited  in  parallel  with  the 
main  alternator  but,  in  view  of  the  facts  that  main 
field  rheostats  are  now  practically  obsolete,  and  that 
voltage  regulation  is  carried  out  by  adjustment  of  the 
exciter  field,  it  will  be  necessary  either  to  have  a  special 
field  rheostat  for  this  alternator  or  to  allow  its  voltage 
to  vary  with  the  alterations  in  the  exciter  field,  due 
to  the  action  of  the  automatic  voltage  regulator  which 
is  governed  by  the  main  busbar  voltage. 

As  an  alternative,  the  excitation  current  of  the  special 
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alternator    may    be    drawn    from    the    battery.     This 
is  perhaps  the  best  way. 

(3)  Consideration  of  Different  Combinations  of 
Auxiliaries  and  Supplies  under  Various  Con- 
ditions of  Working. 

Conditions  of  station. — In  addition  to  the  internal 
arrangements,  the  conditions  of  the  station  must  be 
taken  into  account  when  the  auxiliaries  are  being 
decided. 

Stations  may  be  divided  into  the  following  classes  : — • 

(1)  Isolated,  supplying  an  area  or  an  individual  works. 

(2)  One  of  several  stations  supplying  an  area,  but  not 

permanently  linked  up. 

(3)  One  of  several  stations  supphdng  an  area,   and 

permanently  linked  up. 

(4)  A  station  used  as  a  stand-by  (usually  to  a  hydro- 

electric supply). 

In  the  case  of  a  station  of  T5'pe  (1)  or  (2),  the  arrange- 
ment of  auxiliaries  depends  upon  the  importance  of 
continuity  of  supply.  For  instance,  where  the  station 
supplies  a  works  with  a  large  number  of  interlinking 
processes,  continuity  of  supply  is  of  primary  impor- 
tance, and  in  such  a  case  it  is  essential  to  see  that  this 
continuity  is  not  prejudiced  through  false  economy  in 
the  lay-out  of  the  auxiliary  arrangements.  In  this 
country  the  continuity  of  electric  supply  for  public 
service  is  considered  highly  important,  to  a  much 
greater  degree  than  in  some  other  countries,  and  the 
public  supply  engineer  must  take  every  care  to  provide 
for  it. 

The  various  au.xiliary  supplies  discussed  in  Section  2 
can  best  be  compared  by  the  examination  of  definite 
schemes  for  a  station  supply,  these  schemes  containing 
alternative  combinations  of  the  different  supplies. 
With  this  object  a  number  of  arrangements,  drawn 
out  with  the  view  to  showing  possible  rather  than 
recommended  proposals,  have  been  put  forward  by  the 
authors,  and  the  electrical  connections  will  be  found  m 
Figs.   1  to  7.  I 

Basis  of  alternative  schemes. — These  are  designed  for 
a  station   containing  five  25  000-kW  turbo-alternators,   | 
of  which  four  would  be  required  for  maximum  load,    j 

Steam  would   be  obtained   from   four  boiler  houses, 
one    boiler   house    supplying   full-load    steam    for    one   { 
turbine.  { 

Each  boiler  house  would  contain  six  boilers,  five  of 
which  would  be  required  for  the  maximum  output 
of  one  turbine.  This  allows  one  boiler  per  group  always 
to  be  laid  aside  for  cleaning. 

Each  turbine  has  two  separate  circulating  pumps, 
each  with  its  own  motor,  and  two  air  and  two  extraction 
pumps,  there  being  two  motors  for  these,  each  motor 
driving  one  air  and  one  extraction  pump.  An  alter- 
native is  to  drive  each  air  and  extraction  pump  by  its 
own  motor,  but  if  each  of  these  pumps  is  to  be  in 
duplicate  this  necessitates  four  motors  instead  of  two 
and  providing  the  speed  of  the  pumps  is  suitable,  the 
arrangement  put  forward  appears  to  be  I-ess  expensive 
and  equally  reliable.     ■ 


It  will  be  seen  that,  generally  speaking,  each  set  of 
turbo  auxiUaries  is  independent  of  the  others,  so  that 
it  can  be  treated  as  a  unit ;  similarly,  the  group  of 
boilers  required  for  one  turbine  forms  a  unit  which  is 
independent  of  the  others,  although  in  emergency  any 
boiler  group  can  be  used  to  supply  steam  to  any  turbine. 
Arrangement  of  condenser  auxiliaries. — The  use  of  two 
circulating,  two  air  and  two  extraction  pumps  is,  from 
considerations  of  design,  practically  essential  for  25  000- 
kW  sets,  but  for  smaller  sizes  of  turbo-alternators  the 
case  is  different,  and  one  very  usual  scheme  is  to  have 
two  circulating  pumps  for  the  condensers  of  two  turbines, 
each  pump  capable  of  supphdng  circulating  water  for 
one  condenser,  but  running  in  parallel  on  the  water 
side,  so  that  in  the  event  of  failure  of  one  pump  it  is 
certain  that  each  condenser  wUl  have  a  supply  of  cooling 
water  adequate  to  maintain  a  considerable  percentage 
of  the  normal  vacuum  until  such  time  as  the  trouble 
can  be  rectified  or  one  of  the  turbines  shut  down. 
The  two  pump  motors  are  fed  from  independent  sources, 
and  valves  are  installed  as  shown  in  Fig.  8,  for  the 
isolation  when  necessary  of  either  pump,  all  these 
valves  being  open  under  normal  working  conditions. 

The  main  drawback  to  this  proposal  is  that  to  obtain 
a  duplicate  auxihary  supply  it  is  essential  either  to 
run  the  turbines  always  in  pairs,  or  for  one  turbine 
to  run  pumps  of  twice  the  necessary  output. 

At  this  stage  it  may  be  of  interest  to  consider  a 
scheme  adopted  in  some  American  stations  of  having 
the  boiler-house  auxiUaries  direct  steam-driven,  and 
installing  a  special  d.c.  generator  for  the  condenser 
auxiliaries.  This  generator  is  driven  at  one  end  by  a 
turbine  exhausting  to  a  feed  heater,  and  at  the  other 
by  an  a.c.  motor  fed  from  the  main  busbars.  Un- 
doubtedly this  gives  for  the  turbine  auxiharies  a  drive 
which  is  unaffected  by  faults  on  the  main  busbars, 
but,  in  view  of  the  possibility  of  failure  of  the  generator, 
it  does  not  secure  absolute  duplication  of  auxihary 
supply.  It  is  understood  that  such  an  arrangement 
is  installed  also  for  the  purpose  of  regulating  the  feed 
temperature.  Where  it  is  adopted,  care  must  be  taken 
so  that  in  the  event  of  a  fall  in  frequency  of  the  main 
supply  there  is  no  danger  of  the  motor  on  the  generator 
shaft  acting  as  a  generator  and  overloading  the  driving 
turbine  at  the  other  end  to  such  an  extent  that  it  is 
endeavouring  to  carry  the  whole  station  load. 

Basis  of  powers  for  auxiliary  motors. — The  powers 
given  for  the  various  auxiliary  motors  are  based  on  the 
assumption  that  the  station  is  a  riverside  station,  with 
a  syphonic  circulating  system.  If  it  were  a  cooling- 
tower  station,  the  circulating-pump  powers  would  be 
approximately  doubled,  but  the  air-pump  powers  would 
be  lower  because  of  the  lower  vacuum.  Ejectors  may, 
of  course,  be  installed  instead  of  the  air  pumps,  but 
the  choice  between  these  alternatives  is  outside  the 
scope  of  this  paper. 

Details  of  auxiliaries. — The  boiler-feed  arrangements 
are  the  same  in  all  the  schemes,  each  boiler  house  con- 
taining one  electrically  driven  feed-pump  and  one 
steam-driven  (turbo)  feed-pump,  either  of  which  is 
capable  of  supplving  the  whole  boiler  house,  and  both 
are  always  available  for  immediate  use.  In  addition, 
the  feed  systems  of  the  individual  boiler  houses  would 
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be  interconneeted,  so  that  practically  any  feed-pump 
would  be  available  for  any  boiler  in  case  of  emergency. 

Six  motors  are  provided  for  the  stokers  of  each 
boiler  house,  but  only  three,  each  of  10  h.p.,  are  re- 
quired at  any  one  time,  the  other  three  being  available 
for  immediate  use  by  the  operation  of  clutches. 

Except  for  the  stand-by  feed-pump,  steam-driven 
auxiliaries  have  not  been  considered,  because  the 
authors  are  of  the  opinion  that  any  extra  economy 
obtained  by  their  use  is  not  a  sufficient  return  for  the 
additional  attention  which  they  require  as  compared 
with  motor-driven  auxiliaries  ;  further,  their  use  neces- 
sitates a  considerable  increase  in  the  boiler  feed  make-up. 

Where  a.c.  motors  are  shown  it  is  intended  that,  as 
previously  mentioned,  regulation  should  be  obtained  : — 

(a)  For  stokers,  by  variable-speed  gears. 
(6)   For  pumps,  by  valves, 
(c)   For  fans,  by  dampers. 

Feed  heating. — For  the  reasons  given  on  page  832, 
feed  heating  by  steam  bled  from  the  main  turbines 
has  been  assumed  in  all  the  schemes,  and  the  inter- 
linking of  feed  heating  with  the  use  of  steam  from 
auxiliaries  has  not  been  considered. 

Main  busbar  voltage. — In  all  cases  except  No.  5  it 
has  been  assumed  that  the  main  alternators  will  be 
connected  to  6  600-volt  busbars,  and  that  if  a  higher 
voltage  is  used  for  transmission  the  necessary  step-up 
transformers  ^s-ill  be  placed  on  the  feeder  side  of  the 
main  switchgear.  Some  of  these  schemes  can,  however, 
be  utilized  equallv  well  if  each  machine  forms  one  unit 
with  a  transformer,  as  shown  in  Scheme  5. 

SectionaUzing  of  main  busbars. — It  has  been  assumed 
that  the  busbars  will  be  in  four  sections,  and  that  the 
high-tension  system  is  also  in  four  sections,  coupled 
only  at  the  main  station  and  not  at  the  substations ; 
details  as  to  the  tj-ing  of  these  sections,  whether  by 
reactances  betivee.T  the  sections,  or  by  a  tie  bar  -svith 
reactances,  or  by  reactance  in  the  generators,  are 
outside  the  scope  of  the  paper.  For  simplicity  a 
purelv  diagrammatic  arrangement  has  been  shown  in 
the  figures. 

It  will  also  be  noted  that  in  each  scheme  a  sub- 
busbar  at  the  main  busbar  voltage  has  been  provided. 
This  bar  is  divided  into  sections  similarly  to  the  main 
bar,  each  section  being  fed  from  the  corresponding 
section  of  the  main  bar. 

Switches  would  be  inserted  be1r\veen  the  various 
sections  of  the  sub-busbar.  These,  however,  are  only 
for  use  in  emergency  or  when  cleaning,  and  may 
be  of  much  smaller  breaking  capacity  than  the 
swatches  coupling  the  sub-busbar  to  the  main  busbars. 
Thev  must  normally  be  left  open,  as  closing  them  would 
be  equivalent  to  parallehng  the  sections  of  the  main 
busbar  without  even  the  protection  of  the  reactance 
that  results  from  the  cable  between  a  substation  and 
the  main  busbars. 

The  authors  would  suggest  that  the  control  of  the 
switches  feeding  the  sub-busbar  and  of  those  sectional- 
izing  it  should  be  in  the  main  high-tension  control 
room  of  the  station,  the  mimic  bar  on  the  main  board 
including  a  section  showing  the  sub-busbar. 

By  this  means,  the  possibihty  of  an  error  in  switching 


on  the  high-tension  side  of  the  station  auxiliary  system 
would  be  reduced  to  a  minimum. 

Oil  switches. — In  drawing  up  the  alternative  schemes 
the  authors  have  endeavoured  to  keep  to  a  minimum 
the  number  of  oil  switches  on  the  main  busbars,  because 
every  switch  on  the  main  bars  must  obviouslv  be 
capable  of  breaking  the  whole  capacity  of  the  section 
of  the  busbars  to  which  it  is  connected. 

Synchronous  and  asynchronous  motor-generators. — Syn- 
chronous motor-generators  have  only  been  put  forward 
where  it  is  necessary  to  provide  for  feeding  the  a.c. 
bars  from  the  d.c.  bars. 

In  all  other  cases  induction  motors  are  proposed 
because  they  are  much  less  likely  to  trip  out  at  times 
of  fault  on  the  a.c.  supply,  and  they  can  also  be  started 
much  more  readily. 

Similarly,  rotary  converters  have  not  been  proposed 
except  for  one  of  the  schemes,  as  for  auxiliaries  the 
greater  reUabiht^^  of  the  supply  from  motor-generators 
at  times  of  disturbance  more  than  balances  their  lower 
efficiency  as  compared  with  rotary  converters. 

Isolation  of  station. — These  schemes  all  assume  a 
station  which  is  not  interconnected  with  any  other 
supply.  Under  modern  operating  conditions  this  is 
rather  improbable  for  a  station  of  the  size  considered, 
but  has  been  taken  as  a  basis  because  of  the  fact  that, 
under  fault  conditions,  virtual  isolation  may  well  occur. 

Starting-up  a  dead  station. — In  the  event  of  a  station 
being  absolutely  dead,  i.e.  with  all  fires  out,  it  is  in- 
teresting to  note  that  even  with  the  modem  short 
chimney  it  would  be  quite  possible  to  raise  steam  by 
natural  draught  in  a  reasonable  time  to  get  one  turbine 
running.  This  means  that  it  is  not  essential  to  install 
a  battery  of  sufficient  size  to  carry  the  load  of  the 
boiler  house  fans  during  the  starting-up  period,  but  it 
must  be  adequate  to  supply  current  to  the  stoker  motors. 

One  forced-draught  fan  suppUes  t\vo  boilers  and, 
as  a  shght  modification  of  the  arrangements  shown  in 
I  the  figures,  it  is  well  worth  considering  the  advisability 
of  feeding  the  induced-draught  fan  motors  of  each 
pair  of  boilers  from  one  supply,  and  feeding  the  forced- 
draught  fan  motor  of  the  same  pair  of  boilers  from  the 
other,  so  that  a  failure  of  either  auxiliary  supply  will 
not  deprive  any  of  the  boilers  of  all  artificial  draught 
at  times  of  peak  load  when  both  forced  and  induced 
draught  are  in  use. 

Changing-over  a.c.  supplies. — In  changing-over  a 
motor  from  one  a.c.  supply  to  another  it  has  been 
found  by  experience  that,  even  -vath.  a  change-over 
switch  designed  to  act  with  the  least  possible  loss  of 
time,  the  ensuing  kick  on  the  motor  often  causes  break- 
age of  the  coupling  bolts. 

In  some  cases  where  it  is  desired  to  change  a  motor 
from  one  supply  to  another  which  is  in  phase  with  it, 
there  would  be  no  objection  to  the  temporar\-  paralleling 
of  these  supplies  at  the  motor,  but  for  the  danger  which 
would  be  present  if  they  were  left  coupled. 

It  would  therefore  be  interesting  to  have  the  opinion 
of  switchgear  engineers  as  to  the  possibihtj'  of  a  time- 
lag  interlock,  so  that  in  changing-over  from  one  supply 
to  another  the  suppUes  could  be  paralleled  for  a  specified 
I  period,  say  30  seconds,  after  which  the  first  supply 
would  automatically  be  cut  og. 


THE   DRIVE   OF   POWER   STATION   AUXILIARIES. 


835 


Parallel  supplies. — Where  supplies  to  an  auxiliary 
busbar  are  in  parallel,  as  in  the  case  of  the  d.c.  generators 
in  Scheme  1,  it  is  to  be  understood  that  suitable  reverse- 
current  relays  would  be  included  to  prevent  the  other 
supphes  feeding-in  to  any  generator  that  may  become 
faulty.  For  the  sake  of  clearness,  such  refinements 
have  been  omitted  from  the  figures. 

Conveyer  motors. — It  will  be  noted  that  the  schemes 
put  forward  deal  only  with  the  supplies  to  motors 
coming  under  the  first  three  groupings  given  on 
page  830,  and  that  no  provision  is  made  for  the  supply 
to  conveyer  motors  and  the  other  machinery  under 
group  [d). 


switches  in  the  figures  is  not  intended  to  specify  the 
type  of  switch,  and  therefore  does  not  differentiato 
between  the  oil-break  and  air-break  patterns. 

Special  Notes  regarding  Individual  Schemes. 

Scheme    1.      Special    d.c.    generator   on   shaft   of    main 
turbo-alternator  (see  Fig.   1). 

D.C.  generators. — These  generators  would  be  self- 
excited,  and  reverse-current  relays  would  be  required 
between  them  and  the  d.c.  busbar  to  prevent  any  possi- 
bility of  motoring.     They  are  not  intended  to  supply 


1^^ ALTERNATOR  ON  U3A0 


4"alternator  shut  down 


>^-"ALTERtiATOR  STARTING  UP 


SPECIAL  DX.     _,~-^ 
GEW^OMMAIN     <     L, 
SHAFT  ^--^ 


l^-'Tufieosa         l'-^  BOILER  GROUP 
ON  WP.0  STEAniNG 


d^-^TURBOba      Z^-^BOILER  GROUP 
ON  LOAD  STEAMING 


5''.'*TLIRB0  5ET      3"°e0ILER  GROUP 
SHUT  DOWN  SHUT  DOWN 

Fig.  1. 


V.^TURBOStT      4"B0ILER  GROUP 
SHUT  DOWN  STEAMING 


As  these  latter  motors  may  stop  for  periods  up  to 
about  12  hours  without  shutting  down  the  station,  no 
special  provision  need  be  made  for  an  instantaneous 
duplication  of  their  supply,  and  it  is  intended  that 
they  should  receive  their  supply  from  a  house  service 
busbar,  fed  from  the  main  busbars  by  either  a  trans- 
former or  motor-generator,  according  to  whether  they 
are  a.c.  or  d.c.  In  certain  of  the  schemes  this  may  be 
one  of  the  busbars  which  supply  turbine  auxiliary 
motors,  etc.,  but  to  avoid  complication  of  the  figures 
all  such  motors  have  been  left  out. 

Representation  of  switches  in  diagrams. — It  should 
be  borne  in  mind  that  the  method  adopted  for  indicating 


current  for  the  excitation  of  the  main  alternators, 
this  being  obtained  from  the  usual  type  of  exciter 
mounted  on  the  main  shaft,  or  from  separately  driven 
exciters  if  this  latter  method  is  preferred. 

General  features  of  scheme. — In  many  respects  this 
scheme  is  similar  to  Scheme  6,  but,  as  the  possibihty  of 
total  failure  of  auxiliaries  is  less,  the  size  of  the  battery 
may  be  considerably  reduced.  The  maintenance  re- 
quired would  be  fairly  great  because  of  the  large  number 
of  d.c.  motors,  and  a  considerable  number  of  spares 
would  have  to  be  carried,  as  both  a.c.  and  d.c.  motors 
are  employed.  However,  there  is  much  to  commend 
in  the  scheme  if  the  d.c.  generator  can  be  considered 
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to  be  a  reliable  proposition.  The  views  of  manufac- 
turers in  regard  to  these  points  are  invited,  especially 
in  view  of  the  modern  tendency  towards  turbo- 
alternators  of  large  outputs  running  at  3  000  r.p.m. 
Commutation  would  probably  be  the  greatest  difficulty 
and  it  is  assumed  that  the  radial  type  of  commutator 
would  be  essential  for  a  3  000  r.p.m.  set. 

To  rectify  any  minor  trouble  occurring  with  any 
d.c.  generator  without  shutting  down  the  main  turbo- 
alternator,  the  troublesome  generator  would  be  switched 
off  the  bar,   the  d.c.  supply  being  maintained   by  the 


As,  however,  to  operate  under  these  conditions  would 
mean  the  sacrifice  of  the  duplication  of  supply,  it  is  a 
question  as  to  whether  an  additional  transformer  should 
not  be  carried  for  use  in  such  emergencies. 

Alternative  arrangement  of  motor-generators. — In  view 
of  the  fact  that,  with  the  arrangements  shown  in  Fig.  2, 
it  would  be  necessary  to  start  the  first  turbine  of  a 
"  dead  "  station  to  atmosphere  as  the  station  does  not 
form  one  of  an  interconnected  system  (or  even  in  the 
event  of  there  being  an  interconnector,  if  this  is  out 
of  action),  it  would  be  highly  desirable  to  have  at  least 


l?TURBO  5CT 
crl  LOAD 


l^BOILER  GROUP 
STtAMlKG 


Fig.  2. 


other  generators,  which  would  each  carry  a  larger 
load  than  usual,  the  batterj'  and  motor-generator 
assisting  if  necessary. 

It  would  probably  be  advisable  to  carry  one  spare 
d.c.  generator  in  the  station,  or  at  least  a  spare  armature 
suitable  for  any  of  the  auxiliarj-  d.c.  generators. 

Scheme  2.  Two  auxiliary  a.c.  busbars,  each  fed  by 
transformer  (see  Fig.  2). 
Interconnector  on  auxiliary  busbars. — An  interconnect- 
ing switch  is  provided  between  the  two  400-volt  a.c. 
busbars,  so  that  in  the  event  of  either  transformer 
being  out  of  action  all  the  a.c.  motors  could  be  fed 
from  the  other  transformer. 


one  of  the  inotor-generators  of  the  synchronous  type, 
so  as  to  be  reversible,  thus  dispensing  with  reverse- 
current  relays  on  the  d.c.  side,  and  have  the  battery 
of  sufficient  output  to  carry  the  load  of  one  set  of 
turbine  auxiliaries. 

General  features  of  scheme. — This  arrangement  is 
simple  in  operation,  efficient  and  does  not  require  a 
considerable  amount  of  maintenance,  and  the  spares 
required  would  be  a  minimum. 

Where  continuity  of  supply  is  very  important,  it 
is  questionable  as  to  whether  this  scheme  can  be  con- 
sidered to  be  really  satisfactory. 

Special  type  of  house  turbine. — The  following  arrange- 
ment of  house  set  may  be  considered  to  be  especially 
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suitable  for  this  scheme,  and  may  increase  the  reliabihty 
of  the  auxiliary  supply. 

The  house  set  to  be  of  the  simplest  possible  character, 
exhausting  to  atmosphere,  and  to  be  connected  up  so 
that  the  pressing  of  a  button  on  the  switchboard  would 
enable  the  set  to  be  on  the  bars  within,  say,  10  to  15 
seconds.  This  would  be  effected  by  having  a  motor- 
operated  steam  stop-valve,  the  pipe  line  being  so 
designed  as  to  be  continuously  drained.  The  lubrica- 
tion arrangements  would  require  special  consideration. 

As  soon  as  the  set  approached  full  speed  the  governor 
would  automatically  put  the  generator  on  the  busbars 


be  necessary  in  this  scheme  to  run  to  atmosphere  the 
first  turbine  to  be  put  on  load,  but  if,  before  starting, 
the  auxiliary  generator  were  switched  on  to  the  motors 
which  it  normally  feeds,  these  motors  would  run  up  to 
speed  with  the  generator  and  it  appears  possible  that 
a  vacuum  might  be  obtained  sufficiently  quickly  to 
avoid  any  distortion  troubles  in  the  main  turbine. 

It  would  be  interesting  to  have  the  opinions  of  turbine 
designers  on  this  point,  and  also  to  know  whether  the 
provision  of  an  air  ejector  to  assist  the  air  pump  would 
help  matters. 

If  such  a  method  of  starting  is  not  possible,  it  w-ould 
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Fig.  3. 


through  a  reactance,  and  one  or  two  seconds  later 
would  short-circuit  the  reactance.  The  mechanical 
shock  due  to  this  switching  would  be  severe,  but  the 
set  would  be  designed  to  withstand  it. 

By  this  means,  in  the  event  of  the  switchboard 
attendant  observing  a  failure  of  supply  on  one  of  the 
auxiliary  bars,  he  could  run  up  the  house  set  and  switch 
off  the  faulty  supply,  with  a  reasonable  chance  of  saving 
the  motors  on  that  auxiliary  bar  from  being  shut  down. 

Scheme  3.     Special  a.c.  generator  on  shaft  of  main  turbo- 
alternator,  for  turbine  auxiliary  motors  only  (see  Fig.  3). 
Starting-up  of  first  set  in  station. — As  stated  in  the 
table,  for  starting  up  from  a  "  dead  "  station  it  would 


be  advisable  to  consider  the  use  of  reversible  motor- 
generators  as  suggested  for  Scheme  2. 

Fault  on  auxiliary  generator. — In  the  event  of  a  fault 
on  one  of  the  auxiliary  generators,  half  the  auxiliary 
motors  of  the  main  turbine  to  which  it  belongs  will 
be  shut  down  until  the  generator  has  been  repaired  or 
other  arrangements  have  been  made. 

To  obviate  this,  switches  might  be  installed  so  that 
the  auxiliaries  normally  fed  from  the  special  generators 
could,  in  emergency,  be  fed  from  the  auxiliary  busbar. 

In  preparing  the  scheme  the  authors  considered  the 
use  of  such  switches,  but  as  with  this  arrangement 
there  would  be  considerable  danger  of  coupling  together 
supplies  which  are  not  syuclironized,  and  as  the  break- 
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down  of  the  auxiliary  generators  should  be  a  very  remote 
contingency,  it  was  decided  to  omit  them  from  the 
diagram. 

Supply  to  auxiliary  busbar. — It  will  be  noted,  in  com- 
paring this  with  Scheme  2.  that  there  is  a  slight  differ- 
ence between  the  methods  of  connecting  the  low-tension 
sides  of  the  auxiliary  transformers  to  the  busbars,  but 
neither  arrangement  appears  to  have  any  special  ad- 
vantage over  the  other. 

General  features  of  scheme. — This  arrangement  is 
simple  in  operation,  efficient  and  does  not  require 
a  very  considerable  amount  of   maintenance,   and  the 


auxiliary  generators  and  one  from  the  battery  via  a 
motor-generator)  and  four  outgoing  feeders,  one  to  each 
boiler  house. 

Open  circles  represent  plug  holes,  and  these  are 
filled  in,  in  black,  in  the  cases  where  a  plug  is  assumed 
to  be  in. 

Although  this  is  quite  adequate  for  the  diagram,  such 
a  construction  would  not  be  satisfactory  in  practice, 
more  especially  as  there  would  be  three  phases  to  deal 
with,  and  the  design  of  such  a  change-over  switch 
would  require  very  careful  investigation. 

Starting-up    of  first    set    in    station. — To    avoid    the 
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spares  required  would  be  a  minimum.  The  special  a.c. 
generator  should  be  more  satisfactorv  in  use  than  the 
d.c.  generator  of  Scheme  1,  and  continuity  of  supply 
could  be  relied  on  to  a  considerable  extent. 

Scheme  4.  Special  a.c.  generator  on  shaft  of  main 
turbo-alternator ,  for  turbine  and  boiler  house  auxiliary 
motors  (see  Kg.  4). 

Special  change-over  switch. — As  it  is  desired  to  avoid 
paralleling  the  auxiliary  generators  either  with  the 
main  supply  or  with  each  other,  some  special  switching 
device  will  be  necessary  to  carry  out  the  changing  over. 

For  the  purpose  of  the  diagram  this  is  shown  as  a 
plug    board,    with    six    incoming    supplies    {five    from 


necessity  of  installing  a  ver\-  large  battery,  it  is  suggested 
that  steam  should  be  raised  under  natural  draught 
conditions.  The  auxiliar}-  a.c.  busbar  would  be  ener- 
gized from  the  batter\'  by  the  running-up  of  the  motor- 
generator  which  is  directly  connected  to  it,  and  half 
the  turbine  auxiharies  would  be  supplied  from  this  bar. 

The  main  turbo-alternator  would  now  be  run  up  to 
speed,  and  would  require  to  be  synchronized  with  the 
auxiliary  a.c.  bar  (through  one  of  the  transformers) 
before  being  switched  in. 

^^'hen  the  turbo-alternator  is  on  the  bars,  the  other 
half  of  the  turbine  auxiliaries  may  be  started  up  from 
the  auxiliary  generator,  and  the  motor-generator  run 
so  as  to  charge  the  battery. 
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The  boiler-house  fans  may  now  be  started  up,  one 
group  from  the  a.c.  auxiUary  busbar,  and  the  other 
from  the  auxiliary  generator,  the  change-over  switch 
being  suitably  operated. 

Starting-up  succeeding  sets. — For  the  starting-up  of 
succeeding  sets  the  boiler-house  and  turbine  auxiliaries 
fed  from  the  400- volt  a.c.  auxiliary  busbar  will  first  of  all 
be  run  up,  and  the  other  half  of  the  auxiliaries  started 
up  from  the  supply  from  the  auxiliary  generator  of 
the  incoming  turbo-alternator,  as  soon  as  the  latter 
has  been  switched  on  to  the  main  busbars. 


Scheme  5.     Special  winding  on  main  step-up  transformer 
(see  Fig.  5). 

Construction  of  change-over  switch. — The  change-over 
switch  would  be  in  series  with  an  oil  switch,  with 
which  it  would  be  interlocked,  and  consequently  could 
be  of  the  air-break  type. 

Possibly  the  simplest  arrangement  would  be  to  have 
an  isolating  switch  on  each  phase,  with  as  many  contacts 
as  required,  the  blade  hinging  on  a  swivelling  pivot 
in  such  a  manner  that  it  could  be  drawn  out  of  one 
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When  two  or  more  sets  are  running  in  the  station, 
the  second  auxiliary  transformer  may  be  switched  in 
if  it  is  desired  to  increase  further  the  reliability  of  the 
auxiliary  supply. 

Great  care  will  at  all  times  have  to  be  exercised 
with  the  change-over  switch,  so  that  no  two  auxiliary 
generators  are  paralleled  and  that  none  of  these 
generators  are  overloaded. 

General  features  of  scheme. — This  arrangement  is 
efficient,  does  not  require  a  considerable  amount  of 
maintenance,  and  the  spares  required  would  be  a  mini- 
mum. It  should  be  reliable  in  operation,  but  there 
appears  to  be  a  great  risk  of  mistakes  occurring  in  the 
use  of  the  change-over  switch  and,  in  addition,  this 
will  probably  be  an  expensive  piece  of  apparatus. 


contact,  swivelled  round  and  closed  in  to  another  con- 
tact as  required. 

The  switches  for  the  three  phases  of  any  one  circuit 
should  preferably  be  adjacent,  and  coupled  by  a  bar 
so  as  to  prevent  any  possibility  of  the  three  phases 
not  being  closed  on  to  the  same  circuit. 

Starting-up  of  first  set  in  station. — With  the  scheme 
as  shown,  it  would  appear  that  it  would  not  be  possible 
to  start  up  the  first  set  without  exhausting  to  atmo- 
sphere, unless  the  auxiliaries  could  be  run  up  with  the 
main  turbo-alternator,  as  suggested  in  the  description 
of  Scheme  3. 

If  there  is  no  interconnector  to  another  station  and 
this  method  of  starting  is  not  permissible,  a  special 
house  set  might  be  installed.     As  this  would  only  have 
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to  run  at  very  rare  intervals,  there  appears  to  be  no 

reason  why  it  should  not  be  designed  for  exhausting 
to  atmosphere. 

If  a  house  set  were  adopted  it  would  be  necessary 
to  synchronize  the  main  alternator  with  the  auxiliary 
busbars,  but,  as  an  alternative  method  of  getting  away, 
the  second  half  of  the  auxiliaries  could  be  started  up 
from  the  special  winding  after  the  turbine  was  up  to 
speed,  but  before  switching  the  main  alternator  on  to 
its  busbar.  In  this  latter  case  the  other  half  of  the 
auxiliaries  would  then  be  switched  off,  the  house  set 
shut  down,  the  main  alternator  switched  in,  the  auxiliary 
transformer   closed   on   to   the   main   busbars  so  as   to 


fault  on  the  main  33  000-volt  busbars  does  not  affect 
all  the  auxiliary  supplies  to  such  a  degree  as  to  shut 
down  the  motors  fed  from  them,  it  may  be  considered 
as  sufficiently  reliable  for  adoption  so  long  as  there  is 
more  than  one  set  on  load.  A  certain  amount  of  care 
will  be  required  in  the  use  of  the  change-over  switches, 
but  these  appear  to  be  very  much  simpler  than  those 
used  in  Scheme  4. 

Scheme  6.     Two    auxiliary  busbars,   fed   respectively    by 
transformer  and  motor-generator  (see  Fig.  6). 
General  features  of  scheme. — This  arrangement  would 
be    reliable,    simple    in    operation,    flexible    and    fairly 


l?*ffERNATOR  ON  U>K> 


Z'-'ALTERHATOR  OH  LOAO 


3"-°ALTERNAT0R  SHUT  DOWN 


4-V'ALTERNATOR  SHUT  DOWN 


5™ALTERNAT0R  STARTING  UP 


D;      OO^W     O  OQOOOO  ifiifWl  OOOOOO 

SJ^-n   K^  INDUCtD  FORCED  STOKERS 
JiSi    S£     FANS       fANS 


I^^TURBOSET 
ON  LOAD 


21°TTJRB0SCT      Z^^BOILER  GROUP        5''-^f(B0SET       JI^BOILER  GROUP       V.^TURBOSET     ■t^eOILER  GROUP 
ONLOAD  STEAMIKG  SHUT  DOWM  SHUTDOWN  SHUTDOWN  STEAMING 

Fig.  6. 


S'^^URBOSET 
STARTING  UP 


energize  the  auxiliary  busbar,  and  the  shut-down 
auxiliaries  then  restarted. 

Starting-up  succeeding  sets. — In  the  case  of  succeeding 
sets  it  will,  if  necessary,  be  possible  to  run  all  the 
auxiharies  during  the  starting-up  period,  half  being 
supplied  from  the  auxiliary  busbar  direct,  and  the 
other  half  from  the  auxiliary  busbar  by  way  of  the 
contact  "  T  "  of  the  appropriate  change-over  switch. 

General  features  of  scheme. — This  scheme  is  efficient, 
does  not  require  much  maintenance,  and  the  Spares 
required  would  be  a  minimum.  The  exact  degree  of 
reliability  is  open   to   question,    but,  providing  that  a 


efficient.  It  would  require  a  fair  amount  of  maintenance, 
because  of  the  large  number  of  d.c.  motors  used,  and 
the  spares  required  for  the  motors  would  be  considerable. 
As  a  large  battery  would  be  required,  the  first  cost  of 
the  scheme  would  be  high. 

Scheme  7.  Two  d.c.  auxiliary  busbars,  fed  respectively 
from  motor-generator  and  condensing  house  service 
turbo-generator  (see  Fig.  7). 

General  features  of  scheme. — The  efficiency  of  this 
scheme  would  probably  be  lower  than  results  when 
all  the  auxiliary  supply  is  obtained  by  the  motive  power 
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of  the  main  turbines,  but  on  the  other  hand  there 
are  no  comphcations  whatever  in  either  starting  up 
or  running. 

The  spares  to  be  carried  would  be  more  than  where 
all  the  auxiliaries  are  a.c,  but  less  than  where  they  are 
partly  a.c.  and  partly  d.c. 

Maintenance  would  probably  be  high  because  of  the 
large  number  of  commutators  and  brush-gear. 

This  scheme  would  be  simple  to  operate  and  highly 
reliable,  the  only  drawback  being  the  extra  attention 
required  because  of  the  inclusion  of  a  house  set. 

In  apparent  contradiction  to  the  remarks  on  page  834, 


scheme,  similar  to  this,  in  which  a.c.  motors  are  used 
throughout,  might  be  put  forward,  the  motor-generators 
being  replaced  by  transformers,  the  house  set  being 
a.c,  and  the  battery  being  fed  from  the  auxiliary 
busbars  by  way  of  reversible  motor-generators. 

Such  a  modification  would  probably  reduce  the  first 
cost,  but  would  entail  additional  complications  in 
running,  because  of  the  necessity  of  synchronizing  the 
a.c.  supplies  at  times  of  emergency,  and  also  because 
of  the  probability  of  any  fault  shutting  down  the  motor- 
generators  and  so  rendering  the  batterv-  of  no  use  at 
the  very  time  when  it  is  most  needed. 
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the  authors  are  of  the  opinion  that  in  this  case  rotary 
converters  instead  of  motor-generators  might  with 
advantage  be  installed,  as  there  is  a  considerable 
amount  of  stand-by  plant. 

Running  with  auxiliary  busbars  in  parallel. — It  is 
possible  that  the  reliability  might  be  increased  if  the 
auxiliary  busbars  were  paralleled  by  closing  the  battery 
on  to  both  bars.  By  this  means  the  battery  would 
be  available  as  stand-by  to  both  supplies,  and  the  use 
of  reverse-current  relays  on  the  d.c.  side  of  the  motor- 
generators  and  on  the  lead  from  the  house  sets  would 
protect  both  bars  in  the  event  of  failure  or  drop  of 
voltage  on  either  supply. 

Alternative  scheme  with   a.c.  motors. — An   altcrnati\-e 


General   Consideration   of   Alternative   Schemes. 

In  considering  the  relative  merits  of  the  foregoing 
alternative  schemes,  it  must  be  kept  in  mind  that 
they  are  only  typical  and  that  it  might  be  advantageous 
to  adopt  a  combination  of  some  of  the  alternatives. 
For  instance,  where  all  the  supply,  except  the  stoker 
motors,  is  shown  as  a.c,  these  also  might  be  a.c, 
although  the  authors  consider  that  this  would  be  a 
rather  unwise  change. 

The  ring  main  shown  for  the  auxiliary  (400-volt) 
busbar  in  Scheme  6  might  equally  well  be  adopted  in 
either  of  the  arrangements. 

Instead  of  the  d.c.  generators  of  Scheme  1  feeding 
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in  parallel  on  to  one  bar,  they  might  each  feed  a  separate 
bar,  with  an  emergency  switch  to  a  common-battery 
bar,  so  that  the  battery  might,  as  found  necessary, 
be  used  for  any  group  of  auxiUaries. 

\\'ith  so  many  combinations  to  choose  from,  it  is 
difficult  to  decide  what  should  be  adopted  and  what 
discarded,  and  the  authors  have  endeavoured  to  put 
forward  a  representative  selection  of  schemes,  rather 
than  confine  attention  to  what  appear  to  be  the  most 
desirable  arrangements. 

It  is  also  very  difficult  to  come  to  a  decision  as  to 
which  is  the  best  of  the  schemes,  but  on  broad  lines 
the  authors  suggest  that  they  may  be  graded  in  three 
groups,  the  first  and  best  group  containing  Schemes  I, 
6  and  7,  which  are  of  approximately  equal  merit.  In 
the  second  group  would  be  Schemes  2,  3  and  5,  which 
although  of  equal  merit  one  with  another  cannot  be 
considered  as  being  of  the  standard  of  the  first  group. 
The  third  group  would  consist  of  Scheme  4,  which  is 
an  example  of  what  to  avoid. 

Details  of  auxiliaries. — Once  the  general  scheme  of 
the  auxiliaries  has  been  determined,  a  number  of 
details  having  a  considerable  effect  on  the  satisfactory 
running  of  the  station  must  be  considered. 

The  switchgear  and  accessories  used  for  the  auxiliary 
gear  of  the  station  should  be  of  the  very  best  quality 
and  design,  for  it  would  be  unwise  to  run  the  risk  of 
breakdown  through  false  economy  on  plant,  the  cost 
of  which  is  only  a  very  small  proportion  of  the  total 
cost  of  the  station.  Switchgear  for  electrical  auxiharies 
needs  careful  selection,  especially  with  regard  to  the 
protective  devices,  in  order  that  faults  may  cause  the 
minimum  shut-down,  but  at  the  same  time  to  ensure 
that  the  protective  gear  will  not  operate  except  in  case 
of  faults. 

Choice  of  voltage. — Where  there  are  a.c.  and  d.c. 
low-voltage  circuits  in  a  station,  these  should  be  chosen 
so  as  both  to  give  the  same  voltage  on  lighting  circuits. 
For  instance,  in  the  schemes  put  forward  400  volts 
a.c.  gives  230  volts  between  one  phase  and  neutral, 
corresponding  to  the  d.c.  voltage  of  230. 

Co.-sidering  the  choice  between  the  d.c.  voltages  of 
230  and  460,  the  lower  voltage  would  require  only  half 
the  number  of  cells  in  the  batteries,  and,  although  these 
cells  would  be  larger  than  in  the  case  of  the  higher 
voltage,  the  reduction  in  the  total  number  of  cells 
would  mean  that  less  lead  would  be  required  in  the 
boxes,  and  this  would  to  some  extent  compensate  for 
the  extra  copper  required  in  the  connections. 

Station  lighting  and  control  circuits. — In  all  cases 
where  a  battery  is  not  installed  for  d.c.  auxiliaries,  a 
small  one  would  be  pvit  in  for  control  circuits,  and  pilot 
lights  fed  from  this  should  be  placed  at  various  points 
in  the  station,  so  that  any  failure  in  the  main  lighting 
supply  will  not  result  in  total  darkness  in  the  station. 
Two  motor-generators,  one  running  and  one  as  a  stand- 
by, should  be  provided  for  this  control  battery. 

Location  of  switchboards . — As  the  drivers  should  be 
concerned  solely  with  the  starting  of  motors,  the  aux- 
iliary supplies  should  be  handled  by  a  special  auxiliary 
switchboard  attendant.  The  auxiliary  switchboard 
should  not  be  far  from  the  main  high-tension  control 
board  ;    the  high-tension  switchboard  attendant  would 


thus  not  be  concerned  with  the  details  of  the  auxiliaries 
in  the  case  of  breakdown,  except  in  so  far  as  the 
auxihary  attendant  would  receive  leading  instructior.s 
from  him. 

Auxihary  switchboards  controlling  duphcate  supplies 
should  be  symmetrical  and  as  close  together  as  possible. 

Run  of  cables. — Whenever  possible  all  the  feeders  and 
cables  duplicating  the  supply  to  any  auxiliary  should 
be  run  by  different  routes,  so  that  in  case  of  fire  or 
mechanical  damage  the  danger  of  the  supply  being 
cut  ofi  from  all  the  auxiliaries  would  be  reduced  to  a 
minimum.  For  example,  in  the  case  of  the  d.c. 
auxiharies  shown  in  Schemes  2  and  3,  the  feeders  for 
the  stoker  motors  should  be  led  by  different  routes. 

Design  of  starters  and  control  gear. — As  the  motors 
may  have  to  run  without  stoppage  for  periods  of 
several  weeks,  special  care  must  be  taken  in  the  design 
of  starters,  control  gear,  etc.,  to  reduce  to  a  minimum 
the  heating  due  to  resistance  losses  in  conductors  or 
to  hysteresis  in  the  ironwork. 
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The  latter  feature  requires  special  attention,  as  ap- 
paratus which  has  been  quite  suitable  for  ordinary 
industrial  service  has  become  so  hot  when  used  on 
auxiliary  plant  for  long  periods  without  a  break  that 
it  has  had  to  be  replaced. 

Contactor  starting. — Contactor  gear  for  starting  has 
been  adopted  in  certain  cases,  but  the  authors  are  of 
the  opinion  that  there  is  little  to  justify  the  extra 
cost  of  this,  although  push-button  releases  operated 
from  suitably  chosen  places  in  the  station  may  be  of 
considerable  advantage.  For  example,  a  conveyer 
should  have  push-button  releases  provided  at  intervals 
along  its  length,  so  that  the  motor  can  be  stopped  at 
once  in  the  event  of  breakage. 

Location  of  starters. — Starters  for  motors  should  be 
placed  in  very  accessible  positions  and  in  sight  of  the 
moving  machinery  which  they  operate. 

Motor  operation  of  valves. — The  use  of  motors,  in 
addition  to  hand  gear,  for  the  operation  of  large  valves 
such  as  those  on  main  circulating  pipes,  is  increasing. 
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Where  these  motors  are  d.c.  it  is  to  be  noted  that  they 
must  not  be  series  wound,  as  a  series  motor  may,  once 
the  valve  gear  is  in  motion,  speed  up  to  such  an  extent 
that  considerable  damage  results. 

Brush-lifting  gear  on  a.c.  motors. — Alternating-current 
sUp-ring  motors,  where  used  for  station  auxiharies, 
should  be  fitted  with  brush-lifting  gear,  and  interlocks 
should  be  provided  between  this,  the  main  oil  switch 
and  the  rotor  resistance,  so  that  the  main  oil  switch 
cannot  be  closed  unless  the  short-circuiting  gear  and 
the  rotor  resistance  are  in  their  correct  starting 
positions. 

Batteries. — Batteries  may  be  either  regulated  by  hand- 
reversible  boosters  or  end-cell  regulating  switches  ;  in 
the  case  of  the  former,  automatic  change-over  switches 
should  be  installed  to  put  the  battery  directly  on  the 
line  if  the  load  to  be  dealt  with  increases  beyond  the 
capacity  of  the  booster. 

The  choice  between  the  alternative  methods  is  con-' 
troversial  and  depends  so  much  on  local  conditions  that 
it  has  been  decided  not  to  enlarge  on  it  here. 

Operation  of  auxiliary  plant. — In  any  scheme  in  which 
all  the  power  for  auxiliaries  is  obtained,  directly  or 
indirectly,  froni  the  main  busbars,  there  is  no  real 
stand-by  to  the  auxiliary  supply  when  only  one  turbo- 


alternator  is  running,  and  in  the  event  of  any  fault 
on  the  main  bars  there  would  be  a  loss  of  vacuum 
with  its  attendant  evils. 

When  there  is  an  interconnector,  if  only  one  set  is 
running  and  for  any  reason  this  alternator  has  to  be 
taken  off  the  bars  the  wisest  procedure,  if  time  permits, 
is  for  some  of  the  outgoing  feeders  to  be  immediately 
opened  and  the  interconnector  supply  used  to  keep  the 
station  bars  alive. 

At  times  of  light  load  it  is  questionable  whether 
many  operating  engineers  would  feel  justified  in  running 
two  circulating,  two  air  and  two  extraction  pumps 
for  one  turbine.  The  running  of  only  one  of  each  of 
these  pumps  would  undoubtedly  be  more  economical, 
but  would  mean  a  distinct  sacrifice  of  reliabihty. 

Conclusion. 

The  subject  under  consideration  is  so  extensive  that 
it  is  difficult  to  deal  with  it  without  becoming  involved 
in  a  mass  of  detail,  but  the  authors  hope  that  the 
method  of  treatment  will  be  of  assistance  to  those 
engaged  in  the  laying  down  of  the  auxiliary  system  of 
a  new  power  station. 

They  wish  to  express  their  thanks  to  Mr.  H.  Dickins  m 
for  various  suggestions  embodied  in  the  paper. 


Discussion  before  The  Institution,  26  April,  1923. 


Mr.  W.  B.  Woodhouse  :  The  paper  indicates  definitely 
and  well  the  practical  outlook  that  the  operating 
engineer  must  take.  We  have  heard  in  the  past,  and 
particularly  of  recent  years,  a  good  deal  about  station 
design,  and  undue  emphasis  has  often  been  placed  on 
one  particular  item  of  production  cost.  For  example, 
the  question  of  fuel  consumption  has  been  unduly 
emphasized  at  the  expense  of  other  factors  of  the  cost 
of  production,  and  it  is  a  pleasure  to  me,  as  an  operating 
engineer,  to  read  a  paper  like  this,  in  which  the  authors 
very  definitely  place  reliability  in  the  forefront.  The 
question  of  the  design  and  arrangement  of  auxiliaries 
IS  obviously  a  complicated  one.  The  authors  themselves 
mention  seven  different  schemes  and,  after  considering 
them  in  great  detail,  put  three  in  the  first  class.  Obvi- 
ously, therefore,  if  that  is  the  decision  to  which  they 
have  come  after  so  careful  a  study  of  the  subject,  there 
is  not  very  much  to  choose  between  the  different  systems. 
There  is  no  doubt,  I  think,  that  the  authors'  point  of 
view  is  preferable  to  that  which  starts  by  considering 
the  possibility  of  an  improvement  of  a  fraction  of 
1  per  cent  in  the  heat  efficiency  of  the  station.  A  great 
many  theorists,  I  think,  overlook  the  fact  that  if  one 
can  design  onf;'s  coal-  and  ash-handling  plant  in  an 
economical  way,  and  save  possibly  10  or  20  per  cent 
on  the  cost  of  the  handled  fuel,  that  means  10  or  20  per 
cent  increase  in  the  commercial  heat  efficiency  of  the 
station.  Rather  than  adopt  refinements  which  may 
represent  a  1  per  cent  improvement  at  the  expense  of 
reliability  or  first  cost,  one  should  aim,  as  the  authors 
have  suggested,  first  of  all  at  simplicity.  I  am  very 
glad,  therefore,  that  they  do  not  over-emphasize  the 
question  of  heat  balance,  although  it  is  perhaps  rather 
begging  the  question  when  all  their  schemes  are  based 
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on  the  use  of  steam  taken  from  the  main  turbines  for 
feed  heating.  I  think  that  there  are  other  possible 
schemes.  The  three  factors  to  be  considered  are,  in 
the  order  of  their  importance,  reliability,  efficiency, 
and  capital  expenditure.  It  is  interesting  to  note  that 
in  two  of  the  three  schemes  which  the  authors  have 
placed  in  the  first  class  it  is  proposed  to  use  partly  direct 
and  partly  alternating  current,  and  in  the  third  case 
direct  current  only  is  employed.  That  being  so,  I  do 
not  think  that  the  authors'  criticism  of  the  direct- 
current  motor  need  be  taken  too  seriously.  They 
mention  the  difficulties  of  operating  the  d.c.  motor, 
but,  after  all,  with  modern  designs  I  do  not  think  that 
one  need  contemplate  having  to  operate  a  d.c.  motor  in 
a  dirty,  dusty  or  otherwise  unsatisfactory  atmosphere, 
and  experience  shows  that,  in  tlie  hands  of  a  competent 
staff,  the  d.c.  motor  is  very  reliable.  The  division  of 
the  plant  and  the  whole  question  of  reliability  is,  of 
course,  to  a  large  extent  determined  by  the  complete 
rigidity  of  connection  which  alternating  current  intro- 
duces. The  authors  divide  their  busbars  into  sections 
and  consider  supplies  from  other  stations,  but  all  the 
time  they  have  to  meet  this  difficulty,  that  a  disturbance 
on  any  one  part  of  the  a.c.  system  is  carried  immediately 
to  every  other  part  of  the  system.  If  we  could  over- 
come that  difficulty — if  these  links  on  the  electrical 
side  could  be  made  flexible  instead  of  rigid — the  question 
of  station  auxiliaries  would  be  very  much  simphfied, 
and  we  might  come  to  the  conclusion  that  there  was  no 
longer  any  necessity  for  steam-driven  auxiliaries  and  con- 
sider a  S)stem  in  which  all  the  au.xiliaries  were  of  an 
alternating-current  type.  There  is  one  other  point 
which  I  think  is  worth  considering,  namely  that  with 
the  higher  steam  pressures  the  disadvantages  of  the  small 
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steam  auxiliary  increase.  One  has  a  number  of  small 
steam  pipes  and  drains,  and  valves,  all  of  which  have 
to  withstand  the  Iiigh  steam  pressure  and  are  subject 
to  leakage,  and  so,  I  think,  the  tendency  will  be  very 
definitely  against  a  large  number  of  steam  auxiliaries. 
With  the  large  units  contemplated  by  the  authors 
the  house  turbine  becomes  a  reasonable  size,  and  one 
could  put  a  high  steam  pressure  on  to  that  and  get  a 
fairly  efficient  result ;  but  for  smaller  stations  it  is 
questionable  whether  the  result  would  be  satisfactor^^ 

Mr.  H.  Brazil :  On  page  833  the  authors  say  that 
continuity  of  supply  in  this  country  is  considered  to 
be  more  important  than  in  some  other  countries,  but 
the}^  might  have  said   "  than  in  any  other  countrj'." 
I  think  that  the  very  liigh  standard  of  continuity  of 
supply  which  has  been  achieved  in  this  country  is  some- 
thing that  we  should  aim  at  presendng.     Apart  from 
the  loss  of  prestige  which  a  failure  occasions  there  is 
another  point  to  be  considered,  namely,  that  the  loss  of 
revenue  is  very  considerable  if  a  stoppage  of  the  whole 
system   occurs.     Roughly  speaking,    a   London  supply 
undertaking  shutting  down  for  two  hours  at  a  time  of 
heavy  load  would  lose  about  £1  000  in  gross  revenue 
during    that    period.     The    consumers    would    perhaps 
lose  more,  because  their  machinerjr  would  be  brought 
to  a  standstUl  and  their  employees,  though  idle,  would 
still  have  to  be  paid.     There  are  other  difficulties  that 
would  occur  if  a  stoppage  took  place.     To  mention  only 
one,  the  cessation  of  supply  in  the  case  of  an  ice-making 
plant  might  spoil  a  large  batch  of  ice,  as  its  transparency 
would   be   destroyed.     The   authors   have  divided   the 
auxiliaries  into  four  t\-pes.     Tj^ae  (a)  consists  of  those 
which  must  not  stop  on  any  account,  and  includes  the 
main  circulating-water  supply,  the  air  extraction  and 
station  Ughting.     I  do  not  think  that  there  will  be  any 
dispute  as  to  the  importance  of  those  particular  auxil- 
iaries.    Under   Type    (b)    the    authors    state    that    the 
boiler  feed-pump   and   the   power   for  control   circuits 
must  not  stop  for  more  than  60  seconds.     Here  I  should 
like  to  make  a  criticism.     Those  who  are  used  to  running 
a  plant,  and  ha\-e  experience  of  getting  things  straight 
again  after  a  breakdo^v^l,  will  agree  with  me,  I  think, 
that  the  psychological  aspect  of    a    breakdown  is    an 
important    factor    which    has    to    be    considered.     For 
example,   a  serious  breakdo\vn  occurs  and   there  is   a 
momentary  extinction,  or  at  any  rate  a  diminution  of 
the  lights.     There  is  probably  a  blowing-off  of  steam, 
and   this,   combined  with  the  uncertainty  as  to  what 
has  actually  happened,   has  a  numbing  effect  on   the 
operators.     Several  seconds   must  pass   before   anj'one 
can  get  going  again,   and  then,  the  generating  station 
being  a  large  one  covering  a  considerable  area,   even 
when  a  man's  mind  is  made  up  it  takes  him  some  time 
to  get  to  the  particular  switch  or  valve  which  has  to 
be   operated.     These   operations   cannot   be   rehearsed, 
and  a  fault  occurs  without  any  warning.     I  think  that, 
taking   all   these   things   into   consideration,   it  wiU   be 
agreed  that  60  seconds  is  too  short  a  time  to  effect  the 
alterations  necessary  to  start  these  particular  auxiliaries 
up  again.     If  the  authors  consider  that  Type  (b)  should 
not  be  shut  down  for  more  than  60  seconds,   I  think 
that    Types   (b)   and   (a)   should    be    amalgamated,   i.e. 
the  auxiliaries  in  (6)  should  be  put  under  {a).     Tj^pe  (c) 


deals  with  those  auxiharies  which  must  not  be  allowed 
to  stop  for  more  than  5  minutes,  and  I  think  that 
what  the  authors  suggest  there  for  the  particular  auxili- 
aries concerned  could  be  carried  out  within  that  time. 
My  only  remark  with  regard  to  (d)  is  that  a  12  hours' 
accumulation  of  ash  in  some  stations  might  completely 
choke  the  grates,  etc.  I  agree  that  rotary  converters 
are  not  desirable  in  a  generating  station.  It  is  acknow- 
ledged, of  course,  that  induction  motors  are  the  most 
reliable,  as  they  remain  in  circuit  when  a  breakdown 
occurs,  but  I  do  not  think  it  is  altogether  realized  how 
good  are  synchronous  motor-generators.  I  have  known 
many  occasions  when  they  have  kept  in  step,  in  spite 
of  the  fluctuations,  and  have  stiU  given  their  load.  The 
s^mchronous  motor-generator  also  has  the  advantage 
of  being  able  to  convert  alternating  into  direct  current, 
or  vice  versa,  and  I  think,  therefore,  that  there  is  some- 
thing to  be  said  for  the  synchronous  as  compared  with 
the  induction  motor,  which  latter  cannot,  of  course, 
be  reversed.  Then  there  is  the  question  of  batteries  ; 
I  was  rather  interested  to  hear  that  the  authors  had 
modified  their  opinion  somewhat  on  this  question,  and 
also  to  hear  Mr.  Woodhouse's  remarks  as  to  the  reUa- 
bUity  of  d.c.  motors.  I  am  entirely  in  agreement  with 
him  there  ;  I  think  it  is  a  mistake  to  economize  too 
much  on  the  battery.  One  has  in  it  a  source  of  power 
which  is  immediately  available,  and,  if  one  can  utilize 
it  at  a  ver\'  high  discharge  rate,  a  great  deal  can  be 
done  with  it  and  thus  give  time  for  other  sources  of 
supply  to  be  started  up. 

Mr.  J.  S.  Highfleld  :  The  paper  raises  a  subject  of 
first-class  importance,  particularly  to  the  operating 
station  engineer.  The  authors  quite  rightly  point  out 
that  the  absolute  continuitj-  of  supply  provided  by  the 
various  auxiliary  apparatus  in  a  big  power  station  is 
of  the  first  importance.  It  is  a  matter  not  only  of  main- 
taining the  supph',  but  also  of  saving  the  plant  from 
verj'  heavy  damage  ;  moreover,  if  the  auxiliarv'  plant 
is  used  in  the  right  way  it  will  lead  to  considerable 
economies.  I  do  not  altogether  agree  with  the  authors 
that  their  Schemes  1,  6  and  7  are  of  equal  merit ;  I 
think  that  Scheme  No.  7  is  infinitely  preferable  to  the 
other  two,  for  the  reason  that  it  is  essential  that  feed- 
pumps, circulating  pumps  and  certain  other  apparatus 
should  be  run  quite  independently  of  the  main  plant ; 
at  an3-  rate,  a  certain  proportion  should  be  run  indepen- 
dently of  it.  That  can  be  done  in  only  two  ways. 
Either  one  must  have  separately-driven  feed-pumps  and 
circulating  pumps  driven  by  separate  steam  plant,  or 
else  these  auxiharies  must  be  supplied  from  an  auxiliary 
turbine  which  runs  quite  independently  of  the  main 
station  supplies.  I  prefer  the  latter  method,  and  the 
authors  have  given  many  reasons  why  it  is  to  be 
preferred.  First  of  all,  I  think  that  feed-pumps  may 
all  be  steam-driven  with  advantage.  In  some  cases, 
perhaps,  too  much  steam  is  pro\-ided  and  it  goes  to 
waste,  but  as  a  nile  a  large  station  can  absorb,  in 
feed-heating,  the  whole  of  the  steam  from  the  feed- 
pumps, and  in  that  case  I  think  that  it  avoids  complica- 
tion if  the  whole  of  the  feed-pumps  are  steam-driven. 
With  regard  to  the  circulating  pumps,  I  think  that  at 
any  rate  a  supply  of  circulating  water  sufficient  for 
safety  should  be  kept  running  at  aU  times,  and  I  prefer 
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those  pumps  to  be  run  from  an  independent,  steam- 
driven  auxiliary  generator — wliether  a.c.  or  d.c.  does 
not  matter  for  the  moment — the  relative  advantages 
of  those  two  sorts  of  motors  are  well  known — but  that 
the  supply  should  be  taken  from  a  steam-driven  auxiliary 
generator  is,  I  think,  essential.  The  other  auxiliary 
plant  can,  in  perfect  safety,  be  run  from  the  main  busbar. 
Consequently,  to  get  a  completely  independent  supply, 
I  think  that  Scheme  7  is  very  much  better  than 
Scheme  1  or  Scheme  6.  Scheme.  6  depends  for  its 
reliability  and  its  independence  of  the  main  busbar 
supply  entirely  on  the  use  of  a  battery.  That  is  a  very 
useful  appliance  so  long  as  it  is  fully  charged,  but 
when  serious  accidents  occur  in  a  power  station,  unless 
it  is  of  enormous  size  the  battery  is  very  likely  to  become 
discharged  and  therefore  useless.  I  think,  however, 
that  a  battery  is  essential  with  a  large  plant  to  main- 
tain a  certain  amount  of  light.  Having  dealt  so  far 
entirely  with  questions  of  reliability,  the  next  thing  is 
to  attain  the  best  economy.  A  great  deal  could,  I 
think,  be  done  by  using  the  heat  from  the  auxiliary 
turbine  in  Scheme  7  for  feed-heating  purposes.  The 
problem  of  using  the  waste  heat  is  quite  a  difficult  one, 
because  the  proportion  of  waste  heat  to  the  total  steam 
used  in  the  main  plant  varies  according  to  the  total 
load  on  the  plant.  It  varies  from  time  to  time,  and 
consequently  great  care  must  be  taken  in  design  to  see 
that  the  amount  of  waste  steam  can  be  varied  sufficiently 
to  meet  the  requirements  of  the  total  plant  for  feed- 
heating  purposes.  That  can  be  done  by  throwing  part 
of  the  load  from  the  main  plant  on  to  the  auxiliary 
plant  from  time  to  time,  by  varying  the  efficiency  of 
the  auxiliary  plant  by  running  with  a  higher  or  lower 
vacuum,  and  also  by  having  a  sufficient  storage  of 
water,  if  possible,  so  that  heat  can  be  accumulated  or 
lost  with  varj'ing  load. 

Mr.  L.  M.  Jockel :  At  the  commencement  of  the 
paper,  under  the  heading  "  Different  Types  of  Auxil- 
iaries," the  authors  emphasize  the  necessity  for  avoiding, 
at  all  costs,  loss  of  vacuum,  but  one  can  hardly  imagine 
a  large  turbo-alternator  set,  say  of  10  000  or  1.5  000  kW 
upwards,  being  run  to  atmosphere  for  more  than  about 
two  minutes.  If  any  operating  engineers  have  tried 
it  with  modern  water-tube  boilers,  I  think  they  will 
agree  that  the  results  are  rather  disastrous,  particularly 
on  the  steam  side.  It  is  generally  impossible  to  run 
at  all ;  a  complete  collapse  results.  On  the  next  page, 
under  the  same  heading,  the  authors  divide  auxiliaries 
into  four  types,  according  to  the  length  of  time  for 
which  they  may  be  allowed  to  stop.  If  the  air-extraction 
pump  is  included  under  (a),  I  think  the  water-extraction 
pump  should  also  be  brought  under  the  same  heading. 
It  is  quite  possible  to  run  on  full  load  for  a  considerable 
number  of  minutes  without  the  air-extraction  apparatus  ; 
to  do  so  for  5  minutes  is  quite  possible  and  easy 
with  a  good  modern  plant.  I  have  seen  it  done  for 
10  minutes,  and,  if  the  plant  is  in  good  order,  there  is 
not  a  very  appreciable  drop  in  vacuum  unless  there  are 
some  of  tlie  old-type  auxiliaries  fitted,  which,  on  their 
collapse,  may  break  the  condenser  to  atmosphere. 
Nowadays,  of  course,  they  are  not  installed,  and  there- 
fore I  think  that  the  air-extraction  plant  should  certainly 
be   altered   in   its   grouping.     Then,    under   [c),    which 


deals  with  auxiliaries  that  can  be  allowed  to  stop  for 
not  more  than  5  minutes,  the  question  of  independent 
ventilating  fans  (I  presume  fans  for  alternators)  is 
raised.  In  many  cases,  independent  ventilating  fans 
can  be  shut  down  for  long  periods,  provided,  of  course, 
that  one  is  cognizant  of  the  loading  of  the  alternator 
and  reduces  it  to  the  necessary  amount,  which  depends 
chiefly  on  the  design  of  the  machine.  It  may  be  possible 
to  run  for  hours  with  f  load  or  less.  With  modern 
closed-circuit  air  systems  the  question  is  much  more 
serious,  and  several  stations  are  now  contemplating 
putting  in  a  stand-by  cooling  air  supply  for  the  closed- 
circuit  system.  Again,  under  the  same  heading,  dealing 
with  Type  (a)  the  authors  say  :  "  That  a  loss  of  vacuum 
will  at  once  follow  a  stoppage  of  the  air  extraction  is 
a  self-evident  fact."  I  disagree  with  that.  The  air- 
extraction  plant  can  be  stopped,  but  the  vacuum  will 
not  immediately  follow  it.  For  example,  if  the  air- 
extraction  plant  stops  it  is  possible  to  get  another 
turbo  set  started  and  actually  on  the  busbars  before 
switching  out  the  machine  on  which  the  air-extraction 
plant  has  failed.  I  have  helped  to  do  this  on  more 
than  one  occasion.  I  am  very  glad  to  see  that  the 
authors  emphasize  the  importance  of  duplicate  auxili- 
aries for  the  condensers.  That  is  a  most  important 
point,  particularly  with  the  larger  units.  I  am  also 
glad  to  notice  that  they  emphasize  the  importance  of 
the  feed-pumps,  and  state  that  one  of  the  most  suitable 
schemes  is  to  have  one  motor-driven  rotary  pump  and 
one  steam-driven  rotary  pump  for  each  group  of  boilers. 
That  is  standard  practice  now,  I  take  it.  Next,  in 
considering  the  different  types  of  auxiliary  supply 
available,  I  am  pleased  to  note  that  the  authors  are 
not  prepared  to  advocate  direct  steam-driving.  That 
method  was  very  fashionable  some  years  ago,  and  at 
first  sight  it  appears  to  be  an  extremely  economical 
and  reliable  proposition.  Although  i;  hold  no  brief  for 
the  direct  steam-drive,  I  think  that  the  value  of  the 
paper  would  have  been  enhanced,  and  the  authors' 
case  against  the  direct  steam-drive  strengthened,  if 
they  had  given  a  brief  comparative  statement  or  some 
data  for  an  alternative  scheme  on  those  lines,  say  for 
driving  a  proportion  of  the  alternators.  There  is  a 
certain  amount  of  fascination  in  the  thermodynamic 
aspect  of  auxiliaries.  The  first  consideration,  of  course, 
must  always  be  reliability  ;  economy  must  come  second. 
With  regard  to  steam-driven  auxiharies,  I  have  actually 
known  cases  where  it  was  necessary,  with  direct-driven 
steam  auxiliaries,  in  order  to  avoid  either  a  complete 
shut-down  or  low  frequency  for  a  very  long  period  on 
the  supplies,  to  shut  the  set  down  altogether,  having  pre- 
viously started  a  set  with  electrically-driven  auxiliaries 
in  order  to  prevent  total  collapse.  The  thermodynamic 
aspect  is  admittedly  fascinating,  but  now  that  turbo- 
alternator  engineers  are  resorting  to  "  bleeding  off  " 
the  fashion  becomes  more  ethereal,  as  bleeding-off  is 
a  highly  economical  and  reliable  proposition.  It  is, 
I  think,  very  significant  that  both  at  the  Dalmarnock 
and  the  Gennevillicrs  capital  stations  electrically-driven 
auxiliaries  have  been  adopted.  In  the  case  of  the 
Gennevilliers  plant  a  certain  number  of  important 
auxiliaries  are  arranged  for  direct  driving  with  steam 
turbines,  notwithstanding  the  fact  that  they  are  there 
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for  emergency  purposes  or  experimental  heat-balance 
tests  on  the  station.  I  think  that  the  authors  have 
hardly  done  justice  to  system  (B),  namely,  electric 
drive  from  main  alternators  via  high-tension  busbars. 
That  system  is  verj-  largely  used,  and,  although  it  has 
certain  drawbacks,  these  can  be  overcome  to  some 
extent  in  a  carefulh'  designed  scheme,  particularly  if 
a  proportion  of  the  auxiharj^  motors  are  driven  by 
direct  current,  and  the  batteries  are  used.  If  one 
employs  rotary  converters  in  connection  with  that 
scheme,  they  may  reverse  under  certain  conditions, 
and  one  needs  to  transfer  such  auxiliaries  as  can  be 
changed  to  another  supply.  Asvnchronous  motor- 
generators  are  far  more  stable.  Some  synclironous 
motor-generators  will  change  over  excellently  from 
motoring  to  generating  without  anj'  attention  whatever, 
but  there  are  some  which  will  not  do  so  successfully, 
and  therefore  a  comphcation  is  introduced  at  once, 
and,  using  the  sjmchronous  motor-generator  for  linking 
up,  the  gain  in  efficiency  \nll  be  very  small  indeed. 
In  regard  to  the  question  of  d.c.  versus  a.c.  motors,  I 
think  that  the  upkeep  and  attention  needed  with  the 
former  has  been  overstressed.  Trouble  is  experienced, 
but  verj'  often  it  can  be  traced  either  to  the  motors 
being  too  small  for  their  work  or  to  the  fact  that  severe 
competition,  viith  the  consequent  necessity  for  cutting 
the  price,  has  made  the  work  inferior.  Again,  they 
may  have  comphcated  windings  on  the  fields,  which 
render  the  motors  more  unstable.  I  think  it  is  quite 
possible  to  sacrifice  efiiciency  ver\'  appreciably  by 
adhering  too  closely  to  the  greater  simphcity  offered 
by  induction  motors.  As  to  the  control  of  centrifugal 
pumps  and  fans,  etc.,  the  d.c.  motor  appears  to  be  the 
most  convenient  and  economical  method  for  this  pur- 
pose, as  the  valve  and  damper  control  mentioned  by 
the  authors  does  not  give  exactly  efficient  regulation. 
The  heat  generated  is  proportional  to  the  square  of  the 
speed,  whilst  the  power  required  is  proportional  to  the 
cube  of  the  speed.  I  am  not  convinced  that  t\-pe  (E), 
the  au.xiliary  house-turbine  system,  is,  to  quote  the 
authors,  "  undoubtedl3^  the  most  popular  sj'stem  of 
auxiliary  electric  supply  in  tliis  country  "  at  present. 
In  America  the  idea  has  been  carried  to  what  I  might 
call  the  "  hair-sphtting  "  stage,  and  the  results  which 
have  been  published  do  not  convince  one  that  the  heat 
balance  is  so  very  greatly  superior,  or  that  the  thermo- 
dynamic conditions  can  beat  the  best  British  practice. 
In  regard  to  scheme  (F),  I  should  Uke  to  ask  the  authors 
if  they  have  considered  the  effect  of  a  10  per  cent  or 
15  per  cent  over-speed  on  the  main  unit,  i.e.  the 
auxiliary  unit  on  the  shaft  of  the  main  turbine,  and 
also  the  effect  of  automatic  protective  gear  operating 
on  the  plant. 

Mr.  W.  E.  Highfield :  Three  of  the  schemes  given 
in  the  schedule  utilize  a  generator  direct-driven  from 
the  shaft  of  the  main  set,  and  it  is  in  connection  with 
the  design  of  that  machine  that  I  should  like  to  make 
a  few  remarks.  The  suggestion  is  that  there  should 
be  a  300  kW  set  for  a  3  000  r.p.m.  machine,  and  that 
for  1  500  r.p.m.  the  set  should  be  of  450  kW  or  there- 
abouts. First  consider  the  d.c.  machine.  It  can  be 
designed  to  give  its  output  quite  as  well  as  a  lower- 
speed  machine,   but  it  must   be  remembered  that  the 


design  will  be  of  a  very  special  type.  It  ^\ill  have 
compensated  windings  ;  it  will  have  interpoles  ;  it  will 
have  a  shrink-ring  commutator  with  a  surface  speed  of 
8  000  to  10  000  ft.  per  min.  I  do  not  mean  that  the 
machine  ■will  not  run,  and  run  continuously,  but  it 
requires  constant  attention,  perfect  trueness  of  the 
commutator  and  constant  setting  of  the  brushes  to 
maintain  consistency  of  running.  Such  a  machine  does 
not  compare  favourably  with  a  similar  machine  at 
1  000  or  750  r.p.m.,  which  will  still  run  whether  these 
things  are  attended  to  or  not.  Another  thing  that  1 
think  is  verj^  germane  to  the  adoption  of  such  a  system 
is  that  the  shaft  will  run  through  the  critical  speed, 
which  will  probably — in  fact,  almost  certainly — be 
different  from  that  of  the  main  alternator.  Consequently 
one  wll  almost  certainly  have  to  put  in  another  flexible 
coupling,  and  the  machine  itself  will  add  6  ft.  to  the 
length  of  the  original  set.  Even  in  the  case  of  an 
alternator  there  will  still  be  the  same  shaft  problem  to 
deal  with,  i.e.  the  machine  ■will  run  through  a  critical 
speed,  and  probably  another  flexible  couphng  and  two 
bearings  will  have  to  be  introduced.  I  think  that  is 
a  verj-  great  drawback  to  the  three  particular  schemes 
(1),  (3)  and  (4).  Under  the  heading  of  "Different 
Tj^es  of  AuxiUaries,"  dealing  with  T^i-pe  (b),  the  authors 
refer  to  a  group  of  boilers  fed  by  two  feed-pumps,  one 
steam-driven  and  one  electrically  driven.  That  system 
wUl  be  aU  right  when  the  whole  group  of  boilers  is 
working,  but  what  happens  when  only  a  few  of  the 
boilers  are  running  ?  It  seems  to  me  the  system  will 
be  uncontrollable  when  half  or  less  of  the  boilers  are 
at  work,  because  the  pumps  must  be  run  at  full  speed 
to  get  the  right  pressure,  and  the  only  control  available 
is  that  pro^-ided  by  the  check  valves. 

Mr.  J.  R.  Cowie  :  Dealing  with  the  different  types  of 
auxiliaries,  the  authors  include  under  (d)  those  which 
maj-  stop  for  a  period  of  up  to  about  12  hours,  including 
the  coal  and  ash  conveyers.  I  am  not  at  all  sure  that 
a  little  more  attention  is  not  needed  for  these.  The 
authors  put  the  bunker  capacity-  at  12  hours.  It  is 
qiute  common  to  have  one  conveyer  for  storage  coal 
coming  into  the  boiler  house,  another  from  the  railway 
siding  lines  for  direct  feed,  and  only  one  conveyer 
across  the  top  of  the  bunkers  going  to  the  boilers  them- 
selves. A  second  conveyer  here  would  mean  the 
sa^dng  of  extra  height  on  the  whole  of  the  boiler  house 
and  permit  of  a  bunker  with  a  capacity  of  less  than 
12  hours.  With  regard  to  steam  drive  for  circulating 
water  pumps,  quite  a  good  practice  is  to  have  60  per 
cent  of  the  circulating  water  steam-driven  and  60  per 
cent  electrically  driven.  In  this  case  a  good  many  of 
the  authors'  contentions  with  regard  to  the  special 
generators  for  auxiliary  supply  do  not  apply.  I  am  in 
agreement  with  the  authors  in  regard  to  extraction 
pumps,  although  there  is  a  good  deal  to  be  said  for  a 
steam-nozzle  stand-by,  provided  that  the  steam  supply 
for  these  nozzles  is  taken  from  the  right  place.  The 
next  thing  is  the  question  of  direct  steam  drive,  and 
the  authors  refer  to  the  house  turbine  sets  at  Dalmamock 
as  being  available  for  the  condenser  auxiliaries.  This 
is  not  quite  correct,  because  these  sets  are  also  available 
for  the  whole  of  the  auxiUan,'  supply  to  the  auxiliaries. 
The  turbines  themselves,  i.e.   the  house  turbines,  can 


THE   DRIVE   OF   POWER   STATION   AUXILIARIES  :   DISCUSSION. 


849 


be  adequately  protected  by  discriminative  apparatus, 
and  the  only  thing  necessary  to  protect  them  from 
trying  to  take  the  whole  station  load  in  time  of  trouble 
is  adequate  overload  with  a  slight,  definite  time  limit. 
To  take  the  auxiliary  supply  by  means  of  a  step-down 
transformer  from  the  alternator  terminals  was  common 
some  years  ago,  and  has  been,  in  another  form,  used 
in  sets  Nos.  3,  4  and  5  at  Dalmarnock,  as  stated  by  the 
authors  ;  but  it  should  be  noted  that  an  auxiliary 
supply  is  necessary  to  start  up  the  condenser  units 
when  the  turbine  is  going  on  load,  and  this  supply  comes 
from  the  main  supply  board  to  the  whole  of  the 
auxiliaries.  The  change-over  from  the  auxiliary  supply 
to  the  step-down  transformer  is  taken  through  a  set 
of  quick-change-over  switches.  That  arrangement  is 
in  force  in  many  parts  of  the  country  and  is  running 
satisfactorily.  In  regard  to  the  boiler  house,  it  is 
assumed  that  a  forced  draught  is  used.  To  some  extent 
the  sort  of  draught  that  is  used  influences  the  question  ■ 
of  whether  a.c.  or  d.c.  auxiliaries  should  be  employed. 
I  am  in  favour  of  Scheme  7,  but  I  should  prefer  it  to 
be  alternating  current.  I  do  not  care  for  most  of  the 
schemes,  for  the  simple  reason  that  while  they  give  the 
transfer  from  each  section  they  do  it  by  means  of  expen- 
sive transfer  bars,  and  interposed  in  these  transfer 
bars  is  a  section  switch  of  a  different  capacity  from  the 
other  main  switches.  There  is  a  danger  that  this  switch 
may  be  closed  with  the  sections  not  yet  synclironized, 
because  it  is  usual  to  run  a  super-station  with  the  busbars 
and  the  networks  sectioned  at  peak  load.  I  agree  with 
the  authors  that  in  emergency  one  has  to  borrow 
between  sections,  but  I  maintain  that  the  low-tension 
and  not  the  high-tension  side  is  the  place  for  this 
transference,  the  main  high-tension  sections  having 
first  been  paralleled  through  their  oil-switch  section 
switches.  In  Fig.  7  a  multiple  busbar  is  shown  on  the 
secondary  side.  I  should  prefer  a  single  busbar  arrange- 
ment with  a  section  switch  in  between,  each  bar  being 
divided  up  so  as  to  cover  separate  sections  and  separate 
sources  of  supply.  In  the  paper  3  000  volts  is  given  as 
the  supply  pressure  for  larger  auxiliaries,  but  it  is  quite 
common  to  find  small  motors  driven  at  3  000  volts,  and 
I  have  in  mind  one  large  station,  now  under  construction, 
where  high-tension  power  is  used  for  the  large  auxiliaries 
and  lowrtension  power  for  the  small  auxiliaries,  while 
direct  current  is  used  for  such  of  them  as  need  wide 
speed  variations  ;  but  there  is  a  way  of  getting  speed 
variation  where  needed  (depending  on  the  type  of 
auxiliary)  by  means  of  slight  speed  variation  of  3  to 
5  per  cent  on  the  rotor  of  an  a.c.  motor  and,  in  the  case 
of  the  fans,  in  addition  by  means  of  dampers  on  the 
draught  side.  The  paper  raises  the  most  difficult 
problems  and  had  it  gone  further  and  stated  how  the 
power  was  to  be  taken  in  each  case  to  the  individual 
places  and  thence  distributed  it  would  have  been  even 
more  useful.  Again,  if  it  had  given  the  relative  capital 
expenditure  in  each  case  this  would  have  been  most 
instructive,  for  the  worst  job  of  all  is  to  work  out  the 
cable  system  for  a  really  big  station.  With  regard  to 
the  question  of  alternating  current  versus  direct  current, 
the  only  place  where  the  latter  need  be  considered  is 
on  the  fans  and  on  the  station  lighting  in  the  case  of 
a  shut-down.     In  the  case  of  the  fans  this  work  can 


be  done  by  means  of  alternating  current  and  therefore 
I  contend  that  the  only  place  for  d.c.  work  is  (1)  for 
station  lighting,  and  (2)  for  switchgear  solenoids.  The 
authors  say  that  the  auxiliary  switchboards  should  be 
close  to  the  control  engineer,  but  he  is  generally  separ- 
ated by  a  considerable  distance  from  the  power  station, 
and  the  senior  and  junior  shift  engineers  are  in  the 
engine  room  and  boiler  house.  It  is  in  these  places 
that  the  heaviest  loads  have  to  be  dealt  with,  and  I 
think,  therefore,  that  the  place  for  the  auxiliary  switch- 
boards is  at  the  heaviest  load  centre — the  boiler  house. 

Messrs.  L.  Breach  and  H.  Midgley  {in  reply)  : 
In  reply  to  Mr.  Woodhouse,  we  would  suggest  that  it 
is  rather  an  exaggeration  to  say  that  an  a.c.  system 
entails  rigidity  of  connection.  After  all,  with  the 
sections  suitably  divided  by  reactances,  it  is  possible 
to  limit  to  some  degree  the  effect  on  the  whole  system 
of  a  local  disturbance,  although  we  agree  that  it  would 
be  advantageous  if  this  limitation  could  be  made 
still  greater.  The  criticisms  of  the  d.c.  motor  were 
not  given  with  a  view  to  ruling  it  out  altogether  but 
rather  to  consider  judicially  the  relative  merits  of 
alternating  and  direct  current  before  expressing  any 
opinion.  We  should  like,  however,  to  add  that  in 
our  experience  there  have  been  several  cases  of  d.c. 
station  auxiliary  motors  flashing  over  at  times  of 
trouble,  and  this  is  a  serious  disadvantage  from  which 
the  a.c.  type  is  free. 

The  bad  effects  of  a  shut-down  hardly  need  to  be 
enlarged  upon,  for  most  operating  engineers  know 
only  too  well  what  it  means,  and  we  are  therefore 
inclined  to  agree  with  Mr.  Brazil's  suggestion  that  all 
the  station  lights  should  be  fed  from  the  battery. 
Regarding  the  classification  of  the  boiler  feed-pumps 
and  the  control  circuits,  we  agree  that  the  latter 
should  be  transferred  to  Type  (a),  i.e.  to  the  group  of 
auxiliaries  which  must  on  no  account  stop.  In  the 
case  of  the  boiler  feed-pumps,  whilst  there  is  much 
in  favour  of  their  transference  also,  it  is  considered 
that  on  the  whole  this  is  scarcely  necessary  as  long  as 
provision  is  made  for  an  alternative  pump  being  avail- 
able for  use  within  the  60  seconds  allowed  for  Type  {h). 
The  period  of  12  hours  for  Type  (d)  was  given  as  a 
round  figure,  and  of  course,  if  a  shut-down  of  this 
length  were  not  permissible  for  any  of  the  auxiliaries 
in  this  class,  suitable  provision  would  have  to  be  made 
so  that  the  supply  could  be  restored  in  a  shorter  time. 
Whilst,  in  certain  cases,  synchronous  motor-generators 
have  advantages,  we  consider  that  unless  reversibility 
is  required,  induction  motors  are  more  satisfac- 
tory for  auxiliary  work,  owing  to  their  not  falling 
out  of  step  and  to  the  ease  with  which  they  can  be 
put  on  load  or  changed  over  from  one  supph"  to 
another.  We  have  not  modified  our  opinions  on  the 
general  question  of  the  use  of  batteries,  but  have 
slightly  altered  the  remarks  which  we  made  in  the 
advance  copies  of  the  paper  distributed  at  the  meeting 
in  regard  to  the  question  of  voltage  regulation. 

With  reference  to  Mr.  J.  S.  Highficld's  remarks,  it 
is  interesting  to  note  that  the  cost  of  a  battery  for  the 
station  considered  in  the  paper,  capable  of  carrying 
the  load  of  half  the  station  auxiliaries  for  1  hour, 
would  be  about  £0-3  per  kW,  or,  assuming  the  station 
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to  cost  £25  per  k\V,  1  •  2  per  cent  of  the  total  station 
cost.  It  is  suggested  that  this  sum  would  be  well  sp)ent 
for  the  security  obtained. 

The  discussions  have  shown  that  there  is  very  great 
difference  of  opinion  as  to  the  relative  merits  of  steam 
versus  electric  drive  of  boiler  feed-pumps,  and  we 
feel  that  the  best  answer  to  those  who  object  to 
electric  drive  for  this  auxiliary  is  to  refer  them  to 
the  speakers  who  are  in  favour  of  it. 

We  agree  with  Mr.  Highfield  that  the  use  for  feed- 
heating  of  the  waste  heat  from  an  auxihary  turbine  is 
very  economical,  but  such  an  arrangement  necessitates 
some  device  for  varying  the  load  on  the  auxiliary 
turbine  to  maintain  a  constant  feed  temperature,  and 
we  consider  that  it  is  advantageous  to  avoid  as  far  as 
possible  such  complications  in  the  auxiliary  supply. 

Regarding  Mr.  Jockel's  statement  that  it  is  possible 
to  run   \\-ith  the   air-extraction   apparatus  out  of  com- 
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mission  for  a  period  of  10  minutes,  we  suggest  that 
this  is  only  true  if  the  pump  is  of  such  a  design  that 
it  will  draw  out  some  of  the  air  together  with  the 
water.  With  a  modern  turbine  and  condenser  and  a 
water-extraction  pump  of  the  rotary  type  it  is  not 
possible  on  full  load  to  shut  down  the  air-extraction 
plant  for  more  than  a  few  seconds.  Mr.  Jockel's 
statement  that  stand-b)^  air-coohng  arrangements  are 
being  adopted  for  turbo-alternators  fitted  v^th  modern 
closed-circuit  systems  is  noted  with  interest.  There 
may  be  "a  certain  amount  of  fascination  in  the 
thermodynamic  aspect  of  auxiliaries,"  but  we  are 
very  strongly  of  the  opinion  that  this  side  of  the  sub- 
ject has  been  rather  overdone,  and  that  reUability  and 
simplicity  are  of  such  importance  that  rehability 
should  never  be  sacrificed  to  economy,  and  simplicity 
only  if  a  very  considerable  increase  of  economy  results. 
\Mien  svnchronous  motor-generator  sets  intended  for 
reversibilit\'  are  being  ordered  it  would  be  advisable 
that  the  specification  should  include  a  provision  that 
they  are  to  be  capable  of  running  from  either  the  a.c. 


or  the  d.c.  side,  and  of  changing  from  one  to  the  other 
without  falling  out  of  step. 

Since  reading  the  paper  we  have  obtained  from 
Messrs.  Mather  and  Piatt  figures  as  to  the  relative 
efficiencies  of  d.c.  and  a.c.  motors  driving  a  centrifugal 
pump,  the  control  in  the  latter  case  being  carried  out 
by  the  use  of  valves.     These  are  shown  in  Fig.  A. 

An  overspeed  of  even  10  per  cent  of  the  main  unit 
would  only  occur  in  case  of  emergency,  and,  as  it 
would  cause  the  overspeed  trip  to  operate,  the  shutting 
down  of  the  auxiliaries  fed  from  the  special  generator 
on  the  main  shaft  due  to  operation  of  the  protective 
gear  would  not  be  a  serious  complication. 

We  note  with  interest  Mr.  W.  E.  Highfield 's  remarks 
on  the  design  of  a  special  auxiliar\-  generator  on  the 
main  shaft,  but  we  are  rather  at  a  loss  to  understand 
his  difficulty  regarding  the  boiler  feed-pumps,  as,  with 
centrifugal  pumps,  constant-speed  running  with  regula- 
tion at  the  check  valves  is  a  method  adopted  in 
several  stations  with  satisfaction,  and  is  in  fact  actually 
recommended  by  one  well-known  maker. 

In  reply  to  Mr.  Cowie,  we  feel  that  the  consideration 
of  the  capacity  of  coal  bunkers  is  bej-ond  the  scope 
of  the  paper,  but  that  arrangements  for  the  supply  of 
power  to  the  auxiliaries  would,  of  course,  be  modified 
as  found  necessary  to  suit  the  individual  conditions 
of  any  of  the  auxiliaries.  Regarding  the  svntches 
between  the  sections  of  what  Mr.  Cowie  calls  "  transfer 
busbars,"  these  are  only  for  use  during  cleaning, 
and  further,  it  is  pointed  out  on  page  834  that 
the  arrangement  shown  for  the  main  busbars  is 
purely  diagrammatic  and  that  consequently  the  sub- 
busbar  would  depend  to  a  considerable  extent  upon 
the  arrangement  of  the  main  busbars.  These  consi- 
derations make  it  difficult  to  discuss  very  satisfactorily 
the  high-tension  arrangements  for  the  auxiliary  supply, 
but  speaking  on  general  principles  we  consider  that  the 
transfer  of  auxiliary  supplies  should  be  carried  out  on 
the  high-tension  side  rather  than  the  low-tension  side. 

The  question  of  giving  capital  costs  of  the  various 
schemes  was  considered,  but  as  any  such  figures  would 
only  apply  to  one  individual  case,  and  as  the  danger 
of  drav\-ing  general  conclusions  from  a  particular  case 
is  very  great,  it  was  decided  not  to  include  them, 
whilst  considerations  of  space  prevented  the  inclusion 
of  any  discussion  of  the  cables  to  the  auxiUaries. 

In  view  of  the  remarks  of  Mr.  Cowie  regarding  the 
location  of  the  auxiliary  switchboards,  we  consider 
that  it  might  be  advantageous  to  amplify  what  is 
said  in  the  paper  in  regard  to  this  point.  The  switches 
controlhng  the  main  feeders  to  the  br)iler-house  and 
engine-room  auxiliaries  should  be  controlled  from  a 
board  close  to  the  main  control  board,  so  that  the 
operator  of  this  auxiliary  board  may  receive  leading 
instructions  from  the  main  operator.  The  latter, 
rather  than  anyone  stationed  in  the  boiler  house, 
should  be  in  a  position  to  decide  what  sources  of 
supply  are  available  for  the  different  groups  of  auxi- 
liaries. The  switchboards  controlling  the  individual 
motors  and  their  feeders  should  of  course  be  as  close 
3  5  convenient  to  the  groups  of  motors  which  they  feed. 
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Mersey  and  North  Wales  (Liverpool)  Centre,  at  Liverpool,  16  April,  1923. 


Mr .  P .  J .  Robinson  :  It  would  appear  that  the  authors 
have  largely  confined  their  schemes  to  work  in  conjunc- 
tion with  a  riverside  station.  At  the  moment  I  am 
personally  most  interested  in  the  cooling-tower  proposi- 
tion and,  as  many  lay-outs  are  not  applicable  to  both 
riverside  and  cooling-tower  schemes,  it  is  not  easy  to 
deal  with  much  of  the  subject  matter.  However, 
before  offering  suggestions  of  an  alternative  scheme  to 
the  one  produced,  there  are  one  or  two  portions  of  the 
paper  which  I  think  deserve  attention.  I  agree  with 
the  authors  that  it  is  essential  that  money  should  not 
be  spared  to  ensure  against  possible  breakdown  in  the 
auxiliaries.  On  page  831,  paragraph  (B),  it  is  suggested 
that  the  auxiliary  voltage  should  be  in  the  neighbour- 
hood of  3  000  ;  at  any  rate  a  statement  is  made  that 
it  merits  careful  consideration.  The  authors  appear 
to  have  dealt  so  effectively  with  the  disadvantages  of 
this  voltage  in  the  following  paragraph  that  it  is  hardly 
necessary  to  criticize  the  first  statement.  On  page  832, 
paragraph  (F),  the  authors  refer  to  a  recent  proposal 
of  placing  a  d.c.  or  a.c.  generator  on  the  shaft  of  the 
main  turbine.  It  would  be  interesting  to  know  whence 
this  proposal  emanated.  Personally,  I  agree  that  it 
has  much  to  commend  it ;  the  onlv  question  is  whether 
an  additional  generator  on  the  shaft  is  practical.  There 
is  also  the  question  of  building  a  d.c.  generator  which 
would  be  satisfactory  at  the  size  and  speed.  It  would, 
of  course,  considerably  increase  the  overall  length  of 
the  machine,  and  the  exciter  for  the  main  generator 
would  have  to  be  taken  carefully  into  consideration 
as  this  should  be  so  connected  that  in  the  event  of 
failure  on  the  d.c.  generator  this  portion  could  be 
disconnected  without  interfering  with  the  main  set. 
The  scheme  of  the  auxiliaries  being  driven  with  a 
secondary  generator  on  the  shaft  would  appear,  how- 
ever, to  have  the  advantage  of  the  most  economical 
steam  consumption,  and  would  come  under  the  atten- 
tion of  the  same  driver  as  the  main  set.  In  putting 
forward  the  secondary  generator  I  cannot  see  any 
advantage  in  making  this  alternating-current,  as  if 
the  turbine  slows  down  from  any  cause,  either  low 
steam  pressure  or  excessive  overload,  the  auxiliary 
plant  will  also  slow  down  and  set  up  a  vicious  circle. 
I  regret  that  the  authors  consider  as  being  outside  the 
scope  of  the  paper  what  has  been  up  to  now  the  most 
reliable  piece  of  machinery  yet  produced  for  generating 
work.  I  refer  to  ejectors,  mentioned  in  col.  2,  page  833. 
I  hardly  think  that  these  should  be  left  out  of  considera- 
tion, and  apparently  the  authors  have  to  some  extent 
changed  their  minds  as  on  page  839,  col.  2,  they  invite 
opinions  as  to  the  provision  of  an  air  ejector.  I  would 
point  out  that  a  steam  air-extractor  is  unaffected  by 
any  trouble  likely  to  occur  in  a  station,  such  as  low 
steam,  and  appears  from  a  generating  point  of  view  to 
be  one  of  the  few  pieces  of  plant  that  can  be  relied  on 
under  almost  any  conditions  however  bad.  It  is  also 
very  efficient  when  properly  installed.  A  statement  is 
made  on  page  833,  col.  2,  that  the  use  of  two  circulating, 
two  air  and  two  extraction  pumps  is  essential.  It  may 
be  desirable,  but  is  not  necessarily  essential,  if  I  under- 


stand that  these  pumps  are  to  be  installed  in  a  stand-by 
sense.  The  general  belief  amongst  users  of  feed-pumps 
seems  to  be  that  the  electrically-driven  feed-pump  is 
not  as  satisfactory  in  practice  as  the  turbo-driven 
feed-pump,  and  personally  I  should  prefer  two  steam- 
driven  turbo  pumps  to  one  steam  and  one  electrical. 
With  regard  to  the  changing  over  of  a.c.  supplies, 
page  834,  I  do  not  think  that  any  useful  purpose  would 
be  served  by  a  time-lag  of,  say,  30  seconds,  because 
in  the  event  of  one  section  of  the  station  failing  badly 
it  is  possible  that  the  trouble  might  be  lengthened  by 
this  time-lag,  owing  to  the  section  being  paralleled 
through  the  auxiliary  supply.  On  page  831  the  authors 
suggest  using  valves  on  circulating  pumps  for  the 
regulation  of  the  flow  in  what  is  a  necessity,  a  non- 
variable-speed  a.c.  motor-driven  pump.  This  in  prac- 
tice, however,  is  unsatisfactory,  as  if  the  valve  is  placed 
on  the  suction  side  of  the  pump  erosion  is  set  up  when 
one  starts  to  throttle,  and  if  on  the  discharge  side  of 
the  pump  the  head  is  increased  and  erosion  is  again 
set  up  through  the  pump  being  run  under  conditions 
for  which  it  is  not  designed.  With  regard  to  the 
general  drive  of  the  auxiliaries  (and  this  applies  probably 
more  to  cooling  power  stations  than  a  riverside  station), 
it  seems  highly  undesirable  that  they  should  be  driven 
entirely  by  alternating  current,  as  any  diminution  in 
the  pressure  with  a  corresponding  drop  in  speed  inimedi- 
ately  sets  up  a  vicious  circle  through  the  slowing  down 
of  the  auxiliaries.  In  the  general  schemes  1  to  6, 
I  notice  that  the  authors  put  forward  a  ring-connected 
switchboard  on  the  high-tension  side  of  the  auxiliary 
supply.  I  consider  this  to  be  an  unnecessarj^  complica- 
tion with  few  or  no  advantages.  It  is  neither  simple 
nor  foolproof,  to  use  the  authors'  own  term,  and  there 
is  considerable  danger  from  the  supply  in  case  of  trouble 
being  accidentally  paralleled  on  the  auxiliary  h.t. 
supply.  A  preferable  method  in  my  opinion  would  be 
to  take  the  feed  for  the  auxiliary  transformers  from 
between  two  link  switches  on  the  h.t.  bars,  putting 
two  link  switches  together  in  the  place  of  one,  or  by 
using  throw-over  isolating  switches  to  enable  this  to 
be  done.  The  different  boards  could  then  be  cut  off 
for  examination  and  cleaning  because  one  would  be  in 
a  position  to  put  the  transformer  on  either  of  the  two 
sections  of  the  boards.  It  is  possible  also,  by  means 
of  throw-over  switches  on  the  low-tension  board,  to 
place  any  section  of  the  a.c.  distribution  system  on  to 
any  bank  of  transformers,  thereby  avoiding  all  chance 
paralleling  either  on  the  high-  or  low-tension  side. 
Without  criticizing  in  detail  any  of  the  seven  schemes 
put  forward,  I  would  suggest  that  the  authors  consider 
the  following  method  of  dealing  with  tlie  auxiliaries 
of  a  main  power  station  : — 

Feed    pumps. — Steam-driven    turbo    feed-pumps    in 

duplicate,  exhausting  to  feed  water. 
Stoker  motors. — One  a.c.  and  one  d.c.  on  each  section. 
Fans. — These    might  be  half  a.c.  and  half  d.c,  or 

all  a.c,  with  duplicate  feed  in  the  case  of  all  a.c, 

if  possible,  from  two  sources. 
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Air  extraction. — By  means  of  three  or  four  steam 
extractors  of  50  or  40  per  cent  capacity,  each  to 
do  its  full  rating  on  60  per  cent  steam  pressure. 

Water  extraction. — One  d.c.  and  one  a.c,  each  full 
capacity.  Circulating,  two  pumps  60  per  cent  a.c, 
GO  per  cent  d.c.  This  d.c.  pump  could  be  run  at, 
say,  40  per  cent  capacity,  and  be  capable  of  being 
worked  for  short  periods  25  per  cent  overload  or 
75  per  cent  of  the  full  capacity  if  required. 

The  direct  current  to  be  supplied  from  main-shaft  d.c. 
generator  if  found  practicable  by  the  designers,  or  if 
not  practicable  each  turbo-alternator  to  have  its  ow-n 
motor-generator  or  rotary  converter  with  the  necessary 
stand-by  for  these  converters.  The  alternating  current 
to  come  either  from  the  h.t.  bars  through  transformers 
or  from  special  tappings  on  the  h.t.  main  transformer 
when  the  switching  is  done  on  the  h.t.  transmission 
side.  A  batter\'  to  be  provided  of  a  capacity  to  run 
one  unit  complete  for,  say,  one  hour.  The  station 
lighting  to  be  half  alternating  and  half  direct 
current. 

Mr.  J.  Hamilton  :  The  authors  say  that  their  recom- 
mendations are  based  on  the  principle  that  no  expense 
should  be  spared  to  secure  a  simple  and  reliable  system 
of  station  auxiliaries,  and  they  further  express  the 
opinion  that  the  question  of  cost  should  only  be  con- 
sidered when  absolute  reliability  has  been  assured.  I 
do  not  know  of  any  system  for  which  the  claim  of  absolute 
reliability  might  be  substantiated,  and  the  nearest 
approach  to  this  condition  is  reached,  I  think,  when  a 
stand-by  battery  is  installed  capable  of  supplying  (for 
a  period  of,  say,  one  hour)  the  total  power  required 
bj-  the  auxiUaries.  After  expressing  these  opinions,  I 
should  have  expected  the  authors  to  put  forward  such 
a  scheme,  yet  they  comment  on  the  expense  of  installing  a 
batterv'  of  a  size  to  ensure  reliability  in  their  Scheme  6 
("  EflEect  of  a  fault  with  tivo  or  more  sets  on  load  "),  and 
one  is  led  to  ask  them  if  thej-  do  not  think  that  their 
opinions  as  expressed  require  to  be  either  qualified  or 
modified,  or  both.  It  will  be  generally  agreed  that  all 
reasonable  care  should  be  exercised  to  ensure  continuity 
of  supply,  but  to  say  that  this  should  be  striven  for 
regardless  of  expense  is  placing  it  upon  too  high  a 
plane.  Under  "  Direct  steam  drive  "  mention  is  made 
of  the  boiler  feed-pumps,  and  I  should  like  to  know  the 
authors'  reason  for  allocating,  later  on  in  the  paper, 
the  main  duty  to  electrically  driven  pumps  and  keeping 
as  stand-by  one  of  the  most  reliable  of  station  auxiliaries, 
the  turbine-driven  feed-pump,  which  has  valuable 
regulating  characteristics.  I  agree  with  Mr.  Robinson 
that  the  steam-operated  air  ejector  falls  within  the 
scope  of  the  paper  and,  in  view  of  its  reliable  features, 
especially  on  fault  conditions,  I  am  surprised  that  the 
authors  have  not  included  it  under  "  Direct  steam  drive." 
In  discussing  the  relative  advantages  of  a.c.  and  d.c. 
drives  the  question  of  speed  variation  is  raised,  and  I 
agree  that  on  the  bulk  of  the  auxiliaries  under  considera- 
tion this  point  can  be  looked  after  in  other  ways,  j-et 
in  one  connection  it  is  worth  consideration,  viz.  on 
chain-grate  stoker  drives.  It  is  true  that  a  speed 
variation  on  the  grates  is  provided  bv  the  gears,  but 
there  are  times  when  it  mav  be  desirable  to  accelerate 


the  speed  beyond  the  range  usually  suppUed.  The 
use  of  special  house  sets  entails  additional  attendants 
who  would  be  employed  practically  to  ensure  continuity 
of  supply  to  auxiliaries,  and  I  notice  that  the  authors 
claim  that  house  sets  exhausting  to  their  own  condensers 
would  be  an  efficient  arrangement.  It  would  be  of 
interest  if  they  could  give  any  data  concerning  this 
point,  and  would  say  whether  (in  view  of  their  state- 
ment that  the  house  set  should  be  dissociated  from  the 
duty  of  feed  heating)  it  has  been  considered  from  the 
point  of  view  of  heat  balance.  It  would  also  be  inter- 
esting to  have  the  authors'  opinions  on  the  most  reliable 
source  of  supply  to  the  house-set  auxiharies  and  whether 
this  should  be  in  duplicate.  The  use  of  a  special 
generator  on  the  main  set  is  attractive  from  the  oper- 
ating point  of  view,  and  this  largely  rests  with  designers 
and  manufacturers  to  decide.  In  considering  the 
arrangement  of  condenser  auxiliaries,  the  authors  show 
a  scheme  in  Fig.  8,  but  I  cannot  follow  their  statement 
that  it  is  essential  to  run  the  turbines  in  pairs.  It 
appears  to  me  that  on  this  scheme  it  is  only  possible 
to  have  duplication  of  supply  on  one  turbine,  and  to 
get  tliis  it  would  be  necessary  to  fit  two  additional 
valves,  whilst  to  fit  pumps  of  twice  the  necessarv^  output 
and  run  one  on  half  load  would  lead,  I  should  think, 
to  erosion  troubles.  In  the  consideration  of  individual 
schemes,  if  it  is  possible  to  have  a  special  generator 
in  Scheme  1,  it  would  supply  the  d.c.  auxiUary  power 
at  the  minimum  steam  cost,  and  along  with  this  one 
would  have  standing  charges  on  a  probably  increased 
capital  cost  over,  say,  the  motor-generator  sets  for  a 
practically  similar  arrangement  in  Scheme  6.  The 
relation  of  these  charges  to  the  increased  cost  of  power 
from  the  motor-generator  sets  would,  if  the  authors 
could  supply  it,  be  an  interesting  figure.  Scheme  2,  as  the 
authors  point  out,  does  not  ensure  a  duplicate  supply 
when  one  set  is  running  alone,  and  this  would  probably 
hold  good  for  a  considerable  portion  of  the  day's  running, 
unless  the  load  factor  is  high.  The  special  house  set 
and  push-button  to  rectify  this  drawback  does  not 
appeal  to  me,  and  I  should  not  feel  happy  to  think  that 
as  a  last  resource  I  was  dependent  on  such  an  arrange- 
ment. The  possibility  of  requiring  in  quite  probable 
circumstances  to  start  up  on  atmosphere  in  Scheme  3 
is  a  feature  to  be  avoided  if  at  all  possible,  and  again 
this  scheme  depends  on  suitable  auxiliary  alternators 
being  available.  The  authors  state  that  Scheme  4  should 
be  avoided,  and  I  should  not  have  disagreed  with  them 
had  they  coupled  to  this  Scheme  5.  In  both  of  these 
schemes  the  highly  desirable  feature  of  simplicity  is 
lacking.  Scheme  6  appears  to  me  to  contain  the  best 
features  and  to  be  preferable  to  Scheme  7,  provided 
the  batterj'  is  of  a  sufficient  capacity  to  carry^  the  d.c. 
auxiliaries  for  one  hour.  This  scheme  would  be  cheaper 
than  Scheme  7  in  capital  cost  and  in  operating  cost 
and,  I  think,  quite  as  reliable. 

Mr.  A.  E.  Malpas  :  The  strength  of  a  chain  depends 
upon  its  weakest  link  ;  therefore,  in  order  to  keep  any 
plant,  whatever  its  nature,  running  continuously,  it 
is  necessarj'  that  all  the  important  links  in  the  chain 
should  be  in  duplicate.  The  question  of  size  of  installa- 
tion will  decide  to  some  extent  what  items  should  be 
regarded   as  separate  links.     For  instance,   taking  the 
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case  of  the  circulating  pumps  mentioned  under  section 
(a)  on  page  830,  in  the  case  of  the  smaller-sized  units 
it  is  more  usual  perhaps  to  regard  the  circulating  pumps, 
air  pumps  and  lift  pumps  as  being  part  of  the  main 
unit,  and,  in  the  event  of  any  accident  happening  to 
any  one  of  the  separate  items,  to  shut  down  that  unit 
as  a  whole  and  start  up  a  spare  set.  In  this  case, 
therefore,  it  is  not  usually  considered  necessary  to 
duplicate  the  separate  items  of  the  unit.  With  larger 
units  of,  say,  10  000  kW  capacity,  it  would  no  doubt 
be  better  to  duplicate  even  the  separate  auxiliaries  of 
that  unit,  as  by  so  doing  the  station  could  work  with 
a  smaller  number  of  complete  large  units,  so  tending 
towards  smaller  capital  expenditure  on  the  station.  I 
have  in  mind  an  installation  of  three  1  000-kW  turbo- 
generators of  reaction  type  installed  during  the  war 
for  the  purpose  of  the  manufacture  by  an  electrolytic 
process  of  a  high  explosive  for  war  purposes.  In  tliis 
case  each  unit  had  its  own  auxiliaries  not  in  duplicate, 
so  that  in  the  event  of  any  accident  to  any  part  the 
spare  set  had  to  be  put  on  load  in  place  of  the  defective 
unit.  The  plant  was  required  to  run  at  full  load,  day 
and  night,  continuously  in  order  to  maintain  the 
maximum  supply  of  high  explosives  from  the  plant. 
In  the  event  of  an  accident  it  was  found  impossible 
to  work  the  crippled  set  to  atmosphere  on  account  of 
the  very  greatly  increased  steam  consumption  lowering 
the  boiler  pressure  and  so  interfering  with  the  smooth 
running  of  the  working  units.  With  reference  to  the 
remark  made  at  the  top  of  page  830  as  to  the  rise  of 
temperature  on  blades  at  the  low-pressure  end  when 
working  to  atmosphere,  the  temperature  at  28  inches 
vacuum  is  40°  C.  and  at  atmospheric  pressure  100°  C, 
but  I  do  not  remember  ever  having  seen  any  figure 
given  as  to  the  increase  in  temperature  of  the  blades 
due  to  windage  friction.  It  would  be  interesting  to 
know  whether  any  figure  has  been  obtained  for  such 
rise  of  temperature.  The  importance  of  continuous 
running  cannot  be  over-emphasized.  A  case  in  my  own 
experience  occurred  in  Madrid  where  we  were  supplying 
current  to  one  of  the  principal  railway  stations  from 
a  large  installation  driven  by  gas  engines.  A  shut-down 
occurred  about  11  p.m.  one  evening  just  as  the  South 
express  was  about  to  leave  the  station,  and  had  this 
shut-down  occurred  a  few  minutes  later  a  serious  acci- 
dent would  have  happened.  I  quite  agree  with  the 
authors,  therefore,  in  placing  the  item  of  reliability 
first,  as  on  this  item  the  cost  of  production  and  the 
success  or  otherwise  of  the  station  very  largely  depend. 
With  reference  to  the  note  on  page  833  with  regard 
to  power  taken  by  circulating  pumps,  it  is  of  interest 
to  point  out  that  turbulent  flow  is  obtained  when  the 
linear  velocity  of  the  water  through  the  tubes  is 
about  6  or  7  ft.  per  sec.  This  high  velocity  means 
a  rather  large  expenditure  of  power,  and  the  point 
often  arises  as  to  how  far  the  increased  economy 
of  the  main  sets  due  to  increased  vacuum  is  paid 
for  by  the  increased  power  taken  by  the  circulating 
pumps. 

Mr.  T.  D.  Clothier  :  The  question  of  auxiliary 
drive  is,  if  I  may  put  it  that  way,  one  of  the  side  lines 
that  is  really  the  essence  of  the  contract  in  power 
station  w-ork.     It  is  only  necessary  to  have  a  superficial 


knowledge  of  power  station  work  to  know  that  in  any 
ordinary  well-conducted  undertaking  the  units  gene- 
rated compared  with  the  units  sold  are  something  of 
the  order  of  100  to  80,  that  is  to  say,  20  per  cent  is 
generated  and  not  sold.  The  kind  of  plant  as  regards 
main  generating  units,  both  steam-raising  and  prime- 
mover,  that  can  be  put  in  small  as  contrasted  with 
large  stations,  compares  quite  well  in  efficiency  as  far 
as  these  are  concerned.  Large  power  stations,  on  the 
other  hand,  have  to  carry  what  the  others  do  not, 
namely  a  heavy  and  sometimes  inordinate  expenditure 
on  switch  gear  and  mains  to  transmit  the  power  gene- 
rated to  positions  where  it  can  be  sold.  It  may  be  a 
Scottish  caution,  but  I  seemed  to  read  a  note  that  I 
did  not  like  running  through  the  paper,  and  that  is 
the  question  of  rehability.  I  think  that  all  my  life  I 
have  been  trying  to  satisfy  users  that  the  power  supply 
of  electricity  is  more  continuous  if  taken  from  a  power 
station  than  if  they  make  it  themselves  ;  the  authors 
indicate  a  lamentable  lack  of  confidence  in  the  relia- 
bility of  the  supply  at  their  own  busbars.  This  surely 
should  be  beyond  reproach.  As  to  the  method  in  which 
auxiliaries  should  be  driven  there  again  is  a  similar 
problem  with  wliich  the  consumers  have  to  deal.  It 
is  well  known  that  when  steam  that  can  be  considered 
as  surplus  is  available,  it  is  generally  advisable  to  use 
it  for  auxiliary  purposes  ;  the  question  to  consider  is 
how  far  the  heat  of  the  exhaust  steam  or  the  reduction 
of  pressure  in  high-pressure  steam  can  be  regarded  as 
surplus.  The  use  of  steam  in  this  form  does  not  absorb 
any  portion  of  the  generating  plant.  I  would  repeat, 
however,  that  I  do  regret  the  feeling  of  insecurity 
which  the  authors  seem  to  have  regarding  their  own 
busbars. 

Mr.  T.  E.  Houghton  :  There  is  only  one  point  which 
I  wish  to  raise.  On  page  832,  in  the  discussion  as  to 
the  disposal  of  the  exhaust  steam  from  the  house 
turbine,  the  authors  conclude  that  feed-heating  should 
be  accomplished  by  bleeding  the  main  turbine,  and  not 
by  exhaust  steam  from  the  house  sets,  which  in  conse- 
quence should  be  condensing  turbines.  Whilst  I  agree 
with  the  contention  as  far  as  feed-heating  is  concerned, 
I  think  there  is  another  proposition  worthy  of  considera- 
tion, namely,  the  installation  of  a  pass-out  turbine  for 
house-service  work,  the  pass-out  steam  being  utilized 
in  a  feed-water  evaporator.  By  this  means  a  supply 
of  pure  feed  water  would  be  available  at  a  fairly  high 
temperature.  In  general,  the  weight  of  make-up  feed 
water  would  be  approximately  equal  to  the  weight  of 
steam  taken  for  auxiliary  purposes.  With  a  four-effect 
evaporator,  therefore,  a  turbine  capable  of  passing  out 
25  per  cent  of  steam  would  be  required.  The  steam 
consumption  of  such  a  machine  would  be  some  13  or 
14  per  cent  greater  than  that  of  a  condensing  turbine. 
The  feed  water  would  therefore  be  obtained  at  the 
cost  of  the  corresponding  increase  in  coal  consumption 
of  the  auxiliary  turbine.  Taking  usual  figures  1  find 
that  the  cost  works  out  at  about  one  shilling  per 
thousand  gallons  of  water  obtained. 

Mr.  J.  H.  Collie  :  My  own  idea  is  that  for  some  of 
the  auxiliaries,  especially  boiler-feed  and  circulating 
pumps,  it  is  desirable  to  use  a  steam  drive,  with  stand-by 
of  either  steam  or  electrically-driven  pumps.     The  two 


854 


BREACH   AND   MIDGLEY 


principal  auxiliaries  are  then  quite  independent  of  the 
station  supply.  As  to  the  difference  in  efficiency  of 
steam  and  electricity  for  these  auxiliaries,  I  do  not 
think  there  is  much  to  choose  between  the  two.  I 
also  think,  taking  everything  into  consideration,  that 
d.c. 'motors  with  their  flexibility  of  speed  are  preferable 
to  a.c.  motors.  The  present  d.c.  interpole  motors  are 
very  reliable,  and  if  not  continuously  overloaded  they 
give  practically  no  trouble.  The  proposition  of  a 
stand-by  battery  for  auxiliaries  and  lighting  appears 
to  me  to  be  very  desirable,  and  if  this  is  provided  it 
seems  almost  unnecessary  to  have  house  generating- 
sets.  The  power  for  driNdng  the  motors  normally  can 
be  provided  by  rotary  converters  fed  from  the  main 
busbars,  with  change-over  switches  to  battery  supply, 
either  hand  or  automatically  operated.  As  to  the 
question  of  high-speed  d.c.  generators  for  auxiharies 
on  the  main  turbine  shafting,  I  have  had  some  experience 
with  high-speed  radial-commutator  d.c.  machines,  which 
are  generally  satisfactory  if  the  commutator  is  kept 
in  good  condition.  They  are  rather  apt  to  flash  over 
in  the  event  of  heavy  short-circuits,  and  I  doubt  whether 
manufacturers  would  recommend  them  for  such  important 
duty.  It  would  probably  be  considered  better  practice 
to  drive  these  generators  by  gearing. 

Mr.  C.  Rettie  :  With  reference  to  the  question  of 
the  remote-control  gear  raised  on  page  844,  I  have  had 
a  good  deal  of  experience  with  such  gear  of  d.c.  type 
in  marine  work,  particularly  on  H.M.  ships  built  and 
repaired  during  the  war,  and  I  have  never  had  any 
trouble  beyond  an  occasional  adjustment  of  the  contac- 
tors. However,  I  should  like  to  ask  the  authors  if 
they  have  had  any  experience  with  alternating-current 
controls  and  have  found  them  as  rehable  as  the  direct- 
current  tvpe. 

Mr.  A.  Stubbs  :  I  should  like  to  state  what  appear 
to  me  to  be  the  underlying  principles  of  the  paper. 
(1)  The  auxiliary  drive  must  be  reliable,  and  under 
this  heading  we  may,  for  convenience,  include  sim- 
plicity, foolproofness  and  attendance  required.  (2)  The 
auxiliary  drive  must  be  the  most  economical  consistent 
with  reliability,  and  for  convenience  this  heading  may 
be  taken  to  include  first  cost  and  running  charges. 
The  authors  are  hardly  consistent  when  they  state 
that  no  expense  should  be  spared  in  order  to  secure 
rehability,  for  throughout  they  try  to  strike  a  balance 
between  running  costs  and  reliability.  I  believe  that 
the  authors  have  decided  that  economy  can  be  best 
obtained  by  taking  the  auxiliary  supply  from  the  main 
turbo-alternator  set,  and  they  appear  to  be  very  reluc- 
tant to  sacrifice  this  source  of  supply.  It  is  indeed 
this  aspect  of  the  problem  which  has  largelv  given 
rise  to  the  subject  matter  of  the  paper.  \\'hilst  I  agree 
with  the  authors'  views,  I  think  that  the  value  of  the 
paper  would  have  been  enhanced  if  figures  had  been 
presented  showing  the  justification  of  the  electrical 
drive  as  against  the  steam  drive.  The  steam  drive  is 
not  condemned  because  of  pipes,  valves  and  leakages  ; 
there  is  something  much  more  difficult  to  deal  with, 
viz.  the  low  efficiency  of  the  small  unit ;  were  this  not 
so,  I  am  sure  that  many  of  the  other  objections  would 
be  overcome.  Such  considerations  may  not  be  very 
important  at  the  present  time,  but  it  is  quite  possible 


that  they  may  save  us  from  developing  too  far  in  the 
one  direction  in  the  future.  I  would  ask  whether  the 
inefficiency  of  the  small-auxihary-turbine  drive  arises 
from  the  low  thermodynamic  efficiency  or  tlie  conditions 
under  which  the  turbine  is  required  to  work.  It  will 
be  noticed  that  the  conditions  may  be  subjected  to 
variation  in  accordance  with  the  general  developments 
in  power  station  practice.  For  example,  in  modem 
power  stations  where  feed-water  temperature  appears 
to  be  increasing  at  the  expense  of  the  economizer,  and 
where  two-stage  heating  to  210°  F.  may  be  adopted, 
the  auxiliary  turbine  exhausting  at  atmospheric  pres- 
sure could  be  incorporated  in  the  feed-heating  system 
to  better  advantage.  High  steam  pressures  are  pre- 
sumably unfavourable  to  the  small  turbine,  but  it  is 
possible  that  still  further  developments  in  steam  pressures 
(to,  say,  1  200  Ib./sq.  in.  gauge)  will  be  in  conjunction 
with  the  double-pressure  station  where  the  second 
pressure  may  be  about  200  to  250  Ib./sq.  in.  gauge, 
which  pressures  are  well  within  the  scope  of  the 
auxihary  turbine.  It  would  appear  wise,  therefore, 
always  to  keep  these  points  before  us.  I  agree  with 
the  authors  that  heating  steam,  whether  for  feed-heat&rs 
or  evaporators,  is  best  provided  from  the  main  turbine. 
On  page  829  the  authors  have  endeavoured  to  give  some 
idea  of  the  relative  importance  of  continuity  of  supply 
at  different  tj-pes  of  generating  stations,  but  it  is  quite 
possible  that  a  stand-by  steam  generating  station  for 
a  hydro-electric  system  may  require  a  continuity  of 
supply  equal  to  that  of  any  other  station,  and  I  would 
suggest  that  the  true  comparison  in  a  case  of  this  kind 
is  between  running  economy  and  low  capital  cost, 
whilst  retaining  the  maximum  degree  of  reliability  and 
simplicity.  A  house  service  set  supplying  a.c.  power 
continuously  to  half  of  the  essential  auxiliaries  in  the 
station  might  be  instanced  as  good  practice,  and  I  have 
in  mind  a  Japanese  steam  generating  station  designed 
for  100  000  k\V  capacity  consisting  of  four  25  OOO-kW 
main  turbo-alternator  sets  and  two  1  OOO-kW  house 
turbo-alternator  condensing  sets,  this  station  to  feed  into 
a  hydro-electric  system  of  400  000  k\V  capacity.  Refer- 
ring to  page  830,  I  would  suggest  that  the  Type  (d) 
auxiliaries  will  gradually  merge  into  Type  (c),  and  that 
bunkers  and  tanks  within  the  power  station  are  likely 
to  be  reduced  in  the  future.  Will  the  authors  state 
why  boiler  feed-pumps  have  been  considered  to  be 
particularly  suitable  for  steam  drive  ?  The  reasons 
given  in  the  paper  can,  I  feel,  be  only  incidental  and 
not  the  main  justification.  The  most  substantial 
reason  in  all  probabilit}^  refers  to  operation,  for  various 
operating  engineers  have  in  this  discussion  spoken  in 
favour  of  this  type  of  drive.  The  heating  of  the  boiler- 
feed  due  to  the  exhaust  from  the  turbine-driven  boUer 
feed-pump  is  only  sufficient  to  give  a  rise  of  from 
15  to  25  degrees  F.  The  use  of  variable-speed  a.c. 
motors  of  the  pole-changing  type,  together  with  the 
limited  use  of  dampers  and  valves,  might  yield  higher 
overall  efficiencies  with  no  other  disadvantage  than 
that  of  increased  cost  and  an  extra  switching  operation. 
Referring  to  the  house  turbine  mentioned  on  page  832, 
the  variation  in  vacuum  of  the  main  condenser  due  to 
the  variation  in  load  on  the  main  turbine  would  not 
have  such  a  marked  effect  on  the  output  of  the  house 
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turbine  when  exhausting  to  the  main  condenser  as 
would  be  the  case  when  the  house  turbine  is  exhausting 
to  a  higher  stage  of  the  main  turbine.  The  following 
suggested  arrangement  of  house  set  which  has  not  been 
mentioned  by  the  authors  may  be  of  interest.  This 
arrangement  consists  of  a  house  turbo-altemator  set 
running  light,  in  parallel  with  the  main  supply.  The 
turbine  when  under  load  normally  exhausts  to  atmo- 
sphere, but  when  on  no  load  the  losses  of  the  set  are 
supplied  electrically  and  reduced  to  a  minimum  by 
connecting  the  casing  of  the  house  turbine  to  the  main 
condenser.  The  air  leak  between  main  condenser  and 
house  turbine  enables  a  vacuum  to  be  created  in  the 
casing  of  the  house  set,  and  the  windage  losses  are 
thus  reduced  to  a  minimum  and  at  the  same  time 
the  rotor  is  prevented  from  overheating.  I  believe 
that  d.c.  generators  of  the  sizes  and  speeds  mentioned 
in  the  paper  have  been  manufactured,  but  there  has  been 
no  call  for  them  of  late  years.  Reference  is  made  on 
page  833  to  a  scheme  adopted  in  America  which  provides 
an  au.xiliary  supply  from  a  separate  d.c.  generator 
driven  by  an  a.c.  motor  and  a  steam  turbine.  I  cannot 
conceive  the  dangex*  cited  by  the  authors,  for,  if  the 
a.c.  motor  tries  to  generate,  the  governor  of  the  house 
turbine  would  take  care  of  the  load,  and  if  there  were 
a  tendency  to  overload  the  turbine  the  speed  would 
merely  drop  until  the  a.c.  machine  ceased  to  generate. 
Referring  to  page  834,  one  of  the  decided  objections  to 
feed-heating  with  exhaust  steam  from  auxiliary  turbines 
is  the  non-autoinatio  control  of  the  feed  temperature. 
Considering  Schemes  1  to  7,  it  would  have  helped  me 
considerably  if  the  authors  had  stated  to  what  extent 
they  were  relying  on  the  high-tension  switchgear  protec- 
tion, the  sub-busbars  and  reactances  to  maintain  an 
alternative  source  of  supply  in  case  of  failure  at  a 
particular  point  of  the  system.  Schemes  1,  4  and  5 
are  similar  as  regards  the  source  of  supply.  It  would 
not  be  sacrificing  very  much  to  do  away  with  the 
complicated  change-over  switches  of  the  latter  schemes, 
4  and  5,  and  if  this  were  done  the  alternating-current 
schemes  would  have  much  to  recommend  them  as  far 
as  the  motor  proposition  is  concerned.  The  house 
turbine  is  recommended  under  those  conditions  where 
the  station  must  be  started  up  without  an  external 
supply,  and  Scheme  7,  modified  in  such  a  manner  as 
to  provide  for  alternating  instead  of  direct  current, 
with  the  house  set  taking  half  the  essential  auxiliaries, 
would  present  a  very  good  arrangement  without  unduly 
decreasing  the  economy.  The  authors  have  made 
reference  to  large  turbines  exhausting  to  atmosphere, 
and  on  page  830  it  is  stated  that  trouble  arises  from 
the  temperature  of  the  blades  at  the  low-pressure  end 
of  the  turbine  consequent  upon  the  heat  from  the 
windage  losses  which  may  cause  serious  distortion  and 
damage.  Will  the  authors  state  whether  this  is  for  a 
light-  or  a  full-load  condition,  and  whether  in  the  case 
of  an  impulse  turbine  the  blades  referred  to  are  on  the 
discs  or  the  diaphragms,  and,  if  on  the  latter,  whether 
designs  have  not  already  been  improved  so  as  to  take 
account  of  this  condition  ?  The  real  difficulty  is  due 
to  the  rapid  change  in  the  temperature  conditions, 
the  rate  at  which  expansions  take  place  between  the 
various    members    of    the    turbine    and    between    the 


different  parts  of.  the  same  members.  The  capacity  for 
heat  and  the  rate  at  which  heat  can  be  transmitted 
will  determine  the  rapidity  of  the  expansions  of  a 
certain  member.  The  internal  stresses  or  stresses 
between  members  may  be  excessive  when  steam  condi- 
tions in  the  turbine  are  suddenly  changed.  The  same 
remarks  apply  to  the  condenser  casing,  which  is  usually 
a  massive  cast-iron  structure.  The  practice  suggested  by 
the  authors  of  suddenly  starting  up  the  main  25  000-kW 
set  to  atmosphere  appears  to  be  very  far  from  that 
recommended  recently  in  the  American  Journals,  viz. 
that  the  starting  period  for  30  OOO-kW  sets  should 
be  Ij  hours.  The  condition,  however,  is  not  nearly 
so  severe  as  that  referred  to  on  page  830,  where  the 
turbine  instantaneously  passes  over  to  atmosphere, 
for  the  rate  of  change  of  temperature  is  not  likely  to 
be  so  marked.  It  would  be  interesting  to  know  how 
the  authors  propose  to  protect  the  condenser  under 
such  conditions,  and  whether  an  exhaust-steam  sluice 
valve  has  been  considered  necessary.  The  electrical 
end  of  the  proposition  does  not  appear  to  be  impossible. 
A  similar  kind  of  procedure  has  already  been  practised 
for  some  years  in  connection  with  the  starting  up  of 
textile  mills  where  turbo-altemator  and  induction- 
motor  drive  has  been  installed.  The  conditions  are 
more  severe  in  this  instance  as  the  starting  load  repre- 
sents a  considerable  portion  of  the  normal  load,  whereas 
in  the  proposition  put  forward  the  auxiliary  load  is 
only  a  small  percentage  of  the  main  alternator  output. 
It  should  be  noted  that  the  practice  of  starting  to 
atmosphere  does  not  present  a  particular  feature  of 
Scheme  3  excepting  in  so  far  as  the  auxiUary  alternator 
may  be  more  easily  e.xcited  from  an  external  source 
than  the  main  alternator. 

Mr.  O.  C.  Waygood  :  With  reference  to  the  scheme 
referred  to  under  (D),  page  832,  adopted  by  the  Glasgow 
Corporation,  I  should  like  to  suggest  to  the  authors 
that  in  revising  the  paper  for  the  Journal  they  give 
details  relative  to  the  working  of  this  particular  scheme. 
It  would,  I  feel  sure,  add  considerably  to  the  various 
schemes  outlined  in  the  paper. 

Mr.  H.  Dickinson  :  A  paper  of  this  sort  comes  at 
a  very  opportune  time  because  the  lay-out  of  auxiliaries 
is  becoming  more  and  more  important  and  a  great 
amount  of  thought  is  being  devoted  to  the  subject. 
At  the  present  time  the  house  turbines  seem  to  be 
very  much  favoured  but,  as  in  other  things,  experience 
may  prove  that  this  method  may  be  improved  upon. 
Now  the  authors  have  reviewed  tliis  particular  system 
and  they  have  described  very  fully  other  methods, 
perhaps  not  all  the  methods  that  might  be  adopted, 
but  they  have  covered  the  ground  very  extensively. 
On  page  833  the  scheme  for  running  two  turbines  with 
two  circulating  pumps  is  not  very  satisfactory.  If 
one  pump  breaks  down,  one  of  the  turbines  will  have 
to  be  shut  down  or  one  pump  can  be  utilized  to  supply 
the  two  condensers,  which  cannot  be  considered  to  be 
an  efficient  stand-by.  A  better  arrangement  might  be 
to  have  three  pumps  so  that  in  the  event  of  one  pump 
failing  there  would  be  still  a  pump  to  fulfil  the  full 
requirements  of  each  turbine.  In  connection  with 
Fig.  8,  if  the  plant  were  to  be  used  as  suggested  it  would 
be  very  much  better  to  have  a  valve  between  each 
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condenser  and  its  corresponding  pump.  By  this  means 
it  would  be  possible  to  run  either  pump  on  to  either 
condenser,  whilst  one  of  the  condensers  might  be  down 
for  overhaul.  Mr.  Collie  referred  to  the  use  of  a.c.  as 
compared  with  d.c.  motors.  It  is  well  known  that 
a.c.  motors  are  very  reliable  and  it  is  well  known  also 
that  d.c.  motors  have  given  very  great  satisfaction  in 
running,  and  if  there  is  somewhat  more  attention 
required  in  connection  with  the  latter  on  account  of 
the  brushgear,  etc.,  the  extra  cost  is  not  a  serious 
factor  if  one  is  considering  the  use  of  a  battery  as  a 
stand-by.  There  is  no  doubt  at  all  that  a  good  battery 
in  a  station  is  a  very  great  stand-by  in  case  of  trouble, 
and,  although  it  may  be  a  costly  adjunct,  I  believe 
that  as  time  goes  on  this  factor  of  security  will  lead 
to  a  more  general  use  of  batteries  for  stand-by  purposes 
in  the  generating  station. 

Mr.  F.  J.  Teago  :  I  should  like  to  suggest  that  an 
a.c.  motor  of  the  Schrage  type  has  all  the  advantages 
of,  and  is  simpler  to  operate  than,  a  d.c.  motor,  since 
it  requires  no  starter,  and  speed  variation  is  obtained 
by  simpl}-  turning  the  brush-shifting  handle ;  the 
motor  has  also  a  smooth  speed-range  of  5  to  1  and  can 
operate  on  unity  power  factor.  Where  it  is  desired 
to  start  up  a  dead  station  with  auxiliaries  driven  by 
a.c.  motors,  is  it  a  feasible  proposition  to  install  a 
Diesel  alternator  set  to  run  the  auxiliarj'  plant  until 
the  station  is  on  load  ? 

Messrs.  L.  Breach  and  H.  Midgley  {in  reply)  : 
In  reply  to  ]Mr.  Robinson's  remarks  as  to  the  schemes 
put  forward  being  confined  to  a  riverside  station,  we 
would  suggest  that  there  is  no  difference  in  general 
principles  between  the  auxiliary  svstem  of  this  and  of 
a  cooling-tower  station,  and  that  the  problems  raised 
in  the  case  of  one  would  apply  equally  in  the  case  of 
the  other.  In  omitting  all  reference  to  the  air  ejector, 
we  by  no  means  intended  to  suggest  that  it  was  not 
a  satisfactory  piece  of  apparatus.  Taking  into  account 
the  question  of  feed  heating  it  is  not  quite  so  efficient 
as  the  rotarv-  air  pump,  but  we  agree  with  Mr.  Robinson 
that  the  simplicity  and  reliability  given  by  it  are  so 
great  as  to  outweigh  considerably  any  slight  loss  of 
efficiency.  The  construction  placed  by  Mr.  Robinson 
upon  the  reference  on  page  834  to  the  changing  over 
of  a.c.  supplies  is  not  what  we  had  in  mind  when 
writing  this  paragraph.  The  time-lag  of  30  seconds 
was  not  intended  to  apply  in  cases  of  emergency, 
but  rather  to  apply  to  a  switch  which  would  be 
used  for  changing  over  a  Tnotor  or  group  of  motors 
from,  say,  a  supply  fed  from  the  main  busbars  to  a 
supply  fed  from  a  special  winding  on  the  main  trans- 
former, such  a  change-over  being  carried  out  during 
the  course  of  the  normal  working  of  the  station.  As 
these  supplies  should  not  be  linked  up  on  the  low- 
tension  side,  a  time-lag  of  the  nature  suggested  would 
allow  the  change-over  to  be  carried  out  without  shut- 
ting down  the  motor  or  endangering  the  coupling 
bolts,  but  would  ensure  that  once  the  change-over 
was  carried  out  the  two  supplies  would  be  discon- 
nected. We  cordially  agree  with  Mr.  Robinson  that 
such  a  time-lag  would  be  dangerous  in  a  case  of 
eme^genc^^  and  if  such  a  switch  were  installed  it  would 
be  ad\isable  to  consider  whether  arrangements  should 


not  be  made  so  that  at  times  of  emergency  the  change- 
over could  be  effected  at  once,  and  the  time-lag  cut 
out.  We  agree  that  the  control  of  pumps  by  means 
of  throttling  on  the  suction  side  is  highlv  undesirable, 
but  the  use  of  control  valves  on  the  discharge  side  is 
adopted  to  a  very  large  extent  in  man}'  stations  with 
no  trouble,  and  we  suggest  that  the  erosion  referred 
to  may  be  traced  to  some  other  source.  As  stated  in 
the  reply  to  Mr.  Cowie  in  the  London  discussion,  the 
high-tension  arrangements  for  the  auxiliaries  depend 
to  a  large  extent  upon  the  arrangements  of  the  main 
high-tension  switchgear,  but  the  installation  and 
operation  of  link  or  throw-over  switches  on  the  high- 
tension  bars,  whilst  very  attractive  in  many  respects, 
will  be  found  to  be  very  difficult  to  carry  out  in  actual 
practice,  due  to  constructional  reasons.  Mr.  Robinson's 
proposed  scheme  for  auxiliaries  is  practically  Scheme  1 
of  the  paper  with  certain  minor  modifications  which 
distinctly  improve  it,  and  we  should  be  interested  to 
see  the  connections  worked  out  in  detail. 

Referring  to  Mr.  Hamilton's  criticism  of  the  use  of 
the  word  "  absolute,"  we  quite  agree  that  this  is  rather 
unwise  and  we  have  therefore  altered  the  word  "  abso- 
lute "   on  page  831  to  read  "  maximum." 

We  would  suggest  that  the  difficulty  raised  by 
Mr.  Hamilton  in  regard  to  the  speed  of  chain-grate 
stoker  motors  is,  in  the  case  of  either  a.c.  or  d.c. 
motors,  a  question  of  the  range  supplied  in  the  gear 
box  when  first  installed.  We  consider  that  in  the 
event  of  a  condensing  house  set  being  installed  there 
would  be  no  advantage  in  having  its  auxiliaries  in 
duplicate,  as  a  house  set  is  usualh-  sufficiently  small 
for  temporary  atmospheric  exhaust  not  to  be  a  serious 
matter.  These  auxiliaries  might  preferably  be  driven 
by  d.c.  motors  with  a  stand-by  supply  from  a 
battery.  Regarding  the  arrangements  shown  in  Fig.  8, 
we  agree  that  two  additional  valves  on  the  common 
deliverv  pipe,  one  valve  being  adjacent  to  each 
condenser,  would  be  advantageous  and,  if  it  is  in- 
tended to  run  either  pump  for  either  condenser, 
essential. 

In  view  of  Mr.  Hamilton's  question  as  to  the  necessity 
of  running  the  turbines  in  pairs  with  this  arrangement, 
it  is  thought  advisable  to  amplify  the"  statement  made 
in  the  paper  as  follows.  Let  it  be  assumed  that  one 
pair  of  pumps  supplies  turbo  sets  Nos.  1  and  2,  another 
pair  Nos.  3  and  4,  another  pair  Nos.  5  and  6,  and  so 
on.  When  only  two  turbo  sets  in  the  station  were 
running  and  it  was  desired  to  have  the  circulating- 
water  supplies  to  these  turbines  in  duplicate,  if  sets 
Nos.  1  and  2,  or  3  and  4,  or  5  and  6  were  run,  then 
the  use  of  two  circulating  pumps  onlj'  would  give  the 
necessary  duplication.  If,  on  the  other  hand,  any 
other  pair  of  turbines  such  as  Nos.  1  and  3,  or  1  and 
4,  or  2  and  3,  or  2  and  5,  etc.,  were  run,  it  would  then 
be  necessary  to  run  four  sets  of  pumps  to  give  the 
necessary'  duplicate  supply  of  circulating  water. 

In  reply  to  Mr.  ^lalpas,  since  first  writing  the  paper 
we  have  had  an  opportunity  of  stud\dng  further  the 
question  of  the  objections  to  running  large  turbines 
to  atmosphere.  The  windage  trouble  referred  to  in 
the  paper  is  not  a  serious  factor,  the  objections  to 
atmospheric    running    being    as    follows  :      In    normal 
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running  at,  say,  29  inches  vacuum,  the  temperature 
of  the  last  row  of  blades  will  be  approximately  80°  F. 
and  of  the  condenser  somewhat  lower.  If  for  any 
reason  the  vacuum  is  lost  and  the  turbine  goes  to 
atmosphere,  the  pressure  at  the  last  stage  will  at  once 
rise  to  above  atmospheric  pressure  ;  if  the  atmospheric 
exhaust  valve  and  piping  are  on  the  small  side  the 
rise  may  be  to  as  much  as  10  Ib./sq.  in.  above 
atmosphere.  The  temperature  of  the  exhaust  steam 
will  be  of  the  order  of  300°  F.  to  350°  F.  and  the 
temperature  of  the  blades  of  both  rotor  and  stator  will 
almost  immediately  rise  to  the  same  degree,  but  the 
rotor  wheels  and  the  stator  casing,  being  of  a  more 
solid  constrjction,  will  take  some  considerable  time  to 
reach  the  steam  temperature.  The  result  is  that  there 
is  a  considerable  risk  of  uneven  expansion,  with  con- 
sequent distortion  or  cracking.  For  a  similar  reason 
the  rotor  wheels  may  tend  to  loosen  on  the  shaft.  The 
same  applies  to  the  condenser  and  in  this  case  there 
is  a  further  danger  that  if  the  change-over  to  atmo- 
sphere has  been  due  to  the  failure  of  the  circulating 
water  supply,  and  the  latter  is  restarted  when  the 
condenser  shell  and  tubes  have  to  some  extent  warmed 
up,  the  sudden  cooling  may  cause  cracking  and 
similar  troubles.  At  this  point  it  is  interesting  to 
note  that  there  is  a  somewhat  similar  change  of  tempe- 
rature at  the  first  row  of  blading  when  the  turbine 
changes  from  full  load  to  no  load,  but  in  this  case 
the  masses  of  metal  affected  are  so  very  much  smaller 
that  the  possibility  of  danger  from  this  cause  is 
practically  negligible. 

Mr.  Malpas  raises  the  question  of  the  increased 
economy  of  the  turbine  due  to  higher  vacuum  being 
outweighed  by  the  increased  cost  of  pumping,  etc., 
and  in  this  connection  it  is  interesting  to  note  that 
in  one  case  which  we  worked  out  it  was  found  that 
under  the  particular  conditions  27-75  inches  vacuum 
was  more  economical  than  27-85  inches. 

We  consider  the  figure  given  by  Mr.  Clothier  for 
the  ratio  of  units  generated  to  units  sold  to  be 
scarcely  typical,  a  more  usual  figure  being  that  85  per 
cent  of  the  units  generated  are  sold,  and  it  should 
be  remembered  that  the  15  per  cent  lost  units  are  by 
no  means  all  used  on  the  works.  At  the  very  highest, 
even  in  a  cooling-tower  station,  these  units  should  not 
be  more  than  7  per  cent,  the  remainder  of  the  15  per 
cent  being  lost  in  conversion,  heating  of  cables,  etc. 
As  to  "  lack  of  confidence  in  the  reliability  of  supply 
at  their  own  busbars  "  we  would  point  out  that  it  is 
only  by  taking  the  attitude  proposed  in  the  paper  that 
operating  engineers  can  avoid  a  very  lengthy  shut- 
down if  once  the  supply  does  fail,  and  that  all  the 
measures  suggested  are  put  forward  with  a  view  to 
improving  the  reliability  of  supply  for  power  users. 

We  agree  that  there  is  much  to  commend  in  Mr. 
Houghton's  suggestion  of  the  use  of  a  pass-out  turbine 
for  house-service  work,  the  pass-out  steam  being 
utilized  in  a  feed-water  evaporator.  It  should  certainly 
be  kept  in  mind  if  a  house-service  turbine  is  installed, 
provided   the   make-up   water  is  of  such    a    nature    as 


to  require  evaporation.  In  the  event  of  a  house 
turbine  not  being  used,  steam  bled  from  the  main 
turbine  would  be  equalh'  suitable,  but  to  deal  with  this 
matter  would  be  rather  beyond  the  scope  of  the  paper. 

We  would  inform  Mr.  Rettie  that  we  have  had  con- 
siderable experience  of  a.c.  contactor  gear  and  have 
found  it  to  be  as  satisfactory-  as  the  d.c.  type. 

Mr.  Stubbs  is  not  quite  correct  in  assuming  our 
reasons  for  condemning  direct  steam  drive  to  be  some- 
thing more  than  the  question  of  pipes,  valves  and 
leakages,  for  even  if  direct  steam  drive  were  slightly 
more  efficient  than  electric  drive,  the  extra  complica- 
tions due  to  steam  drive  are  a  serious  objection  to  its 
use  for  auxiliaries,  provided  the  electric  supplv  could 
be  kept  reliable.  In  addition,  we  would  remind  Mr. 
Stubbs  that  an  electric  cable  is  a  much  simpler  and 
cheaper  method  of  conveying  power  than  a  steam  pipe. 
In  the  case  of  a  steam  station  installed  as  stand-by 
to  a  hydro-electric  system,  although  reliability  is  of 
great  importance,  we  suggest  that  the  less  running  a 
station  has,  the  less  is  the  chance  of  shutting  do\%'n, 
and  that  therefore,  in  such  a  case,  the  auxiliary 
arrangements  need  not  be  as  elaborate  as  in  the  case 
of  a  central  steam  power  station.  Mr.  Stubbs's  ques- 
tion as  to  why  boiler  feed-pumps  are  especially  suit- 
able for  steam  drive  is  best  answered  by  referring 
him  to  those  who  have  spoken  against  the  use  of 
electric  motors  for  the  driving  of  the  boiler  feed  pump. 
We  regret  that  limitations  of  space  prevent  the  dis- 
cussion of  the  effect  of  high-tension  switchgear  pro- 
tection, sub-busbars  and  reactances  in  maintaining 
an  alternative  supply  in  case  of  failure  at  any  parti- 
cular point  of  the  system,  but  we  suggest  that  it  would 
not  be  a  difficult  matter  for  this  to  be  followed  out 
by  reference  to  the  table  on  pages  836  and  837.  We 
•would  refer  Mr.  Stubbs  to  the  answer  given  to  Mr. 
Malpas  on  the  subject  of  large  turbines  running  to 
atmosphere. 

In  reply  to  Mr.  Waygood,  we  regret  that  it  is  not 
possible  for  us  to  give  further  particulars  of  the  work- 
ing of  the  Glasgow  Corporation  scheme  embodj'ing 
special  windings  on  the  main  transformers,  but  we 
would  refer  him  to  Mr.  Mitchell's  contribution  to  the 
Dundee  discussion. 

The  use  of  three  pumps  in  place  of  two  for  the 
scheme  shown  in  Fig.  8,  as  suggested  by  Mr.  Dickinson, 
would  undoubtedly  give  greater  security  against  failure 
of  supply  and,  as  stated  in  the  reply  to  Mr.  Hamilton, 
two  additional  valves  should  be  inserted  on  the 
common  discharge  pipe. 

We  consider  that  the  Schrage  motor  mentioned  by 
Mr.  Teago  is  at  present  too  much  in  the  experimental 
stage  to  warrant  its  use  for  auxiliary  work  where  only 
apparatus  of  the  most  robust  and  simple  t\-pe  should 
be  installed  ;  further,  it  is  understood  that  so  far  it 
has  not  been  applied  to  motors  of  more  than  20  h.p. 
It  would  appear  to  be  quite  feasible  to  install  a  Diesel 
alternator  set  foir  starting  up  the  auxiliaries  of  a  "  dead  " 
station,  but  we  prefer  not  to  express  any  opinion  as 
to  the  desirability  of  such  a  proceeding. 
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BREACH    AND    MIDGLEY: 


Scottish  Centre,  at  Dundee,  27  April,  1923. 


Mr.  D.  H.  Bishop  :  There  is  no  doubt  that  the 
principle  adopted  by  the  authors  in  their  classification 
of  the  auxiliaries  is  the  common-sense  one,  but  there 
is  room  for  a  little  difference  of  opinion  regarding  the 
motors  to  be  put  in  each  class.  For  instance,  I  should 
put  the  water-extraction  pump  under  Type  (a),  especially 
if  the  air  pumps  are  steam  ejectors  with  intermediate 
coolers.  Also,  I  feel  that  the  power  for  the  control 
circuits  should  come  directly  from  the  battery,  as  an 
interruption  or  undue  lowering  of  the  voltage  on  these 
circuits  for  even  a  minute  might  be  attended  with 
serious  results.  There  is  also  much  to  be  said  for 
having  all  the  feed-pumps  steam-driven  during  times 
of  trouble,  ^^■ith  this  exception,  the  fewer  direct 
steam-driven  auxiharies  the  better,  not  only  on  the 
score  of  attention  and  repair,  but  also  on  account  of 
the  corrosion  which  goes  on  inside  the  casings  when 
shut  down,  due  to  leaking  stop  valves.  To  vary  the 
speed  of  a  slip-ring  motor  by  the  insertion  of  resist- 
ance in  the  rotor  circuit  is  not  always  quite  so  wasteful 
in  total  power  as  appears  at  first  sight.  For  example, 
the  main  circulating-water  pumps  at  Dundee  are 
driven  by  three-phase  induction  motors,  and  one  pump 
supplies  two  turbines  ;  when  one  set  is  in  operation, 
resistance  is  inserted  across  the  sUp-rings  and  the 
power  falls  from  145  to  83  kW.  The  reason  is  that 
the  pipes  are  laid  out  on  a  sj^shonic  system,  and 
practically  all  the  head  is  due-  to  fluid  friction  ; 
consequently  the  power  decreases  approximately  with 
the  cube  of  the  speed,  while  the  percentage  of  elec- 
trical loss  only  increases  roughly  with  the  slip.  The 
disadvantage  of  driving  pumps  with  a.c.  motors  con- 
nected to  the  main  supply  is  that  the  circulating- 
water  delivery  is  diminished  if  the  speed  of  the  main 
generator  falls  during  times  of  trouble,  and  this  defect 
is  aggravated  if  syphonic  head  is  depended  upon, 
especiaUy  if  the  head  is  20  to  25  ft.,  because,  as  the 
quantity  of  water  is  reduced,  its  temperature  rises, 
and  the  vapour  given  off  reduces  the  syphonic  head 
and  diminishes  stUl  further  the  flow  of  water.  The 
syphonic  action  is  then  liable  to  stop  very  quickl)^ 
The  effect  would  not  be  so  marked  with  cooling  towers, 
but  it  might  be  suf&ciently  serious.  The  alternative 
method  of  employing  a  generator  on  the  main  alter- 
nator shaft  is  attractive,  because  one  feels  that  while 
the  turbine  is  turning  round  there  is  going  to  be  power 
for  its  auxiliaries,  but  it  has  the  same  disadvantage, 
namely,  that  the  latter  slow  down  with  the  system 
frequency.  The  motor  speed  could  be  kept  up  inde- 
pendently, to  a  large  extent,  with  d.c.  drive.  I  am 
glad  that  the  authors  mention  that  continuity  of 
supply  is  considered  to  be  highly  important.  When 
comparing  the  results  obtained  in  this  country  with 
those  in  other  countries,  it  is  sometimes  forgotten  that 
the  same  continuity  of  service  does  not  seem  to  be 
expected  in  the  latter,  and  the  standard  demanded 
here  costs  a  considerable  amount  of  money  and  effort. 
The  statement  that  in  changing  over  a  motor  from 
one  a.c.  supply  to  another  it  has  been  found  that 
coupling  bolts  are  hable  to  be  broken  is  rather  inter- 


esting, and  I  take  it  that  this  applies  to  large  motors 
onh'.  It  also  seems  verj-  desirable  to  eliminate  all 
methods  requiring  different  supplies  to  be  paralleled 
during  emergency  conditions  because  of  the  liability  of 
mistakes  being  made  at  such  times,  and  because  of  the 
serious  consequences  of  a  mistake.  The  authors  draw 
attention  to  the  fact  that  switchgear  for  auxiliaries 
requires  careful  selection.  I  should  like  to  support 
that  strongly.  It  is  astonishing  sometimes  to  see  the 
kind  of  small  motors  put  forward  by  reputable  con- 
tractors to  be  used  with  large  generating  sets,  upon 
which  motors  the  continuity  of  supplv  rests  ;  motors 
that  would  be  supplied  under  competitive  conditions 
to  small  shop-keepers.  With  switchgear  it  is  just  the 
same.  Under  emergency  conditions  the  operating  staff 
in  power  stations  cannot  be  expected  to  handle  the 
gear  very  gently,  and  it  is  no  uncommon  thing  for 
small  starting  handles  to  be  broken.  The  auxiliary 
motors  and  their  switchgear  ought  to  be  treated  in 
the  same  spirit  as  the  main  parts  of  the  alternators. 
There  is  much  to  be  said  for  contactor  starting,  because, 
if  the  supply  to  such  motors  is  interrupted  and  switched 
on  again,  the  motors  start  up  and  no  time  is  lost  with 
blown  fuses,  etc. 

Mr.  R.  B.  Mitchell  :  I  think  that  the  question  as 
to  whether  electricity  or  steam  should  be  used  for 
driving  auxiliaries  has  now  been  fairly  well  settled  in 
favour  of  electric  drive,  for  reasons  which  have  been 
well  stated  by  the  authors.  They  except  the  feed 
pumps,  which,  of  course,  is  quite  right,  but  they  say 
that  the  best  method  is  to  have  a  steam  feed-pump 
and  an  electrically  driven  feed-pump,  the  one  acting 
as  a  stand-by  to  the  other.  Perhaps  the  latest  practice 
goes  a  step  further,  because  of  the  fact  that  evapo- 
rators for  make-up  are  now  coming  into  general  use, 
and  exhaust,  such  as  the  feed  pump  gives,  is  required 
nearly  always  for  the  use  of  the  evaporators  ;  so  that 
the  auxiliary  electrically  driven  feed-pump  may  eventu- 
ally be  replaced  by  another  steam  pump.  Auxiliary 
plant  in  generating  stations  should,  in  my  opinion, 
always  be  in  duplicate.  The  air  pumps  have,  for  some 
time  past,  been  duplicated,  but  I  think  that  the  best 
practice  is  now  to  dupUcate  the  circulating  pumps  as 
well.  There  is  a  great  deal  to  be  said  for  the  system 
outlined  in  Fig.  8,  but  I  have  seen  no  reference  to  it 
in  the  paper.  It  shows  the  use  of  an  omnibus  pipe 
between  tivo  generating  sets,  and  that  should  work 
quite  well  in  practice  and  perhaps  save  some  capital 
outlay.  Supplies  to  the  auxiliary  plant  should,  I 
think,  not  only  be  duplicated  but  triplicated,  so  that 
one  may  provide  a  safeguard  against  nearly  everj'thing. 
In  Dalmamock  we  have  three  means  of  supplying  the 
auxiliaries:  (1)  House  turbines,  (2)  special  windings 
on  the  main  step-up  transformers,  and  (3)  440-volt 
transformers  supplied  directly  from  the  main  busbars 
of  the  station.  I  think  that  these  are  at  least  advis- 
able, if  not  absolutely  necessary.  Another  point  which 
has  been  raised  quite  recently  is  the  question  of  having 
one  or  two  secondary  voltages  for  driving  auxiliaries. 
It  is  mentioned  in  the  paper  that  a  3  000-volt  supply 
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might  be  installed  for  certain  purposes.  I  do  not 
think  that  this  is  advisable,  especially  when  the  main 
supply  to  auxiliaries  is  obtained  from  special  windings 
on  the  step-up  transformers.  The  only  reason  against 
it  is  the  complication.  There  is  another  question, 
that  of  alternating  versus  direct  current  for  driving 
auxiliaries.  This  received  a  very  great  deal  of  con- 
sideration when  the  Dalmamock  station  was  being 
designed,  and  we  decided  eventually  to  adopt  alter- 
nating current  throughout.  There  are  no  d.c.  motors 
in  the  station.  The  main  reasons,  of  course,  were 
that  the  a.c.  motors  were  ver\'  robust  and  reliable, 
and  did  not  require  so  much  attention  and  maintenance  ; 
and  secondly,  the  provision  of  a  d.c.  supply  introduced 
another  complication,  apart  altogether  from  the  supply 
for  the  battery.  A  battery  for  driving  auxiliaries  was 
considered  to  be  out  of  the  question  because,  for  a 
station  of  the  size  of  Dalmamock,  not  only  would  a 
large  capital  expenditure  be  required,  but  also  a  consider- 
able amount  of  space  to  house  the  battery.  I  quite 
realize  that  the  d.c.  motor  has  considerable  advantages, 
particularly  for  fan  driving,  but,  in  spite  of  that,  a.c. 
drive  was  adopted  and  I  have  no  reason  to  regret 
it.  An  a.c.  commutator  motor  having  a  fairly  wide 
speed  regulation  is  perhaps  to  be  hoped  for  in  the 
early  future.  Its  cost,  as  compared  with  that  of  an  [ 
ordinary  induction  motor,  is  great,  but  that  should  j 
be  remedied  before  long.  Coming  again  to  the  main  j 
subject  of  the  paper,  i.e.  the  types  of  drive  to  be 
selected  for  auxiliaries  in  a  power  station,  I  am  rather 
disappointed  to  see  that  the  authors  have  placed  the 
method  used  at  Dalmamock,  i.e.  Scheme  5,  in  the 
second  grade.  I  do  not  realize  why  that  should  be 
so.  Perhaps  Scheme  5  does  not  contain  the  whole, 
but  certainly  it  contains  the  main  part  of  what  we  i 
have  at  Dalmamock  station,  which  is  mentioned  in 
this  connection.  On  Nos.  3,  4  and  5  sets,  the  extra 
windings  on  the  step-up  transformers  are  used  for  aux- 
iliary driving.  That  method  has  been  a  great  success, 
and  I  may  add  that  something  of  the  same  kind  is 
now  being  added  to  Nos.  1  and  2  sets,  so  that  we  hope 
before  long  to  have  a  complete  outfit  on  all  of  the  sets, 
the  house  turbines  being  used  only  in  emergency.  I 
The  special  windings  can  be  used  to  supply  the  auxili- 
aries of  any  set  in  the  station,  although  normally  [ 
supplying  their  own  set's  auxiliaries.  On  the  whole  I 
think  there  is  a  great  deal  to  be  said  for  this  method  of 
driving  auxiliaries.  It  is  the  simplest  and  most  robust, 
is  self-contained,  and  gives  great  satisfaction  in  opera- 
tion. Referring  to  page  830,  from  (A)  to  (F),  at  the 
bottom  of  the  second  column,  we  have  in  use,  as 
already  stated,  three  of  these  methods  of  supply,  viz. 
(B)  Electric,  from  main  alternators  via  high-tension 
busbars  ;  (D)  Electric,  from  main  alternators  via 
special  windings  on  main  transformers  ;  and  (E)  Electric, 
from  special  steam-driven  a.c.  generator  (house  set). 
I  think  that  with  this  combination  we  are  as  safe  as 
it  is  possible  to  be.  There  is  only  one  other  point, 
and  that  is  with  regard  to  the  use  of  a  battcrv'  in  a 
large  power  station.  I  think  that  it  should  be  used 
for  emergency  lighting  and  emergency  excitation  only, 
and  it  is  absolutely  essential  for  these  purposes.  If  a 
total  shut-down  occurs,  as  the  authors  have  said,  one 


must  have  some  means  of  restoring  the  station  Ught- 
ing  instantaneously  from  an  absolutely  safe  source  of 
supply,  and  only  a  batter^'  can  provide  that  at  the 
present  time.  We  have  a  battery  in  Dalmamock 
which  effects  this  purpose,  and  the  lighting,  which 
normally  is  a.c,  can  be  changed  over  to  the  d.c.  supply 
with  the  greatest  facility.  In  connection  with  the 
supply  to  stoker  motors,  there  ought  to  be  tvvo  circuits 
provided  so  that,  in  the  event  of  a  failure  in  one,  the 
supply  can  be  obtained  from  the  other  circuit.  That 
is  just  another  case  of  the  necessitv  for  extreme  dupli- 
cation throughout  the  station. 

Mr.  J.  C.  Christie  :  I  feel  that  we  are  to  some  extent 
wasting  our  energies  in  considering  in  detail  the  driving 
of  auxUiaries  before  we  have  decided  the  t\-pe  of 
station  in  which  these  auxiliaries  are  to  be  installed. 
Either  we  are  going  to  apply  our  scheme  to  an  exist- 
ing station,  or  we  are  in  the  happy  position  of  erect- 
ing an  entirely  new  station.  If  it  is  an  existing  station, 
the  type  of  generation  and  distribution  is  already 
known,  and  that  goes  a  long  way  towards  deciding 
what  type  of  drive  is  most  suitable  for  the  auxiliaries. 
Even  if  the  station  is  a  new  one,  I  think  that  we 
should  first  decide  the  system  of  generation  and  dis- 
tribution most  suitable  to  the  local  conditions,  and 
then  arrange  the  drive  of  the  auxiliaries  to  suit  this. 
For  example,  if  the  station  is  one  where  the  low- 
tension  distribution  is  by  means  of  direct  current,  it 
is  probable  that  there  is  a  battery  connected  to  the 
low-tension  busbars,  and  it  seems  proper  to  use  this 
batter\'  for  an  alternative  supply  to  the  auxiliaries. 
Most  station  engineers  will  agree  that  no  supply 
dependent  upon  running  machinery  can  ever  be  quite 
so  reliable  as  that  derived  from  a  storage  battery.-  A 
battery  has  a  shorter  life  than  a  generator.  It 
deteriorates  over  a  period  of  years,  but  it  does  not 
faU  suddenly,  and  this  makes  it  very  suitable  as  a 
source  of  supply  for  the  auxiliaries.  If  it  is  decided 
to  use  a  battery,  then  the  motors  should  be  of  the 
d.c.  type,  and  I  think  it  is  very  desirable  that  all  the 
motors  should  be  of  one  type.  I  think  the  mixture 
of  a.c.  and  d.c.  motors,  which  several  of  the  schemes 
show,  should  be  avoided.  There  is  no  gain  in  relia- 
bihty  obtained  by  instalUng  an  a.c.  and  a  d.c.  motor 
as  alternatives,  as  compared  with  two  a.c.  or  two  d.c. 
motors,  provided  these  are  suppUed  from  different 
sources,  and  the  advantages  in  maintenance  and  the 
reduction  of  spare  parts  obtained  by  adopting  one 
uniform  type  of  motor  are  great.  This  line  of  argu- 
ment seems  to  lead  to  Scheme  7  as  being  the  most 
suitable  for  this  class  of  station  where  the  final  distri- 
bution is  by  means  of  direct  current.  Where  the 
low-tension  side  is  alternating,  I  should  prefer  to  use 
a.c.  motors  throughout,  and  tliis  is  done  only  in 
Scheme  5,  the  details  of  which  are  only  suitable  for 
a  very  large  station.  I  think  there  is  also  a  tendency 
towards  too  great  complication  on  the  high-tension 
side.  Of  the  live  generators,  Nos.  1,  2  and  3  are 
shown  feeding  on  to  separate  sections  of  the  high- 
tension  busbars,  but  Nos.  4  and  5  have  to  share  one 
section  between  them.  In  order  to  make  all  the 
switchgear  uniform  I  think  that  it  would  be  worth 
going  to  the  expense  of  an  extra  oil-break  switch  and 
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reactance,  so  allowing  every  generator  to  feed  its  own 
section  of  the  main  busbars.  Then  the  high-tension 
sub-busbars  are  also  divided  into  four  sections,  although 
these  are  fed  by  five  alternators,  and  feed  on  to  two 
transformers.  I  do  not  see  the  reason  for  this,  and 
in  any  case  are  these  sub-busbars  really  necessary  ? 
They  entail  a  considerable  expense  for  switchgear  and 
^vill  take  up  a  good  deal  of  space.  Could  not  either 
of  the  two  transformers  be  fed  by  any  generator  by 
means  of  a  simple  arrangement  of  selector  switches  ? 
Another  point  of  interest  is  the  tendency  towards  the 
use  of  self-contained  units.  In  the  boiler  house  for  a 
long  time  past  the  superheater  in  the  main  flue  has 
been  spUt  up  and  erected  in  sections,  each  being  an 
integral  part  of  the  boiler  to  which  it  is  attached.  The 
same  thing  has  happened  more  recently  to  the  econo- 
mizer, which  is  now  often  fitted  over  the  boiler  of 
which  it  practically  forms  a  part.  The  fans  and  the 
drive  for  the  stoker  gear  are  being  dealt  with  similarly, 
and  it  is  just  a  question  whether  we  should  not  dis- 
card the  pump  room,  fitting  a  feed  pump  to  each 
boUer  and  so  making  it  a  complete  self-contained  unit. 
This  would  mean  that  the  feed  pumps  would  probably 
be  motor-driven,  and  it  would  have  the  advantage  of 
transferring  these  auxiliaries  from  the  authors'  T}-pe  (6) 
to  Type  (c),  with  a  corresponding  reduction  in  the 
necessit\'  for  spares. 

Mr.  W.  B.  Hird  :  I  shall  confine  myself  to  one  or 
two  particulars  where  it  seems  that  the  opinions 
expressed  are  at  variance  with  what  one  would  expect 
from  the  experience  of  general  users  of  electric  plant 
as  opposed  to  central  station  engineers.  One  point  in 
particular  is  the  distrust  which  the  authors  seem  to 
have  for  d.c.  as  compared  %vith  a.c.  motors.  Wliilst  it 
is  generally  true  that  the  a.c.  motor  is  in  some  respects 
a  somewhat  more  robust  machine  than  the  d.c.  motor, 
I  still  think  that  the  stress  which  has  been  put  on  the 
extreme  cost  of  maintenance  and  on  the  troubles 
experienced  A^ith  commutators  and  brushgear  is  exag- 
gerated and  is  not  borne  out  by  the  experience  of  the 
general  user,  who  finds  little  to  choose  between  the 
two  classes  of  motors.  I  am  by  no  means  advocating 
the  use  of  d.c.  motors  in  central  stations  against 
the  considered  opinions  of  the  central  station  engineers 
who  ha^•e  already  spoken,  but  what  I  do  suggest  is 
that  the  real  reason  for  their  preference  for  a.c.  riiotors 
lies  in  the  difficulties  and  compUcations  entaUed  by 
pro\dding  a  special  d.c.  supply  rather  than  in  any 
inherent  defect  of  the  d.c.  motor.  The  other  point 
which  I  wish  to  make  has  already  been  touched  upon 
by  ilr.  Christie,  and  that  is  that  it  seems  as  a  matter 
of  principle  that  the  mixing  of  d.c.  and  a.c.  machines 
for  the  same  job  on  the  same  plant  should  be  depre- 
cated. If  there  are  two  motors  to  do  the  same  job, 
and  one  is  a.c.  and  one  d.c,  it  is  almost  certain  that  one 
or  other  will  prove  to  be  the  more  convenient,  and  that 
one  wUl  be  used  regularly  and  the  other  only  as  a 
stand-b}'.  I  should  think  that  it  is  the  experience  in 
central  stations,  as  in  most  places,  that  if  one  has  an 
emergency  set  standing  by,  waiting  for  an  accident 
to  happen,  when  the  accident  happens  the  emergency 
set  always  refuses  to  do  its  job.  If  the  emergency 
set  is  to  be  useful,  then  it  must  have  its  fair  share  of 


the  work  to  do.  Apart  from  that,  the  number  of 
spares  which  ha\e  to  be  carried  is  duplicated,  and 
that  again  is  another  objection  to  the  mixing  of  the 
two  types.  Against  these  objections  the  only  advan- 
tage is  the  fact  that  there  are  available  t\vo  entirely 
distinct  systems,  either  of  which  remains  unaffected 
by  any  breakdown,  however  serious,  on  the  other, 
but  two  entirely  separate  systems  can  be  devised  on 
either  alternating  or  direct  current  without  any  neces- 
sity for  calling  the  other  into  use. 

Mr.  W.  Ross  :  Regarding  the  various  schemes 
described  by  the  authors,  to  my  mind  the  most  attrac- 
tive is  Scheme  5,  i.e.  special  windings  on  main  trans- 
formers, or,  if  the  switchgear  is  on  the  low-tension 
side,  unit  transformers  connected  direct  to  alternator 
terminals,  a  house  turbine  being  installed  for  starting- 
up  and  for  such  duties  as  testing  long-distance  feeders 
tlirough  transformers.  The  simpUcity  and  robust- 
ness of  the  induction  motor  is  a  great  attraction, 
also  the  fact  that  if  pulled  up  suddenly  the  motor  wiU 
come  up  to  speed  again  in  most  cases  without  suffering 
any  damage.  At  the  present  time  most  supply 
authorities  are  endeavouring  to  hmit  the  d.c.  distri- 
bution on  their  systems,  and  it  is  surely  their  poUcy 
to  show  what  can  be  done.  Regarding  the  danger  of 
synchronizing  the  main  generators  through  the  special 
windings,  Messrs.  RejTolle  arrange  two  switches  fb 
control  the  two  supplies,  these  switches  being  coupled 
together  so  that  both  cannot  be  in  circuit  at  the  same 
time.  In  starting  up,  the  auxiliaries  are  run  from  a 
substation  transformer,  and,  when  the  machine  is  on 
load,  one  movement  of  the  switch  handle  opens  the 
substation  switch  and  closes  that  on  the  special  wind- 
ing. The  lack  of  speed  regulation  is  only  noticeable 
in  two  cases,  fans  and  circulating-water  pumps,  and, 
although  throttle  regulation  may  not  be  the  best,  I 
think  it  would  be  justified  by  the  simpler  and  more 
robust  gear. 

Mr.  J.  S.  Thomson  :  In  these  days  of  high-pressure 
and  high-temperature  steam  I  should  be  inclined  to 
keep  the  steam -pipe  system  down  to  the  verj'  smallest 
and  to  use  electiicity  for  aU  auxiliaries  tliroughout 
the  station,  with  the  exception  of  the  boUer  feed- 
pumps and  perhaps  the  condenser  air-ejectors.  For 
the  boUer  house  I  think  that  three-phase  motors  are 
the  best  aU-round  proposition.  I  look  upon  the  boiler 
house  of  one  of  these  large  stations  as  being  verj'  much 
as  an  outside  consumer,  and  I  should  supply  it  through 
duplicate  transformers  exactly  in  the  same  way  as  an 
important  consumer.  I  should  hke  to  know  whether 
it  is  a  rare  occurrence  for  the  whole  station  to  be  shut 
down  through  outside  faults.  The  authors  say  that  in 
connection  with  large  turbines  of  25  000  kW  two 
separate  circulating  pumps  and  air  pumps  are  neces- 
sary. I  take  it  that  it  is  for  construction  purposes 
that  these  have  to  be  spUt  up.  Assuming  that  they 
have  to  be  split,  I  should  imagine  that  supplying  one 
of  them  off  the  general  system  and  the  other  from 
the  alternator  terminals  direct  would  give  a  reliable 
scheme.  Another  point  is  the  difficulty  in  starting 
up  if  totally  shut  down.  I  have  no  experience  of 
these  large  sets.  The  authors  might  say  what  the 
size    of    the    house    turbines    would    be    for   a   station 
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equipped  with  five  25  000-kW  sets,  and  how  they 
would  start  these  up  if  entirely  shut  down.  I  think 
there  is  a  good  deal  of  unnecessary  complication  in 
some  of  the  schemes.  The  great  thing  to  my  mind  is 
to  make  the  system  as  simple  as  possible.  Simplicity 
is  better  than  cross  connections  and  a  multiplicity  of 
machines. 

Mr.  A.  P.  Robertson  :  I  think  that  we  may  con- 
sider the  emergency  lighting  of  the  station  to  be  one  of 
the  important  auxiliaries,  and  I  believe  that  the  only 
method  of  providing  for  this  is  by  means  of  a  battery. 
There  should  be  a  perfectly  reliable  automatic  change- 
over switch,  so  that  in  the  event  of  anj-thing  going 
wrong  with  the  main  supply  the  emergency  lights  at 
once  come  in  automaticalh-.  It  does  not  take  a  very 
large  battery  to  do  this  work,  and  the  lights  ought  to 
be  fixed  in  those  positions  where  illumination  will  be 
required.  In  Glasgow  we  have  these  lights  installed 
in  all  stations,  and,  although  it  has  unfortunately  been 
called  on  a  few  times  lately,  it  has  never  failed  us. 
The  battery  ought  also  to  supply  the  trip  coils  of  the 
switches.  I  think  that  the  main  switches  should  all 
be  tripped  from  an  independent  source,  i.e.  a  battery, 
and  not  from  the  supply  alone.  I  have  known  cases 
where  switches  were  tripped  from  the  main  supply 
through  transformers,  and  where  they  have  failed 
owing  to  the  voltage  being  so  much  reduced  that  the 
current  was  not  strong  enough  when  the  actual  fault 
came  on.  Regarding  the  coupling-bolt  breakages,  I 
have  seen  some  very  severe  knocks  on  machinery  and 
bolts  have  been  twisted  slightly.  I  remember  a 
3  000-kW  turbo-alternator  being  switched  in  out-of- 
phase,  in  emergency.  That  machine  ran  for  over  a 
year  before  anvbodv  found  out  that  the  coupling 
bolts  had  moved  ^  in.,  but  still  the  supply  was  kept 
going,  and,  after  all,  that  is  the  main  thing.  I  do  not 
think  that  the  shearing  of  two  or  three  coupling  bolts 
matters  much.  Referring  to  the  change-over  switch, 
mention  was  made  of  the  danger  of  leaving  two 
systems  coupled  up.  That  might  be  overcome  by 
bringing  out  a  relay  which  would  come  into  operation 
after  the  two  systems  were  synclironized,  and  which 
would  only  stay  in  for  a  short  time  and  then  trip  either 
one  or  the  other.  Another  suggestion  is  to  have  the 
no-load  releases  on  the  auxiliary  motors  made  with  a 
time-lag.  This  is  not  quite  so  drastic  as  the  New- 
castle Electric  Supply  Company's  coupling  of  motors 
through  solid  links,  but  possibly  it  would  work  quite 
well.  Regarding  the  merits  of  d.c.  and  a.c.  motors 
for  driving,  1  think  that  a.c.  motors  ought,  if  possible, 
to  be  used  in  every  case,  as  the  work  entailed  in 
looking  after  commutators  is  very  great  compared 
with  that  required  for  a.c.  motors.  Direct-current 
motors  ha\-e  the  advantage  of  having  better  speed 
regulation,  but  in  many  cases  this  can  be  got  over 
by  throttling  on  circulating-pump  motors  and  by  other 
devices  on  different  plant.  Unfortunately  we  are 
tied  to  d.c.  supply  in  many  cases,  but  where  there  is 
an  a.c.  supply  I  believe  that  it  would  be  better  in 
almost  all  cases  to  use  a.c.  motors.  In  Glasgow  we 
have  many  rotary  converters,  and  from  March  to 
September  two  gangs  of  men  are  employed  constantly 
in  grinding  and  looking  after  commutators,  which 
Vol..   Gl. 


shows  what  a  great  amount  of  maintenance  the  latter 
involve. 

Mr.  A.  G.  Norris  (communicated)  :  Ten  to  fifteen 
seconds  seems  a  very  short  time  to  run  up  and  put 
on  the  bars  a  turbine  of  even  special  construction. 
With  regard  to  the  special  switching  mentioned,  it 
appears  possible  that  synchronizing  under  these  condi- 
tions might  cause  sufficient  disturbance  to  the  aux- 
iUary  circuit  to  trip  some  or  all  of  the  plant  fed  from 
it.  In  any  case  the  shock  to  the  auxiliary  circuit 
would  be  more  or  less  severe,  the  severitv  depending 
on  the  relative  sizes  of  the  incoming  machine  and  the 
plant  on  load.  Referring  to  the  possibility  of  running 
up  the  auxiliary  plant  together  with  the  turbine  feed- 
ing it,  it  is  not  likely  that  a  vacuum  would  be  obtained 
under  these  conditions  much  before  the  main  set 
reached  full  speed.  In  this  case  the  low-pressure 
end  would  attain  a  fairly  high  temperature,  as  also 
would  the  main  condenser  if  not  provided  with  a 
sluice  valve,  and  distortion  of  the  casing  would  be 
likely  to  occur  unless  the  set  had  been  specially 
designed  with  a  view  to  running  up  on  atmosphere. 
There  is  further  the  risk  of  fracture  of  metal  at  the 
low-pressure  end  due  to  the  sudden  cooling  which 
takes  place  when  the  vacuum  temperature  is  reached. 
In  the  summary  of  Scheme  4  I  notice  that  the  authors 
describe  the  arrangement  as  efficient  and  reliable  in 
operation,  but  in  classifying  the  various  schemes  they 
say  that  Scheme  4  is  an  example  of  what  to  avoid. 
The  authors'  statement  of  failure  of  plant  designed 
for  industrial  use  when  operated  for  long  periods 
without  a  break  is  interesting.  It  is  usuallv  accepted 
that  plant  tested  for  a  continuous  period  of  six  hours, 
or  so,  under  its  designed  conditions  reaches  its  steady 
working  temperature  in  that  time.  It  would  appear, 
unless  the  authors  have  been  unfortunate  in  their 
choice  of  plant,  that  much  longer  periods  of  testing 
would  be  necessary  to  ensure  thorough  reliability. 
A  good  deal  of  industrial  plant  runs  under  much  more 
unfavourable  conditions  than  those  obtaining  in  a 
large  power  station,  and  in  the  case  of  some  few 
industries  is  required  to  run  continuously  for  fairly 
long  periods  without  a  stop.  The  authors'  suggestion 
that  the  quick  changing-over  of  induction  motors 
from  one  circuit  to  another  has  resulted  in  the  break- 
ing of  coupling  bolts  is  surprising.  The  maximum 
shock  sustained  by  the  motor  could  not  exceed  that 
caused  by  directly  switching-in  the  standing  motor,  and 
unless  the  change-over  switch  was  operated  very 
slowly  the  fall  in  speed  of  the  motor  would  be  very 
slight,  and  the  shock  due  to  switching  correspondingly 
reduced.  If  the  authors  have  had  much  trouble  due 
to  the  change-over  it  would  be  interesting  if  they 
would  say  whether  in  their  opinion  it  was  due  entirely 
to  switching-over  and  not  to  faulty  design  of  couplings 
and/or  bolts,  presuming  that  the  switching  operation 
was  quickly  carried  out. 

Messrs.  L.  Bf-each  and  H.  Midgley  (in  reply)  : 
We  note  Mr.  Bishop's  comment  regarding  the  grouping 
of  the  water-extraction  pump  in  Type  (a)  when  the  air 
pumps  are  steam  ejectors  with  intermediate  coolers.  We. 
have  given  this  question  careful  consideration,  and 
we  think  that  on  the  whole  the  change  in  classification 
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is  not  necessary  for  the  following  reasons  :  Although 
the  second  stage  of  the  ejector  alone  would,  with 
a  free  exhaust,  be  able  to  maintain  about  80  per  cent 
of  full  vacuum,  yet,  in  the  event  of  a  failure  of  the 
intercooler  water,  the  second  stage  would  then  have 
to  deal  with  the  steam  from  the  first  stage,  so  that 
there  would  almost  immediately  be  a  considerable 
fall  of  vacuum.  However,  for  use  when  starting  up, 
a  connection  to  the  intercooler  is  usually  made  from 
the  town's  main  or  some  such  similar  source,  and  it 
is  suggested  that  in  the  circumstances  under  consider- 
ation it  would  be  possible  to  turn  on  the  alternative  i 
supply  to  the  intercooler  ;  this  would  mean  that  there 
would  be  a  further  delivery  of  water  from  the  inter- 
cooler back  to  the  condenser  through  the  siphon  pipe, 
so  that  the  w-ater  would  rise  in  the  condenser  more 
quickly  than  normally,  consequently  reducing  the 
time  for  which  the  water-extraction  pump  could  be 
out  of  action,  but  it  should  be  possible  for  this  pump 
to  stop  for  periods  iip  to  5  minutes  with  a  reasonable  ^ 
chance  of  restarting  before  a  failure  of  vacuum  occurred. 
The  question  of  the  supply  to  the  control  circuits  has 
been  dealt  with  in  the  reply  to  Mr.  Brazil  in  the  London  ! 
discussion.  Whilst  we  consider  that,  generally  speak- 
ing, contactor  gear  is  not  justified,  we  agree  that  in 
special  cases,  such  as  that  of  the  circulating  pumps 
at  the  Dundee  station,  its  use  is  highly  desirable. 

In  reply  to  Mr.  Mitchell,  the  reference  to  Fig.  8 
is  on  page  833,  under  the  heading  :  "  Arrangements 
of  condenser  auxiliaries."  Our  reply  to  Mr.  Hamilton 
in  the  Liverpool  discussion  should  also  be  read  when 
this  figure  is  being  considered.  We  would  refer  Mr. 
Mitchell  to  the  reply  to  Mr.  J.  S.  Highfield  in  the  London 
discussion  as  to  the  cost  of  a  battery  capable  of  carry- 
ing the  load  of  half  the  station  auxiliaries.  In  regard 
to  the  choice  between  a.c.  and  d.c.  motors,  since  writing 
the  paper  it  has  come  to  our  notice  that  one  crane 
designer  considers  d.c.  motors  to  be  much  more  satis- 
factory for  this  work,  it  being  claimed  that  only  with 
this  tvpe  can  the  necessary  delicate  control  be  obtained. 
The  placing  of  Scheme  5  in  the  second  grade  is  not 
because  of  its  inclusion  of  the  special  winding  on  the 
main  transformer,  but  because  of  the  change-over 
switch.  It  would  appear  to  us,  especially  in  view  of 
Mr.  Mitchell's  remarks,  that  a  scheme  embodying  the 
special  winding  could  be  evolved  which  would  be  as 
satisfactory  as  any  of  the  schemes  included  in  the 
paper.  We  note  with  interest  the  information  given 
bv  Mr.  Mitchell  in  reference  to  the  modification  of  the 
arrangements  for  the  auxiliary  supply  at  Dalmarnock. 


Mr.  Christie  suggests  that  it  is  a  waste  of  energy 
to  consider  proposals  for  auxiliaries  until  the  system 
of  generation  and  distribution  has  been  arranged, 
but  we  would  point  out  that  it  is  only  by  reviewing 
the  systems  of  auxiliary  supply  available  that  it  is 
possible  to  make  a  sound  choice,  and  the  aim  of  the 
paper  is  to  present  the  various  alternatives  rather 
than  settle  on  any  definite  scheme.  We  would  sug- 
gest that  it  is  now  generally  accepted  that  the  supply 
to  the  auxiliaries  should  be  kept  absolutely  separate 
from  the  distribution  system,  so  that  any  fault  on 
the  distribution  system  occurring  outside  the  station 
ma3^  not  endanger  the  siipplv  to  the  auxiliaries.  The 
number  of  sections  into  which  the  high-tension  bus- 
bars are  divided  is  a  matter  rather  beyond  the  scope 
of  the  paper.  The  question  of  selector  switches  for 
the  high-tension  supply  to  the  auxiliary  transformers 
is  dealt  with  in  the  reply  to  INIr.  Robinson  in  the  Liver- 
pool discussion.  We  cannot  agree  that  under  any 
circumstances  may  the  boiler  feed-pumps  be  trans- 
ferred to  the  class  which  can  stop  for  5  minutes  ;  in 
fact,  if  any  change  were  made  in  their  classification 
it  should  be  to  include  them  in  the  class  which  must 
not  on  anv  account  stop. 

In  reply  to  Mr.  Hird,  we  would  state  that  the  only 
case  that  we  put  forward  in  which  two  motors  are 
installed,  one  for  normal  working  and  the  other  for 
stand-by  purposes,  is  for  the  stoker  motors.  In  all 
other  cases  in  which  there  are  duplicate  motors  both 
are  intended  to  be  on  load  at  once  and  therefore  th& 
difficultv  of  the  second  set  refusing  to  work  in 
emergency  should  not  arise. 

The  splitting  up  of  the  circulating-water  extraction 
pumps  for  25  000-kW  units,  mentioned  by  Mr. 
Thomson,  is  to  a  certain  degree  advisable  for  construc- 
tional reasons,  and  this  being  so  such  an  arrange- 
ment is  all  the  more  justifiable  for  the  sake  of  relia- 
bility of  supply.  The  size  of  the  house  turbine  for  a 
station  containing  five  25  000-kW  sets  would  depend 
upon  the  number  of  house  sets  installed  and  what 
other  provision  is  made  for  auxiliary  supply,  but  it  is 
quite  simple  to  calculate  the  size  in  view  of  the  infor- 
mation given  in  the  diagrams  as  to  the  powers  for  the 
various  auxiliary  motors. 

We  agree  with  Mr.  Robertson  that  tripping  circuits 
should  be  operated  by  direct  current  so  that  a  battery 
can  be  employed  when  necessary,  and  that  power 
for  these  circuits  should,  as  stated  in  the  reply  to 
Mr.  Brazil  in  the  London  discussion,  be  transferred 
to  Type  (a). 
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THE    COMPOUND    CHARACTERISTIC    IN    REGENERATIVE    BRAKING 
WITH    DIRECT-CURRENT   TRACTION.* 

By  M.  G.  Say,  M.Sc,  and  H.  G.  Frampton,  Students. 

(Paper  first  received  30!h  November,   1922,   and  in  final  form  5lh  April,    1923.) 
Summary. 


This  paper  deals  with  a  particular  form  of  regenerative 
braking  for  d.c.  trains,  effected  by  the  application  of  a 
differential  compound  field  excitation  to  the  traction  motors. 
Speed/torque  and  speed/current  curves  are  derived  mathe- 
matically and  experimentally,  and  are  compared.  A  peculiar 
property  of  the  speed/torque  characteristic  is  a  pronounced 
maximum  value,   to  ignore  which  might  be  very  serious. 


Introduction. 


For  the  proper  control  of  electric  trains  by  regenera- 
tive braking,  the  traction  units  must  possess  both 
mechanical  and  electrical  stability.  Mechanical  stability 
entails  a  rise  of  braking  torque  with  increase  of  speed, 
and  the  avoidance  of  sudden  changes  in  this  torque. 
Electrical  stability  requires  insensibility  to  fluctuations 
in  line  pressure,  and  a  wide  speed-range. 

The  pure  shunt  connection  is  practically  unsuitable 
for  automatic  regeneration,  since  any  speed-change 
requires  a  corresponding  adjustment  of  the  field  flux 
to  maintain  the  correct  value  of  the  voltage.  Also, 
since  the  shunt  motor  has  not  been  widely  adopted  for 
train  haulage,  it  need  not  be  considered  here.  The 
series  machine  has  been  found  to  be  eminently  suited 
for  driving,  and  also  for  rheostatic  braking,  but  is  not 
inherently  adapted  for  returning  power  to  the  line  since 
the  E.M.F.  generated  depends  on  the  speed  and  load. 
For  the  purpose  of  regenerative  control  some  simple 
modified  connection  permitting  the  use  of  series  motors 
becomes  essential.  The  difterentially  compounded 
arrangement  has  been  used  to  supply  the  need,  and 
it  is  the  authors'  intention  in  this  paper  to  examine 
how  far  the  regenerative  action  thus  obtained  is  stable. 
Compounding  usually  implies  the  use  of  two  distinct 
exciting  currents  in  separate  windings,  as  indicated  in 
Fig.  1.  Here  the  armature  (A)  and  field  winding  (F) 
are  shown  in  the  normal  series  connection  as  for  a 
motor,  while  a  second  field  winding  (f)  is  supplied  with 
the  separate  "  shunt  "  exciting  current  I^.  by  means 
of  an  exciter,  Ex  (the  field  arrangements  of  which  are 
omitted  for  clearness).  The  regenerated  current  is  I, 
so  that  if  F  and  f  are  connected  differentially  the  field 
flux  of  the  generator  will  be  due  to  the  difference  of 
the  M.M.F.'s  produced  by  /„  and  I.  Thus  a  differential 
compound  characteristic  is  obtained  during  regeneration. 
In  practice,  owing  to  space  limitations  and  in  order 
to  reduce  losses,  /^  and  /  are    superposed  in  the  one 

*  The  Papers  Committee  invite  written  coniiuunications  (with 
a  view  to  publication  in  the  Journal  if  approved  bv  the  Com- 
mittee) on  papers  published  in  the  Journal  withmit' being  read 
at  a  meeting.  Comiiiuiiications  slioulil  reach  tlic  Secretary  of 
the  Institution  not  later  than  one  month  after  inibliciition  of  the 
paper  to  which  they  relate. 


field  winding.  Only  slight  modifications  are  introduced 
thereby,  as  shown  in  Fig.  2.  Here  the  exciter  again 
carries  the  current  I,.,  and  the  field  winding  (F)  carries 
the  difference  [1^  —  I)  when  generating,  or  the  sum 
when  motoring  with  the  same  connections.  In  the 
litter  condition  I  is  reversed,  I,,  and  I  acting  cumu- 
latively. The  exciter  field  connections  as  adopted  are 
given  in  Fig.  2  :  they  consist  of  a  series  field  (Fj),  and 
a  shunt  field  (Fg)  in  series  with  an  adjustable  rheostat. 
The  exciter  itself  is  compounded  differentially  during 
regeneration  and  cumulatively  if  used  during  driving 
conditions.  Normally  E.x  is  cut  out  when  A  operates 
as  a  motor. 

The  problem  of  adapting  the  series  motor  to  regenera- 
tive braking  at  constant  voltage  reduces  to  this  :  The 
E.M.F.   in   the   armature   of   the   series   traction   motor 


iUlP  Rheostat 


Fig.  1.— Differentially  com-  Fig.  2.— Differentiallv  com- 
pounded generator  with  pounded  generator  with 
separate  field  windings.             single   field  winding. 

when  the  latter  is  producing  torque  (i.e.  while  driving) 
is  in  such  a  direction  as  to  oppose  the  terminal  pressure. 
For  the  purposes  of  regeneration  the  main  current  must 
naturally  reverse,  and  this  entails  a  reversal  of  the 
E.M.F.  induced  in  the  armature  if  normal  connections 
are  retained.  Under  these  conditions  regeneration  is, 
of  course,  impossible,  and  means  must  be  found  to 
maintain  the  induced  E.M.F.  in  its  original  direction. 
To  do  this  we  must  therefore  .supply  an  exciting  current 
/(.,  acting  in  the  field  winding  only,  which  will  maintain 
the  induced  E.M.F.  In  the  compound  connection  both 
currents  are  allowed  to  flow  in  the  field  winding  in 
order  to  obtain  stability  :  this  means  that  the  .separate 
exciting  current  must  obviously  be  greater  than  the 
regenerated  current  at  all  times  during  regeneration. 
It  will  be  shown  later  in  the  paper  that  this  is  accom- 
plished automatically. 
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Theory.* 

The  characteristic  curves  for  a  series  traction  motor 
operating  as  a  generator  connected  in  this  way  can 
easily  be  deduced  mathematically.  The  following 
s\-mbols  refer  to  the  diagrammatic  representation  of 
the  motor  in  Fig.  3. 

I-et  F  =  constant  line  pressure  (or  appUed  voltage 
per  motor  if  there  are  groups  of  motors 
in  series). 

E  =  rotational   E.M.F.    generated   in   the   arma- 
ture (A). 
r  =  resistance   between  terminals   of   the   arma- 
ture (A). 

R  =  resistance  of  the  field  winding  (F). 

N  =  armature  speed,  in  r.p.m. 

/  =  current  returned  to  the  line. 

/(.''=  adjustable  constant  exciting  current  sup- 
plied to  the  field  winding  (F)  by  an  exciter 
(not  show^n  in  Fig.  3). 

Recuperation   is  effected  by  switching  in  the  current  7^ 


^^ttAAAV  ( ' 


Fig.    3. — Simplified    diagram    of   differentially   compounded 
generator. 

of  a  value  suitable  to  the  speed,  and  the  conditions 
under  which  this  obtains  must  now  be  examined. 

When  regeneration  is  in  progress,  the  electrical  con- 
ditions are  such  that  the  induced  E.M.F.  is 

p      N 
£  =  -  X  —  X  ZO  10-®  volts 
a      60 

Assuming  a  straight-line  magnetization   curve,   then 

E  =  kX^  =  /vi.V(/,  -  7)         ....     (1) 

Also,  from  Fig.   3  : — 

E  =  V~  rl  ^  Pd  -  Rfc  =  V  -  rl  -  R(I^  -  7)     (2) 

Thus    E  =  KiN{I^  -  I)  =  V  +  rl  ~  R(Ic  -  I)    .     (3) 

When  7=0,   Equation   (1)   reduces  to  : — 

E  =  A'i.Y„7,  =  r  -  Rl,    .     .     .     .     (4) 

where  N  =  Nq  =  speed  at  which  the  machine  neither 
takes  nor  produces  current.  If  7  is  positive,  or  iV  >  Nq, 
we  have  regeneration  conditions  ;  if  7  is  negative,  or 
N  <  Nq,  the  machine  acts  as  an  ordinary  compound- 
wound  motor.  The  value  of  the  constant  7i^  is,  from 
Equation  (4)  : — 

Ki  =  E/(NqI,)  =  (F  -  RQKNqIc)         .     .     (5) 

*  It  is  assumed  always  that  there  is  some  apparatus  connected 
to  the  line  ready  to  absorb  the  regenerated  power.  Otherwise  the 
.conditions  are  quite  different  and  regenerative  braking  is  not 
possible. 


As  stated  above,  I,  can  be  adjusted  to  any  required 
constant  value.  From  Equation  (3),  by  rearrangement 
we  have : — 


A'7,.A' 


NIK 


Hr  ^  R)  -  RIc 


Hence  7 


A-7^-, 


V  -f  7?7, 


R  -  r  +  NKi 
(NINq){V  -  Rl,) 


{V 


R 


KJAN 


r  - 
V 


NKi 
-Rl. 


^£e}       [from 

Equation  (4)] 


R  -^  r  +  NKi 

-Nq) 


R 


r  -^  NK, 


[from  Equation  (5)] 


(6) 


The  mechanical  power  converted  into  electrical  power 
is  : — 


'  33  000 

EI  =  7]NrK.2 


EI 


(-) 


where  T  =  braking  torque  in  pounds-feet. 

7]  =  efficienc)'  of  the  traction  motor  as  a  gene- 
rator, without  the  copper  losses. 
Ko  =  0-142. 


Hence  the  braking  torque  is  : 
T  =  EIJrjK^N 


^     ^'  "         '     [from  Equation  (1)] 


TjKiN 

7v,  r        KiI,{N-No)-\rKiIc(N- No)-[     [from 

"      R  +  r+NK^  JL  R-r-NKiJ  Eqn.  (6)] 


i[' 


rjK 

Aj      IAN  -  Nq){V  ^  I,r) 
T]K2         (R  +  r  -NKiY^ 


K- 


X- 


The  constant  K$ 


(N   -   Nq) 

{R  +  r  +  NKi)2      ■     ■ 
7i:i7,(F-^7,,-) 


A» 


(8) 


(9) 


Equations  (6)  and  (8)  are  thus  quite  general  and  involve 
but  one  assumption,  viz.  a  straight-line  magnetization, 
which  may  introduce  an  error. 

If  7?  and  ;■  be  neglected,  and  the  efficiency  assumed  to 
be  unity,  then  Equation  (6)  for  the  current  becomes  : — 


N 


Nn 


and  Equation  (S)  for  the  torque  becomes  : — 
~  k/'       N-2        ~~  Kl'      N^ 


(10) 


(11) 


The  torque  and  current  curves  for  these  ideal  con- 
ditions are  of  the  general  shapes  shown  i«i  Figs.  4  and  5. 
Considering  the  current  curves  (similar  to  those 
shown  dotted  in  Fig.  5)  it  will  be  seen  that  as  the  speed 
rises,  the  current  increases  steadily,  approaching  the 
value  I,,  but  having  no  maximum  value  at  finite  speeds. 
This  can  readily  be  shown  by  differentiating  Equation 
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(10)  and  equating  the  result  to  zero,  when  the  following 
condition  for  maximum  current  is  found  : — 

d  .Y  -  (N  -  No)       No  _       ■ 

dN  N-  N- 

Since  Nq  has  a  finite  value,  then  JV  =  x  .  Inserting  this 
condition  in  Equation  (10)  we  have,  when  jV  =  cc  , 
/  =  Imux.  =  le-  This  is  to  be  expected,  since  at  infinite 
speed  only  an  infinitely  small  value  of  field  flux 
(dependent  on  I^  —  I)  is  required  to  produce  the  correct 
value  of  the  E.M.F.,   E. 

The  torque  curves  (similar  to  those  shown  dotted  in 
Fig.  4)  exhibit  a  peculiar  and  unique  shape.  The  fact 
that  there  are  definite  maxima  brings  out  at  once  the 
disadvantage  of  this  method  of  energy  recuperation. 
For  any  given  value  of  7^,  as  the  speed  rises  (e.g.  when 
running  down  a  gradient)  the  braking  torque  first 
increases  until  a  particular  speed  is  reached,  after 
which  it  decreases,  although  not  so  rapidly  as  it  rose. 
Tlie   speed   at   which   maximum    torque   occurs    (under 
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Fig.  4. — Torque/speed  curves  when  regenerating,  for  four 
constant  values  of  Ic.  (Note  :  The  calculated  curves 
are  based  on  the  assumption  of  a  straight-line  magneti- 
zation.) 


the  assumed  ideal  conditions)  is  found  from  Equation  (11) 
bv  differentiation  : — 


dN  dN 


2N{N  -  No)  -  JV2 


N  -  2No  _ 
2^3 


Hence  N  —  2No  =  0,  or  N  =  2N„  is  the  speed  for 
maximum  torque,  i.e.  the  point  of  maximum  torque  is 
reached  tvhcn  the  speed  has  risen  to  twice  (hat  at  which 


regeneration  commenced.  For  example,  if  /<.  is  adjusted 
so  that  regeneration  is  begun  when  the  train  speed  is 
20  m.p.h.,  the  maximum  retarding  force  will  be  experi- 
enced if  and  when  the  train  speed  reaches  40  m.p.h. 
The  value  of  the  maximum  torque  mav  be  found  by 
substituting  2A'(,  for  N  in  Equation  (11). 


Thus     T„ 


Therefore 


E      N  -  N, 

I,—  X 

K.,  N~ 


„_  E  ^  2iy„  -  No 


K.,      4A'o 


K., 


iNo 


4.K2     N'q 


Tmax.^olh  =  constant 


(12) 


or   since,    under   ideal   magnetic   conditions,   I^No  is    a 
constant,  and  equal  to  E/Ki,  then 


X  K 


(13) 


The  relation  between  T^^^  and  No  is  important,  and 
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Fig.  5. — Current/speed  curves  when  regenerating,  for  four 
constant  values  of  Ic-  (Note  :  The  calculated  curves 
are  based  on  the  assumption  of  a  straight-line  magneti- 
zation.) 


indicates  that  the  value  of  the  maximum  torque  falls 
off  very  rapidly  as  the  separate  excitation  /<.  is  decreased 
(i.e.  as  No  is  raised). 

Another  point  worthy  of  note  is  the  value  of  the 
regenerated  current  when  the  torque  is  a  maximum  : 
N  =  2No  is  the  condition  for  this,  and  inserting  it  in 
Equation  (10)  gives  the  result  that  when  T  =  T^^x. 
then  /  =  J/p. 

The  presence  ,of  a  point  of  maximum  torijue  is 
important  from  a  practical  point  of  view.  If  a  train 
has  passed  the  speed  at  which  braking  is  a  maximum, 
and  if  it  continues  on  the  same  down-grade,  it  will 
accelerate  further  unless  controlled  mechanically.  In- 
definite  acceleration    might   open    the   circuit-breakers 
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(if  such  are  provided)  owing  to  the  continued  increase 
in  regenerated  current.  If  this  occurs,  all  electrical 
retarding  force  is  destroyed,  perhaps  with  grave  results 
to  the  train.  The  breakers  might  be  kept  in  if  the 
separate  excitation  I^  is  reduced,  but  this  materially 
decreases  the  braking  torque  also,  as  Fig.  4  will  show'. 
Further,  the  speed  of  the  train,  if  allowed  to  increase 
by  coasting  before  braking  is  applied,  might  attain 
a  value  be}-ond  that  for  which  the  circuit  breakers 
are  set.  In  this  case  also  electric  braking  would  be 
impossible. 

In  the  light  of  this,  the  following  extract  from  the 
Electric  Railway  Journal  of  2Ist  August,  1920,  is 
significant.*  It  concerns  a  freight  train  on  the 
Chicago,  Milwaukee  and  St.  Paul  Raihoad,  Rocky 
Mountain  Division,  on  a  long  2-2  per  cent  grade  stretch- 
ing from  Boylston,  ^\'ashington,  to  Be\-erley  Junction, 
a  distance  of  nearly  20  miles.  The  train  consisted  of  .58 
loaded  freight  cars,  with  an  electric  locomotive  in  front, 
and  a  Mallet  steam  locomotive  on  the  rear.  Beginning 
the  descent,  "  the  engineer,  who  was  an  experienced 
man,  allowed  his  train  to  gather  momentum  up  to  a 
point  where  regenerative  braking  in  parallel  could  be 
cut  in.  The  permissible  speed  for  cutting  in  the  motors 
for  regenerative  braking  is  from  15  to  20  m.p.h. 
Apparently  the  engineer  waited  for  the  speed  to  exceed 
15  m.p.h.,  but  failed  to  cut  in  his  regenerative  switches 
until  the  speed  had  reached  at  least  20  m.p.h.,  and  the 
breakers  would  not  hold.  The  confusion  in  his  mind, 
resulting  from  the  operation  of  the  overload  relays] 
caused  a  loss  of  action  on  his  part  for  perhaps  a  fatal 
half-minute,  during  which  time  the  speed  of  the  train 
kept  rapidly  increasing.  The  engineer  then  made  a 
service  application  of  his  automatic  air  brakes,  but 
this  did  not  check  the  train.  He  tried  to  cut  in  the 
regenerative  system  a  time  or  two,  but  the  speed  was 
too  high  and  the  breakers  would  not  stay  in.  The 
service  application  of  air  was  then  released  and  an 
emergency  application  made,  but  the  speed  must  have 
reached  35  m.p.h.  by  this  time,  and  the  brakes  had  no 
effect  in  checking  the  train." 

The  train  remained  intact  until  12  miles  down  the 
hill,  when  the  Mallet  engine  on  the  rear  broke  loose. 
Released  from  the  retarding  influence  of  the  latter, 
the  train  rapidly  gathered  speed.  From  this  point  to 
the  bottom  of  the  grade  the  freight  cars  were  derailed 
in  sections,  leaving  the  electric  locomotive  completely 
released  from  the  train.  The  locomotive  came  to  rest 
3  miles  past  the  end  of  the  grade.  The  account  con- 
cludes with  the  statement :  "the  entire  responsibility 
is  placed  on  the  engineer,  who  failed  to  cut  in  his 
regenerative  braking  until  the  speed  had  become 
excessive." 

On  an  undulating  track,  a  train  can  automatically 
"  motor  "  and  regenerate  alternately  without  any 
change  of  connections  or  adjustment,  maintaining  a 
speed    varying    within    fairly    narrow    limits.     In    this 

*  Although  the  authors,  in  view  of  their  ignorance  of  all  the 
factors  and  of  the  details  of  the  system  employed,  do  not  presume 
to  suggest  that  the  results  just  deduced  e-xolain  the  reported 
disaster,  it  was  due  to  Prof.  W.  Rummer's  reference  to  this 
accident  in  his  interesting  article  in  the  Schweizerische  Bauzeitung, 
(1921,  vol.  77,  p.  139),  that  Dr.  S.  P.  Smith  encouraged  them  to 
in\estigate  the  problem  of  this  form  of  regenerative  braking. 


respect  a  train  operated  on  the  compounded  principle 
is  comparable  wdth  a  train  equipped  with  three-phase 
induction  motors. 

Test-Results. 

In  order  to  substantiate  the  assumptions  made  in 
the  theor\%  tests  were  performed  on  a  10-h.p.  series 
motor  specially  arranged  for  torque  measurement,  and 
regenerating  into  a  secondary  batterj^  of  102  volts 
"  Ime  "  pressure.  Results  obtained  for  four  different 
constant  values  of  I^  are  shown  in  the  full-line  cur\-es 
in  Figs.  4  and  5,  the  dotted-line  curves  being  the  results 
calculated  from  Equations  (6)  and  (8).  It  was  necessary 
to  do  these  calculations  point  by  point  for  the  torque, 
owing  to  the  variation  of  efficiency  at  different  currents 
and  speeds.  Mean  values  were  assumed  for  the  arma- 
ture and  field  resistances.  An  abridged  example  of  the 
method   is   given   below. 

Field  resistance  B  =  0-17  ohm. 
Armature  resistance  r  =0-35  ohm. 
J?  -h  r  =  0-52  ohm. 
Constant  value  of  /^  =  30  amperes. 
Speed  for  /  =  0,  Nq  =  380  r.p.m. 
Then  Ki,  from  Equation  (5), 

102  -  5-1 


11  400 
and  K^,  from  Equation  (9), 
(0-0085)2  X  30 


0-0085 


112- 


0142 


1-71 


Table  1. 
Values  of  T  =/(A0  and  I  =J{N),for  I^  =  iO  amperes. 


r.p.m, 

500 
600 
800 
1  000 
1  200 
1  400 
1  600 


-V-2f„ 

r.p.m. 

120 
220 
420 

620 

820 
1  020 

1  220 

R+r+SKi 


4-77 

5-62 

7-32 

902 

10-72 

12-42 

1412 


/from 
Eqn.  (6) 

1 

amps. 

6-4 

71° 

10-0 

75 

14-6 

78 

17-5 

79 

19-5 

79 

20-9 

78-5 

220 

78 

22-8 
31-7 
54-0 
81-5 

115-5 

155 

200 


Tfrom 
Eqn.  (8) 


Ib.-ft. 


12 

15' 
17- 


16-6 
15-4 
14-5 
13-4 


The  agreement  betrween  the  full-line  test  cur\'es  and  the 
dotted  curves  derived  from  the  formula  is  fairly  close, 
especially  when  (/^  —  /)  is  such  that  saturation  of  the 
magnetic  circuit  does  not  falsify  the  original  assumption 
of  a  straight-line  magnetization  curve.  The  calcula- 
tions might,  of  course,  be  effected  by  a  point-to-point 
method,  using  the  actual  magnetization  curve  of  the 
machine.  This,  however,  is  scarcely  necessarv',  because 
(/j  —  /)  is  generally  less  than  the  full-load  current  and 
decreases  as  the  speed  rises. 

It  was  shown  for  the  ideal  case  that  the  maximum 
torque  occurs  at  a  speed  N  =  2Ng,  and  that  the 
regenerated  current  at  this  speed  is  /  =  J/^.  The 
actual  speeds  and  currents  obtained  in  the  test  are 
given  in  Table  2. 
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Table  2. 
Test-values  of  NjNf,  and  IJIf. 


u 

N  at  Tmcu. 

JVo 

NiNa 

/  at  T,^, 

HI.- 

20 

1  100 

497 

2-21 

10-25 

0-513 

25 

870 

425 

2-05 

12-4 

0-496 

30 

800      • 

380 

2-10 

14-7 

0-490 

35 

750 

350 

2-14 

17-6 

0-502 

The  values  of  N/N^^  approximate  to  2,  the  maximum 
deviation  being  about  10  per  cent,  while  the  values  of 
///„  lie    very  close  to  0-5,   the  difference  being  in  no 
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Fig.  6. — Curves  showing  the  relation  between  torque  and 
speed  with  constant  separate  excitation  7c  =  30  amperes, 
and   for  four  values  of  notching  resistance  jff,i. 
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separate    excitation     7^  =  30    amperes,     and     for    four 
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fl„ 


case  greater  than  2-5  per  cent.  It  has  also  been  shown 
that  for  the  ideal  case  the  maximum  torque  is  pro- 
portional to  IJNq,  or  that  T^„j.NqIIc  =  constant  [see 
Equation  (12)].  The  errors  introduced  by  ignoring 
resistance  losses  and  saturation  are  also  investigated 
for  the  machine  tested,  and  are  shown  in  Table  3. 

T.\BLE    3. 

Test-values  of  T,„,„,xVo//,. 


Ic 

rm.i.r. 

A'o 

T,„a.rNolIc 

20 

9-5 

497 

236 

25 

13-25 

425 

225 

30 

19-0 

380 

240 

35 

23-75 

350 

237 

The  maximum  deviation  from  the  mean  value  (234-5) 
of  T^g-^NQ/Ig  is  only  4  percent,  thus  showing  that  under 
actual  conditions  this  quantity  is  practically  a  constant. 


Fig.  8.- 


Regenerated  current,  /,  iu  amps. 
-Assumed  exciter  characteristic  for  Figs.   9  and   10. 


In  a  large  traction  motor,  wliere  losses  have  relativelv 
less  influence,  even  closer  agreement  might  be  expected. 
Where  resistance  notches  are  included  in  the  main 
circuit  for  the  purpose  of  providing  easy  braking  steps, 
the  ideal  approximation  will  obviously  not  be  so  close, 
and  the  calcvdation  must  be  based  on  the  general  for- 
mulae in  Equations  (6)  and  (8),  replacing  ;-  by  the  term 
(r  +  7?,,),  where  7?„  is  the  extra  resistance  in  circuit. 

To  indicate  the  influence  of  the  inchision  of  resistance 
in  the  main  circuit,  the  curves  in  Figs.  6  and  7  have 
been  drawn  from  Formulae  (6)  and  (8).  As  saturation 
has  been  shown  to  have  but  little  effect  on  the  results, 
these  curves  can  be  taken  as  being  fairly  correct.  They 
are  for  the  10  h.p.  motor  previously  mentioned,  working 
with  a  shunt  excitation  I^  =  30  amperes.  Fig.  6  shows 
the  torque/speed  relation  for  four  values  of  notching 
resistance  7?„,  viz.  i?„  =  0,  1,  2  and  3  ohms.  The  curve 
for  Jf?,j  =  0  is,  of  course,  identical  with  the  dotted  curve 
for  Ic  =  30  in  Fig.  5.  It  will  be  seen  that  the  values 
of  the  maximum  torque  in  the  four  cases  sliown  in 
Fig.  6  are  practically  equal,  but  the  speeds  at  which 
these  maxima  occur  vary  considerably,  being  higher 
the  greater  the  value  of  £,,.     The  current/speed  curves 
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in  Fig.  7  indicate  what  might  have  been  expected, 
i.e.  that  the  current  returned  to  the  line  at  any  par- 
ticular speed  is  less  as  R,i  increases.  This  is,  of  course, 
due  to  the  higher  E.M.F.,  E,  which  the  resistance 
necessitates.  It  can  be  seen  that  for  practical  use  on 
railways  a  control  utilizing  both  resistance  notches  and 
the  variation  of  the  separate  excitation  I^^  useful 
and  desirable. 
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Fig.  9. — Effect    of    falling     exciter     characteristic     on     the 
current/speed  curves  (compare  Fig.  5). 

Practical  Considerations. 

In  practice,  the  actual  calculations  necessary  to 
determine  the  braking  curves  are  more  complex  than 
those  entailed  in  the  use  of  Equations  (6)  and  (8)  : 
they  take  account  not  onh'  of  the  proper  magnetization 
curves  but  also  of  the  characteristics  of  the  exciter, 
which  actually  does  not  give  a  constant  current.  As 
the  object  of  the  paper  is  to  give  the  fundamental 
principles  in  a  simple  manner,  the  authors  will  only 
indicate  the  effect  of  a  varying  exciting  current. 

l"or  this  purpose  the  braking  cur^•es  have  been  calcu- 


lated for  the  10  h.p.  motor  tested,  operating  with  the 
falling  exciter  characteristics  shown  in  Fig.  8.  The 
regenerated  current/speed  curves  are  given  in  Fig.  9, 
and  the  braking  torque/speed  curves  in  Fig.  10.  It 
will  be  noted  that  the  shapes  of  these  curves  are  scarcely 
altered,  the  effect  being  only  to  reduce  the  higher  values 
of  torque  and  current.  Similarly,  the  effect  of  a  rising 
exciter  characteristic  would  be  in  the  opposite  direction. 
In  any  case,  the  well-defined  maxima  exhibited  in  the 
torque    curves    with    constant    excitation    retain    their 
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Fig.    10. — Effect    of    falling    exciter    characteristic    on    the 
torque/speed  curves  (compare  Fig.  4). 

prominence,  although  in  this  case  it  is  somewhat 
diminished.  Just  as  it  has  been  seen  that  the  satura- 
tion of  the  magnetic  circuit  alters  the  braking  curves 
to  only  a  slight  extent,  so  is  it  also  seen  that  a  reasonable 
exciter  characteristic  does  not  alter  the  shapes  of  these 
curves.  The  simple  theory  developed  in  the  foregoing 
therefore  has  some  value  in  indicating  the  safe  limits 
to  which  this  form  of  regenerative  braking  can  be  worked. 
The  authors  desire  to  thank  Dr.  S.  P.  Smith  for  his 
valuable  assistance  and  advice. 
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DISCUSSION    OX 
"SOME    PROBLEMS    IX    HIGH-SPEED    ALTERNATORS,    AND    THEIR    SOLUTION."* 

Western  Centre,   at  Cardiff,   5  February,   1923. 

winding  b)'  the  vanang  flux  caused  bv  the  slots.  I 
this  latter  explanation  be  correct,  then  a  series  winding 
will  not  help  but  will  make  matters  worse.  It  seems 
to  me  that  in  the  case  of  sets  which  have  to  be  brought 
quickly  into  service  it  is  generally  worth  while  to  pro- 
vide separate  excitation  for  the  exciters.  With  regard  to 
methods  of  ventilation  and  the  closed  air  sj-stem  de- 
scribed, there  is  one  advantage  which  should  be  stressed, 
nameh-,  the  easier  method  of  measuring  the  losses  of 
the  alternator  thereby  afforded  ;  if  the  s^^stem  comes 
into  use,  most  valuable  information  will  be  obtained 
as  to  the  increase  with  age  of  losses  in  alternators. 

Major  E.  I.  David  :  My  experience  suggests  that 
in  South  Wales  alternator  troubles  are  confined  to 
rotors  and  mechanical  details.  Possibly  in  the  Parsons 
machines  mechanical  trouble  is  obviated  by  the  use 
of  rotors  of  small  diameter,  but  the  adoption  of  small 
diameters  must  lead  to  limitations  in  other  directions. 
It  strikes  me  that  with  these  extremely  long  rotors 
the  critical  speed  must  be  near  the  running  speed. 
I  have  in  service  a  rotor  considerable  greater  in  diameter 
than  those  of  the  author's  machines,  and  its  length 
is  considerably  less — about  36  in.  diameter,  active 
length  63  in.,  with  a  peripheral  speed  of  474  ft.  per 
sec.  as  compared  with  300  ft.  per  sec.  of  the  Parsons 
machine.  With  regard  to  stator  insulation,  I  gather 
from  the  author's  rem.arks  as  to  the  method  of  winding 
that,  after  the  preliminar\'  heating,  reliance  is  placed 
upon  the  elasticits^  of  the  oils  in  the  varnish  to  meet 
the  expansion  difficults-,  but  as  most  of  these  are  vege- 
table oils  they  will  oxidize  in  time,  thereby  affecting 
the  elasticity  and  leaving  the  insulator  in  a  more  or 
less  brittle  state.  Has  the  author  found  that  these 
oils  do  become  oxidized  and  therefore  hard  ?  I  cer- 
tainly cannot  agree  with  the  author  as  regards  closed 
slots.  To  lift  a  coil  out  of  a  slot  about  2  in.  deep 
is  van,-  different  mechanically  from  pushing  it  through 
a  slot  6  or  7  ft.  long.  The  abrasion  of  the  insulation 
caused  in  pushing  it  through  endways  must  be  con- 
siderably more  than  results  from  sliding  it  in  sideways. 
In  the  case  of  the  open  slot  there  are  only  two  joints 
per  coil,  whereas  in  that  of  the  closed  slot  there  are 
three  joints  at  each  end,  or  six  joints  per  conductor, 
and  it  is  well  known  that  joints  are  a  source  of  trouble ; 
it  is  therefore  preferable  to  eliminate  rather  than  to 
multiply  them.  Then  in  the  case  of  the  open-slot 
machine  a  certain  amount  of  elasticity  is  provided 
for  copper  expansion  by  the  wo;  den  wedge  on  the  top 
of  the  coil ;  thus  the  insulating  material  is  of  solid 
construction  and  abetter  mechanical  job  is  obtained  than 
in  the  closed-slot  machine.  With  regard  to  ripples,  I 
have  made  during  the  past  six  months  on  an  open-slot 
machine  oscillograph  tests  which  show  ripples  of  only 
3  per  cent  of  the  total  value  of  the  voltage  on  full  load. 
This  compares  favourably  with  the  2-1  per  cent  for 
the    closed-slot    machine    shown    ou    the    screen.     The 


Mr.  J.  W.  Burr:  The  author  states  that  "  the  speed 
of  the  alternator,  now  being  optional,  is  made  low 
(500-750  r.p.m.),  so  that  ordinary  materials  and  low- 
speed  construction  may  be  adopted,  with  a  view  to 
reduced  cost."  I  do  not  quite  follow  this,  because 
we  are  told  that  it  is  possible  to  make  alternators  of 
high  capacity  run  satisfactorily  at  high  speeds.  Does 
the  author  mean,  for  example,  that  it  would  be  cheaper 
to  run  a  5  000  k^^■  set  through  reduction  gearing  than 
to  run  it  direct-coupled  at  3  000  r.p.m.  ?  I  should 
like  him  to  state  the  efficiency  of  the  reduction  gearing. 
Referring  to  high-speed  macliines,  a  year  or  two  beforfe 
the  war  I  found  it  impossible  to  obtain  a  1  000  kW 
exhaust  turbine  to  run  at  3  600  r.p.m.  While  great 
advance  has  been  made  in  the  size  and  speed  of  turbo- 
alternators,  nothing  seems  to  have  been  done  to  increase 
the  generating  pressure.  In  the  earl}^  days  the  Deptford 
machines  generated  at  10  000  volts.  \\'ould  it  not  be 
an  advantage  to  generate  at  a  higher  pressure  and  to 
connect  straight  on  to  the  transmission  line,  instead 
of  through  transformers  as  at  present  ?  I  prefer  the 
tunnel  to  the  open-slot  winding,  if  only  for  the  reason 
that  it  is  possible  to  obtain  a  voltage  wave-form  free 
from  ripples.  Trouble  has  been  experienced  on  a  dis- 
tribution system  with  which  I  am  connected,  due  to 
resonance  caused  by  the  higher  harmonics.  I  do 
not  like  the  idea  of  using  a  quick-break  switch  on  the 
exciter  circuit  ;  even  in  cases  of  emergency  I  should 
prefer  the  slow-d3'ing  field. 

Mr.  R.  G.  Isaacs  :  I  have  been  specially  interested 
in  the  author's  measurements  of  distortion  in  rotor 
end  caps  and  can  appreciate  his  difficulties.  When 
one  thinks  of  the  eft'ect  of  windage  on  a  spark  it  is 
remarkable  that  he  was  able  to  get  such  close  correspond- 
ence between  results  and  calculations.  An  alternative 
to  the  method  adopted  is  that  developed,  I  belie\-e,  by 
Prof.  Widdington,  in  which  an  oscillating  thermionic 
valve  circuit  is  used.  It  is  well  known  that  in  a  circuit 
of  this  kind  a  ver>'  small  change  in  the  capacity  of  the 
condenser  used  leads  to  a  large  change  of  distance 
between  the  plates  of  an  air  condenser.  The  rotor  end 
cap  forms  one  plate  of  the  condenser  and  a  small  disc 
takes  the  place  of  the  author's  sparking  point.  By 
putting  the  oscillograph  in  the  plate  circuit,  a  plate 
which  varies  with  the  gap  between  the  rotor  and  the 
disc  can  be  obtained.  Of  course  the  oscillograph  is  cali- 
brated with  the  motor  at  a  standstill.  This  method  is 
certainly  simpler  and,  I  believe,  would  give  more 
accurate  results.  One  of  the  minor  difficulties  in  exciters 
is  the  failure  to  excite  when  started  after  the  set  has 
been  shut  down.  Possibly  the  explanation  is  that 
given  by  the  author.  Another  explanation  suggests 
that  the  main  field  retains  its  magnetism  longer  than 
the  exciter,  weak  alternating  currents  which  may 
demagnetize  the  latter  being  generated  in  the  rotor 
*  Paper  by  Mr.  J.  Rosen  (see  page  439). 
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voltages  between  phases  and  also  between  phase  and 
earth  were  measured.  On  open  circuit  this  particular 
machine  has  a  voltage  wave  absolutelv  without  ripples 
both  between  phases  and  betiveen  each  phase  and  the 
neutral.  At  full  normal  rating  the  phase-to-phase 
voltage  is  a  pure  sine  wave  without  ripples,  but  there 
is  a  slight  ripple  corresponding  to  a  third  harmonic 
in  the  phase-to-neutral  voltage,  amounting  to  about 
4  •  5  per  cent  of  the  fundamental.  The  system  on 
which  this  machine  was  working  was  also  tested  and 
the  ultimate  phase-to-phase  voltage  was  found  to  be 
practically  a  pure  sine  wave  with  a  slight  third  harmonic 
in  the  phase-to-neutral  wave  when  all  machines  were 
on  load.  \\'ith  reference  to  the  exciter  shunt  field, 
this  is  an  extremely  important  matter  when  running 
a  number  of  machines  on  busbars  connected  up  by 
interconnected  feeders.  In  the  course  of  the  experi- 
ments to  which  the  author  refers,  what  was  the  time 
usually  taken  for  the  field  to  die  down  when  the  circuit 
was  opened,  there  being  a  discharge  resistance  of  reason- 
able value  across  the  switch  terminals  ?  Also,  what 
would  be  the  voltage  produced  in  the  rotor  body  in 
these  circumstances  as  compared  with  that  when  the 
field  was  broken  by  a  rotor  switch  with  no  discharge 
resistance  ?  In  South  \^'aIes  there  are  in  service  very 
many  machines  having  field-suppression  switches  con- 
nected up  with  the  main  circuit  breaker.  As  regards 
the  method  of  dealing  with  the  question  of  reversed 
polarity,  there  is  one  objection  to  the  compound  winding 
which  has  not,  I  believe,  been  mentioned,  namely,  the 
consequent  increase  of  the  very  difficulty  to  which  the 
author  has  referred — the  creepage  of  the  exciter  voltage 
when  synclironizing.  Owing  to  the  fact  that  in  this 
method  one  has  a  closed  circuit,  the  exciter  voltage 
will  increase  at  a  much  greater  rate  with  the  compound 
winding  than  in  a  plain  shunt  machine.  Therefore, 
the  compound  winding  will  have  a  tendency  to  make 
it  still  more  difficult  to  synchronize.  An  arrangement 
which  does  not  introduce  this  objectionable  element 
is  that  of  fitting  the  machine  with  stabilizing  windings 
separately  excited  from  a  batter\-,  which  is  usually 
available  in  a  modern  station.  This  field  need  take 
only  a  very  small  proportion  of  the  total  excitation 
of  the  exciter,  and  will  rectify  any  reversal  of  polarity 
and  also  stead}'  the  naachine  at  very  light  loads  when 
working  with  a  voltage  regulator.  With  a  standard- 
speed  alternator  there  is  sufficient  difference  in  cost 
between  a  3  000  r.p.m.  turbine  and  a  5  000  or  6  000  r.p.m. 
turbine  to  provide  a  suitable  gear  between  turbine  and 
alternator.  It  is  not  absolutely  necessary  to  run  the 
alternator  at  3  000  r.p.m.  ;  in  fact  in  some  instances  it 
is  cheaper  to  use  a  fairly  high-ratio  gear  and  a  salient- 
pole  alternator  running  at  speeds  of  750-1  000  r.p.m. 
Mr.  Burr  also,  has  mentioned  this  difference  in  cost 
between  3  000-r.p.m.  machines  and  750-  or  1  000-r.p.m. 
machines.  If  gearing  is  to  be  introduced  I  think  it  is 
preferable  to  use  a  normal  salient -pole  alternator  running 
at,  say,  750  r.p.m.  With  regard  to  air  cooling,  it  is  par- 
ticularly interesting  that  this  matter  has  been  advanced 
by  the  manufacturers.  In  a  wet  air-filter  the  temperature 
of  the  incoming  air  may  be  50°  or  60°  F.  and  that  in  a 
dry  air-filter  of  the  oil  type  from  60°  to  75°  F.  ;  but  in 
the   closed-circuit  system,   with  water  taken   from   the 


same  source  as  the  condenser  water  from  cooling  towers, 
the  temperature  is  between  85°  and  100°  F.  Has  the 
author  made  any  comparison  between  the  cost  of 
the  new  closed-circuit  system  compared  with  that  of  the 
old  type  ?  I  was  present  recently  at  a  test  of  a  20  000 
kVA  3  000  r.p.m.  set  ha\ing  a  rotor  of  36  in.  diameter  ; 
the  alternator  was  self-cooled,  provision  being  made 
for  cooling  externally  the  two  centre  compartments, 
but  the  temperature  was  not  found  to  be  any  greater. 
The  efficiency  of  external-fan  cooling  must  be  higher 
than  that  with  a  rotor  fan.  An  external  fan  is  driven 
at  the  speed  giving  best  all-round  efficiency  for  its 
pressure  and  the  volume  of  air,  whereas  both  speed  and 
diameter  are  rigidly  fixed  in  the  rotor  fan,  and  no 
proper  diffusion  chamber  is  possible.  In  this  par- 
ticular machine  the  actual  power  taken  for  cooling 
under  full-load  conditions  was  about  240  kW. 

Mr.  W.  A.  Chamen  :  In  a  year's  time  I  shall  be  in 
a  much  better  position  to  discuss  the  question  of  large 
alternators,  for  the  South  Wales  Power  Company 
are  now  installing  a  15  000  kW  machine.  As  regards 
cooling  methods,  I  was  anxious  to  use  the  closed-circuit 
system,  but  I  thought  it  wiser  not  to  do  so  at  present  ; 
howe\-er,  I  have  made  provision  for  introducing  it 
later.  We  have  to  deal  with  river  water  which  in 
summer,  and  when  the  flow  is  not  great,  may  reach 
a  temperature  of  80°  F.,  whereas  Messrs.  Parsons  will 
not  guarantee  sufficient  cooling  with  a  water  temperature 
above  60°  F.  Perhaps  with  further  knowledge  and 
experience  adequate  cooling  may  be  evolved  in  the 
future.  The  precaution  has  been  taken  to  put  in 
thermo-couples  for  measuring  temperatures  at  different 
places  on  the  alternator  windings. 

Mr.  W.  J.  Bache  :  In  reading  the  paper  I  was  sur- 
prised that  the  author  had  not  referred  to  the  method 
of  solving  some  of  the  problems  by  converting  the 
high-speed  into  a  low-speed  alternator,  but  after  he 
had  read  the  paper  I  saw  that  he  has  been  considering 
larger  machines,  perhaps,  than  are  generally  dealt 
with  in  this  way.  The  author  states  that  ventilation 
appears  to  be  a  limiting  factor  in  designing  for  high 
speeds ;  \entLlation,  of  course,  is  closelv  interrelated 
with  insulation.  With  regard  to  temperatures,  I 
should  like  to  hear  the  author's  opinion  as  to  the  practice 
which  appears  to  be  growing  abroad  of  specifying  a 
definite  final  figure  that  is  not  to  be  exceeded.  The 
British  practice  is  to  specify  so  many  degrees  of  tempera- 
ture-rise. In  this  connection  I  am  interested  to  learn 
from  Mr.  Chamen  that  he  has  incorporated  thermo- 
couples in  his  machine.  Is  this  becoming  a  general 
practice,  and,  if  so,  down  to  what  size  and  capacity 
is  their  use  justified  ? 

Mr.  C.  G.  Bevan  :  I  should  be  glad  to  know  whether 
any  particular  difficulty  has  arisen  with  gear-driven 
turbo-alternators  when  used  in  stations  with  a  widely 
fluctuating  load. 

Mr.  H.  S.  Ellis  :  It  is  unfortunate  that  the  maximum 
speed  of  most  alternators  is  limited  to  3  000  r.p.m.,  but 
I  suppose  that  this  must  be  put  up  with  in  view  of 
the  popularity  of  the  50-period  supply  in  most  districts 
throughout  the  country.  However,  I  should  like  the 
author's  opinion  as  to  the  probable  maximum  size 
and  speed  of  turbines  of  the  geared  type  and  the  advan- 
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tages  that  would  accrue  from  the  use  of  such  types  for 
the  dri\ing  of  alternators,  bearing  in  mind  the  lower 
steam  consumption  of  the  high-speed  turbine  as  com- 
paretl  with  the  loss  of  power,  etc.,  due  to  the  inter- 
position of  gears.  With  regard  to  the  suggestion 
that  the  hot  air  from  the  air-filters  should  be  passed 
into  the  stokehold,  no  doubt  we  have  all  thought  of  how 
to  make  use  of  such  hot  air,  but,  however  desirable 
it  may  be  to  do  this,  one  has  to  bear  in  mind  the  cost 
of  constructing  suitable  air  ducts  to  convey  such  air 
to  the  furnaces.  I  quite  agree  with  previous  speakers 
that  it  is  difficult  to  get  river  water  at  a  sufficiently 
low  temperature  for  use  with  air-filters,  but  doubtless 
some  solution  of  the  problem  will  be  found  before  very 
long,  and,  provided  efficient  means  can  be  found  for 
cooling  the  water,  I  think  that  air-filters  of  the  closed- 
circuit  type  have  a  great  future  before  them.  The  author 
does  not  mention  circulating  currents  in  rotor  shafts 
and  their  effect  upon  the  journals.  I  have  had  con- 
siderable trouble  from  time  to  time  as  a  result  of  circu- 
lating currents  in  connection  with  d.c.  machines  and 
rotary  converters,  but  in  all  cases  the  difficulty  has 
very  largely  been  overcome  by  fitting  a  slip-ring  at 
each  end  of  the  rotor.  I  have  had  no  trouble  with 
any  alternator  bearings,  but  in  view  of  the  author's 
remarks  I  should  like  to  know  if  such  trouble  has  been 
experienced  elsewhere. 

Mr.  G.  A.  Juhlin  :  The  figures  given  by  the  author 
showing  the  breakdowns  experienced  are  of  considerable 
interest,  as  it  is  only  by  such  comparisons  that  one 
can  judge  whether  satisfactory  progress  in  the  building 
of  large  plants  is  being  made.  Fig.  J  shows  the  record 
of  the  Metropolitan-Vickers  Company,  including  the 
year  1922,  and  it  should  be  noted  that  whereas  the 
author  deals  with  stator  breakdowns  only,  this  figure 
contains  breakdowns  on  rotors  in  addition.  The  author 
makes  a  point  of  the  ratio  of  the  diameter  of  the 
rotor  to  its  length.  It  is  somewhat  difficult  to  under- 
stand his  reason  for  doing  so,  as  the  diameter  is  in 
general  the  criterion  of  the  size  of  the  machine,  especi- 
ally as  the  various  ventilating  schemes  in  use  make 
the  length  of  very  little  account  from  this  point  of 
view.  The  length  is  of  importance  only  so  far  as 
critical  speeds  and  mechanical  strength  generally  are 
concerned.  The  author's  remarks  with  regard  to 
insulation  and  the  stranded  conductor  are  of  consideraljle 
interest,  but  I  do  not  think  that  his  deductions  are 
correct  when  he  lays  down  the  condition  that  the  insula- 
tion should  be  flexible.  It  is  at  aU  times  difficult  to  dog- 
matize on  such  a  question,  and  it  seems  possible  that 
the  trouble  experienced  by  the  author  is  peculiar  to 
the  stranded  cable  because  of  its  uneven  surface,  which 
allows  mica  to  bed  itself  into  the  interstices  between 
the  individual  strands  ;  as  the  cable  is  wound  helically 
there  is  a  definite  lock  between  it  and  the  mica,  causing 
the  difficulties  experienced.  No  troubles  of  this  nature 
have  been  encountered,  so  far  as  I  am  aware,  with 
ordinary  straight  copper  bars  insulated  with  hard- 
pressed  mica,  and  I  am  certainly  of  the  opinion  that  the 
pressed  mica  is  more  satisfactory.  I  think  there  is  a 
se.nous  drawback  to  the  cable  type  of  conductor  in 
that  it  is  necessary  to  use  cotton  covering  on  the  indi- 
vidual strands,  in  my  opinion  an  unsatisfactory  insula- 


tion for  large  turbo-alternators.  I  consider  that  nothing 
but  mica  should  be  used  for  the  embedded  portion, 
and  as  far  as  possible  it  should  be  used  on  the  end  con- 
nectors. The  author  states  that  the  plain  solid  forging 
has  been  found  by  experience  to  be  the  most  satisfactory. 
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1910  '11  '12  '13  '14  '15  '16  '17  '18  'if)   '20  '21    '22 
The  following  mechanical  faults  also  occurred  : — 


1919  :   1  333  kVA  rotor.  1921 
1919:  6  250  kVA  rotor. 

1920  :   23  500  kV.\  stator.  1922 

1920  :   23  500  kV.\  stator.  1922 

1921  :   15(iO()  kV.\  rotor. 
1921 :   13  300  kVA  rotor. 


Three    obsolete     rotors 
(total  kVA  =  12  340). 

15  600  k\'A  rotor. 
0  250  k\'.\  rotor.     (Old 
rotor:    faulty  bronze 
casting.) 


Fig.  J.— Number  and  output  of  turbo-alternators  in  service. 

I  have  no  doubt  that  those  responsible  for  other  types 
of  construction  such  as  the  bolted-plate  rotor  would 
join  issue  with  this  finding,  as  it  must  be  conceded 
that  the  latter  type  of  rotor  has  been  in  operation  for  a 
considerable   number  of  years  without  any  difficulties 
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occurring.  I  tliink  one  may  say  that  a  solid  rotor  is 
undoubtedly  a  sound  contruction,  but  it  cannot  "be 
said  that  it  is  the  only  t3-pe  of  rotor  which  mav  be 
regarded  as  satisfactory'.  The  bolted-plate  tv'pe  of 
rotor  is  still  being  built  by  the  AYestinghouse  Company 
of  America  at  East  Pittsburg,  and  units  of  far  greater 
output  than  those  contemplated  in  this  country-  are 
under  construction.  I  do  not  think  it  is  necessary- 
to  revert  to  completely  closed  slots  in  order  to  avoid 
tooth  ripples.  The  completely  closed  slot  has  the 
disadvantage  that  trouble  is  very  liable  to  occur  in 
the  bridges  due  to  overheating,  and  cases  of  such  trouble 
have,  I  believe,  occurred.  This  is,  of  course,  obviated 
b}-  introducing  a  small  slot  in  the  bridge.  The  author's 
remarks  in  connection  with  instability^  of  exciters 
are  of  interest.  There  is  no  doubt  that  the  compound 
winding  overcomes  the  difficulties  experienced  with 
reversals  of  polarity'.  For  the  last  11  vears  we  have 
fitted  a  compound  winding  on  the  exciters  of  large 
turbo-alternators,  and  no  troubles  have  been  experienced 
due  to  this  cause.  Saturation  gaps  have  also  been 
in  use  stUl  longer,  with  the  result  that  no  difficulties 
whatever  are  experienced  from  instability  at  low  voltages. 
I  am  interested  to  note  that  the  author  advocates  the 
use  of  a  field-breaking  switch,  and  I  agree  entireh' 
with  him  that  this  switch  should  only  be  used  in  the 
case  of  a  fault  in  the  machines.  I  consider  that  the  field 
switch  should  only  be  emploj-ed  in  conjunction  with 
the  Merz-Price  relay,  which,  of  course,  only  comes  into 
operation  on  the  occurrence  of  an  internal  fault  in 
the  macliine,  when  it  is  desirable  to  cut  the  field  off  as 
rapidh'  as  possible. 

Mr.  J.  Rosen  {in  reply)  :  In  reply  to  Mr.  Burr,  it 
is  not  proposed  that  gearing  should  be  applied  to  all 
sizes  of  machines.  Geared  turbo-alternators  have 
proved  suitable  for  the  smaller  machines  at  50  periods  ; 
for  generating  at  25  periods  thev  can  be  made  commer- 
cially up  to  outputs  of  10  000  kW.  The  loss  at  full 
load  -vWth  single-reduction  gearing  does  not  exceed 
1^  per  cent  of  the  alternator  output.  In  order  to  reduce 
the  overall  length  of  a  turbo-geared  plant,  high-pressure 
and  low-pressure  turbines  developing  approximate!)' 
equal  power  at  full  load  are  placed  side  by  side  and, 
coupled  through  pinions  to  the  same  gearwheel,  run 
at  their  most  economical  speeds.  This  arrangement 
also  has  the  advantage  that  it  halves  the  width  of  the 
tooth  face  of  the  gear  as  compared  with  a  single-pinion 
drive. 

I  have  dealt  with  the  question  of  alternators  generating 
at  higher  voltages  for  coupling  direct  to  the  transmission 
line  in  reply  to  Mr.  Selvey  (see  page  466). 

Mr.  Isaacs  refers  to  the  use  of  the  thermionic  valve 
and  condenser  for  measuring  the  distortion  on  the  rotor 
end  caps.  I  have  no  doubt  at  all  that  the  distortion 
could  be  measured  accurately  bv  this  means  ;  Mr. 
John  J.  Dowling  has  already  considered  the  application 
of  this  principle  to.  the  dynamic  balancing  of  rotors. 

I  am  pleased  to  hear  that  Major  Dax-id  has  had  such 
little  difficulty  ^vith  alternator  stators.  In  my  own 
experience,  certain  stators  developed  weaknesses  which, 
after  thorough  investigation,  were  finally  eliminated, 
with  the  result  that  they  are  now  equally  as  reliable  as 
their  rotors.     I  agree  that  in  some  respects  the  limiting 


of  the  rotor  diameter  has  prevented  faults  which  might 
have  occurred  if  the  rotors  had  been  designed  to  run 
at  higher  peripheral  speeds  without  ha^'ing  first  obtained 
complete  data  of  the  difficulties. 

As  Major  David  is  no  doubt  aware,  the  major  portion 
of  the  deflection  in  a  rotor  is  due  to  shear  stress  and  bend- 
ing stress,  and  occurs  between  the  journals  and  the  rotor 
body.  Therefore  the  permissible  journal  diameter  is 
the  limiting  factor  ;  and  the  critical  speeds  of  rotors  of 
different  diameters  designed  for  the  same  output  and 
speed  are  almost  the  same.  Although  there  is  a  calcu- 
lated critical  speed  on  a  3  000  r.p.m.,  20  000  kVA  rotor 
made  from  a  single  forging,  below  its  normal  running 
speed,  it  does  not  become  apparent  on  a  well-balanced 
rotor,  and  the  second  critical  speed  has  not  yet  been 
reached  with  such  rotors  when  running  up  to  4  000  r.p.m. 

Major  Da\-id  is  correct  in  assuming  that  reliance  is 
placed  on  the  elasticity  of  the  materials  in  the  insulating 
varnish  to  meet  expansion  difficulties.  At  the  tempera^ 
tures  at  which  the  -wdndings  operate,  the  oils  used  in 
the  varnish  do  not  oxidize.  By  impregnation  the  air 
is  excluded  from  the  insulation,  and  therefore  higher 
temperatures  are  permissible  than  when  exposed  to 
the  atmosphere. 

Conductors,  after  several  years  of  operation,  have, 
been  removed  from  the  stators  for  examination  and 
the  varnish  has  been  found  to  retain  its  original  quality 
j  of  fiexibiUty.  For  pulUng  the  conductors  into  position 
in  the  stator  slots,  liners  of  insulating  material  are 
pro^^ded,  and,  by  the  special  steps  adopted  in  winding, 
the  conductor  is  verj'  readily  placed  in  position  and 
there  is  no  danger  of  abrading  the  insulation.  As 
mentioned  in  reply  to  other  speakers,  it  is  not  necessary^ 
to  interfere  with  the  remainder  of  the  binding  when 
replacing  a  conductor,  ^^^lere  "  former  "  wound  coils 
are  used  in  an  open  slot  and  secured  by  wooden  wedges, 
it  is  necessary  to  disturb  several  adjacent  coils  in  order 
to  replace  any  coil  that  may  be  damaged.  With  the 
tunnel  construction  a  wooden  wedge  is  also  provided 
at  the  top  of  the  slot,  but  its  purpose  is  to  protect  the 
coil  from  the  sand-blast  action  of  grit  being  thrown 
out  by  the  rotor. 

I  have  dealt  with  the  question  of  multiple  joints  in 
reply  to  Mr.  Partridge  (see  page  466). 

In  view  of  the  comments  of  various  speakers,  I  have 
recently  carried  out  a  further  series  of  tests  on  a 
3  750  kVA  alternator,  and  in  these  tests  oscillographs 
were  taken  of  the  rate  of  fall  of  the  stator  voltage. 
Thejf  give  a  better  criterion  of  the  value  of  the  switch 
for  field  suppression.  The  results  are  given  in  Table  A, 
and  will  reply  to  Major  Da\'id's  question  on  this 
subject. 

I  have  dealt  fully  with  the  series  stabilizing  grinding 
on  the  exciter  in  reply  to  pre\ious  speakers.  No 
difficulties  have  been  experienced  due  to  creepage  of 
the  exciter  ^■oltage,  and  there  is  no  difficulty  in 
S5mchronizing. 

There  is  no  necessity  for  the  additional  cost  and 
complication  of  a  separate  source  of  excitation  for 
stabilizing  the  exciter. 

The  water  used  in  the  coolers  is  normally  taken  from 
the  cooling-water  system  of  the  main  condenser,  and 
the  average  temperature  is  below  that  given  by  ^lajor 
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David,  but  even  with  cooling  water  at  80°  F.  I  should 
still  recommend  the  closed-circuit  system  of  ventilation  ; 
it  has  been  found  that  as  all  dirt  and  greasy  matter  is 
kept  from  the  windings,  the  surface  is  more  effective 
for  cooling.  This  advantage  offsets  the  disadvantage 
due  to  the  higher  cooling-water  temperatures.  On  the 
question  of  the  cost  of  the  coolers  I  would  refer  Major 
David  to  my  remarks  in  reply  to  Mr.  Marshall  on 
page  471. 

I  gather  that  the  20  000  kVA  machine  at  3  000  r.p.m., 
mentioned  by  Major  David,  was  of  Continental  manu- 
facture and  was  not  run  under  normal  conditions, 
but  was  run  at  the  works  on  open-circuit  and  on  short- 
circuit,  and  therefore  the  worst  conditions  of  heating 
were  not  realized.  For  machines  of  this  size  at  3  000 
r.p.m.  I  consider  that  an  external  fan  is  essential. 
On  a  Parsons  alternator  of  the  same  output  the  power 
absorbed  in  the  external  motor-driven  fan  would  only 
be  45  kW,  as  compared  with  the  240  kW  with  integral 
fans  on  the  machine  in  question. 

I  agree  with  Mr.  Chamen  that,  with  the  further 
■experience   now   gained,    coolers   would    be   permissible 


I  would  refer  Mr.  Ellis  to  my  reply  to  Mr.  Burr  on 
the  question  of  the  size  of  gearing. 

In  some  large  power  stations  the  hot  air  is  taken  to 
the  stokeholds  from  the  alternator,  but  the  air  ducts 
Eis  a  rule  are  costh'  and  only  in  special  conditions  is 
such  an  arrangement  permissible. 

There  have  been  difficulties  with  circulating  currents 
through  the  rotor  shafts  and  bearings  ;  usually  they 
can  be  overcome  by  insulating  the  end  pedestal,  as  well 
as  by  the  use  of  earthing  brushes.  Sometimes  the 
parts  of  the  turbine  become  magnetized  in  the  course 
of  manufacture,  in  which  case  it  may  be  necessary  to 
take  steps  to  demagnetize  them,  but  these  precautions 
are  very  exceptional. 

I  notice  that  Mr.  Juhlin  in  his  curves  deals  only  with 
electrical  faults  in  the  alternators.  As  a  rule  it  is 
difficult  to  separate  the  electrical  and  mechanical 
faults,  and  there  appears  to  me  to  be  no  necessity 
for  providing  the  dividing  line,  as  both  are  equally 
fatal. 

Mr.  Juhlin  cannot  understand  why  the  ratio  of  the 
diameter  of  the  rotor  to  its  length  is  given  consideration. 


Table  A. 
Oscillograph  Tests  carried  out  on  a  3  750^1'.-!   Alternator. 


Type  of  switch 

Discharge 
resistance 

Stator  pressure, 

percentage  of  original 

value  after  0'8  sec. 

Rotor  current. 
Time  to  reach  zero 

Rotor  pressure 

Original  value 

Peak  value 

Oil-break 
Quick  air-break 
Air-break 
Air-break 

ohms 

4 
0-4 

per  cent 

51 
51 
71 
85 

sees. 

0-016 
0'05 
1-5 
Reaches  72  %  in 
1-7  sees. 

volts 

34 
34 
34 
34 

volts 

780 
250 
140 
38-5 

on  his  water  supply.  At  the  time  when  the  details  of 
his  15  000kW  plant  were  under*  consideration  I  think 
he  was  very  wise  in  adhering  to  a  system  of  ventilation 
of  which  he  already  had  experience ;  experience  of 
coolers  in  service  was  then  not  very  extensive.  I  have 
seen  the  lay-out  of  his  ventilation  system  ;  it  is  a  very 
simple  one,  and  can  be  readily  changed  to  the  closed- 
circuit  system  if  so  desired. 

In  reply  to  Mr.  Bache,  it  is  certainly  an  advantage 
to  specify  a  value  for  the  average  temperature  of  the 
stator  windings,  and  this  should  not  be  exceeded. 

Thermo-couples  or  embedded  detectors  are  now 
being  used  on  mo.st  large  machines.  Thev  can  be 
usefully  employed  on  alternators  above  3  000  kW,  but 
whether  the  additional  cost  is  warranted  in  the  smaller 
unit  depends  upon  the  engineer  and  the  staff  available 
for  making  use  of  the  figures  so  obtained.  It  is  an 
expensive  matter  to  install  thermo-couples  on  machines, 
as,  apart  from  the  cost  of  the  instrument  and  couples, 
many  precautions  must  be  taken  in  fitting  them. 

I  can  assure  Mr.  Bevan  that  geared  turbo-alternators 
have  been  built  and  run  in  stations  with  widely  tluctuat- 
ing  loads,  and   no  dil'liculties  have  ensued. 


He  should  remember  that  in  carrying  out  pioneer  work 
on  the  first  large  high-speed  alternators  consideration 
had  to  be  given  to  every  feature  of  the  design  which 
differed  from  previous  practice.  The  length  was  one 
of  the  most  important  of  such  features  and  was  the 
greatest  departure  from  previous  design,  so  that  from 
the  point  of  view  of  both  electrical  and  mechanical 
requirements  it  had  first  consideration.  Now  that 
experience  has  shown  that  such  long  rotors  are  practic- 
able, those  who  had  not  the  anxiety  of  dealing  with 
the  original  work  have  perhaps  forgotten  or  are  not 
even  aware  of  the  earlier  perplexities.  1  would  also 
refer  to  my  reply  to  ^lajor  David  and  the  conclusions 
arrived  at.  These  conclusions  were  a  result  of  many 
years'  experience  and  of  careful  observations  and 
calculations. 

Mr.  Juhlin  appears  to  have  some  doubt  as  to  the 
correctness  of'  my  conclusions  upon  the  use  of  the 
helically  strandeJ  cable  ;  I  can  assure  him  that  the  in- 
sulation difficulties  which  have  been  experienced  are 
not  confined  to  the  stranded  cable,  but  have  been 
mainly  with  conductors  made  of  rectangular  strip 
using  the  hard  insulation.     1  would  refer  him  to  my 
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reply  to  Jlr.  Shepherd  on  page  467.  That  the  ordinary 
conductor  sub-divided  into  smaller  sections  and  wfth 
the  various  sections  transposed  has  disadvantages  is 
proved  by  the  fact  that  they  have  been  replaced  with 
stranded  cable  and  with  the  flexible  insulation.  Other 
insulation  besides  the  cotton  covering  has  been  used 
for  the  individual  wires.  I  consider  that  the  tempera- 
ture of  the  conductors  should  be  kept  at  a  moderate 
figure,  as   the  temperature  which   the  varnish  used  to 


bind  the  mica  flakes  will  stand  has  proved  to  be  the 
limiting  factor. 

I  have  already  dealt  with  the  question  of  the  stator 
slot  design  in  reply  to  previous  speakers.  I  am  aware 
that  heating  has  occurred,  but  these  difficulties  have 
been  overcome.  Their  occurrence  is  not  inherent  in 
the  tunnel-slot  design. 

Mr.  Juhlin's  experience  in  regard  to  the  compounding 
of  exciters  and  saturation  gaps  confirms  my  own. 


North-Eastern  Centre,  at  Newcastle,  26  February,   1923. 


Mr.  J.  W.  Jackson:  At  present  I  fail  to  see  the 
reason  for  the  author  showing  such  comparativelv 
small  machines  in  use  at  the  early  dates  mentioned 
in  his  tables.  1  therefore  wish  to  remind  him  that 
quite  23  years  ago  Messrs.  Parsons  built  a  2  000  kW 
turbo-alternator  lor  use  on  the  North-East  Coast ;  the 
fact  that  this  machine  is  still  in  existence  may  be  of 
interest.  In  1903,  machines  of  5  000  kW  built  by  that 
firm  were  also  giving  splendid  service.  One  of  these 
5  000-kW  maehines  has  just  recently  been  used  for 
short-circuit  tests  on  switchgear  and  it  has  been  sub- 
jected to  fully  400  short-circuits  of  varying  degrees  of 
intensity  and  still  shows  no  signs  of  distress  either 
mechanical  or  electrical.  I  am  not  at  all  sure  that  the 
author's  remarks  give  sufficient  prominence  to  the 
question  of  spacers  for  stator  cores.  A  large  number  of 
machines  have  broken  down  due  to  the  collapse  or 
failure  for  other  reasons  of  the  spacer  in  the  ventilating 
duct,  and  in  many  cases  this  trouble  appears  to  have 
been  due  to  insufficient  weight  having  been  applied 
when  the  core  plates  were  being  assembled,  thus  allow- 
ing movement  of  the  spacer  and  so  breakage,  or  even 
falling  out,  and  quite  a  percentage  of  alternator  break- 
downs have  been  due  to  these  spacers  getting  out  of 
position,  fouling  the  rotor  and  thus  being  forced  through 
the  insulation  to  the  conductor.  This  is  not  by  any 
means  a  new  fault  and  very  few  of  the  manufacturers 
have  been  able  to  deal  satisfactorily  with  it.  The 
author  touches  lightly  on  the  question  of  alternator 
ventilation.  A'ery  few  quite  appreciate  what  an  enor- 
mous step  forward  has  been  taken  by  adopting  the 
closed  ventilation  system,  thereby  allowing  the  same 
air  to  be  used  over  and  over  again  for  the  purpose  of 
keeping  down  the  alternator  temperatures.  Only 
when  a  little  thought  is  given  to  the  troubles  due  to 
ventilation  by  impure  air  and  many  makes  of  wet 
air-filters  can  the  value  of  the  closed  system  be  appre- 
ciated, while  the  advance  that  has  been  made  in  the 
water  cooling  of  the  rotor  as  developed  b}'  Messrs. 
Parsons  is  an  equally  important  step.  When  this 
question  was  first  discussed  all  kinds  of  difficulties 
appeared  to  arise,  and  one  very  serious  difficulty  was 
that  of  securing  a  flow  of  water  through  the  rotor  cooling 
system  when  the  turbine  was  running  at  high  speed  ; 
a  high  pressure  was  superimposed  on  the  water  in  the 
cooling  ducts  due  to  centrifugal  force.  These  difficulties 
proved  to  be  more  apparent  than  real.  There  is, 
however,  a  point  which  must  receive  the  closest  con- 
sideration, namely,  that  the  water  used  for  this  purpose 
must  be  rendered  quite  neutral,  so  that  there  may  be 


no  chance  whatever  of  corrosion  taking  place  inside 
the  rotor  cooling  system.  This  point  has  of  course 
been  attended  to,  and  it  must  not  be  lost  sight  of. 
The  question  raised  by  Dr.  Thornton  as  to  the  way 
in  which  the  field  of  the  alternator  should  be  quenched 
in  the  event  of  breakdown  in  the  stator  circuit,  whereby 
he  points  out  some  of  the  dangers  that  exist  through 
interrupting  the  field  exciter  circuit,  is  quite  important. 
The  exciter  field  and  the  main  field  circuits  must  be 
insulated  to  such  a  degree  that  they  are  capable  of 
withstanding  all  the  voltage  reactions  when  sudden 
interruptions  occur,  because  if  the  main  field  is  not 
quenched  in  the  least  possible  time,  serious  damage 
may  be  done  to  the  stator  core,  thereby  calling  for  an 
almost  complete  rebuild  of  the  stator.  The  paper 
has  been  searched  from  end  to  end  to  see  what  the 
author  has  to  say  on  the  question  of  exciter  commuta- 
tion, this  last  appearing  to  be  very  much  bound  up  in 
the  general  discussion  on  alternators.  We  have  to 
confess  that  the  author's  firm,  Messrs.  Parsons,  have 
met  with  some  very  special  success  on  the  question 
of  high-speed  commutation,  but  we  have  not  yet  seen 
any  machines  running  at  high  speed  that  commutate 
so  well  and  are  so  easily  maintained  as  those  built 
by  Messrs.  VicUers  of  Sheffield. 

Mr.  H.  Paterson  :  In  mj'  opinion  it  is  well  that 
the  difficulties  which  the  designer  has  to  face  in  con- 
nection with  turbo-alternators  should  be  brought  to 
ttie  notice  of  the  purchaser.  Referring  to  Figs.  2  and  4, 
which  presumably  have  been  inserted  to  show  how  much 
better  Parsons  alternators  are  than  Metropolitan-Vickers 
machines,  the  curves  hardly  bear  out  this  contention 
when  analysed.  The  first  point  that  strikes  me  is  the 
difference  in  phraseology  used  in  the  two  curves.  Fig.  2 
refers  to  the  breakdowns  on  Parsons  machines,  whereas 
Fig.  4  refers  to  the  faults  on  Metropolitan-'Vickers 
machines.  I  think  that  everyone  will  agree  that  often 
a  fault  is  eliminated  before  a  breakdown  occurs. 
Secondly,  with  regard  to  the  number  of  machines,  up 
to  1919  Messrs.  Parsons  appear  to  have  installed  only 
a  few,  and  it  is  only  to  be  expected  that  when  dealing 
with  machines  of  comparatively  low  speeds  their  per- 
centage of  failures  would  be  less  than  that  of  the 
Metropolitan-Mckers  Co.  It  will  be  noted  that  at 
the  end  of  1919  Messrs.  Parsons  had  in  operation  slightly 
above  400  000  kVA,  whereas  the  Metropolitan-Mckers 
Co.  had  just  above  1  000  000  kVA  in  service.  As  the 
firm  which  I  represent  have  always  led  the  field  in  the 
question  of  speed,  naturally  in  doing  the  pioneer  work 
we  experienced  a  few  difficulties  which  have  now  been 
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entirely  overcome,  and,  furthermore,  during  tlie  war 
period  the  materials,  particularly  insulation,  were  not 
so  good  as  those  obtainable  to-day.  It  appears  that 
although  we  have  in  service  considerably  more  kVA 
than  Messrs.  Parsons  the  percentages  of  breakdowns 
at  the  end  of  1922  do  not  differ  materially.  I  am 
in  entire  agreement  with  the  author  on  the  point  that 
high  speeds  have  come  to  stay  even  on  the  larger 
units,  and  any  little  troubles  which  were  experienced 
in  the  development  are  now  being  entirely  eliminated. 
I  note  that  the  author  puts  forward  a  strong  plea  for 
the  stranded  conductor,  and  presumably  this  conductor 
is  cotton-covered.  Personally  I  have  the  feeling  that 
cotton  is  not  at  all  a  satisfactory  medium  for  turbo- 
alternators  where  the  internal  temperatures  are  certainly 
above  that  which  cotton  can  safely  withstand.  Further- 
more it  appears  likely  that  individual  strands  would 
vibrate,  causing  the  cotton  to  wear  in  time.  In  my 
opinion,  nothing  but  mica  should  be  used  for  slot  insula- 
tion, and  this  is  a  practice  which  the  firm  I  represent 
have  used  for  a  number  of  years.  The  author  also 
deals  with  the  question  of  unequal  expansion  between 
copper  and  mica,  and  mentions  that  trouble  has  been 
experienced  in  this  respect  and  that  the  only  solution 
is  the  use  of  a  flexible  mica.  As  far  as  we  are  aware, 
we  have  had  no  trouble  with  the  ordinary  plain  copper 
conductor,  as  the  conductor  can  move  slightly  rela- 
tively to  the  mica  insulation,  the  insulation  being  as 
hard  as  possible  and  with  as  large  a  percentage  of  pure 
mica  as  convenient.  There  is  no  doubt  that  this  type 
of  insulation  has  been  used  for  many  years  and  has 
proved  entirel}'  satisfactor^^  and  it  might  be  suggested 
that  some  of  the  troubles  experienced  bv  ^Messrs.  Parsons 
are  peculiar  to  the  stranded  cable,  as  the  insulation  is 
locked  between  the  spaces  of  the  individual  conductors 
and  on  expansion  the  copper  pulls  the  insulation.  I 
am  in  complete  agreement  with  the  author  regarding 
the  closed  system  of  air  cooling,  which  has  undoubtedly 
superseded  both  the  dry  and  wet  air-filters  with  their 
consequent  disadvantages.  As  an  illustration  of  the 
popularity  of  the  closed  system,  I  might  mention  that 
we  have  installed,  or  have  under  manufacture,  well 
over  half  a  million  kVA  of  plant  with  this  system  of 
ventilation. 

Mr.  J.  H.  Holmes  :  There  is  practically  nothing  to 
criticize,  as  the  paper  describes  difficulties  overcome 
and  problems  solved  in  a  thorough  engineering  manner. 
I  should  like,  however,  to  draw  attention  to  two  small 
points.  On  page  4.'!9  reference  is  made  in  a  footnote 
to  Patent  No.  14  72.S  of  1884  as  relating  to  the  first 
steam-turbine-driven  dynamo.  This  patent  is  dated 
7th  November,  but  Sir  Charles  Parsons's  earlier  patent 
No.  6  7.34  of  1884,  dated  23rd  April,  is  really  the  first 
mention  of  such  a  machine,  although  in  the  provisional 
specification  no  details  of  construction  are  set  forth 
excepting  that  the  commutator  is  complete  in  itself 
and  that  it  and  the  armature  may  be  cooled  by  fluid 
circulating  through  the  shaft  or  the  casing  round  the 
armature.  In  the  interval  between  the  filing  of  the 
provisional  and  the  complete  specification,  another 
patent.  No.  14  723,  was  filed  in  which  the  details  of  the 
high-speed  dynamo  were  set  forth,  and  these  details 
are  described  and  illustrated  in  the  complete  specifica- 


tion of  the  earlier  patent,  although  specifically  dis- 
claimed as  part  of  that  invention.  It  is  because  of 
these  facts  that  I  should  like  to  see  a  reference  to  the 
earlier  patent  as  well  as  No.  14  723,  in  the  cause  of 
historical  accuracy.  For  the  same  reason  I  should 
like  to  draw  attention  to  a  statement  on  page  451 
which  says  that  the  use  of  a  liquid  cooling  agent  was 
first  applied  to  electrical  machinery  by  Sir  Charles 
Parsons  in  his  original  very  high-speed  dynamos  built 
during  the  period  1884  to  1889.  I  do  not  think  this 
claim  could  be  substantiated,  because  there  is  no  dis- 
puting the  fact  that  some  of  the  dynamos  having 
Siemens  shuttle-wound  armatures  constructed  by  the 
late  Henry  Wilde  of  Manchester  were  cooled  by  passing 
a  streain  of  cold  water  through  them.  In  the  autumn 
of  1882  I  was  engaged  in  wiring  and  fitting  up  the 
showroom  and  offices  of  Messrs.  Elkington  &  Co.  of 
Birmingham  with  Siemens  arc  and  Swan  incandescent 
lamps  and  had  the  run  of  their  works  for  some  weeks, 
and  I  remember  well  seeing  their  large  Wilde  plating 
machine  running  and  being  cooled  by  a  stream  of  water 
passing  through  it.  I  believe  the  water  was  passed 
through  the  hollow  shaft,  but  sometimes  it  passed 
through  holes  in  slabs  of  copper  bolted  between  the 
poles  of  the  magnet  as  distance  pieces,  and  this  con- 
struction is  described  by  Comte  Du  Moncel  in  his  book 
on  the  electric  light  published  in  1880.  May  I  remind 
members  that  it  is  to  Sir  Charles  Parsons  that  we  owe 
what  is  known  as  the  "  barrel  "  type  of  armature  end 
winding  which  is  shown  I  believe  for  the  first  time  in 
the  patent  specifications  to  which  I  have  referred. 

Mr.  F.  H.  Downie  {coiiiiiiituicaled)  :  The  method 
described  of  reducing  the  eddy-current  losses  in  the 
stator  copper  is  very  good.  I  should  like  to  know 
what  percentage  of  the  cable  area  is  copper.  In  my 
opinion  the  author  lays  too  much  stress  on  the  advan- 
tages of  the  tunnel  slot  in  reducing  flux  pulsations  on 
load.  The  bridge  of  the  slot  is  highly  saturated  at 
full  load,  on  account  of  the  large  number  of  ampere- 
conductors per  slot,  and  the  slot  is  therefore  little 
better  than  a  semi-open  one.  The  ripples  are  absent 
on  the  voltage  wave-form  in  the  oscillograms  taken  on 
load,  not  because  the  slots  are  tunnel  slots  but  because 
they  are  skewed  one  tooth-pitch.  This  construction 
would  give  the  same  results  with  semi-open  slots. 
I  am  very  much  interested  in  the  field-breaking  tests 
described  in  the  paper.  I  have  been  carr\-ing  out 
some  tests  on  a  small  4-pole,  30  kVA,  200  volt,  three- 
phase  alternator  with  a  revolving  armature.  The 
machine  has  laminated  salient  poles.  The  results  may 
be  of  interest  to  the  author.  The  machine  has  a 
series  winding  on  the  poles,  and  this  was  short- 
circuited  in  some  of  the  tests,  thus  forming  a  damp- 
ing winding.  The  results  are  shown  in  Table  B. 
From  these  results  "it  is  evident  that  a  field-breaking 
switch  with  no  discharge  resistance  will  only  reduce 
the  flux  quickly  when  the  field  circuit  has  no  damping 
winding  and  the  pole  cores  are  not  solid.  When  a 
single-phase  short-circuit  occurs,  however,  the  potential 
difference  across  the  rotor  due  to  the  pulsating  flux 
produced  by  the  pulsating  stator  magnetomotive 
force  may  reach  very  high  values  (compare  tests  1  and 
2).     On  the  other  hand,  with  the  construction  advo- 


876 


DISCUSSION   ON 


cated  by  the  author,  namely  the  end  caps  well  bonded 
to  the  rotor  keys  and  body,  the  rotor  is  provided  with 
a  good  damping  winding.  Tests  5  and  8  show  that 
a  rise  still  occurs  in  the  potential  difference  across  the 
field  coils,  but  the  flux,  owing  to  the  induced  currents 
in  the  damping  winding,  takes  nearly  as  long  to  die  down 

Table  B. 


Test 

Exciting 
voltage 

Field 
discharge 
resistance 

used 

Maximum 
P.D.  on 

field  when 
breaking 

Machine 
short- 
circuited 

Time  foe 

flux  to  die 

down  to 

zero 

S?rics 
coil  short- 
citcuited 

volts 

seconds 

1 

40 

No 

580 

No 



No 

2 

40 

No 

1  614 

Yes 

0-36 

No 

3 

40 

Yes 

40 

Yes 

1-2 

No 

4 

40 

No 

320 

No 

— 

Yes 

5 

40 

No 

440 

Yes 

0-95 

Yes 

6 

40 

Yes 

40 

Yes 

1-2 

Yes 

7 

100 

No 

450 

No 

— 

Yes 

8 

100 

No 

650 

Yes 

10 

Yes 

9 

100 

Yes 

100 

Yes 

11 

Yes 

to  zero  as  it  does  when  the  field  is  broken  with  a  dis- 
charge resistance  in  circuit.  In  the  case  of  turbo- 
alternators  with  solid  rotors,  or  w'ith  the  end-caps 
bonded  to  the  rotor  keys  and  body,  it  does  not  seem 


to  be  of  much  advantage  to  break  the  rotor  field  current 
quickly  when  a  single-phase  short-circuit  occurs.  It 
does  not  reduce  the  stator  current  much  more  quickly 
and  causes  to  be  induced  in  the  rotor  winding  a  high 
E.M.F.  which  may  damage  the  rotor  inaulation.  This 
E.M.F.  is  due  to  the  pulsation  of  the  main  flux  produced 
by  the  pulsating  M.M.F.  of  the  stator  windings. 

Mr.  J.  Rosen  {in  reply)  :  Mr.  Jackson's  views  agree 
on  the  whole  with  my  own  and  do  not  call  for  comment. 

In  reply  to  Mr.  Paterson,  the  curves  in  Figs.  2  and 
3  are  given  to  show  the  reliability  of  high-speed  alter- 
nators built  in  this  country,  and  I  had  no  intention  of 
making  invidious  comparisons.  His  other  questions 
ha^'e  been  raised  also  by  his  colleagues,  and  I  would 
refer  him  to  my  replies  to  them. 

I  am  indebted  to  'Mr.  Holmes  for  his  corrections. 
The  patent  number  has  been  added  in  the  paper  as 
published   in   the  Journal. 

In  reply  to  Mr.  Downie,  the  percentage  of  copper  in 
the  cable  area  varies  according  to  the  diameter  of 
wire  employed,  and  to  the  formation  of  these  wires  in 
the  conductor.  Mr.  Downie's  experiments  on  a  small 
machine  are  interesting,  but  the  results  do  not  agree 
with  those  of  recent  tests  on  a  3  750  kVA  machine 
(see  Table  A,  page  873).  These  results  show  clearly 
that  the  flux  in  the  turbo-alternator  dies  away  more 
rapidly  without  a  discharge  resistance  than  with  a 
discharge  resistance.  I  agree  with  him  that  the  rate 
of  reduction  of  flux  is  higher  without  a  damping  circuit. 


North-Western  Centre,  at  Manchester,  6  March.  1923. 


Professor  G.  Stoney  :  In  my  early  days  I  was  closely 
connected  with  the  design  of  turbo-alternators.  When 
I  went  to  Messrs.  Parsons  in  1888  the  largest  was  a 
75  kW,  single-phase,  80  period,  1  000  volt  machine.  As 
the  work  of  the  firm  increased  I  had  not  so  much  to 
do  with  the  electrical  side  but  applied  myself  more 
directly  to  the  turbine  side  ;  I  think,  however,  I  may 
claim  to  have  assisted  in  the  design  of  many  direct- 
current  high-speed  dynamos,  and  of  all  abominable 
things  large  high-speed  dynamos  are  about  the  worst. 
Fortunately,  Sir  Charles  Parsons,  by  the  introduction 
of  gearing,  has  got  rid  of  them.  The  paper  is  of  very 
great  interest  to  me  as  showing  the  advance  that  has 
been  made  during  the  past  few  years,  more  especially 
since  I  left  Messrs.  Parsons  about  11  years  ago. 

Mr.  G.  A.  Juhlin  :  The  author  states  that  the  system 
shown  in  Fig.  16  is  imique  ;  it  may  be  of  interest  to 
note  that  practically  the  same  system  of  ventilation 
was  adopted  for  a  1  000  k\^"  machine  built  in  1911. 
Fig.  K  shows  this  system  of  ventilation.  Substantially 
the  same  type  of  ventilation  is  used  to-day  with  the 
large  turbo-alternators  manufactured  by  the  company 
with  which  I  am  associated,  with  excellent  results.  In 
connection  with  ventilation,  the  author  deals  with  the 
closed  air-circuit  system  ;  1  think  it  should  be  realized 
that  while  this  system  is  quite  an  old  one,  it  is  only 
recently  that  the  type  of  cooler  now  in  use  has  been 
developed.  As  far  back  as  1916,  however,  the  French 
Westinghouse  Company  had  in  operation  a  cooler, 
which  was  of  the  finned  type,  on  a  4  000  kW  machine. 


As  far  as  I  ani  aware,  coolers  in  use  on  electrical  plant 
up  to  that  time  had  been  of  the  ordinary  plain-tube 
type.  A  long  series  of  investigations  was  undertaken 
by  the  Metropolitan-Vickers  Electrical  Company  in 
order  to  determine  the  heat  transmission  of  the  finned 
type  of  cooler,  and  a  highly  efficient  cooler  was  developed 
as  the  result.  The  investigations  were  undertaken 
through  the  information  received  regarding  the  successful 
operation  of  this  type  of  cooler  in  France.  Up  to  the 
present  time  62  coolers  are  installed  or  under  construc- 
tion, corresponding  to  an  alternator  output  of  575  000  kW. 
I  am  of  the  opinion  that  the  closed  air-circuit  system  of 
ventilation  is  a  great  advance  on  the  old  systems  of 
air  filters  which  had  to  be  employed  in  an  endeavour 
to  keep  a  reasonably  clean  atmosphere.  The  closed 
air-circuit  has  a  considerable  advantage  as  there  is 
not  sufficient  oxygen  available  in  the  air  contained  in 
the  system  to  support  combustion,  which  has  always 
been  a  source  of  trouble  due  to  the  fact  that  a  very 
minor  fault  would  completely  destroy  the  windings  by 
fire.  On  this  score  alone  I  consider  the  closed  air- 
circuit  system  to  be  justified.  The  author  deals  with  the 
difficulties  experienced  with  rotor-retaining  rings,  due 
to  the  breakage  of  the  lip  on  such  rings.  We  have 
experienced  similar  troubles  and  have  carried  out 
extensive  researches  to  determine  the  cause,  which  at 
first  was  taken  to  be  due  to  the  heavy  currents  flowing 
in  the  rotor  under  short-circuit  conditions.  Subsequent 
investigation,  however,  showed  clearly  that  while  the 
arcing  set  up  due  to  the  short-circuit  current  might  be 
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a  contributory  cause,  it  was  not  the  main  one,  as  in 
some  instances  troubles  with  lips  have  been  experienced 
without  any  accompan^'ing  arcing.  The  conclusion 
arrived  at  was  that  the  cause  of  this  trouble  was  a 
mechanical  one  due  to  deflection  of  the  shaft.     In  the 


retaining  ring,  which  therefore  remains  entirely  undis- 
turbed. With  regard  to  the  question  of  the  bonding 
strips  between  the  rotor  wedges  and  the  rotor-retaining 
rings,  while  these  are  undoubtedly  an  advance  on  the 
old  type  where  no  bonding  strips  were  used,  1  do  not 


rotors  with  which  trouble  has  been  e.xperienced,  the 
retaining  ring  was  supported  from  the  shaft  by  means 
of  an  end  disc,  so  that  any  movement  of  the  shaft  was 
transmitted  through  this  end  ring  to  the  retaining 
ring  and  so   to  the  point  of  support  at  the  end  of  the 


think  the  author  has  gone  far  enough  in  this  connection. 
I  consider  that  the  correct  solution  of  this  difficulty 
is  to  provide  a  complete  damper  with  the  short-circuiting 
ring,  so  that  it  is  not  necessary  to  transmit  the  current 
from    the    wedges    into    the    rotor   end    cap.     Such    f.n 


rotor.  To  overcome  this  trouble  a  special  construction 
has  been  developed,  and  Fig.  L  shows  this  latest  type 
of  construction.  It  will  be  noted  that  the  rotor  ring 
is  supported  from  a  ring  which  is  independent  of  the 
shaft  and  forms  a  portion  of  the  rotor  body  itself.  The 
result  of  such  an  arrangement  is  that  no  movement 
caused   by  shaft  deliection   can   be  transmitted   to   the 

Vol.  61. 


arrangement    has    been    developed    and    tested,     witli 
eminently  satisfactory  results. 

Mr.  H.  C.  Lamb  :  The  paper  is  equally  interesting 
to  the  operator  and  the  designer  of  plant.  The  list  of 
alternators  for  3  000  r.p.m.  actually  running  and  now 
under  construction  is  rather  a  remarkable  one.  Fig.  2 
showing  the  breakdowns  is  particularly  interesting.     For 
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the  past  three  years  the  breakdowns  amount  to  only 
1  per  cent  per  annum.  I  think  that  those  figures  ought 
to  be  brought  home  to  the  insurance  companies  who 
insure  turbo-alternators.  They  mean  that  in  a  station 
with,  say,  five  alternators,  a  breakdown  is  to  be  expected 
once  in  20  years,  though  the  author  would  probably 
stipulate  that  to  get  such  a  result  the  alternators  would 
have  to  be  made  at  the  Heaton  works.  The  point  I 
wish  to  make  is  this.  The  rates  of  insurance  to-day 
var)^  according  to  the  reputation  of  the  maker  and  the 
record  of  the  station,  from  3  to  6  per  cent  per  annum  of 
the  total  value  of  the  alternator.  As  Fig.  2  shows 
failures  of  only  1  per  cent  (and  no  doubt  many  of  those 
failures  were  comparatively  inexpensi\'e  to  repair),  it 
does  appear  that  we  should  be  able  to  effect  insurance 
at  a  very  low  rate  indeed.  Of  course  one  cannot  com- 
pare very  well  the  results  obtained  on  a  small  number  of 
alternators  with  those  which  the  author  gives  for,  I 
think,  over  200,  but  I  ha\'e  found  it  of  interest  to  pre- 
pare a  record  of  11  turbo-alternators  over  a  period  of 
10  years.  During  the  whole  of  that  time  the  stator 
breakdowns,  which  are  what  Fig.  2  deals  with,  were 
four,  that  is  a  rate  of  5  per  cent  per  annum.  Of  these, 
three  were  not  fairly  chargeable  to  the  alternator  itself, 
because  they  were  the  results  of  quite  external  causes, 
such  as  carrs'ing  over  water  from  a  wet  filter  which  was 
not  in  working  order — a  condition  for  which  the  alter- 
nators were  never  designed.  Only  one  breakdown  was 
really  due  to  an  inherent  failure  of  the  alternator  itself. 
The  author  shows  a  closed  air  system  which  certainly 
seems  likely  to  reduce  very  much  the  number. of  high- 
tension  alternator  troubles.  The  Manchester  set  illus- 
trated on  the  lantern  slide  was  examined  a  few  weeks 
ago  and  found  to  be  just  as  clean  as  when  started  up 
a  year  previously.  The  author  says  that  rotor  failures 
are  few  and  easily  remedied,  but  I  do  not  agree  with 
him.  At  any  rate  this  has  not  been  our  experience, 
because  rotor  failures  have  been  just  double  the  number 
of  stator  failures.  During  a  10-year  period  they  have 
occurred  at  the  rate  of  10  per  cent  per  annum.  Onljf 
one  of  the  faults  was  due  to  a  mechanical  cause.  That 
was  the  fracture  of  a  bronze  end  ring  which  took  place 
when  the  alternator  was  running  up,  and  in  this  case 
it  was  extremely  fortunate  that  very  little  damage  was 
done  ;  if  the  accident  had  happened  when  the  plant 
was  running  at  full  speed  a  complete  wreck  would  prob- 
ably have  been  the  result.  Of  seven  rotor  electrical 
breakdowns  two  were  due  to  failures  of  slot  insulation. 
It  does  appear  that,  because  a  rotor  is  run  at  low  voltage, 
insufhcient  care  is  taken  to  put  in  really  sound  insula- 
tion. The  most  interesting  of  these  cases  was  a  heavy 
rotor,  weight  55  tons,  with  a  core  1 1  ft.  long.  The 
trouble  was  caused  by  bonding  strips  (such  as  those  to 
which  the  author  refers)  between  the  slot  wedges  and 
the  end  bells.  These  strips  were  in  two  pieces,  and 
when  the  wedge,  on  being  driven  up,  reached  the  second 
piece,  the  end  was  fouled  and  turned  over.  Evidentlv 
the  man  did  not  notice  this  and  drove  the  wedge  home. 
The  alternator  ran  for  five  years  before  breaking  down 
at  that  spot,  and  then  had  to  run  another  year  before 
the  repair  could  be  made.  The  paper  refers  to  the 
instability  of  exciters.  Certainly  the  compound-wound 
exciter  is  very  much  better  than  the  shunt  e.xciter,  but 


I  have  come  across  only  one  case  of  trouble  with  a  shunt 
exciter.  On  that  occasion  a  commutator  was  being 
wiped  with  a  greasy  rag  when  the  exciter  was  on  light 
load  with  a  good  deal  of  resistance  in  the  field.  The 
exciter  lost  its  field,  but  nothing  particular  happened. 
It  was  noticed  that  the  main  field  had  gone  ;  this  was 
rectified  in  a  few  minutes,  and  the  alternator  continued 
running  as  before.  The  author  does  not  approve  of 
the  series  regulator.  I  think  this  is  really  put  in  not 
for  the  purpose  of  regulating  when  the  plant  is  working 
in  conjunction  with  the  exciter,  but  as  a  stand-by  to 
the  exciter  so  that  a  supply  can  be  given  from  a  separate 
source.  It  does  not  seem  wise  to  run  the  risk  of  having 
a  very  large  plant  out  of  commission  because  of  a  failure 
with  a  small  exciter,  and  series  regulators  have  on  several 
occasions  proved  useful  in  this  wav.  On  page  458 
reference  is  made  to  field-discharge  switches.  It  is  not 
quite  clear  whether  the  author  is  in  favour  of  doing 
away  entirely  with  the  field-discharge  resistance  or  not, 
and  I  should  like  to  mention  a  particular  case.  The 
trouble  began  when  a  steel  wedge  was  driven  through  a 
high-tension  cable  a  mile  away  from  the  generating 
station.  That  caused  a  very  bad  short-circuit  and 
the  pressure-rise  which  followed  broke  down  one  of 
the  alternators,  an  arc  starting  through  one  of  the 
mica  tubes  on  to  the  core.  The  effects  of  this  arc  were 
carried  through  to  the  end  turns.  There  were  the  usual 
flames  and  smoke  coming  from  the  air  inside,  and  the 
oil  switch  and  the  field-discharge  switch  opened  auto- 
matically. The  air  dampers  were  closed  and  the  machine 
was  shut  down,  but,  on  opening  up  immediately  it 
had  stopped,  there  was  no  sign  of  fire  inside  the  case. 
At  a  casual  glance  it  would  hardly  have  been  noticed 
that  there  was  anything  wrong,  except  at  the  two  places 
where  the  arcs  had  occurred.  Of  course  the  core  was 
damaged  at  one  spot,  but  the  point  I  wish  to  put  to 
the  author  is  this  :  The  field-discharge  resistance  had 
a  value  IJ  times  the  resistance  of  the  rotor  windings. 
Does  the  author  consider  that,  if  there  had  been  no 
field-discharge  resistance  and  the  field  had  consequently 
shut  down  more  quickly,  the  damage  to  the  core  would 
have  been  substantially  less  ? 

Mr.  G.  F.  Sills  :  With  reference  to  the  table  showing 
progress  in  sizes  and  speeds,  while  I  was  in  Canada  a 
well-known  town  there  in  1913  wished  to  purchase  a 
3  000  kW  turbo-alternator  set.  at  60  periods  and  3  600 
r.p.m.  The  speed  of  the  alternator  appeared  to  be  the 
stumbling  block  for  this  size  so  far  as  the  British 
manufacturers  were  concerned,  so  the  alternator  was 
made  abroad  and  the  steam  turbine  in  this  countr},-. 
Referring  again  to  Table  1,  I  beliave  I  am  correct 
in  saying  that  the  first  6  000  kVA,  3  000  r.p.m.  set  was 
put  into  commission  in  this  country  in  1917  at  Wolver- 
hampton, where  it  has  since  given  everj'  satisfaction. 
With  reference  to  the  author's  remarks  on  the  question 
of  stranded  cable,  at  least  one  British  cable  maker  has 
made  sector-shaped  cables  on  these  lines  for  many 
years,  the  only  difference  being  that  there  is  no  insulation 
between  turns.  Apparently  the  company  in  question 
do  it  in  rather  a  different  way  from  the  author,  because 
they  build  the  cable  strands  up  of,  say,  four  or  five 
different  diameters  of  wire  which  are  so  placed  that 
as  they  go  through  the  die  they  automatically  take  up 
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the  correct  position  in  the  cable  and  are  not  crushed 
in  any  way  ;  in  fact,  examination  of  the  cable  strand 
after  it  has  been  through  the  machine  shows  that  the 
wires  are  perfectly  round.  Stranded  cable  as  described 
by  the  author  does  not  give  a  good  space  factor.  To 
reduce  the  eddv  currents  the  same  result  as  the  author's 
could  be  obtained  with  solid  copper  (in  comparatively 
small  sections,  however,  with  mica  between)  by  making 
the  connections  at  one  end  of  the  stator  in  such  a  way 
that  the  laminations  forming  the  conductor  are  trans- 
posed. The  splitting  of  the  conductor  into  three  parts, 
shown  in  Fig.  11,  is  claimed  as  an  advantage.  Is  not 
this  rather  offset  by  the  fact  that  it  is  hardly  possible 
to  mould  mica  on  to  the  bars  when  the}'  deviate  from 
a  straight  line,  and  that  it  is  necessary  to  seal  three 
joints  at  the  end  of  every  conductor  at  both  ends  of 
the  machine  ?  Again,  would  not  this  arrangement  cut 
down  the  creeping  surface  ?  Fig.  16  shows  the  author's 
method  of  ventilating  large  turbo-alternators.  I  note 
that  it  is  claimed  as  a  patent.  I  am  at  a  loss  to  see 
where  the  patent  comes  in,  as  there  is  no  patent  in 
deflecting  the  air  to  the  right  or  to  the  left  as  the  case 
may  be.  A  somewhat  similar  form  of  ventilation  was 
used  as  long  ago  as  1907  for  some  7  000-kVA  alternators, 
that  is,  so  far  as  it  applies  to  exhaust  and  inlet  ventilating 
chambers,  but  in  these  cases  the  air  was  carried  round 
partly  circumferentially.  There  is  no  reason  why 
external  forced  ventilation  should  not  be  used  on  these 
large  machines.  In  the  case  of  a  modern  16  000  kVA, 
3  000  r.p.m.  turbo-alternator  a  double  system  of  ventila- 
tion is  used,  i.e.  at  each  end  of  the  rotor  there  are  two 
double  fans.  These  draw  air  through  and  ventilate 
about  a  quarter  of  the  stator.  The  middle  half  of  the 
stator  is  ventilated  from  an  e.xternal  motor-driven  fan. 
I  was  in  a  station  some  time  ago  where  an  alternator 
was  ventilated  by  an  external  fan,  and  although  the 
alternator  was  not  running  I  noticed  that  the  fan  motor 
in  the  basement  was  rotating.  It  appeared  that  the  up- 
draught  from  the  stator  frame  was  sufficient  to  rotate  the 
motor  and  fan.  In  this  case,  however,  the  actual  reason 
why  the  motor  rotated,  although  there  was  no  current  on 
it,  was  that  it  was  fitted  with  ball  bearings.  I  do  not 
think  that  there  is  much  doubt  that  the  enclosed  tvpe  of 
filter  has  come  to  stay.  This  system  should  certainly 
prolong  the  life  of  an  alternator  and  keep  its  temperature 
relatively  the  same  after  several  years'  use.  Several 
manufacturers  now  make  these  filters,  incorporating 
the  necessary  automatic  safety  devices.  Wet  filters 
have  given  good  service  but  must  be  used  carefully. 
I  know  of  some  6  000-kVA  sets  where  the  "  Megger  " 
readings  have  never  fallen  below  40,  although  using 
wet  air-filters.  Naturally,  however,  the  closed  svstem 
will  give  cleaner  air  and  a  much  larger  margin  of  safety. 
I  believe  that  the  closed  air-system  cooler  costs  about 
50  per  cent  more  on  the  smaller  sizes,  but  personally 
I  think  that  it  is  worth  100  per  cent  more.  With 
reference  to  the  water-cooled  rotor  shown  in  Fig.  19, 
apparently  the  holes  have  been  taken  out  of  the  rotor 
just  underneath  the  rotor  slots.  1  believe  I  am  correct 
in  stating  that  the,  greatest  strain  occurs  thereabouts. 
Does  the  author  approve  of  this  for  a  12  000  kW,  3  000 
r.p.m.  set  ?  From  the  last  paragraph  but  one  in  col.  1 
on  page  452,  it  rather  looks  as  if  this  method  of  cooling 


were  not  really  capable  of  absorbing  much  heat.  Per- 
sonally, I  should  prefer  a  rotor  with  a  70  degrees  C.  rise 
to  water  cooling.  The  author  refers  to  the  introduction 
of  saturation  gaps  in  connection  with  the  exciters.  I 
have  knowledge  of  two  exciters,  each  of  96  kW  for 
18  750-kVA  turbo-alternators,  having  windings  to  com- 
pensate for  armature  reaction.  It  was  found  that  the 
exciters  were  quite  stable  at  114  amperes,  2  volts, 
and  at  any  voltage  between  2  and  240.  These  exciters 
do  not  require  a  series  regulator,  which  is  an  advantage 
for  the  reasons  given  in  the  paper.  Referring  to  the 
author's  oscillograph  tests,  I  have  recently  seen  records 
of  similar  tests  carried  out  by  another  manufacturer, 
and  these  confirm  his  conclusions.  As  regards  arcing 
and  breaking  of  end  bells,  I  made  inquiries  from  two 
designers  whose  firm  have  built  about  a  million  horse- 
power of  turbo  sets.  While  one  works  has  had  no 
trouble  the  other  has  very  occasionally  had  signs  of 
pitting,  but  this  has  been  attributable  to  the  fact  that 
insufficient  shrinkage  allowance  had  been  made  for  the 
end  bell  on  to  the  rotor.  Keither  of  the  works  has  seen 
signs  of  the  cracking  mentioned  by  the  author,  and  it 
would  probably  be  found  that  where  cracking  has 
taken  place  the  end  bells  are  not  strong  enough.  Pro- 
vided the  correct  shrinkage  allowance  is  obtained,  there 
is  apparently  no  advantage  in  spigoting  the  end  bells 
as  shown  in  Fig.  26,  as  compared  with  Fig.  27,  particu- 
larly when  it  is  remembered  that  the  end-bell  steel  is, 
say,  20  per  cent  stronger  than  the  rotor  steel.  I  should 
like  the  author  to  state  why  the  rotor  keys  are  serrated 
as  shown  in  Fig.  25.  One  large  firm  find  it  preferable 
to  use  a  number  of  short  keys  about  9  in.  long,  as  a 
much  better  fit  can  be  made  in  this  way  than  by  using 
one  long  key.  With  reference  to  the  author's  remarks 
on  the  question  of  copper  bonding  under  the  end  bells, 
is  there  not  a  possibility  that  oxidation  would  take 
place  and  cause  bad  contact  in  time  ?  It  was  interesting 
to  read  of  the  numerous  short-circuit  tests  carried  out 
on  two  machines,  but  it  is  probable  that  the  buyers  of 
these  particular  machines  would  not  have  been  pleased 
if  they  had  known  of  all  these  tests.  In  this  connection, 
in  an  advertisement  in  regard  to  the  rupturing  capacity 
of  some  switchgear  it  was  claimed  that  a  4  000  k\'A 
alternator  gave  a  short-circuit  equivalent  to  138  000 
kVA  ;  apparently  a  unique  machine.  It  is  interesting 
to  know  that  one  firm  in  connection  with  a  16  000  kVA, 
3  000  r.p.m.  turbo-alternator,  in  addition  to  dovetailing 
the  teeth  of  the  stator  laminations  into  the  stator, 
place  bolts  through  the  core  as  near  to  the  bore  as 
possible,  in  order  to  prevent  laminations  from  becoming 
slack  at  the  teeth.  These  bolts  are  insulated  throughout 
and  lie  on  a  circle  of  rather  larger  diameter  than  the 
roots  of  the  teeth.  It  should  be  noted  that  there  are 
only  a  few  bolts  which  are  made  of  bronze  and  insulated 
throughout  ;  in  addition  small  brackets  are  provided, 
secured  to  the  stator  frame  and  arranged  in  such  a 
way  that  they  will  prevent  any  vibration  of  the  bolts 
in  service.  It  'is  possible  to  tighten  up  the  brackets 
while  the  machine  is  in  service,  as  small  hand-holes 
are  provided  for  this  purpose  in  the  stator  frame.  On 
machines  of  the  very  large  type  referred  to,  having 
only  two  poles,  the  flux  per  pole  is  so  large  that  a  very 
deep  core  is  necessary,  and  these  few  additional  bolts 
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then  become  essential.  I  should  be  glad  if  the  author 
would  give  his  views  on  11  000-  and  12  000-volt  machines. 
Attention  is  drawn  to  the  necessitj-  of  carefully  building 
the  core  on  these  ver\-  big  niachines.  In  one  works 
with  which  I  am  acquainted  every  stator  lamination 
is  ground  on  one  side  so  as  to  remove  the  burrs  left  after 
punching. 

Dr.  S.  F.  Barclay :  The  author  has  dealt  with  a 
ver>-  wide  subject,  and  it  was  impossible  within  the 
scope  of  a  single  paper  for  him  to  consider  exhaustively 
the  many  interesting  points  raised.  For  example,  in 
dealing  with  the  history  of  turbo-alternators  the  only 
reference  made  to  a  somewhat  important  local  firm, 
who  ha^■e  done  a  fair  amount  of  work  in  the  develop- 
ment of  turbo-alternators,  consists  of  the  figures  of 
their  contribution  to  breakdowns.  It  must  be  of  great 
value  to  users  for  manufacturers  to  publish  statistics 
of  the  breakdowns  of  turbo-alternators,  and  the  author 
is  to  be  congratulated  on  following  the  lead  given  by 
another  manufacturer  in  this  countrj-  about  two  years 
ago.  I  would  point  out,  however,  that  statistics,  as 
applied  to  the  breakdo\\'n  of  turbo-alternators,  can  be 
very  misleading.  There  are  in  commission  at  the 
present  time  many  alternators  which,  from  the  point 
of  view  of  size  and  voltage,  should  be  almost  as  depend- 
able as  low-speed  machines,  and,  on  the  other  hand, 
there  are  some  machines  of  extra  high  voltage  and 
some  for  unusualU^  large  outputs,  which,  to  some 
extent,  must  be  regarded  as  being  in  the  experimental 
stage.  It  is  not  verj-  informative  to  give  simply  the 
number  of  breakdowTis  without  indicating  their  nature. 
The  value  of  the  figures  is,  moreox'er,  reduced  by  giving 
only  the  stator  breakdowns  ;  why  the  rotor  breakdowns 
should  be  e.xcluded  I  cannot  imagine,  as,  on  the  whole, 
they  must  be  more  numerous  than  the  stator  break- 
downs. The  author  refers  to  a  case  in  which  the  mica 
tubes  of  the  stator  conductors  were  eroded  by  grit, 
and  he  places  such  a  happening  in  the  class  beyond  the 
control  of  power  station  engineers  and  manufacturers. 
It  should  be  pointed  out  that  if  the  air  had  been  effec- 
tively filtered  such  a  thing  could  not  have  happened, 
and  air  filtration  is  well  within  the  control  of  the 
authorities  concerned.  The  author  speaks  about 
adopting  "  the  very  conservative  and  safe  figure  of 
300  ft.  per  second  "  for  the  peripheral  speed,  and 
connects  his  statement  with  nmning  speeds  of  from 
1  000  to  3  000  r.p.m.  To  present  the  case  in  this  way 
is  a  little  illogical,  as  the  centrifugal  force  of  unit  mass 
at  the  periphen.-  would  be  three  times  as  great  in  the 
case  of  the  3  000  r.p.m.  machine  as  in  the  case  of  the 
1  000  r.p.m.  machine.  As  the  author  is  well  aware, 
there  are,  however,  other  limits  that  have  to  be  taken 
into  account  besides  the  peripheral  speed  ;  the  rubbing 
speed  in  the  bearing  is  one,  and  the  stress  in  the  neck 
of  the  journal  is  the  other.  The  adoption  of  a  "  con- 
servati^•e  "  value  for  one  of  these  three  limiting  factors 
may  lead  to  an  unduly  high  value  for  one  of  the  other 
two,  and  the  best  way  to  approach  the  matter  would 
be  to  strike  the  best  balance  between  the  three  and  not 
to  approach  the  problem  with  the  bias  that  one  has 
to  receive  preferential  treatment.  The  author  makes 
the  following  very  remarkable  statement  with  regard 
to  the  rotor  end  caps  :     "  Moreo\er,   it  is  possible  to 


deform  a  cap  2.5  in.  diameter,  1  in.  thick,  bv  as  much 
as  ^  in.  on  the  diameter  during  its  assembly  over  the 
windings."  \\'hat  is  happening  to  the  windings  whilst 
a  verj^  strong  cap  is  being  deformed  in  this  war  ?  The 
determination  of  the  eccentricity-  of  the  end  cap  whilst 
running  is  very  interesting,  and  the  author,  or  whoever 
is  responsible,  is  to  be  congratulated  upon  the  very 
ingenious  method  employed.  I  suggest,  howe\'er,  that 
it  would  be  desirable  to  modify  the  words  "  Photograph- 
ing the  length  of  an  electric  spark  jumping  across  the 
gap  between  a  fixed  contact  and  the  cap."  What 
actualh^  is  photographed  is  the  fixed  contact  and  the 
cap,  and  the  spark  provides  the  necessar\-  illumination. 
I  am  surprised  that  the  author  is  able  to  measure 
the  gap  to  within  OOlin.  Has  he  ever  satisfied 
himself  by  exact  tests  that  the  stranded  conductor 
does  really  effectively  reduce  the  eddv  currents,  as 
compared  with  the  laminated  conductor  ?  My  own 
experience  is  that  the  stranded  conductor  fails  by  a 
very  long  way  to  do  all  that  is  claimed  for  it.  The 
stray  loss  can  be  kept  down  to  a  reasonably  low  value 
if  the  solid  conductor  is  properly  laminated,  and,  if 
it  is  of  unusual  depth,  parallel  circuits  should  be 
arranged  joined  together  only  at  the  machine  terminals. 
The  paper  refers  to  the  vibration  of  plates  and  core- 
plates  ;  the  vibration  of  tooth  supports  involves  design 
and  it  is  surely  better  practice  to  form  them  by 
machining  out  of  a  solid  ring  than  to  use  loose  fingers  as 
the  author  does.  If  a  core  vibrates,  most  probably 
insufficient  pressure  has  been  used  in  the  building,  but 
care  must  be  taken  not  to  use  excessive  pressure  which 
may  lead  to  undue  core  loss.  The  author  quite  rightly 
refers  to  the  danger  with  the  wet  air-filter  of  free 
moisture  being  carried  over  into  the  alternator  and 
collecting  on  the  windings.  It  should  be  pointed  out, 
however,  that  if  the  air  filter  is  proper!}-  arranged  and 
in  correct  adjustment  no  free  moisture  can  be  carried 
over.  With  the  spray  type  of  filter  I  have  found  that 
much  of  the  trouble  with  the  carr^-ing-over  of  moisture 
arises  from  corrosion  of  the  eliminator  plates.  In  a 
filter  of  this  kind  the  water  is  used  over  and  over  again, 
and  in  an  industrial  centre  sufficient  sulphur  may  be 
removed  from  the  air  in  the  course  of  a  few  daj-s  to 
give  the  water  a  decidedly  acid  reaction  and  to  cause 
the  metal  plates  to  be  attacked  rapidly.  In  such  situa- 
tions it  is  a  very  desirable  safeguard  to  add  a  little 
alkali  to  the  water  to  neutralize  the  acid  as  it  is  formed. 
Undoubtedly,  however,  the  ideal  arrangement  is  the 
closed  system  of  ventilation,  but  it  has  the  disadvantage 
of  being  more  expensive  and  more  difficult  to  accommo- 
date, and  in  some  cases  there  is  difficulty  in  providing 
the  necessary-  cooling  medium.  The  paper  refers  to 
the  question  of  the  instability  of  exciters  ;  since  it 
deals  to  some  extent  with  the  history  of  the  subject 
the  reference  is  appropriate,  but  to-day  there  is  no 
excuse  for  any  manufacturer  building  an  unstable 
exciter.  The  damage  done  to  rotor  end  caps,  ascribed 
by  the  author  to  heating  due  to  the  flow  of  a  heavy 
current  along  the  surface  of  the  rotor,  is  ver\'  interest- 
ing, but  I  feel  very  doubtful  whether  heating  really 
was  the  cause  of  the  cracks  in  the  steel.  To  me  it 
seems  quite  unsound  mechanicallv  to  attempt  to  prevent 
the  end  cap  opening  elastically  by  registering  the  end 
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under  an  overhanging  lip  machined  at  the  end  of  the 
rotor.  The  end  cap  cannot  carry  the  load  due  to 
the  centrifugal  force  of  the  end  connections  unless  it  is 
free  to  open  elastically.  and  in  point  of  fact  the  author 
ascertained  that  at  one  part  of  the  rotor  a  cap  opened 
about  0-01  in.,  and  at  another  part  approximately 
double  that  amount.  For  such  a  happening  to  be 
possible  the  overhanging  lip  on  the  rotor  must  be  over- 
stressed.  It  is  an  axiom  of  the  design  of  any  structure 
that  no  part  can  carry  a  load  except  in  so  far  as  it  is 
free  to  yield  elastically,  and  it  is  entirely  unsound  to 
attempt  to  prevent  the  elastic  movement  of  one  part 
by  another  part  which  has  insuflicient  strength  for  the 
purpose.  From  the  figures  given,  the  author  must 
use  nickel-chrome  steel  for  his  caps,  and  I  would  draw 
his  attention  to  the  great  importance  of  verifying  that 
the  steel  is  in  a  correct  state  of  heat  treatment.  Nickel- 
chrome  steel  is  much  less  easy  to  handle  than  plain 
carbon  steel  and  possesses  its  excellent  characteristics 
only  when  made  under  the  best  conditions,  and  correctly 
oil-hardened  and  tempered.  There  is  such  a  good 
chance  of  the  phenomenon  of  "  temper  brittleness  " 
that  I  should  not  apply  nickel-chrome  steel  to  any 
such  important  duty  as  that  of  an  end  cap,  unless  the 
impact  test  were  added  to  the  usual  tests. 

Mr.  J.  A.  Kuyser :  On  a  number  of  points  the 
conclusions  and  the  recommendations  given  in  the 
paper  do  not  agree  with  my  experience.  First,  as 
regards  ventilation,  the  system  described  is  very 
efficient  with  the  exception  of  the  ventilation  of  the 
stator  end  connections.  The  end  compartments  draw 
a  comparativelv  small  quantity  of  air  from  the  stator 
casing,  and  this  air  will  already  have  attained  a.  certain 
temperature  before  it  strikes  the  stator  end  connections. 
In  the  usual  svstems  of  ventilation  cold  air  is  drawn 
directly  from  the  air  ducts  in  large  quantities.  The 
author  mentions  cases  of  trouble  due  to  overheating 
of  stator  end  connections.  These  were  perhaps  due  to 
insufficient  ventilation.  The  system  described  has 
already  been  used  either  in  practically  the  same  form, 
or  in  a  slightly  different  form  by  the  following  firms  : 
Westinghouse  Co.  (U.S.A.),  British  Westinghouse  Co., 
General  Electric  Co.  (U.S.A.),  etc.,  and  it  appears  doubtful 
whether  the  patent  can  be  upheld.  As  regards  the 
design  of  very  long  machines,  it  may  be  of  interest  to 
give  the  main  dimensions  of  some  generators  built  by 
the  Westinghouse  Co.  (U.S.A.)  about  1910.  These 
machines  had  rotor  diameters  of  23i  in.  and  a  core 
length  of  80  in.,  the  ratio  being  similar  to  the  figures 
given  in  the  paper.  In  connection  with  the  automatic 
field  switch,  the  author  has  adopted  the  recommendation 
given  in  my  recent  paper  to  omit  the  discharge  resist- 
ance. I  do  not  agree  with  the  conclusion  reached,  that 
the  eddy  currents  in  the  rotor  body  are  more  severe  in 
the  case  of  the  rotor  circuit  being  opened  than  in  the 
case  of  a  short-circuit  on  the  stator.  An  oscillograph 
across  the  slip-rings  under  the  two  conditions  indicates 
that  the  reverse  is  the  case.  In  connection  with 
armature  windings,  I  am  surprised  that  the  author 
takes  up  the  position  that  movements  of  the  winding 
cannot  be  prevented  and  that  it  is  therefore  advisable 
to  use  flexible  insulation.  As  far  as  the  end  connections 
are  concerned,  small  movements  may  take  place,  but 


these  are  very  small  and  have  no  harmful  effect  what- 
ever, since  the  insulation  of  the  end  connectors  is  always 
of  a  flexible  nature,  being  applied  in  the  form  of  tape. 
As  regards  the  slot  conductors  the  position  is  different, 
and  it  is  possible  to  prevent  movements  of  these  ;  it 
is  therefore  undesirable  to  use  an  inferior  grade  of 
insulation  to  obtain  flexibility.  The  objections  to 
flexible  insulation  containing  a  high  percentage  of 
fibrous  material  are  as  follows  :  It  is  difficult  to  ensure 
that  the  conductors  remain  tight  in  the  slot  at  the 
comparatively  high  temperatures  inside  the  stator. 
If  the  conductors  become  loose,  vibrations  may  destroy 
the  insulation.  As  regards  the  use  of  flexible  cable, 
several  firms,  including  that  with  which  I  am  associated, 
have  had  unfortunate  experience  with  this  type  of 
conductor,  and  its  use  was  discontinued  some  years 
ago.  The  author  mentions  trouble  caused  by  cracking 
of  the  insulation  due  to  expansion.  This  trouble  has 
never  been  experienced  on  machines  wound  with  straight 
bars,  and  the  reason  is  probably  that  the  individual 
wires  of  the  cable  are  buried  in  the  insulating  tube 
and  relative  movements  are  pre\ented.  In  the  bar- 
type  winding  each  strap  is  taped  with  mica  tape  which 
provides  a  sliding  surface  and  allows  different  expansion 
of  mica  tube  and  copper  bars. 

Mr.  D.  S.  Paxton  :  The  author  exhibited  a  lantern 
slide  indicating  the  sand-blast  action  of  grit  in  the 
interior  of  a  turbo-alternator.  This  is,  I  think,  a  very 
eloquent  testimony  to  the  necessity  of  installing  some 
form  of  filter,  or  otherwise  preventing  grit  entering  a 
machine.  There  are  still  engineers  who  consider  a 
filter  unnecessary  and  believe  that  sufflcient  protection 
is  afforded  by  a  wire-gauze  screen  at  the  air-duct  inlet. 
The  photograph  shown  on  the  slide  is  a  clear  proof  of 
the  fallacy  of  this  view.  Everybody  agrees  that  the 
closed  air  system  is  a  good  thing  when  it  can  be  applied, 
but  it  cannot  be  applied  in  every  case.  In  stations 
using  cooling  towers  it  is  inadvisable  to  attempt  to 
cool  all  the  alternators  on  the  closed  air  system.  In 
such  cases  it  is  the  usual  practice  to  use  the  boiler 
make-up  water  for  circulating  in  the  air  coolers  and, 
though  this  will  suffice  to  cool  the  circulating  air  in  a 
portion  of  the  generating  plant,  the  volume  of  make-up 
water  will  be  found  insufficient  to  provide  circulating 
water  for  alternator  closed-circuit  coolers  for  the  whole 
output  of  the  station.  In  such  cases,  therefore,  and  in 
other  cases  for  other  reasons,  the  closed  air  system  is 
not  always  applicable,  and  reference  may  be  made 
to  a  system  of  air  filtration  that  is  not  mentioned  in 
the  paper,  but  which  overcomes  the  defects  referred  to 
in  the  paper  as  associated  with  dry  and  wet  air-filters. 
I  refer  to  the  Visco  oil-film  type  of  filter,  which  on  the 
Continent  has  come  into  very  general  use.  During  the 
past  five  years  something  over  3  million  kW  of  plant 
has  been  equipped  with  this  type  of  filter.  In  this 
country  there  has  not  been  quite  the  same  growth 
because  the  system  was  not  introduced  until  a  consider- 
ably later  date;  but  during  the  past  year  the  \'isco 
filter  has  been  adopted  for  some  50  or  60  machines 
and  has  invariably  proved  satisfactory  in  operation. 
In  considering  the  (juestion  of  alternator  cooling, 
therefore,  this  system  should  be  borne  in  mind  as  an 
alternative    method    of   dealing   with    the    question    of 
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maintaining  the  air  supply  clean  where  the  closed  air 
system  is  not  applicable. 

Mr.  L.  W.  Schuster  :  Papers  from  leading  designers 
are  most  enlightening  and  welcome  because  their 
experience  with  plant  troubles  far  exceeds  that  of 
users  whose  experience,  however  wide,  must  of  necessity 
be  of  a  comparatively  limited  nature.  Though  the 
company  with  which  1  am  associated  has  had  unfortu- 
nate experiences  with  most,  if  not  all,  the  troubles 
recorded  in  the  paper,  the  manufacturers  have  in  each 
case  the  full  knowledge  of  the  causes  leading  to  them 
and  the  remedies  adopted.  The  two  lowest  curves  in 
Fig.  2  are  not  quite  clear  to  me.  The  bottom  curve 
gives  the  annual  number  of  stator  breakdowns  and, 
if  my  interpretation  is  correct,  the  curve  above  this 
represents  the  annual  number  of  breakdowns  of  every 
kind.  I  shall  be  glad  if  the  author  will  explain  how 
it  is  that  the  figures  representing  the  latter  are  exceeded 
by  the  former  previous  to  the  year  1916,  as  it  appears 
that  the  part  is  greater  than  the  whole  for  the  earlier 
period.  Again,  I  do  not  follow  the  relationship  between 
the  curves.  Take  the  year  1921.  Apparently  the 
number  of  alternators  installed  was  200,  and  the  number 
of  breakdowns  about  30,  or  15  per  cent.  The  percentage 
curve  shows  this  latter  figure  as  1  per  cent  and  the 
text  confirms  this  value.  As  these  curves  will  naturally 
include  the  smaller  machines  with  which  more  experi- 
ence has  been  gained,  it  would  be  interesting  if  a 
differentiation  were  made  between  these  and  the  larger 
machines  which  during  the  last  few  years  have  been 
in  the  experimental  stage.  I  should  be  glad,  therefore, 
if  the  author  in  his  reply  would  furnish  figures  grouping 
the  sets  into  two  classes,  say,  above  and  below  5  000  kVA. 
On  page  441  it  is  stated  that  the  largest  machine 
installed  in  America  is  of  9  375  kVA  capacity-.  Surely 
this  is  a  misprint.  On  page  446  the  presence  of  residual 
oils  is  advocated  in  order  to  obtain  flexibility  of  stator 
insulating  tubes.  My  company  has  had  adverse  experi- 
ences from  the  splitting  of  insulating  tubes  in  the 
manner  described,  but  it  does  not  seem  to  me  that 
the  remedy  named  is  the  final  solution  of  the  difficultv. 
It  appears  that  with  the  development  of  these  mammoth 
sets  one  of  the  first  ideals  to  be  aimed  at  is  a  fire-proof 
machine.  During  the  last  year  or  so  several  cases  of 
fire  have  come  directly  under  my  notice  and  it  has 
struck  me  what  a  vast  amount  of  damage  can  be 
incurred  in  the  space  of  only  a  few  seconds.  If  the 
insulation  of  a  machine  is  pierced  and  arcing  takes 
place,  it  seems  that  there  is  always  the  liability  of  a 
machine  catching  fire  and  the  flame  at  once  licking 
round  the  whole  periphery,  due  to  the  presence  of 
volatile  oils  and  varnishes.  This  means  the  destruction 
of  the  whole  of  the  windings  and  possibly  the  cracking 
of  the  stator  frame  in  addition  to  the  other  damage. 
Thus  in  the  course  of  a  few  moments  damage  may  be 
sustained  to  the  value  of  £10  000.  Similar  remarks 
apply  to  the  use  of  a  bituminous  compound  between 
the  tubes  and  the  slots.  It  appears  that  designers  are 
compelled  at  present  to  use  materials  that  are  not  pre- 
eminently suitable,  but  with  the  evolution  of  large  turbo- 
alternators  they  will  be  forced  to  develop  some  form 
of  fire-proof  construction.  On  page  452  is  described  an 
IS  000  kVA  alternator,  the  stator  core  of  which  has  an 


internal  diameter  of  35  in.  The  rotor  is  said  to  have  a 
peripheral  speed  of  345  ft.  per  second,  which  is  equivalent 
to  a  diameter  of  33  in.  As  this  implies  a  1  in.  air-gap 
I  should  like  to  ask  if  these  figures  are  correct.  From 
page  453  it  appears  that  the  author  is  in  favour  of 
eliminating  the  main  field  regulator  for  the  sake  of  sim- 
plifying the  plant,  but,  in  view  of  the  greater  length  of 
time  required  to  destroy  the  main  field  in  case  of  emer- 
gency, it  appears  (from  page  458)  that  the  author  is  really 
in  favour  of  retaining  it.  I  believe  that  its  retention  was 
also  advocated  by  Mr.  Kuvser  in  his  recent  paper. 

Mr.  A.  B.  Mallinson  :  Several  speakers  have  men- 
tioned the  advantages  of  the  closed  air  circuit,  and  I 
think  that  the  remarks  of  the  last  speaker  tend  to 
emphasize  that  point.  Surely  it  is  impossible  for  a  fire 
to  take  place  in  a  closed  air  circuit.  There  is  only  a 
limited  amount  of  air  in  circulation,  and,  if  a  fire  is 
started  through  any  electrical  cause,  the  oxvgen  in  that 
closed  air  circuit  will  soon  be  exhausted  and  the  fire 
obviously  must  go  out.  The  insurance  companies  should 
give  a  special  rebate  for  machines  with  closed  air-circuit 
cooling  svstems. 

Mr.  J.  Rosen  {hi  reply) :  I  am  in  agreement  with 
Professor  Stoney  as  to  the  difficulties  inherent  in  the 
design  of  large  high-speed  d.c.  dynamos,  and  I  agree 
also  that   gearing  has   eliminated   these  difficulties. 

In  reply  to  Mr.  Juhlin,  I  have  already  dealt  with  the 
closed-circuit  system  of  ventilation.  The  scheme  of 
alternator  ventilation  described  in  the  paper,  with  several 
air  pressure  and  exhaust  compartments  placed  alter- 
nately throughout  the  length  of  the  machine,  has  many 
advantages,  especially  with  regard  to  the  length,  enabling 
very  long  machines  to  be  built.  Mr.  Sills  also  mentions 
the  method  of  ventilation  by  means  of  circumferential 
air-flow.  I  have  used  this  design  in  the  past  on  several 
large  alternators,  but  have  found  that  the  later  design, 
using  axial  flow,  is  more  effective  for  cooling  the  alter- 
nator, more  especially  at  the  centre.  Mr.  Juhlin,  in 
spite  of  his  statement  to  the  contrary,  appears  still  to 
agree  with  me  that  the  faults  which  he  has  experienced 
are,  in  part  at  anv  rate,  due  to  the  circulating  currents, 
as  he  proposes  to  use  a  massive  damping  winding  on 
the  rotor.  In  the  design  illustrated  in  Fig.  26  a  suitable 
radial  clearance  is  provided  between  the  faucet  on  the 
rotor  body  and  the  spigot  on  the  cap.  This  clearance 
is  sufficient  to  allow  for  full  expansion  of  the  caps  due 
to  heating  and  mechanical  loading,  and  there  is  no 
necessity  therefore  for  the  complicated  machining  of  the 
shaft  shown  in  Fig.  L.  The  latter  arrangement  is 
ingenious,  but  it  has  the  disadvantage  that  it  weakens 
the  shaft  end. 

Mr.  Lamb  has  opened  out  a  new  aspect  on  the  use 
of  the  closed-circuit  system  of  ventilation,  i.e.  the 
question  of  insurance.  This  is  most  important,  and  the 
information  which  he  gives  is  very  valuable. 

Mr.  Mallinson  has  also  made  reference  to  the  fact 
that  the  oxygen  in  the  closed-circuit  system  is  soon 
exhausted.  For  example,  in  a  10  000  kVA  alternator 
installation,  as  mentioned  on  page  471,  there  is  only 
sufficient  air  to  burn  completely  1  lb.  of  wood,  from 
which  it  will  be  seen  that  in  the  event  of  a  fault  the 
damage  would  be  confined  to  the  point  of  failure  only 
and  that  anj^  damage   due  to  fire  would  be  negligible. 
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The  rates  of  insurance  given  by  Mr.  Lamb  appear  to 
me  to  be  high,  and,  in  my  opinion,  with  the  improved 
rehability  of  alternators  there  is  no  reason  at  all  why 
the  insurance  companies  should  not  reduce  the  rates,  or 
wh)'  a  special  abatement  for  alternators  fitted  with  the 
closed-circuit  system  of  ventilation  should  not  be  made, 
just  as  abatements  are  provided  for  buildings  in  which 
special  precautions  are  taken  to  prevent  fire  or  to 
hmit  the  damage  in  case  of  an  outbreak. 

I  have  had  one  experience  only  of  a  fault  on  an 
alternator  fitted  with  a  cooler.  The  damage  was 
localized  to  the  point  of  breakdown,  and  there  was  no 
sign  of  damage  due  to  fire.  The  core  was  cleaned, 
and  the  two  stator  conductors  affected  were  replaced 
in  a  very  short  time. 

I  am  interested  in  Mr.  Lamb's  description  of  the 
rotor  fault,  and  to  hear  that  he  has  had  more  difficulties 
with  rotors  than  with  stators. 

A  main  field  regulator  would  be  of  service  as  a  stand- 
by to  the  exciter  for  separate  excitation.  My  objection 
to  its  regular  use,  apart  from  the  energy  absorbed,  is 
that  it  takes  up  a  large  amount  of  space  in  the  station, 
and  the  temperatures  round  the  regulators  are  uncom- 
fortably high.  Long  lengths  of  large-section  cable 
would  also  be  necessary.  An  alternative  to  the  main 
field  regulator  would  be  either  a  spare  exciter  armature 
or  a  complete  spare  exciter — which  latter  would  be  an 
equally  or  more  satisfactory  solution  of  the  difficulty. 
I  think  that  manufacturers  are  fully  aware  of  the  possible 
weaknesses  in  exciters  and  take  every  precaution  against 
failure.  The  main  field  switch  without  discharge  resist- 
ance would  be  operated  in  an  emergency  such  as  that 
described  by  Mr.  Lamb.  I  have  referred  to  this  in 
reply  to  Mr.  Selvey  on  page  466.  Table  A  on  page  873 
shows  the  time  taken  for  the  voltage  to  fall  with 
different  switches,  from  which  it  will  be  seen  that  on 
opening  the  field  the  voltage  falls  to  51  per  cent  of 
its  original  value  in  0-8  sec.  without  discharge  resist- 
ance, and  only  to  80  per  cent  in  the  same  period  with 
a  discharge  resistance  approximately  equal  to  the  rotor 
resistance.  In  the  particular  example  quoted  by 
Mr.  Lamb  it  is  difficult  to  give  an  opinion  on  the 
exact  extent  of  possible  damage  without  having  made  a 
personal  examination  and  being  acquainted  with  all  the 
circumstances.  I  think  he  will  agree  that  the  damage  in 
the  stator  under  the  conditions  mentioned  will  be  appre- 
ciably less  in  the  absence  of  the  field  discharge  resistance. 

In  reply  to  Mr.  Kuyser  and  Mr.  Sills,  I  would  again 
state  that  the  cable  used  for  the  stator  conductors  is  of 
peculiar  design,  and  that  the  individual  wires  are  heli- 
cally stranded.  I  am  aware  that  some  cables  are  made 
with  parallel  strands,  but  there  is  nothing  to  be  gained 
by  the  use  of  such  cable  in  alternator  construction. 
The  stranded  cable  of  which  Mr.  Kuyser  has  had  ex- 
perience has  not  been  of  the  Parsons  type,  which  is 
covered  by  patents. 

In  reply  to  Mr.  Sills,  alternators  of  25  000  kV'A  at 
3  ()0{)  r.p.m.  are  being  built  without  water  cooling.  I 
would  remaind  him  that  if  the  space  at  the  bottom  of 
the  slot  in  the  design  illustrated  were  not  filled  with 
the  cooling-water  tube  it  would  probably  be  occupied 
by  copper.  The  damping  bars  or  bonding  strips  have 
been  used  for  several  years,  and  no  difticulties  due  to 


oxidation  have  been  experienced.  I  have  dealt  with 
the  other  questions  in  my  earlier  replies. 

In  reply  to  Dr.  Barclay,  my  object  in  publishing  the 
record  of  failures  of  alternators  was  to  show  that  in 
spite  of  the  increase  in  rating  and  speed  of  the  modern 
machines,  their  reliability — as  measured  by  the  decline 
of  the  breakdown  curves — has  even  been  improved 
over  previous  performances  with  the  older  and  smaller 
machines.  I  had  compiled  details  of  the  faults,  but  to 
publish  a  complete  record  and  description  would  have 
occupied  much  space  and  would  have  had  no  real  value. 
Dr.  Barclay  suggests  that  the  erosion  of  the  stator 
conductor  bars  might  have  been  prevented.  I  would 
mention  that,  owing  to  the  war  conditions,  filters  were 
late  in  delivery  and  onl}"-  a  temporary  dry  air-filter 
could  be  installed.  A  good  deal  of  w^ork  which  was 
not  under  the  supervision  of  the  station  engineers  was 
in  progress  outside,  and  there  was  at  the  time  perhaps 
some  excuse  for  their  not  having  prevented  the  grit 
entering  the  alternator  air  ducts.  Dr.  Barclay  considers 
that  to  take  the  same  maximum  peripheral  speed  for 
all  speeds  of  rotation  is  illogical.  Other  speakers  have 
also  made  a  similar  statement,  and  have  fallen  into 
the  same  error.  I  think  that  Dr.  Barclay  has  failed 
to  distinguish  between  the  centrifugal  force  per  unit 
mass  and  the  force  per  unit  area  (stress  in  Ib./sq.  in.) — 
these  values  are  of  entirely  different  dimensions. 

In  the  description  of  the  experiment  on  the  distortion 
of  the  rotor  end  cap,  I  agree  that  it  would  perhaps 
have  been  more  correct  to  have  mentioned  that  the 
distance  between  the  outlines  of  the  electrodes  w-as 
measured,  and  not  the  length  of  the  spark,  which  was, 
of  course,   very  irregular. 

On  the  question  of  the  helically  stranded  cable,  I 
can  assure  Dr.  Barclay  that  excellent  results  are  obtained, 
and  I  would  refer  him  to  my  replies  to  other  speakers. 

The  ends  of  the  stator  core  are  supported  with  a 
massive  cast-iron  ring,  which  carries  the  supports  for 
the  teeth  between  the  conductors. 

The  significance  of  "  temper  brittleness  "  in  nickel- 
chrome  steel  is  a  matter  of  controversy  ;  it  is  a  well- 
known  fact  that  important  parts  of  aeroplane  engines 
during  the  war  were  made  by  one  firm  of  this  material 
in  a  temper-brittle  condition,  and  gave  entirely  satisfac- 
tory service.  The  same  material  when  used  in  rotor  end 
caps  has  given  good  results. 

I  would  refer  Mr.  Kuyser  to  my  replies  to  Mr.  Juhlin 
and  Mr.  Sills.  In  regard  to  the  question  of  the  difference 
between  the  voltages  induced  in  the  rotor  on  short- 
circuit  and  on  the  field  breaking,  he  must  remember 
that  the  type  of  switch  used  in  breaking  the  main  field 
circuit  affects  the  induced  voltage,  and  therefore  the 
currents  induced  in  the  rotor.  If  a  quick-break  switch 
is  used  in  the  field  the  conditions  are  very  much  more 
severe  than  on  sudden  short-circuit.  Why  he  considers 
the  flexible  insulation  to  be  inferior  I  do  not  know,  as 
it  has  given  results  eipially  as  satisfactory  as,  and  in 
my  own  experience  more  satisfactory  than,  the  hard 
grade  of  insulation.  I  agree  with  him  that  it  is  diflicult 
with  hard  insulation  to  ensure  that  the  conductors  are 
tight  in  the  slots.  For  this  reason,  straight  bars  of 
other  manufacture  have  been  replaced  by  the  helically 
stranded  cable  and  flexible  insulation. 
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Mr.  Kuyser  suggests  that  it  is  possible  to  prevent 
movement  of  the  slot  conductors  ;  differential  expansion 
between  the  copper  conductors  and  the  core,  due 
to  temperature  differences  and  unequal  coefficients  of 
dilatation,  cannot  be  prevented.  For  this  reason,  there 
should  be  some  "  give "  in  the  insulation,  and  the 
hard  variety  does  not  allow  of  this.  The  troubles 
experienced  have  been  principally  with  the  bar  winding 
and  not  with  the  stranded  cable  construction. 

I  must  thank  Mr.   Schuster  for  raising  the  question 


with  regard  to  the  lower  curves  in  Fig.  2.  Unfortu- 
nately, an  error  was  made  in  plotting  the  "  yearly  fault  " 
curve  ;  it  is  actually  drawn  to  twice  the  scale  of  the 
"  total  fault  "  curve.  This  information  will,  I  hope, 
remove  the  difficulty,  and  enable  him  to  follow  the 
figures.  Mr.  Schuster  has  confused  the  main  field 
regulator  with  the  main  field  switch. 

I  have  dealt  with  the  other  questions  raised  by 
Mr.  Paxton  and  Mr.  Schuster  in  my  replies  to  other 
speakers. 


East  Midland  Sub-Centre,  at  Loughborough,  Ki  April,  1923. 


Mr.  B.  A.  M.  Boyce  :  On  page  439  the  following 
statement  is  made  :  "  The  frequency  for  most  electrifi- 
cation schemes  in  this  country,  however,  is  50  periods 
per  second,  which  limits  the  alternator  speed  to  3  000 
r.p.m.  Whilst  this  speed  has  been  found  suitable  for 
moderate  outputs,  it  is  not  sufficiently  high  to  enable 
the  best  economy  to  be  realized  in  small  commercial 
turbines  of  1  000  kW  and  below,  a  circumstance  which 
has  led  to  the  development  of  geared  turbo-alternators 
for  these  outputs."  I  emphatically  disagree  with  this, 
as  with  the  design  of  my  company  employing  the 
double-rotation  Ljungstrom  turbine  we  get  the  equiva- 
lent of  6  000  r.p.m.  without  the  use  of  gears,  and  can 
produce  a  1  000  kW  set  with  very  high  efficiency. 
With  regard  to  the  curves  on  pages  440  and  441,  I 
should  like  to  know  if  the  kVA  rating  is  with  2.5  per 
cent  overload  or  whether  it  is  the  maximum  continuous 
rating.  On  page  442  the  author  states  that  long  lengths 
of  machine  are  preferable,  but  I  consider  that  short 
rotors  with  as  large  a  diameter  as  practicable  are  the 
best.  The  special  stator  conductor  is  very  interesting 
and  no  doubt  eliminates  eddy  currents,  but  the  flexi- 
bility introduces  difiiculties  in  clamping  and  the  flexible 
mica  insulation  mentioned  becomes  a  necessity.  I 
saw  recently  a  large  alternator  on  the  Continent  with 
one  conductor  per  slot  made  up  of  120  strips  bent  in  a 
special  way  to  minimize  eddy  currents.  I  prefer  the 
flexible  slot  insulation  to  the  solid  types,  though  very 
good  results  are  obtained  with  the  latter.  With  regard 
to  the  type  of  slot,  the  enclosed  or  tunnel  type  advocated 
by  the  author  appears  to  give  good  results  on  large 
sizes  of  alternators.  We  use  slots  of  the  semi-enclosed 
type,  reallv  a  double  slot  with  the  winding  in  the  bottom 
portion  ;  this  gives  good  wave-form,  additional  reactance 
and  ventilation.  I  understand  that  .severe  heating  at 
the  ends  of  stators  has  been  located  to  the  use  of  tunnel 
slots  in  some  alternators.  Most  of  the  large  alternators 
which  I  saw  on  the  Continent  had  a  similar  type  of 
ventilation  of  the  stator,  but  instead  of  being  carried 
out  axially  as  shown  by  the  author,  it  was  done  circum- 
ferentially,  the  air  entering  at  one  portion  of  the 
circumference  and  leaving  at  another.  W'e  have  had 
no  trouble  from  instability  or  reversals  of  exciters, 
but  ours  are  comparatively  small  machines.  The 
stability  is  obtained  by  using  cast-iron  yokes  and 
saturating  the  cast  iron  where  the  main  pole  joins. 
^^'ith  regard  to  rotor  cap  spigots  I  think  that  their  use 
depends  on  the  relative  strength  of  the  metals  employed 
and  that  the  weaker  metal  should  always  be  on  the 
outside. 


Mr.  T.  Hall  :  What  does  the  author  consider  to  be 
the  best  method  of  drying  out  alternators  ?  This  is 
generally  done  in  a  slipshod  manner.  I  have  had  a 
certain  amount  of  trouble  during  the  past  4  or  5  years 
with  the  end  winding  of  the  rotor,  owing  to  the  end  bell 
pressing  on  the  end  windings,  thus  causing  the  mica  to 
powder.  In  regard  to  the  question  of  the  pump  for 
supplying  cooling  water  for  the  air  cooler,  should  a 
separate  pump  be  fitted  or  should  the  cooler  be  supplied 
by  the  main  circulating  pump,  by  by-passing  the  water 
across  the  condenser  ? 

Mr.  C.  Sutton  :  The  author  is  not  quite  fair  in  his 
arguments  against  the  large-diameter  machine.  We 
have  found  that  the  output  of  a  two-pole  high-speed 
alternator  varies  at  least  as  the  cube  of  the  diameter, 
so  that  any  increase  in  diameter  decreases  the  length 
very  considerably.  Taking  the  two  machines,  dimen- 
sions of  which  are  given  in  the  paper,  and  varying  the 
length  as  the  cube  of  the  diameter,  we  have  the  follow- 
ing :  ISOOOkVA  at  2  400  r.p.m.,  rotor  diameter 
33  in.,  length  108|^  in.  Dr.  Barclay  *  gave  the  maximum 
advisable  diameter  for  2  400  r.p.m.  as  39  in.  Now 
with  a  diameter  of  39  in.  the  length  of  the  18  000  kVA 
machine  would  be  approximately  70  in.,  a  saving  of 
38  in.,  or  35  percent.  For  the  other  machine  we  have  : 
14  700  kVA  at  2  400  r.p.m.,  rotor  diameter  29  in., 
length  105  in.  By  only  increasing  the  diameter  of  the 
rotor  to  33  in.,  i.e.  the  diameter  actually  used  on  the 
18  000  kVA  machine,  the  length  could  have  been 
reduced  to  approximately  70  in.,  a  saving  of  35  in., 
or  34  per  cent.  The  great  advantage  of  these  shorter 
machines,  apart  from  the  reduction  in  weight,  is  that 
the  length  is  such  that  no  complicated  system  of  ventila- 
tion is  necessary.  The  ventilating  system  described 
in  the  paper  is  not  ideal  by  any  means,  a  particularly 
weak  point  being  that  any  cooling  air  passing  between 
the  stator  teeth  is  in  direct  opposition  to  the  windage 
from  the  rotor,  and  considerable  heating  of  the  air  must 
result.  In  fact  it  is  fairly  safe  to  assume  that  practically 
no  air  flows  down  the  stator  teeth  but  that  it  is  all 
short-circuited  through  the  axial  holes  M  (see  Fig.  16). 
This  will  tend  to  create  hot  spots  in  the  stator  teeth, 
i.e.  just  the  point  where  hot  spots  are  dangerous. 
Another  disadvantage  of  the  system  is  the  fact  that 
there  are  sudden  changes  in  the  direction  of  the  air-flow. 
These  should  always  be  avoided.  One  of  the  most 
important  factors  in  any  ventilating  system  is  the  air 
velocity.  We  have  many  machines  working  with  an 
air  velocity  at  the  cooling  surfaces  of  8  400  ft.  per 
*  See  Journal  I.E.E.,   1918,  vol.  56,  p.  472. 
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mill.,  and  this  velocity  has  proved  very  efficient.  The 
onh-  other  point  I  have  to  raise  is  with  regard  to  the 
use  of  cable  for  stator  winding.  While  cable  may  be 
the  best  proposition  for  the  prevention  of  eddy  currents, 
it  must  be  admitted  that  it  is  not  a  mechanical  job  in 
anv  respect.  In  the  first  place,  when  the  insulation 
is  being  applied  to  the  cable  before  it  is  inserted  in 
the  slot,  great  care  must  be  exercised  to  see  that  the 
cable  is  always  supported  over  its  entire  length,  as  if 
the  cable  bends,  even  if  the  insulation  is  not  damaged, 
air  pockets  may  be  formed,  and  these  should  be  avoided. 
Then  in  threading  the  cable  into  the  core  the  cable 
must  again  be  held  absolutely  rigid,  or  otherwise  there 
is  grave  danger  of  damaging  the  insulation.  Again, 
there  is  alwavs  the  danger  that  one  of  the  strands  of 
the  cable  mav  have  been  broken  and  the  end  of  the 
broken  strand  forced  into  the  insulation,  thus  creating 
the  possibility  of  a  breakdown  to  earth.  One  of  the 
weakest  points  of  a  stator  winding  is  where  the  coil 
leaves  the  core,  and  here  the  cable  is  at  a  great  disad- 
vantage as  compared  with  a  solid  conductor.  Referring 
to  Fig.  11 ,  it  will  be  seen  that  there  is  a  considerable 
length  of  cable  outside  the  core,  particularly  in  the 
case  of  the  outer  tier,  and  particular  attention  must  be 
paid  to  the  support  of  this  cable.  We  gave  up  the 
use  of  cable  many  years  ago,  as  we  came  to  the  conclusion 
that  it  was  a  much  sounder  proposition  to  adopt  a 
solid  type  of  conductor  for  mechanical  reasons  and 
take  other  precautions  for  the  increase  in  the  eddy- 
current  losses  which  necessarily  follow.  With  a  special 
design  we  have  found  it  satisfactory'  to  use  a  solid 
conductor  for  currents  as  high  as  2  000  amperes  per 
conductor  at  50  periods.  There  was  an  interesting 
article  in  the  Journal  of  the  American  Institute  of 
Electrical  Engineers  for  February,  1921,  in  regard  to 
the  eddy-current  losses  in  cables.  In  this  article  it 
was  stated  that  by  impregnating  the  cable  with  a  solution 
of  sodium  sulphide  (Na.iS)  the  losses  were  reduced  in 
the  ratio  of  0-0066  to  0-0013  for  25  periods,  and  0-037 
to  0.-  0061  for  60  periods.  Has  the  author  ever  considered 
this  proposal  ?  I  agree  with  the  author  that  the 
soundest  stator  winding  is  obtained  by  having  separate 
slot  conductors  and  end  connectors,  but  this  surely 
fixes  a  maximum  limit  to  the  voltage  for  any  size  of 
alternator.  In  the  various  discussions  on  the  paper 
the  question  of  higher  voltages  has  been  raised  several 
times,  and  most  designers  will  agree  that  it  is  possible 
to  build  machines  for  higher  voltages.  On  the  other 
hand,  if  reliability  were  the  first  consideration,  as  it 
should  be,  and  as  the  simplest,  strongest  and  most 
efficient  winding  can  be  obtained  with  one  conductor 
per  slot,  the  voltage  that  gives  this  condition  should 
be  adopted,  regardless  of  the  actual  supply  \-oltage 
required . 

Mr.  T.  P.  Wilmshurst :  We  have  in  Derby  20  000  kW 
of  electrical  plant  made  by  INIessrs.  Parsons,  and  in  the 
course  of  12  years  we  have  not  had  a  single  electrical 
breakdown  in  any  way  attributable  to  design  or  manufac- 
ture. I  should  like  to  raise  the  question  of  air  cooling 
by  a  separately  driven  motor  fan.  The  auxiliaries  are 
usually  in   the   basement   and   receive   less   supervision 


than  the  main  plant,  and  the  sudden  stoppage  of  the 
fan,  if  not  observed  at  once,  might  lead  to  disaster. 
On  our  larger  machines  we  have  installed  a  thermal 
alarm  which  will  operate  a  buzzer  at  a  certain  tempera- 
ture-rise, and  I  think  that  such  an  alarm  should  be 
installed  by  the  makers  as  an  integral  part  of  the 
machines.  I  should  like  to  know  if  the  author  considers 
it  to  be  feasible  to  install  on  large  machines  a  small 
fan  on  the  rotor  shaft  in  addition  to  the  main  separately- 
driven  fan,  of  sufficient  capacity  to  carry  on  at  a  reduced 
load  ;  or,  alternatively,  if  he  would  be  prepared,  on 
large  machines,  to  supply  two  fans  each  of  50  per  cent 
of  the  total  capacity,  as  is  now  done  with  the  circulating 
pumps.  At  the  same  time  I  am  bound  to  admit  that 
we  ha\'e  never  had  any  trouble  due  to  the  stoppage 
of  the  fan  motor.  What,  in  the  author's  view,  is 
necessary  for  the  electrical  protection  of  large  modern 
stators  ?  As  he  has  shown,  these  stators  are  now  so 
sturdily  built  that  they  will  withstand  sustained 
external  short-circuits.  Does  he  consider  that  we  are 
justified  in  abolishing  overload  protection  on  our  oil 
switches  and  reiving  on  the  internal  reactance  and  on 
the  use  of  circulating-current  gear,  combined  with 
field-suppression  switches  to  look  after  internal  faults  ? 
I  believe  that  this  practice  has  been  adopted  at 
Gennevilliers  and  other  large  stations. 

Mr.  J.  Rosen  {in  reply)  :  ]\Iost  of  the  questions 
raised  have  been  replied  to  in  the  previous  discussions. 

Referring  to  the  curves  on  pages  4-tO  and  441,  the  kVA 
output  is  given  on  the  maximum  continuous  rating  and 
not  on  the  overload.  The  other  questions  raised  by 
Mr.  Boyce  have  been  replied  to  in  the  earlier  dis- 
cussions. 

W^th  regard  to  the  best  method  of  drying  out  alter- 
nators, I  would  refer  Mr.  Hall  to  my  reply  to  Mr.  Powell 
in  the  Glasgow  discussion  on  page  471.  INIovement 
of  rotor  end  windings  due  to  insufficient  support  will 
account  for  the  powdering  of  the  mica  at  the  end  caps. 
A  separate  pump  is  normally  used  for  supplying  cooling 
water  to  the  air  cooler,  but  many  coolers  in  which  the 
water  is  by-passed  from  the  main  circulating  system 
are  in  operation.  The  latter  arrangement  is  more 
satisfactorv  if  the  water  in  the  cooler  tubes  can  be 
kept  below  atmospheric  pressure. 

No  such  difficulties  as  were  referred  to  by  Mr.  Sutton 
in  connection  with  the  ventilation  scheme  have  been 
met. 

I  am  pleased  that  Mr.  Wilmshurst  has  had.  so  little 
difficulty  with  the  electrical  plant,  and  I  agree  with 
him  in  the  precautions  he  has  taken  to  indicate  when 
the  fan  is  shut  down.  I  would  refer  him  to  the  arrange- 
ment shown  on  page  467  which  shows  the  external 
fan  coupled  to  a  pump  motor.  I  think  that  this  arrange- 
ment will  meet  his  difficulties,  or,  alternatively,  his 
suggestion  of  using  two  fans  could  be  readily  adopted. 
I  think  he  would  be  ([uite  justified  in  removing  the 
overload  protection  and  depending  on  the  circulating- 
current  protecti\e  gear.  It  is  undesirable  for  a  large 
machine  to  trip  off  the  busbars  because  of  a  momentary 
overload.  On  this  account  overload  protection  has 
been  abolished  in  many  stations  in  this  country. 
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South  Midland  Cextre,  at  Birmingham,  25  April,  1023. 


Mr.  A.  M.  Taylor  :  While  information  like  that 
contributed  in  the  present  paper,  as  well  as  that  in 
the  recent  paper  of  Mr.  Ku^'ser,  is  of  extreme  value 
both  to  the  users  of  generating  plant  as  well  as  to  the 
manufacturers,  I  think  that  it  would  be  of  still  greater 
value  if  particulars  were  collected  together  from  the 
various  users  of  the  plant  as  to  the  time  each  set  has 
been  installed,  and  the  percentage  of  that  time  during 
which  it  has  been  out  of  commission  due  to  defects 
whether  in  the  turbine,  the  alternator,  or  condenser. 
Fig.  2  gives  breakdowns  in  terms  of  the  percentage  of 
alternators  installed,  but  I  suggest  that  this  may  be 
misleading,  inasmuch  as  one  particular  alternator  may 
break  down  several  times  in  succession,  and  I  presume 
that  this  would  not  appear  on  the  curve.  In  the  United 
States  a  most  interesting  questionnaire  was  issued  by 
the  National  Electric  Light  Association  to  all  the 
electricity  generating  stations,  and  the  results  appeared 
in  the  Electrical  World  (1922,  vol.  79.  p.  1035),  but 
not,  however,  in  a  very  intelligible  form,  owing  to  the 
small  scale  of  the  photographic  reproduction  of  the 
chart.  1  have  extracted  from  that  chart  the  essential 
information  and  arranged  some  of  it  in  the  form  of 
Table  C,  for  units  in  "  class  1  "  service.     Similar  tables 


'Class  2" 

service, 

per  cent 

77-9 

'■  Class  3 
service, 
per  cent 

94-2 

690 

76-3 

8-9 

17-9 

6 

10 

4 

3 

0-5 

3 

0 

0 

relating    to  units  in  "class   2"  and  "  class  3  "  ser\nce 
respectively  give  the  following  average  results  : 


Service  demand  factor 
Unit  operating  factor 
Outage,  all  causes    .  . 
Turbine  outage 
Alternator  outage     .  . 
.     Condenser  outage 

Major  non-service  repairs 

The  results  are  expressed  in  a  wav  which  I 
suggest  is  exceedingly  useful,  viz.  in  terms  of  the 
"  service  demand  factor,"  the  "  unit  operating  factor," 
and  the  "  outage  factor."  An  example  of  the  con- 
struction of  these  novel  factors  is  as  follows  :  10  000 
hours    completed    since    erection  ;      7  000    hours    called 

7  000 

on     to     operate  ;      hence     =  "  service     demand 

^  10  000 

factor  "  =  70  per  cent.     6  000  hours  actually  in  opcra- 

6  000 

tion  ;     hence    =  '   unit    operating    factor  "  =  60 

10  000  ^  ^ 


Table  C. 


Ref.  No. 

Speed 

Rated  load 

Service 
demand 
factor 

Unit 

operating 

factor 

Outage, 
all  causes 

Turbine 
outage 

Alteniator 
outage 

Condenser 

outage 

Major 

non-service 

repairs 

1 

r.p.m. 

1  800 

kW 

20  000 

34°  0 

30°  1 

% 

0 

0 

4° 

0 

0,' 

0 

49 

1  500 

35  000 

35 

5 

35 

5 

0 

0 

0 

0 

31 

46 

1  500 

20  000 

41 

8 

41 

8 

0 

0 

0 

10 

48 

1  500 

20  000 

45 

1 

45 

1 

0 

0 

0 

13 

47 

1  500 

20  000 

46 

9 

46 

9 

0 

0 

0 

12  • 

25 

1  500 

20  000 

49 

3 

49 

3 

39 

1  200 

20  000 

53 

5 

51 

5 

76 

1  500 

30  000 

53 

8 

48 

5 

5-3 

3 

1 

1 

0 

28 

1  800 

25  000 

54 

8 

53 

9 

77 

1  500 

30  000 

56 

0 

47 

9 

8-1 

6 

1-5 

1 

0 

75 

1  500 

20  000 

57 

3 

57 

1 

35 

1  500 

20  000 

59 

0 

56 

0 

34 

1  500 

20  000 

59 

9 

54 

9 

72 

1  500 

20  000 

60 

8 

29 

1 

32 

0 

0 

0 

64 

1  500 

20  000 

61 

8 

45 

7 

12 

2 

3 

0 

78 

1  500 

30  000 

61 

8 

55 

7 

6-1 

3 

2 

1-5 

0 

27 

1  800 

25  000 

62 

3 

61 

1 

26 

1  800 

25  000 

63 

3 

54 

4 

7 

0-5 

0-5 

11 

22 

1  800 

20  0(0 

63 

3 

59 

1 

5 

0 

0 

0 

40 

1  200 

20  000 

63 

3 

59 

6 

57 
71 

1  800 
1  500 

30  000 
20  000 

63 
63 

7 
9 

54 
54 

2 

4 

9-5 

0-5 
6 

0 
3 

10  (other) 
0 

0 

73 

1  500 

20  000 

64 

2 

31 

8 

24 

9 

0 

0 

41 

1  200 

20  000 

64 

8 

63 

5 

0 

0 

0 

21 

Aver 

ages 

55-8 

49-5 

6-3 

5 

1 

0 
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per    cent,      1  000    hours    (7  000  -  6  000)    out    of    com- 
mission,    through   stoppage,    when    called    upon  ;    hence 

1  000  ,  .,        ,^ 
•   =      outage  factor      =  10  per  cent. 

10  000 

I  suggest  that  if  the  Institution,  or  failing  this  the 
Incorporated  Municipal  Electrical  Association,  could 
see  its  way  to  issue  such  a  questionnaire  to  all  the  elec- 
tricity stations  in  the  country,  it  would  be  of  immense 
value,  and  the  results  could  be  discussed  before  a  meeting 
of  the  Institution  with  very  great  profit  to  the  industry. 
The  period  during  which  plant  is  actually  out  of  com- 
mission is  perhaps,  from  the  central  station  engineer's 
point  of  view,  more  important  than  anything  else. 
I  notice  that  very  large  sets  are  dealt  with  in 
the  table  for  "class  3"  service.  The  two  4.5  000  k\V 
sets  average  15  per  cent  "  outage  "  ;  the  one  40  000  kW 
set  averages  25  per  cent  "  outage  "  ;  the  four  35  000  kW 
sets  average  20  per  cent  "  outage  "  ;  the  two  32  000  kW 
sets  average  14-5  percent  "outage";  and  the  eight 
30  000  kW  sets  average  19  per  cent  "outage."  The 
average  "outage"  for  the  complete  table  is  17-9  per 
cent,  which  is  very  different  from  the  5  or  the  10  per 
cent  of  the  author's  curve.  I  am  much  interested  in 
the  author's  statement  with  reference  to  the  impor- 
tance of  getting  rid  absolutely  of  tooth  ripples  in  the 
wave-form,  and  this  too  at  all  loads.  I  recently  examined 
a  case  where  the  following  conditions,  which  are  now 
becoming  quite  common,  obtained,  a  generating  station 
delivering  current  at,  say,  6  000  volts,  feeds  through 
trunk  mains  at  this  pressure  to  a  point  a  couple  of 
miles  away,  and  parallel  with  this  transmission  is  a 
step-up  IJO  000  volt  transmission.  The  neutral  point 
of  the  generating  svstem  is  earthed  and  the  neutral 
point  of  the  high-tension  star  of  the  step- up  transformer 
is  also  earthed.  The  said  star  winding  of  the  trans- 
former may  give  an  oscillograph  curve  which  is  per- 
fectly free  from  triple  harmonics,  but  if  the  generator 
has  an  extremely  small  third  harmonic  this  may  pass 
current  in  series  through  the  earth  connection  of  the 
high-tension  star  of  the  transformer  and  then  through 
the  capacity  of  the  high-tension  (30  000  volt)  mains 
to  earth  at  the  distant  point,  and  may  return  through 
the  capacity  of  the  low-tension  (5  000  volt)  mains  to  the 
generating  station  busbars  and  so  through  the  alter- 
nator windings  back  again  to  earth.  In  the  case  which 
1  had  worked  out  I  found  that  there  was  danger  of  a 
capacity  current,  which  might  be  only  of  the  order  of 
1  ampere,  so  affecting  the  excitation  of  the  step-up  trans- 
former as  to  start  a  third  harmonic  in  this  transformer 
and,  neglecting  for  the  moment  the  wiping-out  effect 
of  the  delta  on  the  primary  side  of  the  transformer,  pro- 
ducing a  10  per  cent  third  harmonic  ;  the  10  per  cent 
third  harmonic  acting  through  the  capacity  of  the  line 
would  tend  to  produce  sufficient  current  to  give  a  30  per 
cent  third  harmonic.  Hence  a  cumulative  deforma- 
tion of  the  transformer  wave  would  be  produced,  and, 
in  order  to  be  sure  of  being  free  from  this,  there  must  be 
nothing  larger  than  a  3  per  cent  third  harmonic,  or  a 
1  per  cent  ninth  harmonic,  in  the  generator.  As  above 
stated,  this  neglects  the  damping-out  effect  of  the 
delta  winding  ;  but  the  latter  is  not  perfect,  depending 
upon  the  inductance  of  the  said  winding  and  other 
factors,  and,  moreover,  different  local  conditions  might 


so  alter  the  capacity  arrangements  as  to  make  the  case 
cumulative  in  spite  of  the  delta  winding.  Each  case 
requires  to  be  investigated  on  its  merits,  but  it  looks 
as  though  even  a  3  per  cent  third  harmonic  or  a  1  per 
cent  ninth  harmonic  is  quite  sufficient  to  be  trouble- 
some. I  suggest  that  the  above  is  not  a  case  of  reson- 
ance proper,  but  merely  depends  upon  the  deformation 
of  the  E.M.F.  wave  of  the  transformer,  a  point  which 
was  clearly  brought  out  by  Mr.  J.  F.  Peters  in  his 
paper  *  before  the  American  Institute  of  Electrical 
Engineers  in  1915,  and  more  recently  by  Mr.  G.  Faccioli 
in  his  paper  f  last  May  before  the  same  bod  v. 

Mr.  A.  T.  Bartlett :  The  study  of  faults  and  break- 
downs and  inquiry  into  their  causes  are  always  most 
interesting  and  useful.  The  lantern  slides  which  the 
author  exhibited  illustrated  very  interesting  faults  ; 
one  in  particular  was  a  photograph  of  the  bars  mentioned 
in  the  paper  as  having  suffered  from  erosion,  which 
proves  that  no  alternator  should  be  run  without  a 
filter,  or  preferably  with  a  closed  air-cooling  circuit ; 
unfortunately,  to  run  without  a  filter  is  still  the  prac- 
tice of  some  station  engineers.  The  method  adopted  of 
measuring  the  deformation  of  rotor  caps  is  questionable. 
It  seems  impossible  that  the  rotor,  sparking  point  and 
camera  should  all  remain  relatively  in  the  same  position  ; 
vibration  and  windage  must  cause  movement  com- 
parable with  the  quantity  being  measured.  Even 
with  fixed  points  the  spark  method  of  measuring  small 
gaps  has  proved  unreliable.  Has  the  author  noticed 
any  cases  of  permanent  deformation  in  rotor  caps  ? 
I  have  found  traces  of  this,  notwithstanding  the  fact 
that  the  caps  have  been  stressed  considerably  below 
the  limit  of  proportionality.  I  should  be  glad  to  know 
if  any  work  has  been  done  to  ascertain  whether  pro- 
longed stress,  although  below  the  limit  of  proportionality, 
can  produce  permanent  deformation.  There  seems  no 
doubt  that  if  the  stress  does  not  exceed  the  fatigue 
load  no  permanent  deformation  can  occur.  I  agree 
that  the  most  satisfactory  form  of  rotor  is  the  solid 
steel  forging.  The  effect  on  the  exciter  current  of  any 
sudden  change  in  the  stator  current  is  not  sufficiently 
recognized.  The  stator  and  rotor  form  the  primary 
and  secondary  circuit  of  a  transformer  and  during  a 
change  of  current  in  either  there  is  a  corresponding 
momentary  change  in  the  other.  Oscillograms  taken  in 
the  exciter  circuit  often  show  intermittent  changes  in 
the  stator  current  more  satisfactorily  than  when  taken 
in  the  main  circuit. 

Mr.  J.  Morton :  In  reading  through  the  paper 
one  is  forced  to  the  conclusion  that  the  author  is  an 
advocate  of  higher  speeds,  and  from  the  designer's 
point  of  view  this  is  perhaps  permissible.  Had  he, 
however,  been  engaged  on  the  supply  side,  and  been 
obliged  to  put  up  with  breakdown  after  breakdown,  all 
on  high-speed  machinery,  he  would  perhaps  alter  his 
views  as  to  reliable  maximum  speeds.  As  a  matter 
of  fact  we  in  Birmingham  have  consoled  ourselves  with 
the  fact  that  with  our  25-period  supply  we  are  immune 
from  the  additional  troubles  due  to  speeds  higher  than 
1  500    r.p.m.     With    regard    to    the    closed    s\-stem    of 

•  Transactions  of  the  American  Institute  of  Electrical  Engineers, 
191."),  vol.  34,  pt.  2,  p.  2157  . 

t  J  nurnul  of  the  American  Institute  of  Electrical  Engineers,  1922, 

vol.  41,  p.  351. 
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alternator  ventilation,  on  page  450  the  author  quotes 
a  figure  of  80  lb.  of  air  enclosed  in  the  system  of  a 
10  000  kW  plant,  roughly  0  10  cubic  ft.  per  k\V.  In 
deciding  the  volume  of  air  space  for  the  closed  system 
of  ventilation  on  the  third  15  000  k\V  unit  for  ^'echells 
Station,  ive  fixed  the  volume  per  kW  at  the  same  value, 
i.e.  O-IO  cubic  ft.  per  kW.  In  our  case,  however,  the 
machine  is  designed  for  a  power  factor  of  66-6  per  cent 
instead  of  the  usual  80  per  cent ;  consequentlv,  when 
based  on  cubic  ft.  per  kVA  our  allowance  is  considerablj' 
less  than  that  put  forward  by  the  author.  I  shall  be 
glad,  therefore,  if  he  will  state  his  reason  for  adopting 
this  particular  value  for  the  volume  of  air  per  kW.  As 
regards  reversal  of  polarity  on  exciters  due  to  overload 
or  short-circuit,  the  author  has  got  over  the  difficultv 
by  the  addition  of  a  few  turns  of  compoundmg,  but 
where  a  battery  is  installed  and  properlv  maintained  and 
is  used  for  excitation,  a  separately  excited  auxiliary' 
shunt  winding  would  take  up  less  space  and  also  enable 
the  machine  to  build  up  much  more  quickly. 

Mr.  T.  R.  Alexander :  The  author's  remarks  on 
the  magnitude  of  the  eddy  currents  induced  in  the 
modern  rotor  and  the  arcing  at  the  spigot  of  the  rotor 
caps  are  verj-  interesting  to  users,  and  point  to  the 
necessity'  for  careful  examination  at  the  annual  over- 
haul. The  usual  insulation  under  the  exciter  bearing 
pedestal  to  ensure  an  open  circuit  for  these  currents 
seems  open  to  criticism.  In  several  turbo  sets  pitting 
has  been  observed  on  the  turbine  governor  gunmetal 
worm-wheel,  which  is  driven  by  the  steel  worm  on  the 
turbine  shaft.  Pitting  has  also  been  found  on  the 
white  metal  at  the  ends  of  the  rotor  coupling  bearing. 
Rightly  or  wrongly  rotor  eddy  currents  were  thought 
to  be  responsible  for  these  defects,  but  the  fact  that 
pitting  only  seems  to  occur  between  different  metals 
may  suggest  some  other  cause.  After  fitting  a  good 
earth-connected  brush  on  the  alternator  rotor  shaft 
near  the  coupling  the  trouble  was  practically  but  not 
absolutely  eliminated.  It  would  be  helpful  if  the  author 
would  give  his  opinion  on  such  defects ;  are  thev 
the  result  of  eddy  currents,  and  does  he  think  the 
rotor  earthing-brush  correct  and  sufficient  to  prevent 
action  ? 

Mr.  H.  Joseph  :  I  should  be  much  obhged  if  the  author 
could  give  some  further  information  about  the  system 
of  moulded  insulation  for  stator  windings.  I  presume 
that  his  fimi  are  satisfied  that  mica  flakes  held  together 
with  varnish  do  form  the  best  possible  slot  insulation. 
Some  tests  made  on  empire  cloth  and  an  insulating 
material  built  up  of  mica  flakes  varnished  on  to  thin 
paper,  the  materials  being  of  the  same  thickness,  revealed 
a  much  higher  puncture  test  with  the  former  than  the  I 
latter,  the  mica  material  showing  very  variable  puncture 
voltages.  I  regard  linen  and  cotton  tapes  not  as  insula- 
tors but  as  a  mechanical  medium  for  holding  a  film 
of  varnish,  and  I  should  be  interested  to  hear  if  tests 
have  shown  that  material  moulded  from  varnish  and 
mica  flakes  has  a  higher  puncture  voltage  than  an  equal 
thickness  of  empire  cloth. 

Dr.  M.  L.  Kahn  :  Any  criticism  which  I  may  make 
of  some  of  the  methods  described  in  the  paper  is  only 
with  a  view  to  obtaining  further  information  on  this 
important  subject.     It  appears  to  me  to  be  misleading 


to  say  that  ventilation  is  the  limiting  factor  of  the 
maximum  output  for  which  machines  can  be  built  at 
3  600  or  3  000  r.p.m.  In  so  far  as  improved  ventilation 
allows  us  to  rate  up  any  given  size  of  electrical  machine, 
this  of  course  holds  good.  It  does  not,  however, 
indicate  where  the  difficulties  and  limiting  features  lie. 
The  limiting  feature  must  always  be  the  material  at 
our  disposal.  The  mechanical  strength  of  the  steel 
which  can  at  present  be  obtained  from  the  steel  makers 
limits  us  to  a  maximum  possible  diameter  for  each 
.speed.  The  length  of  the  machine  for  each  diameter 
is  determined  by  the  allowable  rotor  deflection.  These 
two  considerations  determine  the  largest  rotor  which 
can  be  made  for  a  given  speed,  and  this  in  turn  deter- 
mines the  maximum  possible  output.  The  author  gives 
in  the  paper  data  of  some  machines  with  rather  long 
rotors,  the  deflection  on  which  is  necessarily  rather 
large,  and  this  has  two  objections.  In  the  first  place 
a  large  deflection  means  an  appreciable  relative  move- 
ment of  the  caps  on  the  seatings  of  the  rotor  body. 
This  is  liable  to  lead  to  wear  of  these  seatings,  so  that 
there  is  a  danger  of  the  caps  finally  getting  loose. 
Secondly,  these  long  rotors  are  more  liable  to  vibrate 
should  the  rotor  be  slightly  out  of  balance  than  short 
rotors  with  rather  larger  diameters.  A  small  displace- 
ment of  the  rotor  winding  is  always  possible,  due  to 
the  expansion  and  contraction  which  takes  place  under 
normal  running  conditions.  In  this  case  a  machine 
with  a  small  diameter  is  liable  to  give  trouble  with 
vibration,  while  a  short,  stiff"  rotor  would  not  be  suffi- 
ciently deflected  to  interfere  with  satisfactory  running. 
To  use  the  stranded  conductors  described  in  the  paper 
on  machines  with  large  outputs  has  the  disadvantage 
that  it  involves  joints  in  the  winding  close  to  the  stator 
core,  as  on  large  machines  solid  end-connections  are 
desirable,  especially  with  the  coil  winding  described  in 
the  paper.  These  joints  are  near  the  hottest  part  of 
the  coil  and,  as  they  are  just  above  the  rotor  caps  close 
to  the  core,  they  cannot  be  cooled  nearly  as  well  as 
joints  at  the  outer  end  of  the  coils,  and  are  therefore 
more  liable  to  give  trouble  due  to  unsweating.  The 
concentric  type  of  coils  used  in  connection  with  this 
material,  as  described  in  the  paper,  involves  far  greater 
stresses  in  case  of  short-circuit  than  two-layer  windings 
with  diamond  coils,  due  to  the  bunching  together  of 
the  conductors  of  each  phase  of  the  end  winding.  This 
class  of  winding  can  be  made  with  joints  on  one  side 
of  the  machine  only  ;  these  joints  are  right  at  the  end 
of  the  coils  and  can  be  most  effectively  cooled.  If 
this  winding  is  used  on  machines  with  open  slots,  the 
whole  of  the  coils  can  be  fully  insulated  and  tested 
before  insertion,  which  is  a  further  advantage.  By 
using  a  large  gap,  which  is  in  any  case  required  on 
machines  of  this  tvpe,  a  large  number  of  slots  per 
pole  and  fractional-pitch  windings  and,  if  necessary,  a 
fractional  number  of  slots  per  pole  and  phase,  a  perfect 
sine  wave  can  be  obtained  for  the  voltage  of  such 
machines  wound  with  diamond  coils  in  open  slots.  I 
agree  with  the  author  that  separate  fans  have  a  number 
of  advantages  for  large  high-speed  units.  Apart  from 
the  most  important  point  of  materialh"  improving  the 
efficiency,  there  are  other  features  to  recommend  them. 
(1)   The  air  supply  of  the  generator  can  be  adjusted  in 
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accordance  with  the  load  by  driving  the  fan  with  a 
variable-speed  motor  ;  thus  a  further  saving  can  be 
effected  in  case  the  machine  runs  below  full  load  for 
any  length  of  time,  and,  moreover,  by  increasing  the 
amount  of  air  temporarily  the  overload  capacity  of  the 
alternator  can  be  increased.  (2)  The  overall  length  of 
the  plant  is  materiallv  lengthened.  In  the  case  of  fans 
fitted  on  the  rotor,  in  addition  to  the  length  of  the 
fans  themselves,  space  has  to  be  provided  to  lead  to 
the  fans  the  whole  of  the  air  volume  required  for  the 
machine.  This  is  a  very  important  consideration,  as 
shorter  rotors   are  more  reliable,   as   explained   above. 

(3)  High-speed  fans  are  liable  to  be  noisy  ;  in  addition, 
they  are  difficult  to  balance,  and  interfere  further  with 
the  arrangement  for  fixing  balance  weights  on  the  rotor. 

(4)  Separate  fans,  due  to  their  higher  efficiency,  heat 
the  cooling  air  less  than  fans  on  the  rotor.  This 
difference  is  quite  appreciable,  as  the  losses  in  the  fans 
on  the  rotor  represent  a  considerable  percentage  of 
the  total  losses  in  the  machine.  (5)  The  objection  that 
by  the  addition  of  separate  fans  the  reliability  of  the 
set  is  reduced,  appears  to  be  rather  one-sided.  It  is 
usually  overlooked  that  not  only  external  fans  or 
motors,  but  also  fans  fitted  on  the  rotor  may  fail. 
Although  such  failures  are  as  rare  as  failures  of 
separately  driven  fans,  the  fact  remains  that  these 
high-speed  fans  necessarily  consist  of  a  large  number 
of  highlj'-stressed  parts.  The  failure  of  the  fan  on 
the  rotor  is  a  very  much  more  serious  matter  than  the 
failure  of  a  separate  fan,  as  it  may  seriously  damage 
the  end-winding  of  the  stator  and  even  lead  to  the 
destruction  of  the  machine.  External  fans  running  at 
lower  speeds  entirely  obviate  this  contingency. 

Mr.  J.  Rosen  (in  reply)  :  Mr.  Taylor's  figures  give  a 
very  good  idea  of  how  a  machine's  service  is  interrupted 
by  breakdowns.  A  questionnaire  issued  in  this  country 
would  bring  fcrth  some  interesting  figures,  but  I  think 
that  station  engineers  are  as  a  rule  more  interested 
in  surmounting  their  difficulties  than  in  recording  them. 


All  faults  are  given  in  Fig.  2,  and  in  some  cases  they 
occur  on   the  same  machine. 

I  have  already  dealt  with  Mr.  Bartlett's  questions  in 
reply  to  other  speakers. 

Mr.  Morton  appears  to  have  had  difficulties  in  the 
past  with  alternators  running  at  3  000  r.p.m.  I  have 
had  experience  of  difficulties  on  the  supply  side,  and 
I  feel  sure  that  he  will  now  find  that  weaknesses  in 
the  earlier  designs  have  been  found  and  eliminated. 
The  figure  of  I  100  cubic  ft.  of  air  in  the  coohng  system 
of  a  10  000  kVA  alternator,  referred  to  on  page  471, 
depends  upon  the  design  of  the  air  ducts  and  the  foun- 
dations. There  is  no  necessity  to  fix  a  minimum 
value  ;  0- 1  cubic  ft.  per  kW  is  a  figure  which  may  be 
expected  in  the  normal  design  of  foundation. 

I  have  dealt  with  Mr.  Alexander's  questions  in  reply 
to  Mr.  Ellis  on  page  873. 

In  reply  to  Mr.  Joseph,  the  insulation  formed  of  mica 
flakes  has  proved  to  be  the  most  suitable  for  high-speed 
alternator  design.  It  will  withstand  the  heat  and 
stresses  to  which  the  insulation  may  be  subjected. 
Empire  cloth  and  similar  materials  have  excellent  insu- 
lating properties,  but  they  are  affected  in  course  of 
time  by  temperature.  I  agree  that  linen  and  cotton 
tapes  for  high  voltages  may  be  considered  to  be  a 
mechanical  medium   for  holding  mica  or  varnish. 

I  have  dealt  with  Dr.  Kahn's  question  in  regard  to 
the  deflection  of  rotors  in  replv  to  Major  David  on 
page  872.  The  nmning  of  rotors  with  lower  peri- 
pheral speeds  is  quite  as  satisfactory  as  that  of  rotors 
with  higher  peripheral  speeds,  and  owing  to  lower 
stresses  they  are  more  reliable.  Prolonged  stress  has  in 
some  instances  produced  permanent  deformation  below 
the  limit  of  proportionality,  but  this  effect  is  unusual. 
I  have  had  experience  with  alternators  with  the 
"  diamond  "  winding,  but  I  find  that  the  concentric 
winding  described  in  the  paper  has  many  advantages 
and  no  difficulties  have  been  experienced  with  stresses 
due  to  sudden  short-circuits. 
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Western   Centre,  at  Swansea,  19  March,   1923. 


Mr.  F.  Tremain  :  I  am  particularly  interested  in 
the  heat-storage  tanks  mentioned  ;  these  are  on 
the  lines  suggested  by  me  for  getting  a  full  load  on 
the  station  and  mains  during  the  night.  It  cannot 
be  too  widely  known  that  an  electric  immersion 
heater  utilizes  100  per  cent  of  the  energy  supplied, 
whereas  a  gas  ring  with  a  gap  between  it  and  the 
vessel  heated  probably  utilizes  only  about  30  per 
cent,  due  to  the  loss  of  heat  to  the  surrounding  air. 
At  Bristol  a  basic  charge  of  one-eighth  of  the  rateable 
value  per  house,  plus  a  charge  of  Id.  per  unit,  has 
been  adopted  ;  thus,  taking  a  house  rented  at,  sav,  £48 
per  annum,  or  a  rateable  value  of,  say,  £40,  the  basic 
charge  will  be  £5,  and  if  the  occupier  spends  £20  on 
electricity  at  Id.  per  unit,  he  will  get  4  800  units  for 
£25  a  year,  the  average  cost  of  the  whole  being  Ijd. 
In  such  cases  it  is  well  to  be  prepared  with  very 
simple  calculations  of  this  character.  If  one  adopts 
Id.  per  unit  I  suggest  that  the  e.xample  be  based  on 
240  units,  because  240  pence  equal  £1.  I  believe  that 
there  is  a  great  opening  for  ladies  to  popularize  the 
use  of  electricity  in  the  home.  Electrical  engineers 
can  increase  the  amenities  of  life  by  reducing  labour 
in  the  household,  and  this  can  be  done  in  every  sphere 
from  the  artisan's  dwelling  to  the  middle-class  houses 
and  the  mansions  of  the  rich.  The  consistencies 
shown  in  the  consumption  charts  in  the  paper  are 
very  remarkable.  As  engineers  we  have  to  try  to 
secure  a  revenue  on  the  machinery  and  mains  for 
24  hours  in  the  day,  and  the  domestic  load  is  a  very 
great  asset  in  obtaining  that  result. 

Mr.  J.  W.  Burr:  I  have  not  yet  come  across  a 
two-part  tariff  which  in  my  opinion  is  satisfactory  to 
both  parties.  The  maximum-demand  system  seems 
to  be  the  best  multi-part  scheme  and  certainly  the 
most  equitable.  I  consider  that  any  two-part  tariff 
not  based  on  the  maximum  demand  is  no  improve- 
ment on  the  flat-rate  system  of  charging,  and  I  quite 
realize  that  two  separate  meters  and  wiring  circuits 
are  required  in  the  latter  case,  but  I  prefer  to 
simplify  the  tariff  at  the  risk  of  duplicating  the  in- 
stallation. The  figures  given  in  connection  with  the 
Billingham  Housing  Estate  would  not  be  applicable  to 
Swansea ;  and  the  high  diversity  factor  mentioned 
certainly  would  not.  In  my  opinion,  heavier  capital 
charges  are  incurred  in  giving  heating  and  cooking 
supply  than  is  generally  realized.  Recently  I  found 
it  necessary  to  incur  heavy  expenditure  on  feeders  to 
deal  with  the  heating  load,  which  overlapped  the 
lighting  peak  for  several  weeks  in  the  year.  I  agree 
that  in  order  to  develop  the  heating  and  cooking  load 
it  is  necessary  to  supply  at  a  low  rate  ;  at  the  same 
time  I  think  it  only  fair  that  this  class  of  consumer 
should  bear  its  right  proportion  of  capital  charges. 
Not  enough  emphasis  is  laid  on  the  indirect  saving 
due  to  the  use  of  electricity  for  all  purposes.  The 
saving  in  house  decoration,  wear  and  tear  of  furnish- 
*   Paper  by  .Mr.  W.  A.  GUlott  (see  page  197). 


ings,  and  decrease  in  domestic  help  required  will  in 
most  cases  save  the  cost  of  electricity  consumed.  I 
agree  with  the  author  that  a  model  kitchen  should  be 
provided  for  inspection,  fully  equipped  and  in  charge 
of  a  qualified  lady  demonstrator.  The  question  of 
educating  the  consumer  up  to  the  economical  use  of 
the  various  apparatus,  particularly  cookers,  is  a  most 
important  matter.  At  the  recent  electrical  exhibition 
held  at  Swansea  it  was  found  that  while  some  ladies 
could  cook  for  six  persons  a  dinner  consisting  of  meat, 
two  vegetables  and  sweets  for  a  consumption  of  2h 
units,  others  took  three  times  that  amount  to  cook 
the  same  amount  of  food,  and  I  suggest  that  although 
it  would  obviously  add  to  the  cost  of  the  installation 
it  would  pay  to  fix  an  easily-read  meter  on  all  cookers. 
In  regard  to  the  hiring  of  cookers,  I  agree  with  the 
author  that  a  rental  of  20  per  cent  per  annum  on  the 
net  cost  would  be  quite  satisfactory  from  the  supplier's 
point  of  view.  I  do  not,  however,  think  that  the 
consumer  would  adopt  that  view,  and  I  suggest  that 
the  makers  should  endeavour  to  put  on  to  the  market 
a  cooker  which  will  compare  more  favourably  in  price 
with  the  gas  cooker,  and  that  the  supply  authority 
should  endeavour  to  hire  out  at  a  lower  percentage  of 
the  net  cost. 

Mr.  J.  E.  Stewart:  I  think  that  Mr.  Burr  is  right 
in  urging  the  need  of  education  in  the  use  of  cooking 
apparatus.  The  want  of  knowledge  in  the  use  of 
this  type  of  apparatus  is  very  considerable.  I  made 
it  a  point  when  I  advocated  the  adoption  of  cookers 
in  Llanelly  that  there  should  be  a  demonstrator  for 
two  or  three  lessons  at  every  house  where  an  electric 
cooker  was  installed,  and  I  think  I  can  say  that  in 
every  one  of  those  houses  they  still  maintain  their 
equipment.  In  regard  to  personal  experience,  in  my 
house,  a  comparatively  small  one,  I  have  installed 
four  radiators,  two  heating  plates,  a  carpet-sweeper, 
a  sewing-machine  motor  and  one  or  two  other  little 
appliances.  In  regard  to  bath-heating,  I  was  surprised 
to  find  that  my  consumption  increased  to  2  300  units 
per  quarter,  of  which  the  bath-heating  accounted  for 
from  750  to  1  000  units  That  is  quite  different  from 
what  I  have  heard  this  evening.  I  am  speaking  now  of 
the  load  during  the  summer  months.  The  water  heater 
for  the  bath  was  on  for  24  hours  per  day.  I  might 
add,  in  regard  to  the  life  of  the  electrical  apparatus 
for  bath-heating,  that  it  is  now  in  operation  after 
2j  years'  service,  and  not  a  penny  has  been  spent 
upon  it.  With  reference  to  the  tariffs,  I  agree  with 
Mr.  Burr  that  it  is  almost  impossible  to  convince 
business  men  of  the  necessity  of  a  two-part  tariff, 
and  it  is  absolutely  hopeless  in  the  case  of  the  average 
householder  ;  whilst  the  latter  will  accept  one's  word 
in  a  great  number  of  cases,  as  Mr.  Burr  said,  he  will 
always  come  back  to  talk  about  his  electricity  bill, 
especially  after  discussing  the  amount  with  his  friends. 
The  flat  rate  is,  I  think,  a  good  one.  I  consider  it 
would  be  very  useful  to  have  some  charts  of  houses 
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other  than  workmen's,  because  my  experience  is  that 
they  are  not  the  houses  that  come  on  peak  load.  In 
the  better-class  houses  there  are  evening  suppers, 
etc.,  which  affect  the  load  in  relation  to  the  peak. 

Mr.  S.  B.  Haslam  :  The  relative  value  of  the  results 
obtained  when  cooking  with  gas,  coal  and  electricity 
is  a  matter  of  importance  not  dealt  with  in  the  paper. 
Some  little  time  ago  I  received  some  comparative 
figures  of  cooking  :  (1)  in  a  gas  oven  ;  (2)  by  a  coal 
fire  ;  (3)  bv  an  electric  cooker.  Similar  joints  of 
meat  were  cooked,  being  carefully  weighed  before 
and  after,  the  final  weight  including,  of  course,  the 
fat  which  had  not  been  lost.  The  results  showed  a 
loss  of  weight  in  the  electric  cooker  of  only  5  per 
cent.  In  a  coal-fired  oven  it  was  15  per  cent,  and  in 
a  gas  oven  I  believe  it  was  nearly  25  per  cent.  That 
is  easily  understood,  as  the  products  of  combustion 
from  a  gas  fire  have  to  be  got  rid  of,  and  in  leaving 
thev  carrv  off  a  good  deal  of  the  nutriment  which 
should  be  kept  in  the  meat  or  retained  as  fat.  One 
of  the  great  advantages  of  the  electric  cooker  is  that 
after  about  the  first  quarter  of  an  hour  the-  damper 
can  be  closed,  and  these  fats  can  be  retained,  while 
at  the  same  time  the  current  can  also  be  switched 
off  to  a  considerable  extent  with  a  considerable  reduc- 
tion in  the  expense.  I  think  that  details  of  that 
description  should  be  emphasized,  as  they  have  a 
very  material  bearing  on  the  subject  when  comparing 
costs.  The  great  point  to  be  considered  at  the 
present  time,  whether  by  manufacturers,  station  engi- 
neers, contractors  or  users,  is  the  qjestion  of  propa- 
ganda work.  At  the  moment  nobody  seems  to  under- 
stand exactly  whose  job  that  propaganda  work  is. 
Station  engineers,  as  far  as  I  can  see,  appear  to  be 
doing  everything  possible.  They  have  established 
their  showrooms  and  are  quite  prepared  to  give 
every  possible  demonstration  to  other  people,  but 
that  does  not  go  quite  far  enough.  There  is  another 
important  section  of  the  community,  namely,  the 
contractors  who  install  the  apparatus.  The  contractors 
of  this  countrv  are  not  as  alive  as  they  should  be  to 
the  enormous  possibilities  of  electric  heating  and 
cooking,  and  I  think  that  until  they  employ  the  same 
amount  of  persuasive  eloquence  over  electric  units  as 
is  used  by  gas  engineers  over  the  therm  we  shall  not 
get  electric  cookers  and  other  electric  appliances  used 
in  the  home  as  they  should  be.  Manufacturers  and 
station  engineers,  although  they  can  do  more,  cannot 
do  all  the  work. 

Mr.  H.  O.  Davies  :  I  agree  with  Mr.  Stewart  as 
far  as  the  cur\es  shown  are  concerned,  and  I,  too, 
should  like  to  see  the  results  from  houses  in  the  resi- 
dential districts  where  the  chief  cooking  is  done  in 
the  evening.  I  think  that  the  way  to  popularize 
electricity  is  to  lower  the  price  of  the  cookers.  I  was 
discussing  the  price  of  their  electric  cookers  with  a 
firm  recently,  and  I  found  that  it  was  about  50  per 
cent  higher  than  that  of  a  gas  cooker.  I  have  asked 
manufacturers  on  several  occasions  for  an  explanation 
of  this,  but  up  to  the  present  I  have  not  been  able 
to  get  one.  It  has  been  suggested  that  it  is  because 
of  mass  production,  but  the  castings,  apart  from  the  top 
plates,  are  practically  the  same  as  for  electric  cookers. 


I  think  the  hiring  of  electric  cookers  at  20  per  cent  per 
annum  is  absolutely  impossible  when  gas  cookers  are 
provided  at  practically  one-fifth  of  that  amount. 

Mr.  D.  Jenkins  :  What  has  impressed  me  is  the 
lack  of  attention  given  to  the  question  as  to  who  is 
responsible  for  propaganda.  Three  parties  are  con- 
cerned :  the  supply  authority,  the  manufacturer,  and 
the  contractor.  The  supply  authority  benefits  in  so- 
far  as  the  more  accessories  that  are  sold  the  more 
current  w-ill  be  used.  The  manufacturer  is  interested 
in  that  he  gets  a  direct  benefit  from  the  sale  of  the 
appliances.  The  contractor,  however,  is  the  man 
who  gets  the  most  direct  and  immediate  reward ; 
and  I  wonder  if  the  contractor  takes  the  fullest 
advantage  of  the  opportunities  he  has  of  selling  heat- 
ing and  cooking  appliances  when  installing  electricity 
for  lighting.  The  chief  difficulty  is  that,  owing  to  the 
absence  of  a  two-part  tariff,  separate  circuits  are 
essential  for  heating  and  lighting.  The  effect  of  this 
is  that  although  a  consumer  may  want,  say,  an  iron 
or  a  vacuvun  cleaner,  he  will  not  actually  buy  such 
an  appliance  because  in  nine  cases  out  of  ten  he  will 
not  go  to  the  expense  of  putting  in  a  separate  heating 
circuit.  It  seems  to  me,  however,  that  by  merely 
putting,  say,  one  iron  in  when  installing  electric  light, 
one  is  getting  in  the  thin  end  of  the  w-edge  for  a 
greater  use  of  electric  heating.  I  feel  that  by  con- 
centrating on  irons  to  begin  with,  other  heating  appli- 
ances will  follow  very  easily  and  quickly.  I  consider 
that  the  onus  for  real  propaganda  falls  more  upon  the 
contractor  than  upon  anybody  else.  I  agree  that  the 
contractors  have  not  done  so  much  as  they  could  do. 

Mr.  A.  C.  MacWhirter :  The  contractor  is  not 
wholly  to  blame  for  the  present  state  of  affairs.  The 
blame  is  general.  The  author  refers  to  the  fact  that 
the  seller  of  the  apparatus  must  have  confidence  in 
the  apparatus  which  he  is  selling.  My  point  is  that 
many  of  the  sellers,  including  the  wholesaler,  factor 
and  contractor,  have  no  electrical  cookers  in  their 
own  homes.  To  my  mind  that  is  the  place  where 
the  start  should  be  made.  Install  the  apparatus,  get 
the  experience,  and  then  go  out  to  the  public  and 
sell.  I  believe  that  some  manufacturers  go  to  the 
length  of  giving  special  discounts  on  the  first  cooker 
to  be  used  in  the  contractor's  own  house,  so  that  he 
can  gain  that  experience.  I  am  particularly  interested 
at  the  moment  in  water-boiling  ;  I  am  carrying  out 
a  series  of  experiments  which  so  far  are  not  very 
encouraging,  and  I  believe  that  boiling  can  be  done 
more  economically  by  a  coal  fire  and  possibly  by  gas. 
I  should  like  to  hear  what  the  author  has  to  say  on 
this  point.  Mr.  Burr  has  referred  to  the  two-part 
tariff,  and  I  should  like  to  draw  attention  to  an 
arrangement  in  Glasgow  which  I  consider  to  be  very 
suitable  and  which  requires  only  one  meter.  There 
the  year  is  di\ided  into  four  quarters,  with  a  mini- 
mum number  of  units  to  be  consumed  each  quarter, 
charged  at  ligliting  rate.  In  the  winter  the  consumers 
have  to  use  rather  a  larger  number  of  units  than  in 
the  summer  time.  All  the  units  consumed  above  that 
number  are  sold  at  a  somewhat  low  rate.  The  system 
has  proved  very  advantageous  and  has  encouraged  the 
use  of  cooking  and  heating  apparatus. 
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Mr.  R.  G.  Isaacs  :  I  should  think  that  at  the  present 
time  any  form  of  night  load  would  be  more  acceptable 
to  the  supply  undertaking  than  the  increase  of  their 
day  domestic  load.  That  is  why  I  am  so  impressed 
b>^  Mr.  Tremain's  suggestion  of  heating  the  domestic 
water  supply  at  night.  It  should  be  quite  cheap  to 
install  an  immersion  heater,  and  a  20-gallon  lagged 
tank  could  be  raised  to  boiling  point  with  certainly 
no  more  than  6  or  7  kWh.  At  the  present  time,  from 
observations  made  in  my  own  house,  I  know  it  is 
costing  me  6d.  to  heat  a  20-gallon  tank  to  about 
190°  F.  by  the  ordinary  form  of  open  grate  and 
boiler,  and  if  it  were  done  by  gas  the  cost  would  be 
still  more.  If  it  could  be  done  by  electricity  for  an 
expenditure  of  6  or  7  units,  and  the  supply  under- 
taking were  prepared  to  supply  a  purely  night  load 
at  a  low  rate  (say  about  Id.  per  unit),  it  would  be 
quite  an  attractive  proposition  from  the  consumers' 
point  cf  view. 

Councillor  B.  Cronin  :  I  am  surprised  that  not 
one  of  the  speakers  has  had  sufficient  confidence  to 
advocate  the  erection  in  Swansea  of  an  all-electric 
house.  At  the  present  time  the  Corporation  are  con- 
templating another  housing  scheme,  and  if  the  cost 
of  the  houses  could  be  reduced  by  discarding  chimneys 
and  fire-places  and  installing  electric  appliances,  as 
the  author  suggests,  then,  if  Mr.  Burr  reports  that 
it  is  practicable,  I  shall  support  him.  The  construc- 
tion of  houses  without  chimnevs  was  ad\-ocated  manj- 
>-ears  ago  by  Edward  Bellamy  in  his  book  "  Looking 
Backward,  "  and  I  have  lived  to  see  many  of  the 
propositions  put  forward  in  that  book  become  actual 
realities.  I  think  we  have  arrived  at  a  time  in  Swan- 
sea when  we  should  build  houses  with  all-electric 
appliances  installed,  as  I  believe  it  would  be  in  the 
best  interests  of  the  public  health  to  do  so. 

Mr.  W.  A.  Gillott  [in  reply)  :  The  discussion  has 
been  so  much  in  support  of  the  views  expressed  in 
the  paper  that  there  is  little  for  me  to  reply  to,  and 
I  hope  that  this  general  expression  of  agreement  will 
result  in  a  practical  demonstration  of  the  members' 
con\-ictions  by  their  not  onlv  using  electricity  for 
their  own  comfort  and  convenience  at  home  but  also 
making  it  possible  for  the  ordinary-  consumer  to  use  it 
freely.  Mr.  Tremain  rightly  says  that  ladies  can  do 
a  lot  of  good  work  by  advocating  the  use  of  electricitv 
in  the  home,  and  I  would  recommend  the  chief  engineers 
to  make  a  special  effort  to  ensure  that  their  lady  con- 
sumers and  prospective  consumers  are  well  catered 
for.  In  doing  so,  however,  care  must  be  exercised  in 
placing  the  subject  before  them  :  it  is  here  that 
experience  is  needed,  and  only  thoroughly  well-thought- 
out   schemes  should   be  put  into  operation,   other\^'ise 


much  time  and  money  will  be  expended  for  a  con- 
siderablv  smaller  result  than  could  be  secured  by  ex- 
perienced handling  of  the  compaign. 

Reference  has  been  made  to  the  question  of  an 
f  increase  in  the  cost  of  supply  for  heating  and  cooking 
and  the  possibilitv  of  the  evening  cooking  coming  on 
the  lighting  peak.  This  matter  has  already  been  dealt 
with  in  mv  replies  to  the  discussions  at  other  Centres, 
but  I  should  like  to  say  that  it  is  impossible  to  give 
a  concrete  reply  without  knowing  all  the  conditions 
of  the  particular  case.  Generally  speaking,  the  evening 
domestic  load  does  not  affect  the  station  load  ;  further, 
it  is  impossible  to  draw  a  conclusion  as  to  how  a  big 
increase  in  domestic  load  will  affect  any  undertaking's 
supply  if  its  investigations  cover  but  a  few  instances 
on  its  own  mains.  The  effect  of  12  fully-equipped 
houses  on  different  parts  of  a  network  is  quite  different 
from  that  of  a  similar  number  on  one  section  ;  also, 
100  such  houses  would  produce  an  entirely  different 
average  result  from  that  of  the  12  houses,  even  if  they 
were  grouped  in  each  case.  I  therefore  take  this 
opportunity  to  emphasize  again  that  before  chief 
engineers  incur  any  large  expense  upon  mains,  plant, 
etc.,  they  seek  advice  as  to  how  their  particular  con- 
ditions will  be  affected.  ^luch  of  the  money  which  is 
considered  necessary  in  order  to  give  an  efficient  supply 
could  be,  in  manv  instances,  diverted  to  the  education 
of  the  pubhc  upon  the  uses  of  electricity,  which  the 
majority  of  speakers  have  agreed  is  necessary. 

A  few  speakers  have  raised  the  question  of  who 
should  pay  the  cost  of  propaganda  work.  I  am  of 
the  opinion  this  is  a  co-operative  responsibility,  and 
it  behoves  us  all  adequately  to  support  the  British 
Electrical  Development  Association  so  as  to  enable  them 
to  extend  the  good  work  in  which  they  are  engaged. 

Mr.  Davies  considers  the  sum  of  20  per  cent  of  the 
net  cost  of  a  cooker  to  be  too  much  to  charge  on  a 
yearlv  rental.  In  giving  this  figure  I  stated  that  that 
sum  would  provide  interest,  maintenance  charges, 
and  capital  redemption.  It  is  of  course  a  matter  for 
each  undertaking  to  fix  its  rental.  I  believe  in  charging 
quite  a  low  rental  and  adding  ^d.  per  unit  to  the  price 
of  electricity  ;  in  other  words,  do  not  bring  the  price 
down  to  the  very  lowest  at  which  the  supply  could 
be  given,  but  add  the  ^.  to  enable  an  efficient  service 
to  be  rendered  to  the  consumers.  This  will  produce 
a  much  better  result  for  all  concerned. 

I  desire  to  thank  all  the  members  who  attended  the 
meetings  for  their  kind  support  and  attention,  and 
particularly  those  who  travelled  some  distance  and 
took  part  in  the  discussions.  I  thoroughlv  appreciate 
the  value  of  the  speakers'  assistance,  without  which 
the  paper  would  be  of  little  interest. 
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North-Eastern    Centre,    at    Newcastle,    26    Mafch     1923. 


Mr.  A.  P.  Pyne  :  The  paper  deals  presumably  with 
the  Metropolitan-Vickers  system  of  furthering  produc- 
tion. This  system  is  one  of  the  finest  in  the  country, 
but,  although  such  elaborate  organizations  are  essential 
to  the  success  of  the  large  concern,  I  question  whether 
they  can  be  usefully  employed  by  the  medium-sized 
firm.  They  are  certainly  too  costly  for  the  small  works 
employing  a  few  hundred  men.  I  take  it,  however, 
that  the  author's  object  is  not  so  much  to  assert  the 
universal  application  of  the  system  he  deals  with,  but 
rather  to  emphasize  the  advantages  of  systematic 
production.  Production  may  be  divided  into  two  main 
sections,  which  are  interdependent,  namely,  progressing 
and  costing.  As  far  as  the  former  is  concerned  some 
scheme,  simple  or  otherwise,  is  usually  developed  more 
or  less  automatically  to  fill  the  needs  of  individual 
works,  but  cost-keeping  is  a  matter  that  will  -not  run 
itself  and  is  far  too  often  neglected.  In  fact,  there  are 
far  too  many  works  existing  to-day  in  which  correct 
results  are  only  available  quarterly  or  even  annually. 
In  times  like  the  present  it  is  a  vital  necessity  that  we 
should  know  our  costs  both  promptly  and  accurately. 
The  author  proves  this  up  to  the  hilt.  With  regard  to 
establishment  charges,  accountants  tell  us  that  it  takes 
two  years  to  arrive  at  accurate  results.  With  the 
widely  fluctuating  volume  of  work  passing  through 
the  shops  under  present  industrial  conditions  we  want 
to  revise  our  establishment  charges  every  few  months 
(in  some  cases  every  month)  if  we  are  to  be  certain  of 
covering  them  properly.  The  hourly  basic  rate  on 
machines  is  certainly  a  better  way  of  allocating  charges 
than  a  percentage  on  labour.  On  the  other  hand  it  is 
not  so  easily  applied  in  the  case  of  small  shops,  for 
which  I  prefer  the  percentage  on  labour.  The  Hollerith 
card  system  referred  to  has  its  good  and  bad  points. 
It  is  of  little  service  in  shops  where  the  jobs  are  small 
and  numerous,  as  the  cost  becomes  absolutely  prohibitive 
owing  to  the  enormous  number  of  cards  to  be  handled. 
In  dealing  with  the  output  for  the  year  the  comparative 
figures  given  under  good  and  bad  management  do  not 
sufficiently  take  into  account  the  human  element.  I 
think  that  anyone  with  experience  of  shops  working 
day  and  night  shifts,  both  before  and  during  the  war, 
will  agree  that  the  difference  between  the  cost  of  day 
and  night  shifts  in  the  average  works  is  very  much 
higher  than  that  shown  in  the  table.  The  figures  do, 
however,  show  clearly  the  value  of  full  output  and  the 
serious  effect  that  low  output  has  on  costs,  quite  apart 
from  failure  to  earn  the  proper  proportion  of  establish- 
ment charges.  The  paper  is  sufficiently  interesting  to 
make  one  wish  it  had  been  somewhat  lengthened  by, 
say,  the  introduction  of  comparisons  with  other  systems. 
Again,  there  are  other  aids  to  production  on  which  it 
would  have  been  instructive  to  have  the  author's  views, 
e.g.  bonuses  to  shop  foremen.  Such  bonuses,  if  the 
basis  is  a  correct  one,  are  productive  of  nothing  but 
•   Paper  by  Mr.  G.  H.  Nelson  (see  page  338). 
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good,  but  considerable  care  must  be  taken  to  ensure 
the  achievement  of  the  desired  results.  For  instance, 
in  arranging  a  bonus  a  certain  fraction  should  be  allo- 
cated for  output ;  a  certain  fraction  for  the  nature  of 
the  product ;  another  fraction  for  the  finish  or  excel- 
lence, and  so  on.  This,  whilst  appearing  highly  compli- 
cated, is  not  so  in  practice.  I  have  a  bonus  svstem  at 
present  in  operation  depending  on  no  less  than  six 
factors,  and  yet  a  weekly  bonus  earned  by  four  different 
foremen  can  be  calculated  by  a  clerk  in  five  minutes 
from  the  usual  shop  returns. 

Mr.  H.  W.  Miller :  It  is  now  fully  realized  how 
important  it  is  to  have  in  every  factory  a  scientific 
system  of  planning,  progressing  and  costing ;  such 
system  must,  however,  be  adapted  to  the  particular 
class  of  goods  manufactured,  and  no  existing  svstem 
can  be  taken  as  suitable  for  adoption  in  any  works 
without  modification  to  meet  individual  requirements. 
The  great  value  of  the  system  adopted  in  the  author's 
works  is  most  strongly  brought  out  in  his  concluding 
remarks  in  regard  to  the  improved  output,  reduction 
in  manufacturing  period,  etc.,  which  illustrate  most 
clearly  the  benefit  of  introducing  a  suitable  system  into 
an  existing  works.  The  tables  and  information  given 
in  the  paper  rather  suggest  that  the  output  is  of  standard 
designs,  and  the  conditions  therefore  are  entirelv  different 
from  those  that  might  apply  in  a  factory'  dealing  with 
diverse  production.  Some  further  information  would 
be  of  interest  to  indicate  how  far  the  w-orks  in  question 
is  dealing  with  standard  production  only.  The  section 
of  the  paper  dealing  with  the  scheme  for  an  unemploy- 
ment sinking  fund  is  of  great  interest,  and  some  further 
information  as  to  its  application  would  be  of  value  in 
view  of  the  difficulty  of  introducing  piecework  in 
certain  shops,  such  as  pattern-making  and  marking-off 
shops,  or  tool  rooms.  The  basis  of  the  system  is  the 
piecework  price,  and  difficulty  appears  to  arise  here 
from  the  fact  that  the  piecework  price  is,  after  all, 
determined  by  barter  or  mutual  agreement.  Again, 
it  is  those  who  are  working  on  piecework  who  have 
least  need  of  the  benefits  obtained  from  the  fund  pro- 
posed, whilst  those  who  most  need  the  benefits,  such 
as  crane  men,  shop  labourers  and  the  like,  are  the  men 
most  likelv  to  suffer  in  times  of  depression  and  at  the 
same  time  are  those  most  deserving  of  assistance  from 
an  unemplovment  fund.  The  author  refers  in  many 
places  to  the  importance  of  close  co-operation  between 
various  departments,  and  his  diagrams  show  how  very 
closely  he  endeavours  to  link  departments  together. 
Lack  of  continuity  of  effort  is  apt  to  occur  when  an 
organization  grows  to  a  point  at  which  work  must  be 
handled  by  consecutive  departments  under  routine 
methods,  and  it  becomes  vital  then  to  sustain  the 
interest  throughout  all  departments.  As  a  rule,  in 
some  department  of  a  large  organization  there  is  to 
be  found  an  individual  with  what  may  be  termed 
applied    knowledge   of,    or   interest   in,    any   particular 
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piece  of  work,  and  the  ideal  organization  is  one  in  which 
all  applied  knowledge  can  be  effectively  made  use  of 
throughout  the  progress  oi  all  work  as  it  is  handled 
by  the  various  departments.  Such  continuity  of  effort 
I  should  prefer  to  call  "  team  work  "  rather  than 
"  co-operation."  One  may  have  perfect  co-operation 
and  no  interest  ;  what  is  needed  is  continuity  of  interest. 
If  the  interest  of  individuals  is  sustained  beyond  their 
own  department,  team  work  is  obtained,  and  I  would 
therefore  say  that  no  matter  how  perfect  a  system  may 
be  introduced  for  production,  interest  beyond  depart- 
mental interest  is  the  great  factor  in  team  work,  and  in 
the  end  really  the  whole  basis  of  production.  1  do  not 
want  the  author  to  feel  that  I  am  criticizing  the  use  of 
a  term,  as  in  my  opinion  there  is  a  vast  difference  between 
co-operation  and  team  work.  Some  further  information 
would  be  of  interest  in  connection  with  planning  for 
production.  The  author  states  on  page  346  that  his 
scheme  enables  him  to  foresee,  and  to  make  provision 
accordingly,  if  the  orders  received  monthly  are  likely 
to  exceed  the  shop  capacity.  It  is  difficult  to  see  how 
this  can  be  done  if  the  character  of  the  work  is  altered, 
additional  buildings  required,  or  considerable  extension 
to  plant  involved  ;  such  changes  cannot  be  made  in 
short  periods.  The  production  staff'  numbering  II, 
including  foremen's  clerks,  for  a  works  of  700  hands 
seems  extremely  small.  It  would  have  been  of  greater 
interest  if  the  staff  figures  had  included  those  in  the 
Drawing  Office,  Purchasing  Department,  Stores,  etc. 
In  connection  with  costing  it  is  not  very  clear  how  the 
actual  time  worked  is  transferred  to  the  costs  records. 
Accuracy  in  this  direction  is  of  great  importance,  as 
the  chances  of  error  on  labour  records  are  far  greater 
than  on  material  records.  If  a  costing  system  is  really 
efficient  it  should  be  quite  possible,  basing  the  figures 
on  up-to-date  time  records,  and  using  current  prices  for 
material  and  labour,  to  cost  a  job  before  it  is  actually 
put  in  hand,  and  so  obtain  a  valuable  check  on 
production  costs  and  estimates. 

Mr.  J.  Gibbins  :  The  author  does  not  appear  to  have 
touched  upon  the  important  relation  between  producing 
and  selling,  and  the  co-operation  which  is  needed  between 
these  two  at  every  stage  in  production.  It  is  quite 
useless  to  centre  all  endeavours  on  economic  production 
unless  at  the  same  time  the  selling  organization  is  ready 
and  trained  to  dispose  of  the  goods.  I  should  like  to 
know  what  method  the  author  adopts  to  preserve 
complete  harmony  between  producing  and  selling. 
This  question  may  perhaps  form  the  subject  of  another 
paper.  Regarding  sales,  it  is  necessary  to  formulate 
a  plan,  and  to  pursue  it  steadfastly ;  if  successful, 
carry  on  ;  if  not,  then  benefit  by  the  experience  and 
try  another  plan.  It  would  be  useful  to  have  the 
author's  views  in  this  connection.  As  one  speaker  has 
already  emphasized,  team  work  is  the  keynote  of 
industry,  but  it  should  exist  not  only  between  firms 
or  industries,  but  between  works  and  staff  and  workers 
and  foremeii. 

Mr.  C.  TurnbuU :  It  is  a  common  remark  with 
business  men  that  electrical  engineers  are  mere  theorists 
who  know  nothing  about  business.  They  instance  the 
varying  charges  for  current  and  point  out  that  such 
variations  are  not  justified,  seeing  that  the  same  goods. 


namely  electricity,  are  supplied  in  every  case,  however 
different  the  rates  may  be.  The  author  has  shown  that 
electricity  is  not  the  only  commodity  that  is  affected 
bv  the  Hopkinson  method  of  costing,  but  that  all 
manufactured  goods  are  vitally  affected  by  the  fact 
that  charges  consist  of  stand-by  and  running  costs, 
and  in  certain  cases  the  stand-by  costs  may  be  of  more 
importance  than  the  running  costs.  The  fact  is  that 
such  things  as  diversity  factor  and  load  factor  are 
important  in  the  manufacture  of  all  kinds  of  goods,  but 
the  electrical  engineer  has  found  it  out,  whereas  other 
people  have  not,  at  any  rate  to  the  same  extent.  If 
our  business  men  could  have  the  pleasure  of  hearing  a 
paper  such  as  the  present,  they  would  learn  that  engi- 
neers have  business  ideas  as  well  as  business  men,  and 
that  engineering  methods  mav  produce  profits  where 
the  ordinary  methods  of  the  keen  business  man  result 
in  failure. 

Mr.  T.  Carter  :  The  paper  describes  a  very  elaborate 
system  of  works  management,  and  it  is  doubtful  whether 
such  a  system  could  be  applied  economically  unless 
the  works  were  fairly  large.  In  smaller  works  one  man 
necessarily  does  several  sorts  of  work,  and  if  the  system 
described  can  be  applied  at  all  to  smaller  works  it 
will  be  only  in  some  suitably  modified  form.  It  would 
be  interesting  to  have  information  as  to  the  number  of 
men  in  the  works  to  which  the  system  has  been  applied 
by  the  author,  and  an  important  part  of  the  information 
would  be  how  many  of  the  people  emplo5'ed  are  on  the 
staff  in  each  department  of  the  system.  I  feel  that 
the  author's  system  can  be  applied  more  efficiently  to 
large  works  than  to  small,  because  when  one  man  has 
to  do  several  varying  kinds  of  work  he  probably  does 
them  slightly  less  efficiently  than  if  he  were  doing  one 
sort  of  thing  onlv  and  always  ;  in  other  words,  any 
slight  want  of  fit  between  the  one-job  man  and  his 
work  will  probably  be  adjusted  in  course  of  time  more 
readily  than  when  many-job  men  have  to  be  employed, 
with  the  result  that  in  a  large  works  it  may  be  a  little 
easier  to  find  ready-made,  or  eventually  to  produce, 
round  pegs  for  the  round  holes  of  the  author's  diagram 
than  it  would  be  in  a  small  works  to  get  one  man  who 
would  fit  equally  well  into  several  of  the  round  holes 
in  turn  or  at  once.  One  of  the  most  important  points 
raised  by  the  author  is  that  of  unemployment  insurance. 
We  ought  to  distinguish  carefully  between  unemploy- 
ment insurance  and  insurance  against  unemployment, 
which  are  two  entirely  different  things.  Unemployment 
insurance  means  the  provision  of  money  for  those  out 
of  work,  and  this  money  must  come  from  those  who 
are  working,  whilst  insurance  against  imemployment 
means  the  provision  of  work  for  those  who  would 
otherwise  be  out  of  work,  which  is  economically  a 
much  sounder  scheme  than  the  other  can  ever  be. 
Parliamentary  or  political  action  must  always  be  more 
or  less  futile  in  connection  with  such  problems  as 
unemployment,  and  only  the  industry  itself  can  really 
throw  sufficient  light  on  the  question  to  enable  it  event- 
ually to  be  answered  satisfactorily.  When  that  stage 
has  been  reached,  it  may  be  necessary  to  go  to  Parliament 
for  certain  powers  or  to  ask  for  Parliamentary  sanction 
for  certain  decisions,  but  the  scheme  for  dealing  with 
unemployment  can  undoubtedly  come  in  a  satisfactory 
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form  only  from  the  industry  itself.  Individual  firms 
can  do  something  to  lessen  the  evils  of  the  situation, 
but  only  the  industry  as  a  whole  can  hope  to  approach 
the  problem  with  a  reasonable  chance  of  success. 
There  are  more  difficulties  in  the  way  than  it  is  possible 
to  discuss  here,  but  it  is  obvious  that  whatever  considera- 
tion is  given  to  the  subject  will  at  any  rate  help  to 
promote  understanding  of  the  difficulties,  which  is 
the  first  step  towards  their  removal. 

Mr.  R.  Robinson  :  I  should  like  to  ask  the  author 
if  the  Drawing  Office  is  part  of  the  Design  Department, 
as  there  is  no  mention  of  it  in  the  lay-out  scheme  of 
arrangement.  The  author  states  there  is  great  difficulty 
in  obtaining  from  the  universities  men  who  are  sufficiently 
expert  to  fill  the  posts  at  the  head  of  the  different 
departments  outlined  in  the  paper.  Am  I  correct  in 
assuming  that  these  posts  are  not  kept  as  a  preserve 
for  university  men,  but  that  any  person  in  the  works 
■  who  has  shown  the  necessary  ability  will  be  eligible 
for  any  post  that  may  fall  vacant  ?  With  respect  to 
the  unemplovment  scheme  belonging  to  the  works, 
I  assume  that  any  payment  made  by  the  State  would 
not  be  affected  by  any  payment  made  from  the  works, 
but  I  should  like  to  be  quite  certain  of  this.  Regarding 
the  specifications  of  material  sent  with  orders  to 
manufacturers,  has  the  issue  of  these  specifications 
been  of  any  appreciable  value  ?  Can  the  author  say 
what  percentage  reduction  of  breakdowns  has  been 
effected  which  can  safeh'  be  attributed  to  the  inception 
of   these  specifications  ? 

Mr.  G.  H.  Nelson  (in  reply)  :  I  have  already  dealt 
with  the  application  of  the  system  to  small  works, 
referred  to  by  Mr.  Pyne,  in  my  reply  to  the  discussions 
at  London  and  Manchester  {see  pages  356  and  361). 
As  pointed  out.  the  object  of  the  paper  is  to  emphasize 
the  advantages  of  a  proper  personnel  and  a  proper 
system  in  all  manufacturing  organizations,  and  not  to 
describe  in  detail  a  system  considered  suitable  for  any 
works  irrespective  of  size.  I  do  not  quite  agree  with  Mr. 
Pyne  that  the  progressing  end  of  a  production  scheme 
"  develops  more  or  less  automatically,"  as  whether  it 
develops  or  not  depends  upon  the  management,  and  if 
the  lead  is  not  given  from  this  quarter  it  does  not  develop 
at  all.  It  was  particularly  the  intention  of  the  paper 
to  emphasize  the  necessity  for  the  management  giving 
the  right  sort  of  lead.  I  agree  with  Mr.  Pyne  that  there 
are  far  too  many  factories  to-day  in  which  the  financial 
position  is  only  available  quarterly  or  even  annually, 
due  to  the  lack  of  a  costing  system,  and  this  is  abso- 
lutely wrong.  Further,  a  great  many  works  have  not 
the  remotest  idea  on  the  question  of  establishment 
charges,  percentages,  rates,  etc.,  being  arrived  at  by 
quite  primitive  methods,  and  no  steps  taken  to  check 
them.  This  is  quite  as  bad  as,  or  even  worse  than, 
having  no  costing  system  at  all,  as  it  is  likely  to  mislead, 
whereas  if  there  is  no  system  at  all,  one  cannot  be 
misled.  I  note  that  Mr.  Pync's  experience  shows  that 
the  difference  between  the  cost  of  working  days  and 
nights  is  higher  than  shown  in  the  table.  However, 
as  mentioned  in  the  paper,  the  figures  in  the  table  repre- 
sent the  actual  experience  of  the  works  with  which  I 
ha\e  been  associated.  I  do  not  claim  that  the  same 
figures  would  apply  to  any  works.     Referring  to  Mr. 


Pyne's  remarks  in  regard  to  the  pajinent  of  bonuses 
to  the  shop  foremen,  I  would  say  that  I  am  in  full 
agreement  with  him  ;  this  has  excellent  results  when 
properly  arranged.  I  have  also  found  that  similar 
schemes  for  crane-men,  charge-hands,  slingers  and  all 
labour  which  affects  the  output  of  direct  labour,  are 
very  beneficial.  The  actual  bases  of  these  schemes  must 
naturally  be  dependent  on  the  nature  of  the  work  and 
the  individual  lay-out  of  factories. 

With  regard  to  Mr.  Miller's  comments  that  the  tables 
and  information  given  in  the  paper  suggest  that  the 
output  is  of  standard  designs,  I  would  say  that  these 
conclusions  are  erroneous,  the  class  of  machinery  being 
very  varied  in  the  works  in  which  the  system  described 
in  the  paper  is  operating,  comprising  machines  of  from 
about  50  h.p.  up  to  15  000  h.p.  With  regard  to  apph-ing 
the  proposed  "  unemployment  sinking  fund  "  to  sections 
of  the  workers  not  on  piecework,  this  is  one  of  the 
incentives  to  persuading  labour  of  the  classes  mentioned 
by  Mr.  Miller  to  accept  payment-bv-results  schemes. 
Crane-men,  slingers,  etc.,  participate  in  a  bonus 
dependent  on  the  average  piecework  earning  of  the 
shop.  I  am  entirely  in  agreement  with  Mr.  Miller's 
comments  on  "  team  work,"  and  certainly  agree  that 
"  team  work  "  is  a  much  better  description  of  what 
is  required  than  the  word  "  co-operation."  One  mav 
have  co-operation  but  still  lack  the  real  interest  which 
is  a  necessity  to  ultimate  success,  which  interest  is 
certainly  found  in  a  sports  team.  With  regard  to  the 
part  of  the  scheme  which  enables  the  management  to 
foresee  if  the  orders  received  monthly  are  likelv  to 
exceed  the  shop  capacity,  this  information  is  given 
in  the  charts  similar  to  that  referred  to  in  Table  i, 
which  is  one  monthly  chart,  a  similar  chart  being  made 
out  for  every  other  month.  If  the  total  weight  due 
out  in  any  one  month  exceeds  that  for  which  the  shop  is 
laid  out,  then  it  is  necessary  to  take  steps  to  deal  with 
it,  either  temporarily,  by  getting  assistance  from  outside, 
or  permanently,  by  making  arrangements  for  extensions 
in  the  future.  With  regard  to  costing,  the  actual  time 
worked  is  transferred  to  the  cost  records  bv  the  men 
actually  booking  their  time  against  the  various  opera- 
tion numbers  and  order  number.  This  can  be  clearly 
seen  from  Table  2.  I  agree  with  Mr.  Miller  that  accuracy 
in  this  direction  is  of  great  importance.  I  have  found 
it  most  difficult  to  get  the  men  to  do  this  accurately, 
so  now  the  shop  clerk  enters  in  time-sheets  everything 
except  the  time  actually  taken.  This  latter  is  entered 
by  the  man  in  the  clerk's  presence,  the  clerk  visiting  the 
men  in  the  shop  daily.  Mr.  Miller  mentions  that  by  a 
really  efficient  system  it  should  be  possible  to  cost  a  job 
before  actually  taking  it  in  hand.  A  scheme  such  as 
the  one  outlined  makes  this  quite  possible. 

With  regard  to  Mr.  Gibbins's  remarks,  I  entirely 
agree  that  the  proper  team  spirit  should  exist  between 
the  Production  and  Selling  Departments,  but  I  would 
point  out  that  the  paper  is  on  "  Works  Production." 
and  that  selling  is  therefore  outside  its  scope.  I  also 
agree  with  Mr.  Gibbins  that  team  work  should  exist, 
not  only  within  the  works  but  between  firms  and 
industries. 

Mr.  TurnbuU's  remarks  are  of  considerable  interest, 
and  I  agree  with  his  comments. 
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In  reply  to  Mr.  Carter,  I  have  alreadv  stated  the 
number  of  hands  employed  in  each  particular  department 
of  the  system  in  my  reply  to  the  discussions  in  London  and 
Manchester.  I  very  much  like  Mr.  Carter's  distinction 
between  unemplojTnent  insurance  and  insurance  against 
unemplo\Tiient,  and,  as  mentioned  previously,  I  agree 
that  an  unemployment  scheme  by  industries  is  sound. 

In  reply  to  Mr.  Robinson,  I  would  say  that  the 
Drawing  Office  is  part  of  the  Design  Department.     Mr. 


Robinson  is  also  quite  correct  in  assuming  that  the 
best  posts  are  not  necessarily  kept  for  university  men. 
Any  man  of  ability  has  a  chance  in  the  firm  with  which 
I  am  associated.  Referring  to  specifications  sent  to 
'  suppliers,  there  is  no  doubt  that  they  have  been  of 
considerable  benefit.  It  is  difficult  to  give  a  definite 
percentage  of  the  reduction  of  trouble  in  consequence 
of  this  arrangement,  but  it  amounts  to  a  considerable 
sum  of  money  annually. 


DISCUSSION    ON 
"  THE    IMPROVEMENT    OF   POWER    FACTOR."  * 

Western  Centre,  .\t  Swansea,  4  December,    1922. 


Mr.  J.  W.  Burr :  The  importance  of  maintaining 
as  near  unit},'  as  possible  the  power  factor  of  an  alterna- 
ting-current system  is  now  generally  realized  by  station 
engineers.  Supply  authorities  sometimes  have  to  install 
additional  electrical  plant  at  the  generating  station 
because  the  power  factor  of  the  system  is  low  and  not 
because  the  steam  plant  is  overloaded.  It  must  also  be 
remembered  that  low  power  factor  not  only  affects 
the  plant  at  the  generating  station  but  also  entails 
more  liberally  designed  cables,  transformers  and  switch- 
gear,  and  it  reduces  the  efficiency  of  the  distributing 
system  and  affects  the  voltage  regulation.  It  is  obvious 
that  the  increased  capital  cost  and  loss  due  to  increased 
working  efficienc}-  should  not  be  distributed  over  all 
the  consumers  irrespective  of  whether  they  run  with 
a  high  or  low  power  factor,  but  should  be  borne  by 
those  consumers  who  are  responsible  for  this  condition 
of  things.  The  supply  tariff,  therefore,  should  be  such 
as  to  fix  these  extra  charges  on  those  responsible,  so 
that  they  (the  consumers)  can  either  install  phase 
advancers  or  other  power-factor-correcting  plant  or 
pay  such  an  increased  charge  as  will  enable  the  supply 
authorities  to  do  so.  The  paper  deals  with  the  economic 
limit  of  power  factor  improvement  in  relation  to  capital 
outlay.  The  way  I  regard  the  matter  is  this.  If  a 
number  of  consumers  at  the  end  of  a  feeder  are  running 
their  plant  at  a  low  power  factor  it  pays  to  install 
power-factor-correcting  plant  if  the  cost  of  the  phase 
advancers  or  other  apparatus  is  less  than  that  of  the 
additional  plant  necessary-  to  cope  with  the  extra  load 
which  the  system  can  handle  if  power-factor-correcting 
apparatus  were  not  installed.  The  installation  of  this 
plant  would  also  increase  the  efficiency  of  the  system 
and  improve  the  voltage  regulation.  It  must  be 
remembered  that  this  is  not  only  an  economic  but 
also  a  distribution  question.  My  idea  is  that  all  con- 
sumers should  pay  on  the  kVA  basis.  If  this  were 
done  they  would  obviously  try  to  obtain  a  good  power 

*  Paper  by  the  late  Dr.  G.  Kapp  (see  page  89).  The  paper  was 
read  at  Swansea  by  Mr.  R.  O.  Kapp  and  at  Glasgow  by  .Mr.  R.  B. 
Mitchell. 


factor.  If  the  power  factor  on  any  particular  feeder 
is  low  the  supply  authority  could,  with  the  difference 
in  price  that  he  receives  for  kVA  instead  of  kW,  possibly 
erect  and  equip  with  phase-advancing  plant  a  substation 
at  the  end  of  that  particular  feeder,  and  so  release  the 
generating  and  other  plant  for  useful  work,  and  at  the 
same  time  improve  the  efficiency  and  voltage  regulation 
of  that  part  of  the  distributing  system.  Now  the  question 
is  as  to  what  is  the  economical  limit  to  power  factor 
improvement.  I  do  not  think  that  it  is  advisable  to 
try  to  improve  the  power  factor  above  0-95,  especially 
as  it  means  so  much  to  improve  it  from  0-95  to  unity. 
I  think  that  any  station  engineer  would  be  satisfied 
if  his  power  factor  did  not  fall  below  0  •  9.5  and  probably 
0-9;  it  is  when  it  gets  in  the  neighbourhood  of  0-7 
or  less  that  it  becomes  very  troublesome.  To  sum  up, 
I  think  that  the  consumer  who  requires  a  supply  of 
I  wattless  current  should  be  made  to  pay  for  it,  as  it 
certainly  costs  something  to  produce  and,  after  all, 
the  question  of  power  factor  is  very  much  in  the  hands 
of  the  consumer.  I  am  referring  particularly  to  the 
large  consumer.  ^Motors  should,  of  course,  be  run  at 
as  high  a  speed  as  possible,  and  the  rating  of  the  motors 
installed  should  not  be  in  excess  of  requirements. 
There  is  always  a  tendency  to  install  motors  which 
are  too  large  for  the  work.  It  is  possible  to  install  phase 
advancers  of  various  ti.-pes  in  the  rotor  circuits  of 
individual  induction  motors.  Synchronous  motors  can 
often  be  installed  larger  than  actually  required  by  the 
load,  and  if  these  are  over-excited  they  will  supply 
some  of  the  wattless  current  required  by  the  induction 
motors.  In  Swansea  there  are  certain  two-part  tariffs, 
one  co\ering ,  the  capital  charges  and  the  other  the 
running  charges.  \\'e  charge  on  the  k\V  of  maximum 
demand,  but  we  always  insert  a  clause  that  the  power 
factor  must  not  fall  below  08  under  any  conditions, 
and  in  some  cases  give  a  varying  rebate  for  a  power 
factor  between  0-8  and  unity.  In  future  I  propose 
to  recommend  my  committee  to  charge  on  the  kVA 
basis,  without  any  restriction  in  regard  to  power  factor, 
and  I  shall  advise  them  to  oiler  such  terms  as  will  make 
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it  worth  while  for  the  consumer  to  improve  his  power 
factor  and,  failing  this,  to  make  it  a  commercial  pro- 
position, as  far  as  the  corporation  is  concerned,  to 
install  power-factor-correcting  devices  in  a  substation 
in    that  particular  area. 

Major  E.  I.  David  :  The  author  refers  on  pages  89 
and  92  to  long-distance  transmission  where  phase- 
advancing  is  required  during  heavy  loads,  and  phase 
retardation  at  light  loads  ;  this  occurs  only  in  very 
high-voltage  lines  where  the  charging  current  at  light 
loads  is  sufficient  to  counteract  the  effect  of  the  reactance, 
and  for  voltage  regulation  it  is  necessary  to  maintain 
the  power  factor  within  a  certain  range.  The  author's 
formula  for  the  economic  Umit  to  power  factor  improve- 
ment is  a  very  interesting  one,  but  it  hardly  applies 
where  apparatus  giving  a  leading  power  factor  costs 
practically  the  same  as  that  giving  a  lagging  power 
factor.  This  is  the  case  where  large  salient-pole 
synchronous  motors  are  used  for  driving  compressors 
for  mines  or  refrigerating  work,  the  cost  of  a  salient- 
pole  synchronous  motor  being  nearly  the  same  as  that 
of  an  induction  motor  for  the  same  output.  Thus  c 
becomes  zero  and  (^becomes  0°.  The  author's  case  deals 
only  with  the  small  generating  plant  with  the  consuming 
apparatus  adjacent  to  it,  and  does  not  include  the  case 
where  there  are  transmission  lines  and  step-up  and 
step-down  transformers.  Under  these  circumstances 
it  will  pay  to  improve  the  power  factor  in  many  cases 
to  a  slight  leading  value,  as  under  these  conditions 
the  transmission  lines  operate  at  maximum  efficiency 
and  the  regulation  and  efficiency  of  the  transformers 
are  at  their  best.  A  transformer  working  at  imity 
power  factor  has  a  regulation  approaching  1  per  cent  ; 
at  0-8  lagging  power  factor  this  regulation  may  be 
anything  from  4  per  cent  to  6  per  cent.  The  regulation 
of  a  transmission  line  is  also  seriously  affected  by  the 
power  factor  of  the  load  transmitted.  In  lines  with 
heavy  reactance  a  voltage  boost  may  be  obtained 
if  the  load  has  a  leading  power  factor.  The  author's 
costs  for  plant  per  kW  may  be  true  for  present-day 
values  but  are  considerably  under-estimated  for  the 
period  1920-22.  The  author,  I  am  pleased  to  note, 
works  out  practical  examples  which  make  the  paper 
of  considerably  greater  value  than  if  the  formulse  only 
were  given,  but  the  value  of  the  paper  would  have 
been  increased  if  the  definite  applications  of  each  kind 
of  apparatus  were  specified.  Thus  the  static  condenser 
is  particularly  useful  where  the  load  exists  at  the  end 
of  a  long  transmission  line  consisting  of  cable  or  over- 
head line,  this  load  consisting  of  a  number  of  small 
machines,  no  one  of  which  is  of  sufficient  size  for  the 
application  of  any  of  the  phase-advancing  apparatus 
described  later  in  the  paper.  A  typical  example  of  this 
kind  is  given  below.  Here  either  a  long  length  of  cable 
had  to  be  duplicated  or  some  means  had  to  be  provided 
for  maintaining  a  better  voltage  at  its  terminal. 

Example. — Cable  4  000  yards,  0-03  sq.  inch,  two  in 
parallel,  3  000  volts  supply.  Three  substations  before 
reaching  final  substation  tapping  off  to'  various  feeders. 
Capacity  of  condenser,  80  jixF.  Output  of  condenser 
228  kVA,  44  amptres.  3  000  volts.  50  periods,  three- 
phuie.  Potential  transformer  across  outgoing  side  of  con- 
denser, forming  discharge  and  short-circuiting  resistance  for 


the  condenser.     Installed  November  1920. 
station,  3  200. 


Volts  at  main 


Reading 

No. 


Conditions 


No  load  on  substation 

No  load  on  feeder  cables  ; 
condenser  on.  44  amps, 
going  into  condenser  lead- 
ing current  

One  pump,  condenser  off    .  . 

One  pump,  28  amps.  ;  con- 
denser 44  amps. 

Condenser  off.    Load  2  pumps 

Load  45  amps.  Condenser  44 
amps 

Calculated  voltage  with  3 
cables 


amps. 

Nil 


Voltage 

at 

substation 


volls 

3  000 


44 

3  058 

28 

2  920 

40 

3  010 

45 

2  795 

47 

2  890 

45 

2  898 

Total    cost    of    installation    of    static    condenser,      £ 
switch  and  cable  £50 

Cost  of  third  0-03  sq.  in.  cable,  including  joint 

boxes,  switches  at  either  end  and  laying       .  .     2  600 

Saving     by     installation     of     static     condenser, 

approximately       2  000 

The  author  refers  to  the  Scherbius  type  of  phase 
advancer  for  use  in  conjunction  with  the  normal  induc- 
tion motor,  but  does  not  refer  to  a  more  interesting 
machine  made  by  the  British  Thomson-Houston  Com- 
pany, of  which  there  are  two  examples  in  this  district. 
One  of  these,  installed  at  Britannia  CoUiery,  has  a 
capacity  of  25  kVA,  500  amperes,  at  600  r.p.m.,  and 
operates  in  conjunction  with  an  1  100  h.p.,  214  r.p.m. 
3  200  volt,  50  period,  three-phase  motor  driving  a 
three-crank  compressor,  having  an  output  of  6  000 
cubic  feet  per  minute  at  a  pressure  of  75  lb.  per  square 
inch.  The  figures  taken  in  connection  with  this  advancer 
are  gi\en  below  : 


Example. — 

.\mps. 

Power  factor 

Running  light.     Phase  advancer 
off                                

100 

60 
183 
145 

0-4  lagging 
0-8  lagging 

Running  light.     Phase  advancer 

Onload.   Phase  advancer  off 
On  load.    Phase  advancer  on      .  . 

0-75  lagging 
0-98  leading 

Busbar  voltage,  3  200 

This  type  of  phase  advancer  has  a  definite  application 
in  the  case  of  machines  with  high  peak  loads  and 
low  R.M.S.  rating,  as  Fig.  13  clearly  shows  that  it 
increases  the  overload  capacity  of  the  machine  without 
increasing  the  stator  currents  at  normal  loads.  The 
author  refers  at  some  length  to  the  synchronous  induc- 
tion motor.     Some  of  his  remarks  with  regard  to  this 
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type    of    machine    are    not    in    accordance    witli    my 
experience.       First,    he   states   that   these    motors    will 
readily    s\Tichronize    even    under    load     or     overload 
conditions.      My   experience   is   that   these   motors   will 
not  synchronize  if  the  inertia   of  the  external  load   is 
high.     Secondly,  with  regard  to  the  air-gap  ;    cut  of    a 
number   of   machines   running,    the   average   air-gap   is 
smaller  than  that  of  induction  motors  of  similar  size.    The 
machine  illustrated  in  Fig.  4  gives  a  more  satisfactory' 
result   in    every   way,    having   a   high   starting    torque 
with  the  large  air-gap  and  high  efficiency  of  the  salient- 
pole  machine.    A  machine  of  this  tN-pe  has  been  running 
for    some    time    in    Niirnberg,    with    verj*    satisfactory' 
results.     All  the  above  t>-pes  of  machines  are  suitable 
for   phase-advancing   when    large-size    units    are    avail- 
able.    AVhen  the  motor  is  used  in  conjunction  with  a 
tl\-\vheel  for  a  rolling  mill,   or  Ilgner  sets  for  winders, 
a    phase-ad\-ancer    slip-regulator    may    be    used.       An 
example  of  this  kind  of  machine  is  in  use  at  the  Melin- 
griffith  \\'orks  in  conjunction  with  a  550  h.p.   motor, 
giving    10    per    cent    slip    at    fuU    load    and     having 
a  lagging  power  factor    of    approximately    0-97.     The 
question    of    who    is    to   pay   for   the   phase-advancing 
apparatus,    when    power    is    purchased    from    a    power 
companv,  should  be  capable  of  reasonable  adjustment 
when  the  consumer  recognizes  that  power  factor  regula- 
tion will  give  him  a  more  uniform  voltage,  and  further, 
should   enable   the   supplier   to   transmit   greater   loads 
over  existing  cables  and   obtain   greater  outputs  from 
ex'isting  generating  plant,    and   thus   ultimately  reduce 
unit  costs.     Further,  phase-advancing  apparatus  appUed 
to  existing  motors  of  moderate  or  large  size   increases 
the  overload  capacity  of  the  motor  itself  and   of  the 
supply  mains  to  carry  these  peak  loads.     A  tariff  to 
take  account  of  all  these  factors  and  vet  be  sufficiently 
attractive  to  the  consumer  to  encourage  him  to  improve 
his  power  factor  can  surely  be  arranged.     That  it  pays 
to  improve  the  power  factor  is  shown  bv  the  fact  that 
companies  who  are  both  producers  and  consumers  are 
prepared    to   spend   capital   on   power   factor   improve- 
ment.   A  tA.-pical  example  of  this  is  shown  in  Fig.  10. 

Mr.  R.  G.  Isaacs  :  \'arious  methods  for  improving 
the  power  factor  are  given  in  the  paper,  but  they  are 
all  for  the  purpose  of  glossing  over  the  fault  that  exists 
in  all  rotating  electric  machines,  that  fault  being  the 
comparativeh-  high  ratio  of  magnetizing  current  to  load 
current.  I  fear  that  in  the  improvement  of  those  methods 
the  fault  itself  may  be  forgotten.  Power  factors  are 
becoming  lower  for  various  reasons,  among  others  being 
the  use  of  low-speed  induction  motors.  Many  of  those 
motors  were  installed  at  a  time  when  gearing  was 
considered  to  be  neither  efficient  nor  reliable.  The  instal- 
lation of  a  high-speed  motor  would  undoubtedlv  result 
in  a  big  improvement  in  power  factor.  At  the  present 
day,  when  gearing  is  considered  to  be  sufficiently 
reliable  and  efficient  for  the  largest  marine  drive,  it 
should  be  satisfactorv  for  any  form  of  land  drive. 
Again,  low  power  factors  are  due  to  the  use  of  induction 
motors  which  are  too  large  for  the  job  and  are  run 
for  a  considerable  portion  of  their  time  on  light  loads. 
The  power  factor  in  such  cases  could  be  improved 
by  reducing  the  voltage  by  means  of  a  transformer 
or,     possibly,     a     star-delta-connected     motor.    Either 


method  would,  of  course,  need  such  a  tariff  as  would 
induce  the  consumer  to  adopt  it.  The  price  of  static 
condensers  is  given  in  the  paper  as  £4  to  £5  per  kVA. 
I  presume  that  that  figure  is  for  50  periods.  If  the 
frequency  were  25  and  the  price  in  the  neighbourhood 
of  £10  they  would  hardly  be  a  commercial  proposition. 
It  is  surprising  that  phase  advancers  have  made  so 
little  headway  in  this  countn,-.  In  a  certain  tinplate 
works  where  a  phase  advancer  is  installed  the  cost 
per  box  of  tinplate  has  been  reduced  by  the  price  of 
two  units — quite  a  considerable  drop.  In  this  steel 
and  tinplate  district  it  is  to  this  tj'pe  (with  its  valuable 
property  of  enabling  a  fl>'wheel  to  be  used  to  take  the 
peaks  of  the  load)  that  engineers  must  look  for  an 
improvement  in  the  power  factor. 

Mr.  J.   E.  Stewart  :    It  appears  to  be  the  practice 
to  study  power  factor  impro%-ement  on   a  line  having 
at  one  end  a  consumer  with  a  set  of  motors  and  at  the 
other   end    a   power   house,    in   which   case   low   power 
factor   affects   the   one   consumer   only.       If   there   are 
20  big  consumers  on  a  line,   one  of  whom  has  a  very 
bad    power    factor,    the    other    19    consumers  will   be 
penalized   by  having  to  put  in  larger  motors.      Some 
apparatus  will  therefore  be  required  to  take  into  account 
the   fact   that   the   power   supply  undertaking  supphes 
energy  to  a  new   consumer  at  a  power  factor  of   0-85, 
say,  and   that   the  power  factor  of   the  new  consumer 
is,  say,    0-85.      The  resulting  power   factor,    assuming 
the  new  apparatus  to  be    of    the  same  size,    would    be 
something  less  than  0"85.     If  the  new  consumer  corrects 
his  power  factor  to  that  of  the  supplv  he  will  have  to 
spend  practically  as  much  as  the  supply  undertaking  in 
correcting  the  power  factor  from   0-S5  to   unity.      In 
general,  engineering  works  are  made  up  of  23,  30  and 
in   some   cases   40   small   motors,    and    there   is   hardly 
room  to  install  apparatus  of  this  sort  in   any  of  these 
works   unless  it   is   made   veri,'   clear  to   the   consumer 
that  it  is  to  his  ad\antage  to  do  so.     I  am  not  aware  of 
any  tariff  that  is  equitable  to  the  consumer.    It  is  quite 
easy   to  improve   the   power   factor   from   0-7  to  0-8  ; 
but  to  improve  it  from  0-9  to  0-95  is  expensive,  and 
tariffs    at    present    give    only    straight-line    reductions. 
The  size  of  motors  is  vital,  and  the  cause  of  one  of  the 
greatest   difficulties   with   which   we   ha%-e   to   contend. 
Works  naturally  wish  to  install  motors  of  larger  horse- 
power  than   is   actually   required    so   that    there    shall 
be  a  reserve  of  power,   and  they  should  be  allowed  to 
do  so.    Supply  undertakings  should  do  all  the  necessan,' 
adjustment  of  power  factors.   Arising  out  of  the  question 
of  tariffs  from  the  consumer's  point  of  view,  I  should 
be  incUned   to  advocate  a  fiat  rate,   because  practical 
conditions  must  be  taken  into  account.    I  do  not  doubt 
the  correctness  in  theon,-  of  the  maximum-demand  system 
of  charging,  but  consumers  understand  a  flat  rate  with 
reductions    in    price   beyond    a    certain    quantitv,    etc. 
The  principal  running  costs  are  the  coal  costs,  and  the 
cocd  bill  varies  in  accordance  with  the  amount  of  energy 
sent  out.     That  is  to  say,  the  plant  load  factor  is  the 
most    important    question    from    a    coal    consumption 
point    of   view.       Power   factor    correction    is    possibly 
more  important  from  the  point  of  view  of  regulation 
of    E.M.F.   on   long  transmission   lines   than   from   any 
other.    Very  serious  troubles  occur  on  lines  under  certain 
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conditions  ;  for  instance,  in  some  cases  a  leading  power 
factor  produces  excess  E.M.F.  In  the  early  days  of 
the  Deptford  power  station  we  obtained  at  the  end  of 
the  11  000- volt  mains  at  Charing  Cross  a  greater  E.M.F. 
than  that  impressed. 

Mr.  R.  M.  Longman  (comiminicated) :  The  statement 
on  page  93,  that  the  rotary  condenser  is  not  practicable 
unless  a  rebate  of  8  per  cent  is  obtainable,  should  not  be 
taken  as  ruling  out  the  rotary  condenser,  as  a  rebate  or 
diminution  of  8  per  cent  on  the  bill  is  neither  impossible 
nor  uncommon.  Considering  a  charge  on  akVAbasisof 
£4  per  kVA  per  annum  as  mentioned  by  Mr.  Yerbury, 
and  a  load  factor  of  20  per  cent,  it  will  pay  a  consumer 
well  to  improve  his  power  factor  from  0-7  to  0-9. 
The  ilet  saving  is  dependent  on  his  load  factor  also, 
and,  of  course,  on  the  cost  of  the  method  of  improve- 
ment adopted.  It  appears  that  if  the  magnetizing 
current  of  a  synchronous  induction  motor  be  large, 
the  starting  torque  will  be  poor,  and  such  a  motor 
should  be  started  up  without  load.  If  it  has  to  be  started 
up  on  a  moderate  load  the  starting  current  will  be 
excessive,  and  this  is  very  undesirable  if  the  starting 
be  frequent.  I  should  like  to  know  whether  the  use 
of  a  Kapp  vibrator  effects  any  alteration  in  the  wave- 
form of  the  current  and  voltage  waves.  I  am  extremely 
interested  to  hear  of  Dr.  Wall's  electrochemical 
advancer,  particularly  as  I  recently  had  some  experience 
with  a  similar  apparatus  for  rectifying  an  alter- 
nating current.  Mining  electrical  engineers  are,  I 
think,  very  much  alive  to  the  necessity  of  improving 
the  power  factors  of  their  loads,  and  I  know  of  several 
cases  in  this  area  where  large  Kapp  vibrators  are 
being  installed.  In  Fig.  17  the  three  armatures  are 
shown  with  their  axes  all  on  the  same  level.  This  is 
a  decided  improvement  on  the  earlier  arrangement, 
in  which  the  armatures  were  placed  one  above  the 
other,  and  the  heat  from  the  two  lower  ones  made  the 
top  one  get  very  warm.  The  resulting  expansion 
repeatedly  caused  it  to  foul  the  poles  ;  also  the  slightest 
wear  in  the  bearings  let  the  armature  down  on  to  the 
pole-tips. 

Mr.  H.  Midgley  (communicated)  :  To  an  English 
engineer  some  of  the  points  in  the  paper  regarding 
the  calculation  of  the  most  efficient  power  factor  may 
appear  somewhat  academic,  and  it  is  therefore  advisable 
to  consider  power  plants  abroad,  where  electrical  energy 
often  is  transmitted  distances  of  the  order  of  100  miles 
from  the  point  of  generation  to  the  point  of  utilization. 


A  brief  examination  of  such  cases  will  make  it  quite 
obvious  that  a  considerable  sum  of  money  may  be 
wasted  if  the  most  economic  power  factor  is  not  care- 
fully worked  out.  As  a  refinement,  instead  of  the  actual 
capital  cost  being  brought  to  a  minimum,  the  calcula- 
tions for  the  most  economical  power  factor  may  be 
based  on  a  minimum  annual  cost.  In  this  case,  the 
economical  lives  of  various  apparatus  must  be  taken 
into  account.  For  instance,  in  municipal  work  the 
maximum  period  for  the  paying  off  of  running  machinery 
is  20  years,  whereas  cables  need  not  be  paid  off  until 
30  years  after  installation.  Assuming  interest  on  capital 
at  5  per  cent  per  annum,  and  sinking  fund  accumula- 
tions at  3  per  cent  (net),  the  total  annual  charges  for 
a  20-year  life  are  8-72  per  cent,  compared  with  1- 1  per 
cent  for  a  30-year  life.  Basing  calculations  on  the 
annual  costs  instead  of  on  the  total  cost  will  make  very 
little  difference  in  the  final  result,  but  it  is  perhaps  as 
well  that  this  alternative  method  should  be  kept  in  mind. 
Mr.  R.  O.  Kapp  (in  reply)  :  It  has  been  suggested 
that  it  would  be  fairer  to  make  the  price  adjustment 
for  power  factor  vary,  as  it  costs  more  to  correct  from 
0-9  to  unity  than  from  0-8  to  0-9.  This  is  quite  true, 
but  it  seems  to  me  that  too  complicated  a  tariff  would 
operate  against  power  factor  improvement,  and  as 
engineers  we  should  aiin  rather  at  a  rough-and-ready 
adjustment  sufficiently  near  the  facts  to  achieve  its  pur- 
pose and  which  could  be  understood  by  the  consumer, 
than  at  a  tariff  which  might  be  more  scientifically  fair 
but  might  involve  too  complicated  a  refinement.  In 
the  long  run  that  tariff  will  prove  best  which  results 
in  the  greatest  power  factor  improvement,  because 
it  would  result  in  the  greatest  economy  to  the  power 
company  and  enable  electricity  to  be  sold  most  cheaply. 
The  tariff  which  achieves  this  is,  I  think,  more  to 
everyone's  advantage  than  one  which  is  based  on  a 
careful  estimate  of  exactly  what  it  costs  each  individual 
consumer  to  improve  his  power  factor.  A  point  raised 
by  Major  David  and  Mr.  Stewart,  which  will  become 
more  important  with  greater  centralization  of  the 
generation  of  electricity,  is  the  bad  regulation  due  to 
low  power  factor.  This  occurs  wherever  an  area  is 
supplied  through  transformers,  and  it  means  that  a 
consumer  with  a  bad  power  factor  is  causing  unsteady 
voltage  in  his  area,  so  that  he  becomes  a  nuisance  to 
his  neighbours.  I  think  that  if  this  were  more  fully 
realized,  power  factor  improvement  would  become 
more  popular  with  consumers. 


Scottish  Centre,  at  Glasgow,  10  April,  1923. 


Mr.  C.  W.  Marshall  :  It  seems  obvious  that  the 
consumer  of  electricity  should  provide  for  his  own 
supply  of  wattless  current,  except  in  cases  where  the 
supply  is  very  small,  as  this  eliminates  the  necessity 
for  increasing  the  size  of  alternators,  transformers  and 
cables  beyond  the  minimum  necessary  for  transmission 
at  unity  power  factor.  The  figure  given  in  the  paper 
as  the  cost  of  static  condensers  is  £3  per  kVA.  On 
the  Glasgow  system  the  alternators  cost  £1-25  per 
kVA,  step-up  transformers  £0  ■  6  per  kVA,  step-down 
transformers  £0  •  9  per  kVA,  and  main  transmission 
cable  £0  •  4  per  1  000  yards  per  kVA.     These  items  alone 


exceed  the  figure  given  above.  In  any  definite  case  the 
figures  can  be  examined  in  this  way  and  the  most  advan- 
tageous method  of  supplying  the  consumer  can  be  settled. 
Regarding  the  section  on  tariffs,  the  most  serious  draw- 
back to  the  methods  of  charging  suggested  is  that  no 
really  satisfactory  kV.\  meter  has  yet  been  devised,  so 
that  no  matter  how  desirable  such  tariffs  may  be  it 
is  impossible  to  carry  them  out  in  practice.  .\  further 
difficulty  is  that  it  would  be  almost  impossible  to  per- 
suade customers  to  adopt  the  tariffs,  owing  to  the  diffi- 
culty of  explaining  them. 

Mr.  R.  Nelson:    The  most  interesting  part  of  the 
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paper  to  the  practical  man  is  the  description,  at  the 
end,  of  the  various  methods  which  have  been  employed 
of  meeting  this  power  factor  difficult\-,  and  I  can  confirm 
the  statement  that  in  the  Yorkshire  district  a  number 
of  collieries  have  installed  condensers  with  consider- 
able advantage.  Broadly  speaking,  the  cost  of  the 
condenser  is  recovered  in  from  two  to  three  years 
from  the  time  of  its  installation.  Many  collieries  have 
a  very  praor  power  factor,  and  improvement  to  0-8  is 
usually  aimed  at.  This  is  approximately  the  figure 
which  the  supplv  authorit\-  expects  its  power  users  to 
attain.  One  important  power  company  in  the  north 
of  England  do  nothing  bevond  inserting  a  clause  in 
their  power  supply  agreements  to  the  effect  that  the 
power  factor  of  each  item  of  plant  shall  not  be  less  than 
0-8  at  full  load.  The  Madras  Electricity-  Supply  Cor- 
poration base  their  tarifE  on  an  assumed  power  factor 
of  0-8.  They  offer  a  rebate  if  the  power  factor  exceeds 
0-8,  and  a  corresponding  penalty  is  imposed  if  it  falls 
below  that  figure.  A  similar  arrangement  is  in  force 
in  Calcutta.  The  Commonwealth  Edison  Company  of 
Chicago  reserve  the  right  to  enter  consumers'  premises 
to  test  the  power  factor  once  in  every  six  months  during 
the  life  of  the  contract.  If  the  power  factor  is  below 
0  •  7  the  Company  reserve  the  further  right  of  with- 
drawing the  supply  or,  alternatively,  of  taking  the 
maximum  demand  as  : 

Maximum  demand  in  kilowatts  x  70 
Average  percentage  power  factor 

The  power  factor  is  measured  at  the  point  where  the 
current  is  metered,  and  the  maximum  demand  is  deter- 
mined and  fi.xed  as  above  mentioned  for  six  months, 
i.e.  until  another  test  is  made.  The  Commonwealth 
Edison  Company  appear  to  be  satisfied  with  a  some- 
what lower  overall  power  factor  than  is  the  aim  of 
most  supply  authorities  in  this  country-,  but  the  general 
character  of  their  load  may  of  course  be  a  ruling  factor  ; 
they  have,  I  believe,  a  ver\-  large  d.c.  traction  load. 

Mr.  G.  G.  Braid  :  So  far  as  the  Glasgow  tramway 
system  is  concerned,  we  have  no  trouble  with  the  power 
factor.  Of  course  the  load  consists  almost  entirely 
of  rotarj-  con\-erters,  and,  owing  to  the  fairly  large 
capacity  of  the  feeder  cables,  the  power  factor  averages 
about  0-98  leading.  There  are  certain  troubles  and 
difficulties  which  are  always  to  be  found  in  a.c.  working  ; 
these  include  low  power  factor,  hysteresis  losses,  eddy- 
current  losses,  and  inductive  interference  troubles.  All 
that  can  be  expected  is  to  reduce  these  troubles  to  a 
greater  or  less  extent.  Methods  of  improving  the  power 
factor  have  been  very  fullv  dealt  with  in  the  paper, 
and  little  more  need  be  said  about  them,  but  I  think 
it  would  be  a  good  thing  if  the  British  Engineering 
Standards  Association  would  draw  up  a  specification 
for  induction  motors,  or  indeed  a.c.  power  plant  generally, 
which  would  call  for  a  reasonably  high  power  factor 
at  all  loads.  So  far  as  tariffs  are  concerned,  the  general 
opinion  seems  to  be  that  the  charges  should  consist, 
first  of  a  fixed  kVA  charge,  which  is  fixed  by  multiplying 
the  maximum  demand  in  kilowatts  by  the  average 
power  factor,  and  secondly,  of  a  running  charge  based 
on  the  actual  kilowatt-hours  used  by  the  consumer. 
Neither    of    these    charges    is    strictly    right;     At    the 


time  of  maximum  demand  the  power  factor  is 
usually  highest,  and  hence  the  k\'A  charge  is 
too  high  ;  on  the  other  hand,  the  running  charge 
is  too  low,  as  the  I'-R  losses  during  all  the  time 
the  plant  is  running  depend  on  the  power  factor,  and  a 
small  increase  in  the  running  charge  should  be  made  to 
cover  these  losses.  I  do  not,  however,  ad\ocate  that  these 
allowances  should  be  made  ;  tarifts  are  already  far  too 
complicated  ;  they  necessitate  a  multiplicity'  of  meters 
and  allowances,  including  a  maximum-demand  allow- 
ance, a  coal  clause,  a  wages  clause,  and  now  a  power- 
factor  clause.  I  do  not  envy  the  power  supplv  engineer 
who  tries  to  explain  the  reason  for  all  these  clauses  to 
the  ordinary  non-technical  consumer.  He  mav  explain 
them  to  his  o^\•n  (i.e.  the  power  engineers)  satisfaction, 
but  the  consumer  often  feels  at  the  back  of  his  mind 
that  he  is  not  being  fairly  dealt  with ;  he  cannot  under- 
stand, and  becomes  suspicious.  It  would  be  much 
better  if  a  fairly  flat  rate  could  be  introduced,  say,  one 
for  lighting  and  another  for  power  and  heating,  with 
reductions  for  large  consumers  and  power  taken  during 
the  periods  of  light  load,  and  perhaps  some  restrictions 
or  penalties  for  cases  of  ver\-  low  power  factor.  Even 
if  a  slightly  higher  charge  were  then  made  to  the  con- 
sumer so  as  to  cover  risks,  he  would,  I  think,  be  more 
satisfied,  as  he  would  then  know  exactlj-  for  what  he 
was  paying. 

Mr.  F.  H.  Whysall:  My  o«-n  feeling  with  regard 
to  the  question  of  power  factor  is  that  it  has  been 
neglected  by  the  power  companies.  Most  large  cor- 
porations or  municipal  supph'  undertakings  with  a 
large  non-inducti\-e  load  and  a  large  proportion  of 
d.c.  supply  are  not  ver\'  much  concerned  with  the 
question.  In  Greenock  we  have  a  good  power  factor 
and  have  not  been  much  troubled  with  the  matter. 
In  one  or  two  isolated  cases  we  have  had  to  take  serious 
notice  of  the  question,  and  my  experience  has  been 
that  it  is  comparatively  easy  to  explain  the  position 
to  a  consumer,  and  there  is  little  difficult},-  in  getting 
him  to  conform  to  our  ideas  on  the  subject,  ^^'e  are 
always  glad  to  supply  consumers  with  a  specification 
for  suitable  power  plant,  and  by  getting  them  to  replace 
inefficient  or  unsuitable  machines  by  others  to  our 
specification  we  have  gradually  effected  improvement. 
We  put  in  a  static  condenser  as  a  remedy  for  a  very 
bad  case,  and  where  the  supply  is  taken  at  some  dis- 
tance from  the  power  station  I  think  a  static  condenser 
is  verv  satisfactory-.  Our  experience  has  been  that 
since  its  installation  we  have  had  no  trouble  of  any 
kind  whatever.  The  power  factor  question  will,  in 
my  opinion,  gradually  cease  to  trouble  us  as  people 
become  educated  to  the  requirements  of  electric  supply 
authorities.  After  all,  in  a  certain  sense  it  is  a  disease 
which  has  afflicted  us,  and  we  are  applying  remedies 
now,  but  in  future  we  shall  employ  preventi\es.  \\ith 
regard  to  the  question  of  giving  rebates  to  a  consumer 
with  a  good  power  factor,  it  has  been  our  practice  to 
give  a  15  per  cent  rebate  if  the  power  factor  was  0-8, 
and  this  rebate. is  withheld  if  the  power  factor  falls 
below  0  ■  8,  but  so  far  we  have  only  insisted  on  this  under 
normal  load  conditions:  In  cases  where  the  power 
factor  has  fallen  below  this  figure  at  times  of  light 
load   we   have   taken   no  notice  of '  it.  •   The   difficultv 
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in  recording  kVA  has  been  mentioned,  but  I  think  that 
we  shall  overcome  that  very  soon.  We  have  been 
experimenting  with  the  two-meter  method,  and  we 
find  that  we  can  get  a  commercial  figure  of  the  average 
power  factor  for  any  given  period.  Where  necessary 
we  can,  of  course,  very  readily  obtain  the  actual  kilovolt- 
amperes,  and  if  necessary  we  can  threaten  to  charge  the 
defaulting  consumer  on  a  kVA  basis. 

Mr.  A.  E.  Kelly:  I  have  had  some  experience  of 
several  methods  of  power  factor  improvement  men- 
tioned in  the  paper,  and  they  all  have  their  peculiar 
characteristics.  The  Kapp  vibrator  is  a  particularly 
simple  piece  of  apparatus  and  has  the  advantage  that 
it  can  be  adapted  to  ahnost  any  slip-ring  motor.  In  a 
case  I  have  in  mind,  the  motor  was  delivered  before 
the  phase  advancer  and  was  run  without  it,  but  it  would 
not  take  its  full  load,  and  the  stator  current  was  so 
large  that  excessive  heating  was  caused.  As  soon  as 
the  Kapp  vibrator  was  fitted,  the  machine  ran  well,- 
and  the  power  factor  was  improved  from  0-65  to  0  •  95, 
the  current  being  reduced  from  65  amperes  at  6  500  volts 
to  45  amperes.  This  reduction  is  equal  to  69  per  cent 
if  the  current  is  taken  at  0-65  power  factor,  and  shows 
the  saving  effected  by  the  use  of  a  phase  advancer. 
The  other  pieces  of  apparatus  mentioned  by  the  author 
also  show  good  results,  and  if  all  consumers  realized 
the  effect  of  such  auxiliary  appliances  they  would 
install  them  more  readily.  The  supply  undertakings  are 
entitled  to  give  some  rebate  for  the  saving  in  mains,  or 
the  increase  in  carrying  capacity  of  their  present  mains, 
and  this  is  generally  done.  One  of  the  difficulties  is  to 
get  a  measure  of  the  average  power  factor  in  any  con- 
sumer's supplv,  and  the  author  has  shown  how  this  can 
be  done.  I  should  like  to  know  of  a  cheap  method 
of  metering  which  can  be  adapted  to  a  supply  already 
measured  in  kilowatts,  the  meter  being  easily  read 
and  the  method  readilv  understood  bv  the  consumer. 

Mr.  A.  E.  McGoU  :  I  do  not  think  that  many  of  us 
realize  actually  what  low  power  factor  costs  us.  It  is 
only  when  the  question  comes  to  be  considered  carefully 
that  an  idea  of  the  very  large  sum  involved  annually, 
either  in  the  form  of  increased  capital  cost  or  increased 
operating  costs,  is  arrived  at.  If  we  look  at  the  capital 
cost  side  we  find  that,  for  a  power  factor  of  0-7,  cable 
transformers  and  alternators  require  to  be  43  per  cent 
larger  than  would  be  the  case  for  a  system  operating 
with  unity  power  factor.  If  we  review  the  additional 
costs  incurred  on  the  operating  side,  we  find  that  our 
network  losses  are,  under  the  conditions  given,  43  per 
cent  greater  than  would  be  the  case  with  unity  power 
factor,  and  this  notwithstanding  our  increased  capital 
expenditure  on  the  network.  In  the  power  station  we 
probably  lose  0  •  6  per  cent  in  efficiencv  on  each  alter- 
nator, due  to  the  difference  in  efficiency  between  unitv 
and  0-7  power  factor.  Then  there  is  a  further  loss 
due  to  each  alternator  being  43  per  cent  larger  than  is 
necessary  to  meet  the  same  kVV  demand  at  unity  power 
factor.  In  the  transforming  plant  we  have  a  similar 
loss,  due  to  the  lower  efficiency  at  0-7  power  factor. 
Then  again,  we  lose  on  the  individual  transformers 
owing  to  each  transformer  being  larger  than  is  necessary 
to  carry  the  k\V  load  of  the  consumer  at  unitv  power 
factor.     In  the  power  station  we  increase  the  operating 


expenses  by  running  additional  plant  to  meet  what  is 
purely  a  kVA  and  not  a  kW  demand.  The  impaired 
voltage  regulation  introduced  by  low  power  factor 
lowers  the  value  of  the  service  given  at  the  consumer's 
terminals,  and  an  indefinite  loss  of  revenue  results 
because  of  this  impaired  voltage.  On  the  average 
power  system  we  should  probably  find  that  the  difference 
between  the  units  sent  out  and  the  units  sold  is  about 
4i  per  cent  less  for  unity  power  factor  than  for  0  •  7  power 
factor.  There  is  a  further  influence  which  power  factor 
has  on  the  cable  system  and  switchgear.  For  the  same 
kW  demand  the  distribution  system  at  0-7  power  factor 
has  only  70  per  cent  of  the  resistance  necessarv  for  a 
unity  power  factor  demand,  and,  as  previously  pointed 
out,  the  alternators  are  43  per  cent  larger.  The  conse- 
quence is  that  the  short-circuit  current  is  very  largely 
increased,  and  switchgear  and  the  e.xpenditure  thereon 
are  increased  in  proportion.  In  order  to  limit  the 
destructive  eft'ects  of  the  increased  short-circuit  current 
we  install  reactances,  which  have  the  effect  of  still 
further  lowering  the  power  factor.  I  do  not  agree 
with  Mr.  Whysall  that  power  factor  troubles  will  cure 
themselves.  I  think  it  is  necessary  to  aid  in  the  cure 
by  the  imposition  of  suitable  tariffs.  The  Clyde  Valley 
Company  have  had  a  tariff  in  operation  for  two  years 
now,  and  consumers  are  asking  to  be  put  on  to  it. 
Speaking  generally,  we  have  not  experienced  any  great 
difficulty  so  far  in  conveying  an  understanding  of 
power  factor,  particularly  where  the  consumer  thinks 
he  is  obtaining  something  for  nothing,  as  happens 
where  synchronous  plant  is  already  installed.  Of  course 
it  is  always  necessary  to  demonstrate  to  consumers  that 
the  benefits  are  such  that  the  rebate  allowed  will  suffice 
to  pay  the  interest  charges  on  the  phase-advancing 
plant.  In  all  the  cases  I  have  investigated  where  it  was 
found  necessary  to  raise  the  power  factor  of  non-syn- 
chronous plant,  there  is  apparentlv  no  competitor  of 
the  static  condenser.  Adoption  of  the  rotary  condenser 
is  precluded  by  the  increased  losses,  including  operating 
expenses,  etc.,  the  additional  bill  for  kilowatt  energy 
leaving  insufficient  margin  to  cover  the  interest  and  other 
charges. 

Mr.  J.  F.  Nielsen  :  I  wish  that  Prof,  Miles  Walker 
could  give  some  simple  method  of  explaining  to  the 
non-technical  consumer,  or  non-electrical  engineer, 
what  is  meant  bv  power  factor.  I  am  sure  that  many 
supply  engineers  must  have  experienced  the  difficulty 
of  explaining  to  consumers  what  is  meant  by  power 
factor,  and  will  sympathize  with  those  who  have  made 
the  attempt  at  a  meeting  of  directors.  For  the  general 
improvement  of  power  factor  in  a  works'  installation, 
the  static  condenser  appears  to  me  to  offer  the  greatest 
attraction,  more  especially  if  the  supply  undertaking's 
system  of  metering  is  such  as  to  give  the  consumer  the 
advantage  of  "  off-time  "  phase-advancing.  For  in- 
stance, a  consumer  may  find  that  as  he  approaches  the 
end  of  a  quarter,  his  wattless  component  meter  is  lagging 
further  than  he  ^expected,  and  he  may  think  that  it 
would  be  to  his  advantage  to  leave  his  static  condenser 
continuously  in  circuit  until  the  wattless  component  has 
been  wholly  or  partially  cancelled  off.  My  own  experi- 
ence in  this  connection  may  be  of  interest.  Fifteen 
months  ago  wc  installed   a  600-kVA   4-unit  condenser 
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together  with  an  auto-transformer  raising  the  pressure 
from  440  to  600  volts.  When  it  was  put  into  service  we 
were  approaching  the  end  of  the  first  quarter  of  the 
year,  and  our  wattless  meter  showed  that  we  had  a 
considerable  leeway  to  make  up  if  the  power  factor, 
which  hitherto  had  been  about  0-75,  was  to  average 
unity  at  the  end  of  the  quarter.  With  the  help  of  this 
condenser  the  leeway  was  made  up,  and  since  then  we 
have  maintained  constantly  a  power  factor  of  unity 
and  have  thereby  obtained  the  full  amount  of  rebate 
allowed  by  the  supply  companv.  By  the  saving  thus 
effected  we  have  repaid  fully  25  per  cent  of  the  original 
cost  of  the  installation  of  this  condenser,  and  it  should 
be  borne  in  mind  that  we  bought  it  at  a  time  when 
prices  were  high,  the  cost  being  nearly  £8  per  kVA 
mstalled.  I  should  remark  that  our  supply  is  at  25 
periods  ;  at  50  periods  the  necessary  capacity  would  be 
halved  and  the  cost  correspondingly  reduced.  I  think 
Mr.  Nelson  stated  that  from  his  experience  a  condenser 
should  pay  for  itself  in  about  three  years'  time,  and  at 
the  present-day  cost  I  think  he  is  about  right.  If  in 
the  future  our  load  should  increase  bevond  what  these 
condensers  could  handle,  I  think  we  should  be  disposed 
to  tackle  the  problem  by  improving  the  power  factor 
of  some  of  our  large  induction  motors  by  means  of 
oscillating  phase-advancers.  The  objection  to  installing 
such  plant  for  general  improvement  of  power  factor  is 
that  in  dull  times  large  motors,  such  as  we  have,  are 
not  always  in  service.  The  initial  outlay  on  these 
oscillating  phase-advancers  is  very  much  less  than  for  a 
static  condenser  of  equal  kVA  capacity  ;  it  is  in  the 
neighbourhood,  I  believe,  of  £1  per  kVA.  I  have 
some  figures  which  show,  for  instance,  that  a  600  h.p. 
induction  motor  can  be  fitted  with  an  oscillating  phase- 
advancer  sufficient  to  recover  about  300  kVA  and  improve 
the  power  factor  of  the  motor  from  0-91  lagging  to  0-98 
leading. 

Mr.  A.  S.  Hampton  :  I  am  quite  in  accord  with  IVIr. 
Nielson  in  his  remarks  about  the  difficulty  one  has  in 
expounding  the  power-factor  clause.  Another  point 
which  has  occurred  to  me  in  this  discussion  is  that  Mr. 
Whysall  gives  a  rebate  of  15  per  cent  to  those  consumers 
who  have  a  power  factor  of  0-8.  I  know  no  other  supply 
authority  which  can  do  that.  In  the  paper  mention  is 
made  of  the  Scottish  Central  Power  Company  having  a 
difficulty  in  making  the  claim  for  poor  power  factor, 
but  in  a  recent  agreement  that  Company  insisted  on  a 
power  factor  of  0-8,  and  the  agreement  contains  a 
penalty  clause  for  any  power  factor  below  0  •  8,  but  they 
have  certain  rebates  for  gcod  power  factor.  The 
Greenock  arrangement  of  giving  15  per  cent  rebate  is 
rather   good. 

Professor   Miles    Walker    {in   reply)  :     The   figures 


given  bv  Mr.  Marshall  for  the  costs  per  kVA  of  different 
kinds  of  plant  are  interesting.  He  does  not  give  the 
cost  of  phase  advancers  attached  to  induction  motors. 
The  cost  of  these  is  verv  much  less  than  £3  per  wattless 
k\'A  measured  on  the  line. 

It  would  be  well  if  more  electrical  undertakings 
would  imitate  the  efforts  of  the  companies  cited  by  Mr. 
Nelson  in  the  direction  of  power  factor    improvement. 

I  am  glad  to  hear  that  Mr.  Whysall  does  not  find 
such  a  very  great  difficulty  in  explaining  a  tariff  to  , 
his  customers.  One  way  of  explaining  the  effect  of 
low  power  factor  to  the  lay  mind  would  be  the 
following  :  "  Some  kinds  of  plant  take  more  electric 
current  for  a  given  output  than  others.  This  is 
because  there  is  too  much  back-lash  with  the  volts. 
If  the  volts  and  amperes  are  geared  closely  the  current 
taken  is  less.  The  supply  companies  are  prepared  to 
make  concessions  to  consumers  who  use  less  current 
for  a  given  power  taken.  We  will  fix  an  ampere-hour 
meter  with  a  maximum-demand  indicator  attached. 
The  price  you  pay  for  your  power  will  depend  upon 
the  readings  of  these  instruments.  All  you  have  to 
do  is  to  keep  down  the  readings  of  your  ammeter. 
This  can  be  done  by  installing  such  and  such  kinds 
of  plant." 

It  is  difficult  to  believe  that  an  ordinary  lav  business 
man  cannot  understand  the  reduction  of  65  amperes 
to  45  amperes  as  in  the  case  quoted  by  Mr.   Kelly. 

Mr.  McColl  has  not  stated  the  case  too  strongly  in 
pointing  out  the  saving  in  plant  effected  by  improving 
the  power  factor.  In  fact,  the  case  of  the  turbo- 
generator is  even  stronger  than  stated  by  him.  A 
generator  to  run  at  0-7  power  factor  would  cost  as 
much  as  a  generator  to  deliver  60  per  cent  more  out- 
put at  unity  power  factor,  and  it  would  not  be  as 
efficient.  The  limit  in  output  in  a  turbo-generator 
lies  in  the  field  magnet,  and  a  given  field  magnet  can 
deUver  much  more  kVA  if  the  power  factor  is  unity. 
A  small  addition  to  the  armature  copper  would  enable 
the  generator  to  be  run  at  about  twice  the  output 
at  unity  power  factor. 

The  benefits  mentioned  by  Mr.  Kelly,  accruing  from 
power  factor  improvements  by  means  of  a  Kapp 
phase  advancer,  have  been  experienced  elsewhere  in 
many  cases,  and  the  Leblanc  type  of  phase  advancer 
can  show  even  better  figures  because  with  it  the  power 
factor  of  the  motor  current  is  completely  under  control. 
Moreover,  there  is  only  one  commutator  instead  of 
two  commutators  to  look  after.  Another  advantage  of 
the  Leblanc  t-\'pe  is  that  it  can  be  driven  at  a  high 
speed,  so  that  the  machine  is  much  smaller  than  the 
Kapp  vibrator  and  the  efficiency  is  higher.  It  requires 
no  direct-current  excitation. 
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THE   APPLICATION   OF   A    REVOLVING   MAGNETIC   DRUM   TO   ELECTRIC 
RELAYS,   SIPHON    RECORDERS   AND   RADIO   TRANSMITTING   KEYS.* 

By  N.  W.  McLachlan,  D.Sc.  (Eng.),  Member. 

{Paper  first  receivei  iStli  February,  ani  in  final prm  3rd  May,  1923;  read  before  the  Wireless  Section  lltli  April,  1923.) 


Summary. 

This  instrument  consists  essentially  of  an  iron  drum  with  an 
annular  recess,  in  which  are  situated  one  or  more  coils  of  wire, 
the  ends  being  connected  to  pairs  of  corresponding  slip-rings. 
The  drum  is  mounted  on  ball  bearings,  and  its  periphery, 
which  is  shod  with  cast-iron  rings,  is  machined  to  run  true 
to  0  0001  in.  A  small  iron  or  steel  shoe  fits  accurately  the 
curvature  of  the  rings.  When  a  current  passes  through 
the  coil  the  drum  is  magnetized,  and  this  causes  the  shoe 
to  be  pressed  on  the  rings  with  considerable  force.  Thus, 
if  the  drum  is  revolved,  a  pull  is  required  to  cause  the 
shoe  to  slide  relatively  to  the  rings.  The  magnitude  of 
the  tangential  pull  thus  obtained  is  many  times  greater 
than  that  calculated  from  the  product  of  pressure  due  to 
magnetic  attraction,  using  the  formula  B'A/Stt,  and  an 
assumed  coefficient  of  friction  ^  =  -J.  Subsequent  experi- 
ments show,  however,  that  the  value  of  /i  is  about  0-C. 
The  ratio  of  experimental  pull  to  calculated  pull  (taking 
/I  as  0'6)  depends  on  the  flux  density  at  the  shoe  contact, 
and  may  exceed  50.  Thus  the  operation  of  the  device  appears 
to  depend  on  some  form  of  cohesive  action  incited  by 
magnetism.  The  present  paper  deals  with  this  pheno- 
menon, but  more  particularly  with  its  application  to 
electric  relays,  siphon  recorders  for  line  and  radio-tele- 
graphy, and  transmitting  keys  for  radio-telegraphy.  The 
electric  circuits  for  single-current,  double-current  and  valve- 
circuit  working  are  described  in  detail. 


Table  of  Contexts. 

Section 

(1)  General  outline. 

(2)  Details  of  construction. 

(3)  Single-current  working. 

(4)  Double-current  working. 
(.5)  Speed  attainments. 

(6)  Miscellaneous  effects. 

(7)  Valve-circuit  working. 

(8)  Tape  records. 

(9)  Features  of  the  apparatus. 

(10)  Transmitting  key. 

(11)  Transients  at  make  and  break. 

(12)  Oscillograph  records. 

(13)  Power  controlled  by  key. 

(14)  Sliding  force  between  drum  and  shoe. 

(15)  Dynamic  theory. 

(1)  General  Outline. 

The  essential  components  of  this  device  are  (1)  a 
revolving  soft-iron  drum  having  a  recess  in  which  are 
situated  one  or  more  coils  of  wire  coaxial  with  the 
drum,  the  extremities  of  the  coils  being  brought  out  to 

•  British  Patent  176  932  of  1922. 


corresponding  pairs  of  slip-rings  ;  and  (2)  a  soft-iron 
or  steel  shoe  which  rides  on  the  periphery  of  the  drum. 
When  current  circulates  in  the  coil,  the  magnetic 
attraction  between  the  drum  and  shoe  causes  the  latter 
to  cling  to  the  drum,  and  a  considerable  force  is 
required  to  cause  relative  sliding  movement  between  the 
two  surfaces.  This  force  can  be  utilized  to  actuate  relay 
contacts,  a  siphon  or  other  suitable  inking  apparatus. 
The  same  principle  has  also  been  applied  to  the 
operation  of  signalling  keys,  but  there  are  other  appli- 
cations beyond  the  realm  of  radio-telegraphy  which  are 
not  treated  in  this  paper,  e.g.  brakes  on  motor  vehicles. 

The  working. of  the  instrument  will  be  readily  under- 
stood on  reference  to  Fig.  1,  which  shows  in  plan  and 
elevation  the  general  arrangement  of  a  recorder.  The 
revolving  drum  of  well-annealed  Swedish  iron  is 
mounted  complete  with  two  coils  and  corresponding 
pairs  of  slip-rings  in  ball  bearings.  One  end  of  the 
shaft  is  connected  to  a  15/1  worm  reducing  gear,  the 
worm  being  driven  by  a  variable-speed  electric  motor 
of  1/20  to  1/8  h.p.,  running  at  a  maximum  speed 
of  about  3  000  r.p.m.  In  order  to  minimize  wear,  two 
cast-iron  rings  are  forced  over  the  drum,  and  these  form 
the  rubbing  surfaces  for  the  shoe.  The  latter  is  made 
from  a  ring  of  Swedish  iron,  Lowmoor  iron  or  steel,  and  is 
fixed  to  a  brass  hook  by  means  of  a  screw.  The  shoe 
rides  on  the  revolving  cast-iron  rings,  and  side  play 
is  prevented  by  a  projection  on  the  hook  which  fits 
into  the  annular  recess  in  the  drum.  One  end  of  the 
hook  is  coupled  to  a  w-eak  spring  X2  which  serves  to 
hold  it  in  position,  and  the  other  end  goes  to  a  rocking 
lever  pivoted  on  the  aluminium  crank  L.  On  the  other 
side  of  the  rocking  lever  is  a  strong  spring  Xj  which 
in  the  absence  of  signals  holds  L  against  the  stop  S. 
The  tension  of  X,  can  be  adjusted  by  a  milled  nut. 
A  pad  can  be  provided  to  ensure  cleanliness  of  the 
ring  surfaces,  but  it  is  not  absolutely  essential,  and  in 
general  the  apparatus  functions  better  without  it. 

The  silver  siphon  A  passes  from  the  inkwell  B  through 
the  lever  L,  where  it  is  securely  held  by  a  locking  device 
and  projects  about  ^  in.  beneath  its  lower  face,  resting 
on  the  paper  strip  which  is  pulled  from  the  drawer 
in  the  base  of  the  instrument  by  the  paper  drive  1). 
When  the  revohing  drum  is  magnetized  by  the  signal 
current,  the  shoe  presses  on  the  cast-iron  rings  and  is 
carried  round,  thus  pulling  lever  L  on  to  stop  -M.  where 
it  is  held  until  the  current  is  interrupted.  On  cessation 
of  the  current,  spring  Xj  draws  the  lever  back  to  the 
stop  S.  Thus  the  transv.erse  motion  of  the  siphon 
over  the  moving  paper  strip  produces  the  record. 
Owing  to  the  large  force  and  the  relatively  small  inertia 
of    the    mo\ing    parts,    the    appearance    of    the    tape, 


904     McLACHLAN  :  THE   APPLICATION   OF   A   REVOLVING   MAGNETIC   DRUM   TO 


especialh'  above  100  words  per  minute,  is  vastly  \  be  done  by  means  of  the  motor  rheostats.  The  speed 
different  from  that  obtained  with  the  usual  pattern  of  of  the  drum  can,  therefore  be  controlled  independently 
siphon  recorder.  of  that  of  the  paper.     In  the  second  form  there  is  no 


Fig. 1.*- 


-z\y*- 


-Plan  and  elevation  of  general  arrangement  of  recorder  complete  with  variable  paper  drive.    Scale  about  3/10  full  size 
[Note. — Spring  X2  is  not  extended  diu-ing  operation  as  shown  in  this  figure.] 
*  In  this  figure  the  shoe  should  be  the  same  width  as  the  cast-iron  rings,  and  the  pad  should  not  be  shown. 


The  recorder  is  made  in  t\^o  forms  which  are  identical  I    friction  gear  and  the  speeds  of  the  drum  and  paper  are 

except  for   the   paper   drive   and   the   front  .plate.     In  altered     simultaneously.     This     construction     is     more 

the   first   form    there    is   a   variable   friction    gear   for  economical    although    less    flexible    than    the    former, 

altering  the  speed  of  the  paper,  although  this  can  also  [   In  each  type  the  motor  and  gears  are  insulated  from 
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Coil  1       Coil  2 

Fig.  2.* — Arrangement  of  drum  and  slip-rings  of  relay  or  recorder.      Scale  about    7/11    full  .size. 
*  The  pad  should  not  be  shown  in  this  figure. 
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Fig.  :{. — Arrangement  of  recording  mechanism.     Scale  about  5/4   full  size. 
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the  wooden  base  by  felt  pads  which  serve  to  lessen 
the  noise  which  would  accrue  from  the  hollow  base 
acting  as  a  sound  box. 

In  its  relay  form  the  instrument  is  identical  with  the 
recorder  except  that  there  is  no  paper  drive,  the  motor 
is  smaller  and  the  contact  arm  is  longer.  The  diameter 
of  the  contacts  depends  on  the  purpose  for  which  the 
relay  is  used. 

(2)  Details  of  Construction. 

The  constructional  details  of  the  drum  and  coils  are 
shown  in  Fig.  2.  The  complete  drum  assemblage  is 
so  designed  that  it  can  be  Ufted  bodily  from  the 
wooden  base,  mounted  in  a  lathe  and  turned  on  its 
own  centres.  This  has  been  specially  arranged  in  order 
that  the  cast-iron  rings  can  be  made  to  run  true  to 
00001  inch.  In  carrying  out  experimental  work  on 
the  first  model  various  coils  were  tried,  and  it  was 
essential  to  dismantle  the  drum  when  exchanging  coils. 
If  the  parts  fitted  accurately  there  was  no  need  to  re-true 
the  drum,  provided  the  two  collars  were  reassembled  in 
their  original  positions.  Allowance  is  made  for  this 
contingency  in  the  design  of  the  spindle  and  collars. 
The  magnetic  properties  of  the  drum  and  spindle  call 
for  careful  consideration  to  obtain  optimum  results. 
As  the  drum  revolves,  the  variation  in  reluctance  of 
the  path  through  the  shoe  should  be  the  least  possible, 
i.e.  the  drum  should  have  uniform  magnetic  properties 
radially.  With  this  end  in  view  the  Swedish  iron 
ought  to  be  carefully  selected  and  thoroughly  annealed, 
since  the  heat  treatment  and  subsequent  cooling  are  of 
vital  importance  in  magnetic  material  where  homo- 
geneity is  a  desideratum.  Discrepancies  in  the  radial 
properties  of  the  drum  can  be  detected  during  motion 
by  connecting  one  coil  to  a  battery  and  the  other  to 
an  oscillograph  or  a  galvanometer.  A  kick  of  the 
galvanometer  indicates  a  variation  in  reluctance.* 
With  a  sensitive  galvanometer,  a  kick  can  be  observed 
when  the  battery  current  is  zero.  Radial  homogeneity 
is  not  readily  attained  with  commercial  metal,  but  by 
making  the  shoe  as  perfect  a  fit  as  possible  on  the 
drum,  getting  the  latter  as  nearly  circular  as  present 
workshop  practice  permits  and  using  the  electrical 
circuits  described  hereafter,  excellent  results  can  be 
obtained  continuously. 

The  method  of  attaching  the  shoe  to  the  brass  hook 
is  shown  in  Fig.  3.  The  line  of  pull  on  the  hook  at 
the  heel  and  toe  of  the  shoe  should  be  so  adjusted 
that  rocking  does  not  occur,  and  the  tension  of  spring 
X2  and  its  inclination  to  the  horizontal  should  be  the 
least  possible.  This  adjustment  ensures  that  during 
spacing  the  natural  friction  between  drum  and  shoe 
will  be  a  practical  minimum. 

Suppose  a  ring  of  metal  is  turned  so  that  its  internal 
diameter  is  identical  with  that  of  the  drum,  and  a 
shoe  cut  therefrom.  When  this  is  fitted  to  the  hook 
the  recorder  will  function  properly,  but  in  general  the 
current  required  will  be  greater  than  the  values  stated 
later  in  the  paper.  This  is  due  to  the  fact  that  the 
shoe  does  not  make  contact  over  its  entire  under- 
surface,  and  a  greater  magnetomotive  force  is  required 

*  In  some  cases  this  may  be  clue  to  the  surfaces  not  fitting  each 
other  properly. 


to  maintain  the  flux  necessary  to  cause  a  pull  of 
adequate  magnitude.  This  difficulty  is  surmounted 
by  the  simple  expedient  of  grinding  in  the  shoe  with 
very  fine  emery  or  carborundum  paste,  as  used  for 
motor-car  valves.  The  pad  (if  fitted  to  the  recorder) 
is  removed,  the  spring  Xj  released,  paste  is  applied 
to  the  cast-iron  rings,  the  drum  revolved  and  a  current 
of,  say,  12  mA  passed  through  one  coil  or  through  both 
in  series.  This  operation  will  occupy  about  15  minutes, 
but  depends,  of  course,  on  the  initial  fit  of  the  shoe. 
After  grinding,  the  shoe  is  removed  and  both  drum 
(outside  the  ring  and  within  the  slot)  and  shoe  cleaned 
thoroughly  with  petrol.  Before  replacing  the  shoe,  it 
is  necessary  to  revolve  the  drum  and  apply,  for  several 
minutes,  a  rag  soaked  with  petrol.  After  replacement 
of  the  shoe  the  same  process  should  be  continued  until 
there  are  no  further  traces  of  paste  visible  on  the  rag. 
Prior  to  refitting  the  pad,  the  pull  on  the  shoe  should 
be  tested  by  hand  to  ensure  that  the  frictional  force 
is  sufficient  to  work  the  apparatus.  For  subsequent 
grinding  operations,  when  the  tension  to  bring  the 
lever  on  to  the  back  stop  with  a  steady  current  is  known, 
this  force  can  be  tested  bv  means  of  spring  Xj.  When 
the  surfaces  are  absolutely  free  from  grease,  the  pad 
can  be  replaced. 

The  life  of  a  shoe  varies  from  3  000  to  5  000  hours, 
according  to  its  initial  thickness.  A  number  of  spare 
shoes  are  supplied  with  each  instrument.  The  wear 
on  the  cast-iron  rings  is  inappreciable  compared  with 
that  on  the  shoe.  Under  favourable  conditions  both 
rings  and  shoe  become  highly  polished,  but  should  a 
very  strong  marking  signal  be  continued  for  some  time, 
a  brownish  deposit  appears.  This  seems  to  occur 
chiefly  when  the  surfaces  get  warm. 

If  the  recorder  has  been  idle  for  some  time  in  a  humid 
atmosphere  the  sliding  force  between  the  drum  and 
shoe  is  small,  and  it  may  fail  to  function  with  normal 
spring  adjustment.  After  the  drum  has  been  in  rotation 
for  a  few  minutes,  the  force  will  increase.  Under  such 
circumstances  it  is  advisable  to  detach  the  pad,  dry 
it  and  remove  the  moisture  from  the  drum  with  a  dry 
cloth.  In  fact  the  best  practice  in  humid  atmospheres 
may  be  to  dispense  with  the  pad  altogether,  as  it  is 
sure  to  be  hygroscopic* 

The  lay-out  of  the  siphon  lever,  relay  contacts  and 
attachment  to  the  shoe  and  spring  X^  is  given  in 
Fig.  3.  The  silver  siphon  has  its  centre  of  oscillation 
coaxial  with  that  of  the  lever,  and  is  therefore  not 
subjected  to  bending  or  twisting,  except  that  due  to 
its  motion  resulting  mainly  from  the  impact  of  the 
tongue  on  the  relay  contacts.  The  lower  end  of 
the  siphon  is  gripped  by  a  locking  device  at  the 
extremity  of  the  le\er.  It  cannot,  therefore,  over- 
shoot, and  there  is  no  necessitv  to  add  a  damping 
device.  Moreover,  apart  from  atmospherics,  the  tape 
is  freed  from  the  somewhat  cryptic  scribing  of  certain 
forms  of  recorder.  With  large  amplitudes  and  speeds 
of  working  greater  than  150  words  per  minute  (w.p.m.), 
the  unsupported  portion  of  the  siphon  oscillates  and 
minute  irregularities  are  introduced  into  the  tape 
unless  the  siphon  is  held  tight  in  the  lever.     In  shaping 

•  The  pad  is  really  tmessential  and  is  not  fitted  in  present-day 
instruments. 
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the  end  of  the  siphon  to  an  oval,  a  wire  of  the  desired 
cross-section  should  be  inserted  and  the  siphon  squeezed 
thereon. 

The  pressure  of  the  siphon  on  the  paper  can  be 
adjusted  by  the  manipulating  screw  C  (see  Fig.  1). 
When  the  bore  is  of  suitable  size  the  flow  of  ink  can 
be  regulated  by  varying  the  pressure  on  the  paper 
and  the  opening  of  the  hole  at  the  top  of  the  inkpot. 
It  is  clear  that  the  transverse  motion  of  the  siphon  will 
be  impeded  if  the  paper  pressure  is  excessive,  thus 
producing  badly  formed  characters,  i.e.  augmenting  the 
transit  time  of  the  lever.  To  obviate  excessive  paper 
friction  the  siphon  lever  must  bend  readily  in  a  vertical 
plane. 

f3)  Single-Current  Working. 

When  the  recorder  is  operated  from  a  relay,  and 
single-current  working  is  used,  the  connections  are  as 
shown  in  Fig.  4.  The  battery  voltage  for  speeds  of 
150  w.p.m.  should  lie  between  70  and  100,  and  for 
250  w.p.m.  the  latter  figure  should  be  increased  to 
150  or  200.  The  shunted-condenser  combination  CR 
ensures  that  the  rate  of  current-rise  is  rapid.  The 
most  important  factors  are  the  rates  of  growth  and  decay 
of  the  current,  the  values  of  which  should  be  as  large 
as  possible.  Owing  to  the  comparatively  large  inductance 
of  the  signal  coil,  the  high  voltage  and  the  CR  com- 
bination are  essential  for  speeds  of  50  w.p.m.  and 
upwards. 

The  inductance  of  the  drum  as  measured  at  a 
frequency  of  100  periods  per  sec.  is  given  in  Table  1. 

Table   1. 

Inductance  of  Recorder  Coils  at  J  =  100  ^^  and  R.M.S. 
Ampere-turns  =  40. 
Lowmoor  iron  shoe  w',   in.  thick. 


Inductance 

No.  of  turns 

Resistance 
(48S.S.C.; 

on  coil 

Shoe  on 

Shoe  off 

Ohms 

Henrvs 

Henrvs 

500 

— 

0   10 

0125 

1000 



0-65 

0-5 

2  000* 

1900 
(outer  coil) 

2-6 

20 

4  000 

— 

10-4 

8-0 

8  000 

— 

41-6 

32-8 

Referring  to  Fig.  4,  when  T  and  S  make  contact 
and  CR~  =  L  the  condenser  voltage  balances  f  the 
induced  voltage  due  to  the  fall  in  current  through  the 
recorder.  If,  however,  the  condenser  is  made  much 
larger  than  the  value  obtained  from  the  formula 
CR-  =  L,X  it  discharges  through  the  recorder  and 
annuls    the    magnetization    rapidly. §      The    coefficients 

•  This  row  of  figures  was  obtainerl  by  measurement,  the  remainder 
by  calculation,  assuming  L  a  ni.  The  inductance  varies  with 
current  and  frequency,  and  these  figures  are  quoted  merely  to 
indicate  the  order  of  magnitude  under  specified  conditions. 

t  Assuming  L  to  be  unvarying,  which  is  far  from  true  in  practice. 

t  Say  Cn-'  =  U)L. 

§  The  eddy  currents  in  the  metal  masses  delay  the  fall  in  flux. 


of  the  circuit  are  such  that  the  discharge  would  be 
oscillator^^  if  the  inductance  were  consta:nt  and  had 
the  same  value  as  in  Table  1  ;  the  frequency  of 
the  oscillations  and  the  damping  should  be  as  large 
as  possible.  By  increasing  C  sufficiently  and  adjust- 
ing   the    speed    of    transmission    to    a    suitable    value. 


Fig.  4. — Recorder  circuit  for  working  single  current  from 

a  relaj'  using  a  back  contact. 

M  =  marking  contact. 
T  =  tongue. 
S  =  spacing  contact. 
CjRi  =  shunted  condenser  combination. 
Rl  =  25  000  to  30  000  ohms. 
Ci  =  0-5  ^F. 
B,  =  100  volts, 
r  =  resistance  to  prevent   sparking  at  contacts,  40  000    to  60  000  ohms 
(use  optional). 
Rs  =  safety  resistance   to  prevent   battery  being  short-circuited  through 
contacts. 


double  dots  can  be  obtained  (see  Fig.  22,  No.  3;.  With 
speeds  up  to  120  w.p.m.  there  are  wide  limits  for  C  and 
R.  With  a  battery  of  100  volts,  suitable  values  are 
B  =  25  000  ohms  and  C  =  0-  5  ;tiF  for  a  coil  of  8  000 
turns,  whilst  for  a  coil  of  4  000  turns  the  values  are 
i?  =  20  000  ohms  and  C  =  1  /xF   (see  Figs.  27  to  31). 


M 

I 


Rs 

I — VNMAA 

Fig.  5. Recorder  circuit  for  working  single  current  from 

a  relay  using  only  one  pair  of  contacts. 
C     Rl    Bi  as  in  Fig.  1.     R3  =  in  000  to  30  000  ohms  (to  enable  Q  to  dis- 
''  charge  through  the  recorder  when  the  contacts  open). 

An  alternative  circuit  in  which  there  is  no  back 
contact  is  shown  in  Fig.  5.  The  condenser  discharge 
in  this  case  takes  place  tlirough  a  resistance  R^.  the 
value  of  which  can  be  found  by  trial.  When  using 
this  circuit  it  is  preferable  to  employ  two  coils,  each 
having  its  own  CR  unit,  as  shown  in  Fig.  25.  Any 
value  of  if 3  between  5  000  and    15  000  ohms  would  be 
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suitable.  Up  to  120  w.p.m.  neither  the  back  stop  nor 
the  resistance  R3  is  absolutely  essential  provided  the 
applied  voltage  is  adequate,  unless  relaying  is  being 
conducted,  and  any  tendency  to  heavy  marking  can 
be  corrected  by  increasing  the  tension  of  spring  Xj 
(see  Fig.  22,  No.  H).  Under  such  conditions  the  return 
of  the  siphon  point  to  the  base  line  can  be  facilitated 
by  passing  a  current  through  one  of  the  coils,  of 
sufficient  value  to  overcome  the  coercive  force  of  the 
drum.  This  eliminates  the  magnetic  force  between  the 
shoe  and  drum  on  cessation  of  the  signal  current.  It 
will  be  shown  later,  however,  that  this  is  not  the  only 
thing  with  which  it  is  necessary  to  deal. 

So  far  as  the  magnitude  of  the  current  is  concerned, 
there  is  considerable  latitude.  The  pull  on  the  lever 
increases  with  the  current,  as  shown  in  Fig.  33,  but 
there  is  no  gain  in  increasing  the  current  beyond  an 
adequate  working  value.  The  controlhng  factor  for  a 
drum  and  shoe  of  prescribed  dimensions  is  ampere- 
turns  :  25  ampere-turns  is  usually  adequate  for  any 
speed  up  to  250  w.p.m.,  and  a  smaller  value  can  be 
used  for  lower  speeds. 

The  number  of  turns  on  the  signal  coil  depends  on 
(a)  the  speed  of  working,  (6)  the  current  and  (c)  the 
voltage.  A  coil  of  4  000  turns  is  satisfactory  for  all 
commercial  speeds,  provided  an  adequate  voltage  is 
applied.  With  a  coil  of,  say,  15  000  turns  of  48  S.W.G. 
enamelled  wire,  the  voltage  would  have  to  be  increased 
considerably  above  100  to  obtain  a  satisfactory  record 
at  200  w.p.m.  At  100  w.p.m.  a  good  tape  with 
characteristic  rectangular  profile  would  be  secured 
with  about  0-6  mA,  i.e.  9  ampere-turns.  With  8  000 
turns  the  current  would  obviously  be  about  1  •  1  mA. 
If  the  contact  area  of  the  shoe  were  increased,  the 
current  could  be  decreased  accordingly  (see  Appendix  I). 
In  the  present  instrument  the  maximum  number  of 
turns  of  48  S.W.G.  single  silk-covered  wire  (enamelled 
wire  of  this  gauge  is  unsatisfactory)  which  can  be 
wound  is  8  000.  For  two  coils  it  is  convenient  to  have 
either  6  000  and  2  000  turns,  respectively,  or  4  000 
and  4  000.  A  barrel  switch  can  be  fixed  to  the  base 
of  the  apparatus,  by  means  of  whicli  the  two  coils  can 
be  used  separately  in  series  or  in  parallel,  but  it  is 
not  usual  to  do  this.  By  re-designing  the  drum, 
coils  having  greater  numbers  of  turns  could  be  wound, 
but  the  size  shown  in  the  figure  has  given  every 
satisfaction. 

The  foregoing  values  of  current  are  given  on  the 
assumption  that  the  shoe  fits  the  drum  properly,  thus 
leaving  no  air-gap,  the  drum  is  free  from  grease  or 
moisture  and  the  alignment  is  good.  In  practice  when 
a  back  spring  is  used  the  steady  pull  with  a  steel  shoe 
may  be  varied  between  1  lb.  and  4  lb.,  according  to 
the  current  and  the  state  of  the  surface.  Assuming 
the  spring  tension  to  be  half  the  pull  on  the  shoe,  the 
steady  net  working  force  will  vary  between  i  lb.  and 
2  lb.  Since  the  moment  of  inertia  of  the  moving  parts 
is  extremely  small,  the  acceleration  of  the  tracing  point 
of  the  siphon  is  very  large,  the  transit  time  (time  to 
travel  between  stops)  for  an  amplitude  of  0  06  in.  on 
the  tape  being  about  1/700'  sec.  By  suitable  design 
this  time  can  be  reduced  to  about  1/1  200  sec.  The 
ratio  of  the  siphon  lever  arms  is  4/1,  the  object  being 


to  prevent  excessive  motion  of  the  shoe,   since  this  has 
the  greater  mass  [see  Dynamic  Theory  (page  923)]. 

The  marking  and  spacing  are  controlled  by  the 
adjusting  spring  Xj,  and  there  is  a  great  deal  of 
latitude  therein.  The  marking  can  be  varied  from 
blurring  to  a  state  where  the  dots  become  quite  peaked. 
Once  the  spring  is  set  for,  say,  200  w.p.m.,  no  adjust- 
ment is  required  for  a  lower  speed.  In  fact,  unless  it  is 
requisite  that  with  dots  the  marking  and  spacing  should 
be  equal  for  all  speeds,  there  is  practically  no  adjustment 
required  from  hand  speed  up  to  250  w.p.m.  If  the 
relay  contacts  are  used,  however,  some  adjustment  is 
needed  above  100  w.p.rn.  Under  such  conditions  the 
gap  between  the  contacts  is  made  as  small  as  con- 
venient, so  that  the  duration  on  each  stop  is  as  large 
as  possible.  With  a  voltage  of  100,  satisfactorv  relaying 
can  be  obtained  up  to  150  w.p.m.  with  an  amplitude 
of  j'jy  in.  to  ^\  in.  showing  on  the  tape.  For  higher 
speeds  a  greater  voltage  or  a  smaller  amplitude  or  both 
are  essential  (see  Figs.   21   and  22). 

(4)  Double-Current  Workixg. 

For  double-current  working  the  circuit  of  Fig.  6  is 
used.  One  coil  of  the  recorder  carries  the  signal  current, 
whilst  the  other  coil  is  connected  to  a  batterv  B,  and 
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-100  to  150— 

Fig.  6. — Arrangement  of  circuit  for  working  double 
current  off  a  relay  using  a  back  contact. 


■'  resistance  to  eliminate  sparking  at  contacts ; 
(use  is  optional). 


40  000  to  60  000  ohms 


rheostat  R.>.  The  superposition  of  the  signal  current  on 
that  from  the  battery  is  either  to  augment  or  decrease  the 
effective  ampere-turns.  For  marking,  the  ampere-turns 
add,  and  for  spacing  they  subtract.  On  spacing,  spring  Xj 
pulls  the  lever  mechanism  on  to  the  back  stop  S  (Fig.  1). 
If  the  battery  current  from  Bo  is  reversed,  spacing  is 
recorded  in  place  of  marking.  F'or  complete  demagneti- 
zation of  the  drum,  the  ampere-turns  on  the  two  coils 
should  be  equal  and  opposite.  It  is  possible,  however,  to 
work  with  widely  different  values  of  ampere-turns  on 
the  two  coils.  The  marldng  and  spacing  on  the  tape 
can  be  varied  either  by  spring  X^  (Fig.  1)  or  by  means 
of  rheostat  Ro-  Using  a  battery  coil  of  2  000  turns 
and   a   signal  coil  of   6  000  turns,   200  w.p.m.    caa  be 
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obtained  with  a  current  of  100  ^A  each  way,  the  total 
battery  voltage  being  110  and  the  amplitude  on  the 
tape  ^V  in.  The  resistance  iJji  is  about  500  000  ohms, 
and  (71  =  0-25  to  0-5/j,F  (see  Fig.  19). 

Since  the  current  required  for  single  working  is  so 
small,  there  is  little  to  be  gained— so  far  as  radio- 
telegraphy  is  concerned — in  working  double  current, 
although  a  smaller  current  is  permissible,  the  inductance 
of  the  signal  coil  can  be  reduced,  and,  since  the  reverse 
current  facilitates  demagnetization,  it  is  permissible  to 
use  a  smaller  condenser  in  the  CR  unit.  For  land 
line  or  cable  work,  double  current  may  be  advantageous, 
and  the  small  amount  going  to  line  eliminates  inter- 
ference (inductive  effects)  with  neighbouring  systems. 
A  double-current  system,  using  two  contacts  only, 
is  shown  in  Fig.  7,  this  being  an  adaptation  of  G.  M. 
Wright's  reverse-current  valve  circuit  of  Fig.  16. 
Owing  to  the  resistance  Ro,  a  higher  voltage  is  required 
than  that  when  three  contacts  are  employed. 

(5)  Speed  AxTArNMENXS. 

For  square  signals  the  highest  speed  yet  attained  with 
a  working  voltage  of  100  is  2.50  w.p.m.,  but  this  is  not 

Q 


150  volts 

H'N'I'I'I'I^ 


:R2  lj 


Rit      =T=Ci 


Fig.  7. — Circuit  for  working  double  current  without  a  back 
contact.  With  the  magnetic  drum  recorder  a  polarizing 
current  must  be  used  as  shown  in  Fig.  6. 

the  limit.  Quite  legible  records  have  been  obtained  at 
650  w.p.m.,  but  the  tape  does  not  preserve  its  sqilare 
profile.  Square  signals  can  be  obtained  at  300  w.p.m. 
by  augmenting  the  battery  voltage  and  decreasing  the 
inductance  of  the  drum  by  reducing  the  number  of  turns 
(2  000  in  this  test).  These  figures  are  probably  adequate 
for  all  practical  purposes  in  radio-telegraph}-  for  some 
time  hence.  The  present  design  has  been  altered  from 
the  original,  inasmuch  as  the  shoe  has  been  made 
thicker,  and  therefore  heavier,  and  the  siphon  longer. 
A  speed  of  200  w.p.m.  can  be  obtained  readily  with 
100  volts,  but  higher  speeds  necessitate  higher  voltages 
to  ensure  a  sufficiently  rapid  rise  and  fall  of  current. 

(6)  Miscellaneous  Effects. 

If  an  alternating  current  is  supplied  to  the  recorder, 
it  will  function  in  such  a  way  that  all  the  alternations 
appear  above  the  datum  line.  This  is  due  to  the  fact 
that  the  pull  on  tlie  shoe  is  independent  of  the  direction 
of  the  current.  Such  an  effect  may  be  designated  as 
a  form  of  electro-mechanical  rectification.  The  number 
of  alternations  on  the  tape  is  halved  by  using  a  suitable 
polarizing  current  in  one  of  the  coils. 

Vol.  (U. 


When  the  tongue  and  the  contacts  of  the  re- 
corder are  connected  to  a  condenser-resistance  unit  in 
series  with  a  batters'  and  to  one  of  the  coils  as  shown 
in  Fig.  8,  it  is  possible  to  obtain  a  reaction  effect. 
Imagine  the  tongue  to  make  contact  on  the  spacing 
stop.  The  force  on  the  shoe  due  to  the  current  in  the 
coil  will  then  cause  the  tongue  to  break  contact  and 
move  over  to  the  marking  stop.  The  spring,  however, 
pulls  the  siphon  mechanism  and  tongue  back  to  the 


Recorder  contacts 


-  200 

I  volts 


Fig.  8. 


Safety 
resistance 

—Circuit  for  obtaining  electro- 
mechanical reaction. 


spacing  stop,  and  the  process  is  repeated  so  long  as 
energy-  is  supplied  from  the  battery.  The  moving 
system  is  set  into  rapid  vibration  and  emits  a  note, 
the  pitch  of  which  can  be  varied  by  altering  the 
resistance,  the  tension  of  the  spring  or  the  spacing  of 
the  contacts.  The  frequency  varies  between  about 
200  and  500  periods  per  sec.     By  a  suitable  arrange- 


Audio 
frequency 
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Fig.  9. — Simple  recording  circuit. 

Vi  =  rectifying  valves  in  parallel. 
C  =  smoothing  condenser  {about  0-.'j    to  1  fiF)    found   by 

trial  according  to  audio  frequency. 
Rl  =  10  000  to  20  000  ohms. 
Ci  =  3  to  1  IJ.F. 
B^  =  150  volts  (or  more). 
A  shunting  resistance  may  be  used  across  the  recorder  combination  if  necessary. 

ment  the  same  effect  can  be  obtained  in  double-current 
working. 

There  is  no  back  E.M.F.  induced  in  the  coil  due  to 
motion  of  the  shoe  on  the  drum,  and  the  recorder  is 
electrically  irreversible.  The  only  back  E.M.F.  is  that 
due  to  inductance. 

In  an  instrument  of  this  class,  what  is  required 
particularly  is  a  large  force  resulting  from  a  small 
current  input.  As  has  been  shown  already,  this  can 
be  fulfilled  most  easily  by  working  at  low  speeds  and 
using  a  coil  of  many  turns.     For  any  given  speed  of 

60 
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working  there  is  a  practical  limit  to  tlie  force  obtainable 
from  a  given  input. 

The  various  phenomena  mav  be  summed  up  by  stating 
that  the  instrument  oscillates,  rectifies  and  amplifies. 
Broadly  speaking,  it  does  electro-mechanically,  there- 
fore,  what  a  triode  does  electrically. 

(7)   Valve-Circuit  Working. 
Since  the  operating  current  is  so  small,  it  is  reasonable 
to  suppose  that  the  recorder  wiU  function  in  a  valve 
circuit,  and  this  assumption  has  been  corroborated  in 


to  the  valve.  Thus,  in  order  to  secure  an  adequate 
voltage-drop  across  the  recorder  when  placed  in  a 
valve  circuit,  it  is  essential  to  increase  the  batters- 
voltage,  to  connect  several  valves  in  parallel,  or  to 
use  a  single  valve  *  of  low  resistance  and  small  m 
value.  Where  condensers  are  coupled  in  series  with 
the  valve,  the  resistance  of  the  latter  should  be  small 
to  facilitate  charging,  so  that  the  initial  current  peak 
through  the  recorder  is  obtained.  It  is  also  advisable 
to  reduce  the  number  of  turns  on  the  drum,  thus  lessen- 
ing the  inductance,  t     In  order  to  cope  with  the  inductive 


r^ 


Fig.  10. — Recording  circuit  in  which  alternating  current  is  eliminated. 

Vi  =  rectif  vine  valves  Cs  =  0  -01  jiF  variable  (found  by  trial  according  to  audio  frequency) . 

V-  =  recording  valves'in  parallel  {\\,s  or  1  radiotron).  Rj  =  50  000  to  100  000  ohms. 

RJ  =  10  000  to  20  000  ohms.  R3  =  10  000  ohms. 

C,  =  3  to  1  IJ.F.  Bj  =  150  volts  (or  more). 

Rejector  units  (optional)  according  to  audio  frequency  (isOO  --^  to  2  oOO  ev). 
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Fig.  11. 


Using  2  coils. 


Using  1  coil. 


Vi  =  1  Vai  or  an  R  valve. 

V2  =  1  radiotron  valve  (LS4). 

Ri  =  30  000  ohms. 

Ci  =  1  cF- 

0,=  0  01  mF- 

R2  =  (50  000  +  50  000)  ohms,  or  100  000  ohms. 

R3  =  4  000  ohms. 

Bi  =  150  to  200  volts.  ■        Current  through  coil  =  1  m-\. 

B,  =  —  40  to  —  50  volts. 

B'  =  —  20  to  —  30  volts. 

L,  =  4  000  tlOTis  per  coil. 

Signal  current  on  dash  and  for  working  at  100  w.p.m.  =  1  mA  in  each  coil  as  a  minimum,  usually  about  2  ni.\  in  practice. 
Rejector  circuits  were  not  used.  Signal  voltage  applied  to  grid  of  Vj  on  long  dash  =  40  to  80  volts  across  the  terminals 
of  Rs-  A  beat  note  of  from  800  <^  to  5  000  <v  is  suitable.  With  the  apparatus  used,  2  500  <v)  gave  maximum  signal 
strength.     Using  200  volts  this  circuit  is  highly  satisfactor>'  for  all  commercial  speeds  of  working. 


Rl  =  20  000  ohms. 
Ci  =  1  mF. 
C2  =  0  01  ^F. 
Rj  =  100  000  ohms. 
Rj  =  12  000  ohms. 
Bi  =  200  volts. 
Li  =  4  000  turns. 

Current  through  coil  = 


practice.  The  highest  speed  which  has  been  tried  on 
actual  traffic  is  100  w.p.m.,  but  this  is  by  no  means  the 
limit,  and  records  have  been  secured  at  400  w.p.m.  in  the 
laboratory.  Up  to  50  w.p.m.  almost  any  of  the  usual 
recording  valve  circuits  are  applicable,  but  for  speeds  in 
excess  of  this  figure  the  circuit  requires  careful  choice. 

In  general,  the  resistance  of  a  valve  is  comparatively 
high,  and  a  large  proportion  of  the  batten,-  voltage 
during  the  conductive  periods  will  therefore  be  allotted 


back  E.^I.F.  of  the  recorder  on  cessation  of  the  current, 
the  magnification  factor  of  the  valve  should  be  large 
to  avoid  the  use  of  too  much  negative  potential  on  the 
grid,  thereby  necessitating  an  increase  in  signal  strength. 
This,  however,  is  not  of  vital  importance  where  a 
shunting  resistance  is   used    as  shown   in  Fig.   10.      In 

•  .\  radiotron  manufactured  bv  the  M.O.V.  Co. 

t  The  number  of  turns  should  be  from  2  500  to  4  000.  The  data 
appended  to  the  valve-circuit  diagrams  apply  in  some  cases  to 
a  coil  of  6  000  and  iu  others  to  one  of  i  000  turns. 
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practice   a   compromise  must   be    made   between  these 
two  opposing  conditions. 

The  usual  recorder  part  of  the  valve  circuit  is  shown 
in   Fig.   9,  where  Vj  represents  one  or  more  rectifying 
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Fig.   12. — Alternative  arrangement  of  smoothing 
condenser  for  Fig.   10. 

C2  —  smoothing  condenser. 


valves  in  parallel,  such  that  the  equivalent  resistance  * 
is  not  greater  than,  say,  2  000  to  5  000  ohms.  B  is 
the  anode  battery  |  the  voltage  of  which  ranges  from 
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Fig.  13. — -Recorder  unit. 

Li  =  recorder, 
CiRi  —  shunted  condenser  combination. 

R3  =  resistance  to  permit  condenser  discharge  through  Lj 


150  to  200,  preferably  the  latter.  The  current  in  this 
circuit  can  be  analysed  into  a  steady  component  and 
an  alternating  component  of  audio  -frequency  with  its 
family   of   harmonics.     It   is    essential   to   smooth    out 
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fiequenc 


up  to  50  w.p.m,,  but  for  speeds  in  e.xcess  of  this  figure 
it  is  beneficial,  but  not  imperative,  to  prevent  alter- 
nating current  from  passing  through  the  recorder. 
The  alternating  current  should  at  least  be  reduced 
to  a  minimum.  \\'ith  this  end  in  view  a  circuit 
constituted  on  the  lines  indicated  in  Fig.  10  can 
be  employed.  .  Here  V^  is  a  rectifying  valve  in 
whose  anode  circuit  is  situated  a  condenser-resistance 
unit  C.iR.i,  the  extremities  of  R^  being  led  to  the  grid 
and  filament  of  a  valve  V^.  It  is  to  be  understood 
that  in  general  a  plurality  of  valves  may  be  requisite  for 
the  recorder  unit  in  order  to  reduce  the  resistance  (but 
see  Fig.  11).  The  recorder  with  shunted  condenser 
CjRj  and  resistance  R3  is  connected  in  the  anode  circuit 
of  v.,  together  with  several  rejector  units  of  low  resist- 
ance and  low  inductance.  These  latter  are  tuned  when 
a  telephone  is  connected  across  the  recorder  or  other 
appropriate  place,  until  the  a.c.  components  become 
practically  inaudible.  The  condenser  C,  acts  materially 
in  the  smoothing  of  the  a.c.  components,  and  this  makes 
the  work  of  the  rejectors  much  more  facile.  It  may 
be  beneficial  at  the  higher  speeds  to  replace  this  by 
the  arrangement  shown  in  Fig.  12,  where  a  part  only 
of  the  resistance  is  shunted  by  the  condenser.  Good 
results  have  been  secured  with  the  circuit  Fig.  10 
up  to  80  w.p.m.,  but  for  higher  speeds  the  arrange- 
ment of  Fig.  11  is  useful  to  reduce  the  effect  of 
transients  due  to  the  condenser  combinations.  The 
beat  note  may  be  varied  from  800  to  5  000  periods 
per  sec.  and  probably  higher. 

Referring  to  the  circuit  of  valve  Vo  in  Fig.  10 — the 
recorder  unit  is  shown  in  Fig.  13 — the  arrangement  neces- 
sitates the  use  of  one  coil  (or  two  in  series)  only.  The 
values  of  CiRi  and  iJg  are  best  obtained  by  experiment, 
ifjis  usually  from  10  000  to  20  000  ohms,  Cj  from  3  to  1  /nF 
and  i?3  from  10  000  to  20  000  ohms  for  a  coil  of  4  000 
turns.  The  function  of  R3  is  to  permit  the  discharge 
of  Cj  through  the  recorder  on  the  termination  of  the 
signal.     This   causes   a   rapid    annulment   of   the   mag- 


& 


lCi_ 


B2 


.^^AA/vvv^ 


Li 

ywwwwwvwM 


V, 


r^ 


Fig.   14. — Recording  circuit. 


Vi  =  rectifier. 

V2  =  several  recording  valves  in  parallel. 

suitable  valve. 
Rl  =  10  000  to  20  000  ohms. 
C,  =  3  to  1  IJ.F. 


Ra  =  60  000  ohms. 
Cz  =  0-003  |uF  (variable) 
R3  =  10  000  ohms  (approx.). 
B2  =  150  volts. 

Rejector  units  optional. 


the  alternating  current  as  far  as  possible,  and  for  this 
reason  the  recorder  is  shunted  by  condenser  C.  An 
arrangement  of  this  nature  is  satisfactory  for  reception 

*  Let  V  —  voltage,  if  =  resistance  of  recorder  unit.  Re  =  equi- 
valent resistance  of  valve,  I  =  mean  current  on  a  long  dash  ; 
then  A  =  (I'  -  EI)II  =  17/  -  «. 

t  In  practice  it  is  preferable  to  use  a  d.c.  machine  shunted  by 
a  fairly  large  condenser,  say  of  4^1-'. 


netization  and  allows  the  spring  tension  to  be  lessened, 
thus  leaving  a  greater  net  force  on  the  siphon  mechanism. 
In  using  shunted-condenser  units  care  must  be  taken 
to  ensure  a  small  time-constant  value  CS,  or  transients 
which  mav  mar  the  formation  of  the  characters  will 
be  superimposed  on  the  signals.  If  it  is  desired  to 
record  spacing  as  an  alternative  to  marking,  one  of  the 
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recorder  coils  is  connected  to  a  battery  and  a  rheostat, 
the  other  being  in  the  valve  circuit. 

To  cope  with  speeds  in  excess  of  50  w.p.m.  the  valve 
circuits  illustrated  in  Figs.  14  and  15  will  also  be  found 
useful.  In  Fig.  14  the  signal  of  audio  frequency  is 
applied  to  the  grid  of  a  rectif\dng  valve  Vj  via  a  trans- 
former. In  the  anode  circuit  of  Y.,  there  is  a  condenser- 
resistance  unit  C^Rv,  one  end  being  connected  via  a 
battery  B^  to  the  grid  of  valve  V2.  The  recorder  and 
accessor)^  apparatus  are  situated  in  the  anode  circuit 
of  valve  Yo.  Both  valves  are  worked  off  common 
filament  and  anode  batteries,  ^^'hen  there  are  no 
signals  no  current  flows  through  resistance  R,-  ^^d 
the  battery  Bj  is  adjusted  so  that  the  current  flowing 


of  R.T  is  also  connected  the  filament  and  grid  of  a  valve 
^'2,  the  anode  of  which  goes  to  a  battery-  B^,  the  negative 
terminal  of  the  latter  being  joined  to  the  filament  of 
Vj.  The  function  of  Va  is  to  act  as  a  resistance,  and  by 
varjang  the  filament  brightness  of  V,  its  resistance 
can  be  adjusted  to  a  suitable  magnitude. 


and    accessories,  with    the    usual    batten.-    or 
d.c.   generator.     In  the  absence  of  signals.  V 


suitable 


non- 
conducting and  current  flows  through  Vo  and  Ro.  The 
P.D.  across  Ro  is  such  as  to  make  the  grid  of  V3  negative 
to  the  filament.  To  get  the  necessary-  potential  relation, 
the  positive  terminal  of  a  batterj'  is  connected  from  the 
lower  end  of  Ro  to  the  grid,  and  there  should  then  be 


Fig.   15. — Recording  circuit. 


Vi  =  rectifier  (V24). 

V2  =  variableresistance  valve  (V24)- 

V3  =  recording  valves  (V24"b). 

Rl  =  10  000  to  20  000  ohms. 

Ci  =  3  to  1  mF. 


Rejectors  may  be  inserted  in  anode  circuit  of  V3. 


R2  =  60  000  ohms. 

C2  =  0  -01  (found  by  experiment). 

R3  =  10  000  ohms. 

B2  =  130  volts  (or  more). 

B3  =  150  volts,  (or  more). 


tjlrough  v.,  is  practically  the  saturation  value,  i.e. 
the  valve  is  acting  in  the  neighbourhood  of  its  upper 
rectifying  point.  On  the  arrival  of  a  signal  the  point 
X  becomes  negative  with  respect  to  Y.  Since  X-  and 
Y  are  connected  to  the  grid  and  filament,  respectively, 
of  Vo  it  follows  that  the  current  through  Y.y  decreases. 
Conditions  should  be  such  that  the  signals  cause  the 
current  through  V,  to  fall  from  the  upper  to  the  lower 
rectifying  point,  i.e.  complete  cut-off. 

Owing  to  the  passage  of  current  through  the  recorder 
during  spacing,  and  its  cessation  during  marking,  the 
spacing  is  recorded,  i.e.  the  tape  is  reversed.  In  order 
to  rectifv  this,  one  of  the  recorder  coils  is  connected 
to  a  batter}-  and  rheostat,  the  magnitude  and  direction  of 
the  current  being  adjusted  accordingly. 

The  results  are  satisfactory  provided  valve  Vo  cuts 
off  properly,  i.e.  works  between  its  upper  and  lower 
rectif\-ing  points.  Should  the  signal  intensity  decrease 
to  such  an  extent  that  the  lower  rectifying  point  is  not 
attained,  the  polarizing  current  in  the  coil  is  of  incorrect 
value  and  the  marking  will  be  light.  To  avoid  this  the 
valve  Vo  should  be  adjusted  to  cut  off  at  the  minimum 
signal  strength.  An  increase  will  then  be  ineffective 
in  altering  the  marking.        ' 

The  second,  or  alternative,  arrangement  is  illustrated 
in  Fig.  15.     In  the  anode  circuit  of  the  rectifying  valve    1 
Vj  is  connected  a  condenser-resistance  imit  CoR^.  the 
extremities  of  which  are  taken  to  the  grid  and  filament   | 
of   vahe   V3.     To   the   grid   is   connected    the   positive 
of  a  dr\-  battery  of  suitable  voltage.     At  the  upper  end    [ 


no  current  through  V3.  On  the  arrival  of  signals 
Vj  becomes  conductive  ever\-  half  period,  and,  if  the 
resistance  of  V^  is  of  appropriate  magnitude  compared 
with  that  of  \'j  and  R,,  V^  will  act  as  a  shunt  on  R2 
and  the  current  through  the  latter  wiU  decrease.  More- 
over, the  P.D.  across  R.,  will  suffer  reduction  and 
the   grid    of  \'3   become   more  positive  with  regard  to 


Fig.  16. — .\rrangement  of  recording  circuit  for  obtaining 
reverse  current  (of.  Fig.  7).  With  the  magnetic  drum 
recorder  a  polarizing  current  must  be  used  as  shown 
in  Fig.  6. 

A  shunting  resistance  may  be  connected  across  the  recorder  unit  if  necessary, 
and  a  rejector  circuit  may  be  inserted  in  AB  if  necessary. 

its  filament.  It  follows,  therefore,  that  V3  becomes 
conductive  and  a  current  flows  through  the  recorder 
and  actuates  it.  The  function  of  C2  is  to  smooth  out 
the  alternating  current,  and,  if  it  is  desired  to  eliminate 
alternating  current  from  the  recorder,  rejectors  should 
be  employed.  In  order  to  minimize  inductive  and 
resistive  effects  in  the  rejectors,  the  tuning  condensers 
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should  be  large,  and  the  coils  of  small  inductance  and 
resistance.  This  prevents  undue  d.c.  voltage-drop  in 
the  rejectors  and  allows  it  to  be  more  efficiently 
proportioned  in  the  circuit.  A  point  of  practical  im- 
portance in  the  manipulation  of  these  valve  circuits  is 
the  iilament  current.  Since  this  controls  the  resistance 
of  the  valve — for  definite  anode  and  grid  voltages — its 
value  should  be  carefully  adjusted. 

The  circuits  outlined  above  are  specificalh'  for  single- 
current  working.     If  it  is  desired  to  operate  with  reverse 


is  essential  unless  the  voltage  is  augmented  adequately. 
Generally  speaking,  the  circuit  of  this  latter  figure 
will  be  found  to  be  satisfactory  for  all  commercial 
work. 

(8)  Tape  Records. 

Samples    of    tape    taken    under    different    conditions 

are  exhibited  in  Figs.    19,   20,   21   and    22,  the   actual 

amplitudes   being   indicated   thereon.     These   illustrate 

the  formation  of  the  characters  under  actual  conditions. 


AlldiO 
frec[uency 
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Fig.   18 
Valve  bridge  circuits  for  obtaining  re\erse  current. 


n 


IH 


current  (double  working)  the  necessary  modification 
can  be  effected  by  connecting  one  end  of  C^Rj  to  some 
intermediate  point  on  the  anode  battery  of  the  last 
bank  of  valves.  This  adaptation  will  be  clear  on 
inspection  of  Figs.  7  and  16.  The  circuits  of  Figs,  17 
and  18  are  also  suitable  for  double-current  working. 
Such  circuits  cope  well  with  the  demagnetization  effect 
requisite  for  quick  return  to  the  spacing  stop,  and  are 
useful  for  the  higher  speeds.  In  all  circuits  above  a 
certain  speed,  a  plurality  of  coils  as  shown  in  Fig.   11 


The  tape  is  difficult  to  reproduce.  In  practice  (he 
vertical  strokes  are  quite  regular.  It  is  evident  that 
the  corners  are  clearly  defined.  The  effect  of  making 
the  extremity  of  the  siphon  of  an  oval  ioim  is 
to  give  the  tapp  a  much  more  finished  appearance 
than  that  obtaining  with  a  circular-ended  siphqn. 
The  top  and  bottom  strokes  are  thick,  whilst  the  up 
and  down  strokes  are  thin,  thus  making  the  tape  ex- 
tremely legible  and  permitting  economy  in  paper. 
Generally  speaking,  an  amplitude  of  -fg  in.  or  ^-'^  in.  can 


914     McLACHLAN.:   THE   APPLICATION   OF   A   REVOLVING   MAGNETIC   DRUM   TO 
Amplitude    ^g"  1°°  /*A.  50  words  per  min. 

jinA/iJLrioi/u\run;i__firwL^ — JLn_nr 

Amplitude     5^2"  ^°°  /^-^  -"-"^  words  per  mm. 

J^Jl/LTTVlMIJllA/LriJinA/^^ 

Amplitude     %2                                            ^°°  A'"^  -^^°  words  ]oer  min. 

n  rj>  nnjt  n  rvin     n.  nnnft  a  nnnn.    nr'r\n^j^nfUU\rLrvnnJ'iJnn/' rri--A"tr\lJ'TVnjV\n-/iri'UlJ'WU 

Amplitude     3/32"  100 /zA  ZOO  words  per  min. 

Fig.  19. — Samples  of  tape  at  various  speeds  on  double-current  working. 

Turns  on  signal  coil  6  000,  on  batterv  coil  2  000.     Current  in  batterv  coil  10  mA.     Voltage  on  signal  coil  50  each  way.    Shunted  condenser 

unit :   R  =  500  000  ohms,  C  =  Oo  |iiF. 
Remarks :    Large  amplitude  shows  rapidity  of  siphon  movement  and  curvature  due  to  siphon  lever.    Large-bore  siphon  used. 

Small  signal  current,  viz.  100  /lA  each  way. 

Amplitude   Va"  3-3  m.A  25  words  per  min. 


Amplitude   Vig 


Am.plitude   V32  3-3mA  100  words  per  min. 

_jiJi/ioruMnjL_JinA/LJ^ ajionr 

Amplitude  V22  3-3mA  150  words  per  min. 

-fl/lAOrUl/lATLiL^^ 

Amplitude  ^32  3-3  m.A  200  words  per  min. 

Amplitude  Vs"  3-3m.A  23o  words  per  min. 

^^n__)w^/u^^^^J\n^\JVlM■v^w__^v^J\^J^J^^n^ 

WKeat stone  marking  3- 3mA  lOO  words  per  min.                  \ 


Amplitude  %2"  ^mA  ZOO  volts  ZOO  words  per  min. 

JRJTlLfinJLJMlLriJLn^ 

Fig.  20. — Samples  of  tape  at  various  speeds  on  ordinary  single-current  working. 

Turns  on  coil  4  000.     Voltage  approximately  100.     Shunted  condenser  unit:  R  =  30  000  ohms.  C  =  0-5  /u,F. 

Remarks:    The  1/16  in.   tape  at   100  w.p.m.  is  given  to  show  "a  useful  amplitude  for  rela>-ing  from  contacts.     A  speed  of  200  w.p.m.   with  a  higher 

voltage  is  shown.    No  adjustment  was  made  for  the  different  speeds,  except  the  opening  of  the  contacts  to  obtain  various  amplitudes. 
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-jinruLfinjTULnjLA/vi iinnrvTJi/wvuroinjwinn nruirviJTrrinrL_fuirvY\ruinnri__nrir 


-juiruinAJinjuuiLn rmuuoiJTPJiJviMJLnrviJFiiVuJo^j^^ 


JTouinjnuioA/i-jrnnruvi/i^^ 

Fig.  21. — Sample  of  tape  taken  at  Chelmsford  from  Paris  U  F  P  (Paris-Brentwood  service)  on  18th  April,  1923. 

Recorder  in  valve  circuit,  working  single  current.     Two  coils  of  4  000  turns,  each  with  its  own  con  denser- resistance  unit  (30  000  ohms,  1  juF),  the  combination 
being  shunted  by  4  000  ohms.     Current  in  each  coil  2-  5  mA.     Voltage  on  valve  circuit  200.     Note  frequency  3  500  ^.      Amplitudes  1/16  in.  3/3'>  in 
1/8  in.  and  3/16  in.     Speed  100  w.p.m. 

Remarks :  It  is  essential  that  the  marking  (see  top  line)  and  spacing  on  dots  should  be  equal  when  the  recorder  is  used  for  relaj-ing  to  a  line  at  the  other 
end  of  which  printing  machines  are  in  operation. 


NoTinal  working',     loo  w.p.m. 

iinrvLfTLfnuj^  nr^nmnn rb^JTLfirij'irvLfioAJi nrLn 

Showing-  effect  of  using- too  staall  a  condenser.      Marking  unceTtain 

iinrvuiriJirvLfuuiA/LJTUT/LrvTi-^^  run; 

SKo-wing    effect    of   using   too  large  a  condenser,     giving  douHed  dots 

3rLrinjTnnrLaruvijarLAAJiirnr^ 

SKo-wing   effect    of  xeTaoving  tKe  tack    stop .     Marking   Keavy 

fhnjruuoiVL_jTUTJLnnn-_;nnorL;ino 

ShoYTing  effect  of  increasing  Spring  tension  witK  ]oack  stop  removed,  giving  normal  tape 

SKowing  effect  of  excessive   paper  friction,  increasing  tinie  of  return  to  loack  stop 

and  giving  poor  relaying 

£AnnjuriJ\r\jui/u\i\A_/T\r\/v/T\ajvTn^ 

Showing  rectification  effect,   alternating  current  at  lOO  ~ 

mmmmmmmmmmmmmmmmmmmmmm%w^ 

Ordinary  reception  with  alternating    current   superposed.     Low  paper  speed 

Fig.  22. — Samples  of  tape  showing  miscellaneous  eflccts. 
Kcraarks  :  In  cases  2,  3,  4  and  6  it  is  possible  to  rectify  the  defects  by  adiusting  the  spring  tension,  as  shown  in  S. 
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be  read  comfortably,  and  with  this  setting  the  service 
records  are  mainly  obtained.  Greater  amplitudes  are 
more  difficult  to  decipher,  and  are  shown  merely  with 
the  object  of  illustrating  the  highly  positive  action  of 
the  apparatus,  i.e.  the  large  ratio  of  torque  to  moment 
of  inertia  or,  broadly  speaking,  force  to  mass.  The 
operati\-e  forces  would  gi\-e  amplitudes  in  excess  of 
those  depicted  in  the  reproductions,  but  the  magnitude 
of  these  are  ample  for  demonstration  purposes. 

(9)  Features  of  the  Appar.\tus. 
These  may  be  summarized  thus  : — 

(1)  For  a  recording  instrument,  it  is  extremely  robust 

and  compact. 

(2)  The    ratio    [working    torque/moment    of    inertia] 

for  a  given  signal  current  is  comparatively 
large  for  an  electromagnetic  recorder.  The 
transit  time  for  an  amplitude  of  0-06  in.  is 
appro.ximately  ^Jjy  sec. 

(3)  It  is  insensitive  to  change  of  speed,  i.e.  no  adjust- 

ment is  required  if  the  speed  is  varied  from 
20  to  200  w.p.m.  The  initial  adjustment  is 
far  from  being  critical. 

(4)  The    lengths    of    marking    and    spacing    can    be 

varied  over  a  wide  range  when  the  instrument 
is  functioning.  This  is  a  great  advantage 
if  the  transmitter  is  sending  light  or  heavy 
characters, 
(a)  The  marking  on  the  tape  is  of  rectangular  forma- 
tion, and  is  remarkably  legible  at  all  speeds. 

(6)  The  working  current  is  very  small  and  the  instru- 

ment will  function  in  a  valve  circuit  without 
the  use  of  an  intermediate  relay.  Being 
fitted  with  relay  contacts  the  incoming  wireless 
signals  can  be  recorded  and  relayed  to  a  land 
line  simultaneously. 

(7)  The  marking  end  of  the  siphon  is  rigid  and  cannot 

overshoot. 

(8)  The   highest   speed   yet   attained   with   a   voltage 

of  100  is  650  w.p.m. 

(10)  Trans.mitting  Key. 

The  principles  involved  in  the  operation  of  trans- 
mitting keys  are  the  same  as  those  in  the  relays  and 
the  recorders.  The  only  essential  difference  is  an  in- 
crease in  the  size  of  the  working  parts  to  withstand  the 
larger  forces  which  are  operative.  Thus  the  diameter 
of  the  drum  and  the  dimensions  of  the  shoe  must  be 
augmented  to  give  a  force  sufficient  to  move  the 
heavier  contacts.  In.  general  the  shoe  is  in  sections 
which  are  linked  together,  and  it  subtends  a  much  greater 
angle  at  the  centre  of  the  drum  than  in  the  case  of  the 
recorder.  The  angle  of  contact  should  not,  however, 
be  made  too  large. 

In  the  early  experimental  work  a  double-drum  model 
was  made.  This  model  is  shown  diagrammaticalh-  in 
Fig.  24. 

There  are  two  methods  of  operating  this  form  of 
instrument  : 

(1)  A  polarizing  current  is  passed  through  one  coil 
of    each    drum,    usually   from    the   same   source.     The 


operating  current  controlled  by  a  Wheatstone  trans- 
mitter is  passed  through  the  second  coil  of  each  drum 
so  that  in  one  drum  the  magnetizing  forces  add,  whereas 
in  the  other  they  annul  each  other.  The  lever  therefore 
moves  over  from  the  spacing  stop  to  the  marking 
stop.  If  the  current  through  the  operating  coils  is 
now  reversed,  the  lever  moves  over  to  the  spacing 
stop,   and  so  on. 

(2)  Two  separate  electrical  circuits  are  used,  one  for 
each  drum.  One  drum  operates  for  marking  and  the 
other  for  spacing.  This  necessitates  the  use  of  a  Wheat- 
stone  transmitter  with  upper  and  lower  contacts,  and 
its  adjustment  is  by  no  means  easy.  Apart  from 
this  there  is  the  objection  that,  with  the  double- 
drum  method  for  a  key,  one  drum  is  always  in 
operation,  thus  causing  undue  wear  during  idle  traffic 
periods. 

Gold-Silver  contacts 
Via  thick 


To  drum 


-Pivot 


(5 

C) 

^wmv — I 

Fig.  23. — Showing  lever  with   double  contacts,  thus   elimi- 
nating a  flexible  connection  secured  to  the  lever. 


A  key  of  this  nature  with  J  in.  diameter  contacts 
gave  good  results  when  worked  with  a  double-current 
circuit  based  on  that  shown  in  Fig.  7.  It  has, 
however,  little  advantage  over  the  single  drum 
with  spring  pull-off,  and  this  form  has  been  adopted 
in  preference. 

In  general  the  sliding  force  between  the  drum  and 
shoe  causes  an  appreciable  rise  in  temperature  of  both 
parts,  and  there  is  in  consequence  a  considerable  fluctua- 
tion in  this  force  owing  partly  to  the  fact  that  the  radii 
of  curvature  of  the  surfaces  are  not  quite  equal.  Another 
cause  of  this  fluctuation  in  pull  is  the  production  of 
a  brownish-black  deposit  between  the  two  surfaces, 
and  this  may  reduce  the  force  of  attraction.  The 
remedy  for  these  troubles  is  to  use  a  small  fan 
several  inches  in  diameter  driven  direct  from  the 
motor  shaft  and  making  several  thousand  revolutions 
per  minute.  This  cools  the  drum  and  serves  to  blow 
away  most  of  the  undesirable  deposit.  As  an  additional 
precaution  a  pad  may  be  fitted,  and  this  is  found  to 
cause  an  increase  in  pull.  The  total  working  force 
on  the  arm  of  a  large  transmitting  key  with  a  double- 
contact  bridge  piece,  as  shown  in  Fig.  23,  is  from  50 
to  70  lb.,  the  angle  subtended  by  the  shoe  at  the 
centre  of  the  drum  being  90°.  The  net  working 
force  is  naturally  less  than  either  of  these  values. 
By  passing  sufficient  current  through  the  coil  it 
is  quite  easy  to  stop  a  1  b.h.p.,  100- volt  shunt 
motor,  with  an  armature  about  4  in.  diameter  driving 
through  a  10/1  reduction  gear,  the  motor  normally 
making  2  500  r.p.m.  In  the  key  no  back  spring 
is   necessary,    but   there   is   an   appreciable   increase  in 
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pull  if  a  weak  spring  is  used,  due  possibly  to  coil  friction 
effect.  There  is  little,  if  any,  advantage  in  using  this 
spring,  since  the  tension  of  the  pull-off  or  control 
spring  has  to  be  augmented  accordingly. 

Owing  to  the  larger  drum  and  shoe  and  the  fact 
that  the  voltage  is  generally  limited  to  220,  the  number 
of  turns  on  the  drum  is  smaller  than  that  on  the  recorder. 
In  this  way  the  necessary  magnetizing  force  or  ampere- 


(11)  Transients  at  Make  and  Break. 

An  analysis  of  the  transients  which  occur  during 
working  provides  a  useful  guide  to  the  mode  of  opera- 
tion of  either  the  recorder  or  a  similar  instrument. 
The  circuit  at  make  is  clear  from  Fig.  4,  whilst  at  break, 
when  the  tongue  of  the  operating  relav  moves  over  to 
the  spacing  stop,  the  circuit  is  as  shown  in  Fig.  26. 


Contact 
arm 


Fig.  24. — Diagrammatic  representation  of  double-drum  type  of  transmitting  key. 


turns  may  be  obtained  with  a  reasonable  value  of 
inductance.  \Vhen  the  operating  forces  are  large  it 
has  been  found  necessarj^  to  have  a  plurality  of  similar 
coils,  each  with  its  own  condenser-resistance  unit  as 
shown  in  Fig.  2.5.     This  not  only  ensures  a  sufficiently 


M 


I — ^w\A^M,^A. 
Sdfety 
resistance 

Fig.  25. — Showing  plurality  of  equal  coils  on 
ke\'  drum,  each  having  its  own  condenser  unit. 

rapid  rise  of  current  on  make,  but  it  means  a  reduction 
in  the  time  taken  for  the  condenser  discharge  current 
to  die  away  when  the  tongue  is  on  the  spacing  stop. 
Thus  the  rapid  return  of  the  key  contact  arm  to  the 
spacing  stop  is  facilitated  by  the  accelerated  annulment 
of  the  eddy  currents  in  the  thick  metal  of  the  drum, 
which  delay  demagnetization. 


Assuming  for  simplicity  that  L  and  the  effective 
resistance  of  the  coil  are  constant,  and  that  the  time 
taken  for  the  tongue  to  move  from  marking  to  spacing 
is  negligible,  the  equation  of  the  transient  when  oscilla- 
torv  is  gi\'en  bv 

R 


=  —  .  £>"*"'  .  cos  Oil 


where  i  =  current  in  coil  at  break  ; 

Fq  =  initial    voltage    on    condenser  when    spacing 
contact  closes  ; 


fc  =  I  (  -  H ■  1   (r^  being  the  effective  resistance 

\L       CRJ         qJ  ^,.^g  ^,qji_  jj,,^  jf  jhg  resist- 
ance shunted  bv  C)  ;  and 

"^[rc(-s)-iS-r«r]' 

Since  L  and  r^  are  variable  they  affect  the  transients 
accordingly,*  and  the  calculations  using  constant  values 
of  these  coefficients  are  little  or  no  guide  to  the  pheno- 
mena which  occur.  Hence  the  only  method  of  procedure 
is  to  obtain  oscillograms,  and  using  these  as  a  guide 
to  find  the  best  conditions  empirically. 

*  See  N.  W.  McLachi.ax,  Philosophical  Magazine,  1921,  vol.  41, 
p.   33. 


918     McLACHLAN:    THE   APPLICATION    OF   A   REVOLVING    MAGNETIC   DRUM   TO 


Some  typical  oscillograms  are  shown  in  Figs.  27  to 
31.  From  these  and  the  tape  obtained  in  practice 
it  is  found  that  there  must  be  a  reverse  current 
to    annul   the   eddy   currents    and    the   magnetization. 


Fig.  26. — Showing  circuit  when  tongue 
is  on  the  spacing  stop. 

This  current  should  be  of  the  same  order  of  magni- 
tude as  that  at  make  and  of  short  duration, 
i.e.  rapidly  damped.  In  order  to  achieve  this  result 
C  should  not  be  too   large,  and    R  should  not  be   too 


X  =  1  200  olrans 

B.=  5  0OO 

C  =  io;iF 


Fig.  27. — Recorder  oscillogram. 

Conditions :   Dots  at  50  w.p.m. ;    220  volts ;  steady  current  =  35  mA  in 
two  coils  of  4  000  turns  each  in  parallel.     Shoe  on  drum. 

small  compared  with  the  impedance  *  of  the  coil, 
which  will  be  augmented  owing  to  r^  being  much  greater 
than  its  d.c.  value.  This  permits  a  sufficient  proportion 
of  the  condenser  discharge  to  pass  through  L,  i.e.  the 
short-circuit  and  damping  effects  of  R  are  less.     The 


adverse  conditions.  The  voltage  wave  is  also  of  impor- 
tance, since  the  flux,  which  governs  the  magnetic  attrac- 
tion, can  be  obtained  therefrom,  but  unfortunately  the 
oscillograph  at  hand  was  not  sufficiently  sensitive  to 
secure  an  accurate  delineation.  In  Fig.  27  is  shown 
the  effect  of  too  much  capacity  causing  a  reverse  current 
which  is  prolonged  during  spacing  so  that  double  dots 
occur.  Fig.  28  is  fairly  favourable  to  working  con- 
ditions, but  the  resistance  across  the  condenser  was 
reduced  to  obtain  sufficient  current  to  give  a  reasonable 
ampUtude  on  the  photograph.  From  Fig.  28  it  will 
be  observed  that  after  make  the  condenser  causes  the 
current  to  shoot  beyond  its  steady  value,  and  that  after 
break  the  current  reverses  and  its  peak  value  does  not 
last  long.  It  should  be  observed  that  these  recorder 
oscillograms  do  not  represent  actual  conditions,  since 
the  current  had  to  be  increased  many-fold  to  operate 
the  oscillograph. 

With  the  transmitting  key  the  oscillograms  have  the 
same  characteristics,  but,  owing  to  the  comparatively 
small  resistance  and  inductance  of  the  coil,  the  initial 
current  peaks  on  make  and  break  are  much  more  marked. 
Fig.  30  shows  a  typical  case  which  corresponds  fairly  well 
with  working  conditions,  except  that  the  resistance  is 
usually  5  000  ohms.  At  the  lower  speeds  of  sending, 
the  current  falls  during  marking  from  its  peak  value  to 
a  steady  value  as  shown  in  Fig.  31.  This  latter  figure 
shows  the  effect  of  inserting  resistance  in  series  with  the 
coU  during  spacing.  Owing  to  the  small  peak  value 
of  the  reverse  current,  this  condition  is  unfavourable 
for  working  and  the  contact  lever  is  sluggish  in  returning 
to  the  back  stop. 

One  question  of  importance  is  the  limit  of  speed, 
and  a  study  of  the  oscillograph  records  will  supply  an 
answer.  The  condition  to  be  fulfilled  is  that  at  high 
speed  the  transients  at  make  or  at  break  must  be  of 
such  magnitude  and  duration  as  adequately  to  mag- 
netize and  demagnetize  the  drum  with  sufficient  rapidity 


Marking 


Spdcing 


Conditions 


T  =  1  ZOO  ohras 
R  =  5  000 


Fig.  28. — Recorder  oscillogram. 
Dots  at  50  w.p.m. ;  110  volts  ;  steady  current  =  19  m.\  in  two  coils  of  i  000  turns  each  in  parallel ;  shoe  on  drum. 


reason  for  the  arrangement  exhibited  in  Fig.    25  will 
now  be  e\-ident. 

(12)    OSCILLOGR.A.PH    RECORDS. 

Figs.  27  to  31  show  the  current  through  the  key  and 
through    the    recorder    under    favourable    and    under 
•  This  is,  of  course,   variable  under  working  conditions. 


in  the  interval  equal  to  the  duration  of  a  Morse  dot. 
Generally  the  peak  values  of  the  currents  at  make  and 
break,  particularly  when  the  coil  is  of  small  resistance, 
are  appreciably  in  excess  of  the  value  given  by  i  =  EIR 
(steady  condition,  see  Fig.  31).  Moreover,  the  sliding 
force  on  the  drum  just  after  make  is  enhanced  due  to 
this  peak  value,  and  is  greater  than  that  for  the  steady 
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condition.  This  is  particularly  the  case  where  the 
resistance  of  the  magnetizing  coil  is  small  (see  Figs.  30 
and  31).  In  the  absence  of  a  marked  peak  value 
the  Qperating  steady  current  has  to  be  increased.  In 
a  valve  circuit,  owing  to  the  appreciable  resistance 
of  the  valves,  this  condenser  effect  cannot  be  so  pro- 

MarMtig 


Spacing 


r  =  1  zoo  ohms 
R  =  lo  000    " 


^Lamp 


Fig.  29. — Recorder  oscillogram. 

Conditions:  Dots  at  250  w.p.m. ;  220  volts;    steady  current  =  19  mA  in 
two  coils  of  4  000  turns  each  in  parallel ;    shoe  on  drum. 

nounced,  and  thus  the  steady  working  current  is  greater 
than  that  where  the  operation  of  the  instrument  is 
controlled  directly  by  a  contact  device  offering  negligible 
resistance. 

It  is  now  possible  to  explain  why  the  marking  and 
spacing  can  be  varied  between  wide  limits  as  mentioned 


able  value  the  mechanism  is  quickly  brought  back 
to  the  spacing  stop  under  the  action  of  the  strong 
spring.  \\'ith  a  small  spring  tension  the  marking  stop 
is  reached  more  rapidly,  whilst  at  break  the  return 
movement  is  delayed  until  the  reverse  current  due  to 
the  condenser  discharge  has  reduced  the  magnetization 
of  the  drum  to  a  sufficiently  small  value. 

(13)  Amount  of  Power  Controlled  by  a  Key. 

The  amount  of  power  which  a  kej-  is  capable  of 
controlling  depends  mainly  on  the  method  used  for  sig- 
nalling. If  large  currents  pass  through  the  key  contacts 
these  latter  must  be  of  appropriate  diameter,  and  the 
gap  or  separation  between  the  fixed  and  moving  con- 
tacts must  be  large  enough  to  prevent  undue  arcing, 
especially  if  break  is  followed  by  high- voltage  transients. 
Since  the  circuit  must  be  completed  through  the  movable 
contact  arm,  it  is  usual  to  make  a  flexible  connection 
between  this  and  one  of  the  terminals.  This  is,  how- 
ever, often  a  source  of  annoyance  owing  to  its  disinte- 
gration due  to  incessant  vibration.  A  mode  of  over- 
coming this  is  indicated  in  Fig.  23,  where  the  movable 
arm  carries  an  upper  and  a  lower  contact  which  meet 
corresponding  insulated  contacts  in  a  metal  block 
fixed  to  the  key  base.  The  terminals  are  connected  to 
these  latter  contacts  so  that  the  arm  is  merely  a  short- 
circuiting  bridge,  and,  since  there  is  a  double  gap,  the 


Maxkmg 


Lamp 


R  =  3K)o  dhms 
Lamp 


Conditions :  Dots  at  100  w.p.m. 


Fig.  30. — Key 'oscillogram. 

220  volts;  steady  current  =  72  mA  in  coil  of  700  turns;  shoe  on  drum. 


in  a  previous  section.  Under  the  normal  control  spring 
adjustment  the  horizontal  portion  on  the  slip  which 
indicates  marking  is  scribed  a  short  time  after  the 
circuit  is  made.  The  interval  is  attributable  to  the 
finite  rate  of  rise  of  current,  and  to  the  flux  lagging 
behind  the  current,  variations  therein  being  impeded 
by  eddies.  Both  of  these  factors  augment  the  time 
taken  to  attain  a  force  sufficient  to  overcome 
the  tension  of  the  control  spring.  Thus  with 
a  large  spring  tension  the  arrival  at  the  marking 
stop  is  delayed  appreciably.  Marking  continues  imtil 
break  occurs,  and  when  the  current  has  fallen  to  a  suit- 


amplitude  of  motion  of  the  arm  is  about  half  that  in 
the  usual  single-contact  arrangement.  To  ensure  that 
the  upper  and  lower  contacts  shall  both  make,  spring 
buffers  are  fitted  to  the  contacts  in  the  metal  block. 

Fig.  32  illustrates  N.  E.  Davis's  method  of  keying 
a  valve  transmitter  in  which  the  coupling  coils  C,,  Co 
oppose  each  other,  this  being  the  condition  for  spacing. 
For  marking  or  sending,  one  coupling  coil  is  short- 
circuited  by  the  key.  In  a  30  k\V  set  the  current 
through  the  contacts  might  be  from  200  to  300  amperes, 
so  that  a  key  with  1  in.  diameter  contacts  would 
be   required.      The   suppression   of    the   arc   at   break 
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can  be  facilitated  by  the  adjustment  of  a  \ario- 
meter  V  in  the  anode  circuit  of  the  oscillating 
valve. 

(14)  Sliding  Force  between  Drum  and  Shoe. 

A  superficial  way  of  arri\ing  at  the  working  force 
is  to  assume  that  if  jj.  is  the  coefficient  of  friction  and  f 
the  pressure  of  the  shoe  on  the  drum  due  to  magnetic 
attraction,  the  force  necessary  to  cause  sUding  motion 
will     be    [xf,    /    being     obtained     from     the    formula 

/  =  B-A/Sn. 


cur\'es  we  obtain  the  curve  sho^vn  in  Fig.  34.  This 
indicates  the  manner  in  which  pull  varies  with  flux 
density. 

From  such  a  cur\-e,  the  formula  /  =  B-A/S  tt 
(where  B  =  flux  density  at  shoe  contact  assumed 
uniform  and  A  =  total  contact  area),  and  the  assump- 
tion that  fx  (the  coefficient  of  friction)  is  \,  a  h\-po- 
thetical  curv'e  is  added  to  Fig.  34.*  It  will  be  seen 
that  there  is  no  agreement  whatever  between  theory 
and  practice,  and,  to  emphasize  this  still  more,  another 
cur\-e  has  been  drawn  showing  the  ratio  of  the  two. 
Initially  this  ratio  increases  with  increase  in  flux  densitj- 
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E.  =  3100  ohms 
Ri=  1000     " 

c  =  6/tr 


Lamp      B-i 


Fig.  31. — Key  oscillogram. 
Conditions :  Dots  at  50  w.p.m. ;  220  volts ;  steady  current  =  70  mA  in  coil  of  700  tu 


;  shoe  on  drum. 


That  this  is  ver\-  far  from  fact  will  now  be 
shown  in  detail.  In  reality  the  action  of  in- 
struments of  the  magnetic-drum  class  is  dependent 
on  some  form  of  cohesion  *  between  two  surfaces  in 
very  intimate  contact  ;  hence  the  reason  for  extremely 
accurate  workmanship. 


OsclEator 


Fig.  32. — Method  of  kej-ing  valve  transmitter  by 
short-circuiting  an  opposing  coupling  coil. 

Fig.  33  shows  the  relationship  between  ampere- 
turns  and  pull  on  the  shoe  of  a  recorder,  also  the  relation- 
ship between  flux  density  at  the  shoe  contact  and  ampere- 
turns    as    obtained    by    experiment.     From    these    two 


*  The   cohesive  force,  if  it  may  be  so  termed, 
stimulated  by  magnetism. 


is  incited  and 


until  it  attains  a  maximum  value,  then  it  decreases 
with  increase  in  flux  density,  and  therefore  with  increase 
in  the  magnetic  attraction.  The  relationship  is  akin  to 
a  permeability  or  an  asymmetrical  resonance  cur\-e.  It 
is  hardly  feasible  that  the  coefficient  of  friction  in  the 
accepted  sense  of  the  term  could  be  of  the  order  of  30  and 
upwards. 

A  further  experiment  was  made  to  determine  the 
relation  between  the  force  to  cause  sliding  and  that  to 
pull  the  shoe  radially  off  the  recorder  drum.t  Curiously 
enough,  the  ratio  of  the  two  quantities  was  greater 
than  unity,  its  value  for  the  recorder  with  the  Low- 
moor  shoe  being  approximately  1  •  3  for  a  wide  range 
of  flux  densities.  This  experiment  indicates  that  the 
radial  and  tangential  forces  are  of  the  same  order  of 
magnitude,  whilst  the  former  is  many  times  greater  than 
that  calculated  from  the  expression  B-A/Stt.  In  order 
to  investigate  this  problem  further,  a  series  of  measure- 
ments of  tangential  pull  and  radial  pressure  imposed  by 
an  external  load  ha^"e  been  made  for  \-arious  values  of 
the  magnetizing  current.  A  back  spring  was  employed 
to  steady  the  shoe  and  the  cage  which  carried  the 
load.     The  initial  set  of  observations  was  taken  with 

*  It  will  be  sho«-n  later  that  the  coefficient  of  friction  or  ratio 
[pull/(mechanical  radial  pressure)]  is  apparently  about  twice  this 
\'alue. 

t  This  experiment  is  rather  a  difficult  one  to  perform  and  with 
the  drum  in  motion  the  results  are  liable  to  variation.  The  value 
1  -3  is  for  the  drum  at  rest  and  in  motion. 
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the  back  spring  removed.  The  shoe  was  apt  to  rock 
about  but,  so  far  as  could  be  ascertained,  the  lowest 
line  in  Fig.  35  represents  approximately  the  relation- 
ship between  tangential  pull  and  radial  pressure  for 
zero  magnetization.     The  slope  of  this  line  is  regarded 


izooo 


20  30  -to  50  60 

Ampere-toriLS   on  drum 

Fig.  33.- — Recorder  with  Lowmoor  iron  shoe.     Cross-section 
of  shoe  =  0-16  cm^ ;   contact  area  =  2  x  0-32  cm^. 

as  the  coefficient  of  friction  and  its  value  is  nearly 
0-6.  The  effect  of  adding  the  back  spring  is  to  shift 
this  initial  line  vertically  upwards  through  a  distance 
equivalent  to  0-15  lb.,  but  the  slope  is  unaltered.     A 


0         1000       2000      3000      4000      5000      6000 
Flux  density  at  shoe  contact ,  lines/cm' 
(average) 

Fig.  34. — Recorder  witli  Lowmoor  iron  shoe. 


similar  result  is  obtained  by  magnetizing  the  drum. 
For  the  values  of  magnetization  used  in  these  tests 
the  points  lie  approximately  on  a  series  of  parallel 
lines,  although  there  is  a  tendency  to  convexity  upwards 
at  the  higher  loads.  The  slope  of  these  lines  may  also 
be  regarded  as  the  coefficient  of  friction,  which  is  sub- 


stantially constant.  In  Fig.  36  a  series  of  curves  has 
been  plotted  with  data  obtained  from  Fig.  35.  Inspec- 
tion of  the  curves  will  show  that  the  vertical  distance 
between  any  two  of  them,  for  a  given  magnetizing 
current,  is  equal  to  the  product  of  the  coefficient  of 
friction  and  the  radial  pressure  difference.  In  com- 
paring these  curves  with  Fig.  33  (this  representing 
data  secured  under  operating  conditions)  it  must  be 
borne  in  mind  that  the  shoe  was  not  situated  at  pre- 
cisely the  same  position  relative  to  the  drum  in  both 
cases,  so  that  the  line  of  pull  would  not  be  quite  the 
same  ;  also  the  two  sets  of  measurements  were  made 
at  different  times  and  the  state  of  the  cast-iron 
rings  would  probably  have  altered.  There  is,  however, 
no  momentous   discrepancy.     Evidently  the  extraordi- 


0-5  1-0  i-j 

Radial  pressure  (load  Lb.') 


2-0 


Fig.  35.— Showing  relation  between  tangential  pull  or  sliding 
force  and  radial  pressure  on  the  drum,  due  to  an  external 
load,  for  different  values  of  magnetization.  Recorder 
with  Lowmoor  shoe.  Cross-section  =  0-16 cm-;  total 
contact  area  =  0-64cm2 .  speed  of  drum  =  150  r.p.m. 

narily  large  tangential  or  sliding  force  experienced 
when  the  drum  and  shoe  are  magnetized,  is  associated 
with  more  than  mere  radial  pressure,  as  found  by  the 
expression  B'-A/Stt  and  the  coefficient  of  friction.  In 
fact  the  tangential  force  exceeds  the  radial  pressure, 
although  it  must  be  reiterated  that  to  ascertain ,  the 
latter  requires  considerable  skill.  There  seems  to  be 
an  interlocking  action  between  the  drum  and  shoe, 
but  this  depends  upon  the  state  of  the  surfaces  and, 
although  one  may  be  inclined  to  associate  a  re- 
duction in  pull  with  a  variation  in  friction,  it 
may  also  be  due.  in  addition,  to  separation  of  the 
parts  by  a  thin  film  of  foreign  matter,  e.g.  water. 
The  effect  can  hardly  be  explained  by  assuming  non- 
uniform flux  distribuiion  at  the  contact.  If  this  were 
so,  the  equivalent  uniformly  magnetized  contact  area 
for  a  mean   flux  density  of    620  lines/cm-  would  be 


922     McLACHLAN:   THE   APPLICATION   OF   A   REVOLVING   MAGNETIC   DRUM   TO 


about  l/40th  the  actual  area,  and  the  equivalent  flux 
density  25  000  lines/cm-,  which  seems  improbable 
owing  to  the  large  reluctance  it  would  entail.  To 
secure  the  greatest  pull,  the  shoe  must  fit  over  its 
entire  under  surface,  and  this  seems  opposed  to  an 
appreciable  variation  in  contact  density. 

As  an  alternative  one  might  attribute  the  action  to 
cohesion,  being  akin  to  the  sticlcing  together  of  two 
surface  plates.  The  magnetic  attraction  serves  to 
bring  the  surfaces  of  the  drum  and  shoe  sufficiently 
near  one  another  to  exclude  air,  a  condition  difficult 
to  obtain  between  two  curved  surfaces  by  mechanical 
pressure. 

Curves  have  been  obtained  showing  the  relation 
between  pull  and  ampere-turns  at  various  speeds,  but 
the   variation   is    more    accidental   than   real,    and    for 
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Fig.  36. — Showing  relation  between  pull  and  ampere- 
turns  for  various  radial  pressures  on  drum,  due  to  an 
external  load.     Data  as  in  Fig.   35. 

the  drum  speeds  used  on  both  key  and  recorder,  viz.  up 
to  250  r.p.m.,  there  is  no  definite  variation  with  speed. 
From  Fig.  34  it  will  be  seen  that  on  the  initial 
portion  of  the  curve,  this  being  the  condition  under 
which  the  shoe  of  the  apparatus  usually  func- 
tions, it  is  advantageous  to  use  a  tolerably  small 
flux  density  and  a  correspondingly  large  area  of 
contact  at  the  shoe.  This  yields  a  larger  pull 
per  ampere-turn  than  that  for  high  flu.x  density 
and  small  contact  area.  Furthermore,  the  larger 
contact  area  is  conducive  to  prolongation  of  the 
life  of  the  shoe  and  that  of  the  cast-iron  rings.  In 
deciding  the  necessary  contact  area  the  shoe  must 
not  be  made  unduly  large,  since  this  would  entail 
increased  inertia.  Provision  can  be  made  for  a  large 
area  by  effecting  a  reduction  in  thickness,  but  the  limit  is 
reached  when  the  flux  densitv  in  the  cross-section  of 


the  shoe  approaches  the  saturation  Vcilue.*  Taking  two 
drums  of  different  dimensions  with  shoes  upon  them, 
there  does  not  seem  to  be  any  reason  to  suppose  that 
the  sliding  forces  are  not  directly  proportional  to  the 
areas  of  contact  when  the  flux  densities  there  are 
identical,  but  this  is  not  corroborated  by  experiment. 
For  low  flux  densities  the  pull  per  unit  area  for  a  small 
shoe  appears  to  be  less  than  that  for  a  large  shoe,  whilst 
at  high  flux  densities  the  ratio  P/.4  is  almost  the  same  for 
large  and  small  shoes.  It  depends,  however,  on  the  state 
of  the  surfaces  and  the  fit  of  the  shoe  (see  Table  2). 
In  recording  this  observation  it  has  been  tacitly  assumed 
that  the  two  metals  used  are  the  same  in  all  cases,  i.e. 
cast  iron  on  steel  or  cast  iron  on  Lowmoor  iron.  Experi- 
ment also  shows  that  the  sHding  force  between  cast 
iron  and  steel  is  greater  than  that  for  cast  iron  and 
Lowmoor  iron — the  shoes  being  the  same  size  and 
the  contact  flux  densities  equal.  Hence  the  reason 
for  employing  steel  shoes  for  the  transmitting  keys, 
where  large  forces  are  indispensable,  ^^■ith  the  relays 
or  recorders  it  is  of  little  moment  in  land-line  work 
what  material  is  used  for  the  shoe,  but  for  valve-circuit 
work  it  is  preferable  to  use  steel. 

In   cases   where   the   angles   subtended   by   the   shoe 
at  the  centre  of  the  drum  are  different,  the  validity  of 


10  60  60  100  120        MO  160 

^mpere -turns  on  druitL 

Fig.  37. — Transmitting  key  without  back  spring.  Cross- 
section  of  shoe  at  centre  =  6-1  cm"  (0-75  x  8-1)  ; 
contact   area  =  2  x  10  cm^. 

the  law  of  proportionality  is  problematic,  for  with  large 
angles,  owing  to  the  rigidity  of  the  links  of  the  shoe, 
there  is  the  possibility  of  the  pull  on  the  connecting 
rod  causing  increased  pressure  on  the  more  remote 
parts  of  the  shoe.  Some  data  respecting  this  case  are 
given  in  Table  2.  These  show  the  pull  per  unit  area 
with  one,  two  and  three  links  of  a  three-part  shoe,  each 
link  subtending  an  angle  of  approximately  30°  at  the 
centre  of  the  drum.  For  small  magnetizing  forces 
(and  therefore  small  flux  densities)  the  larger  areas  show 
greater  values  of  PI  A,  but  there  is  little  difference  at 
the  densities  which  occur  in  practice.  Owing  to  the 
cross-sectional  area  of  the  shoe  being  different  in  the 
three  cases,  the  flux  densities  would  not  be  quite  the 
same.     Moreover,  as  a  very  rough  working  rule,  it  is 

*  For  speeds  above  100  %v.p.m.  the  angle  of  contact  of  the  shoe 
on  the  drum  should  not  be  too  large. 
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permissible  to  assume  that  for  equal  flux  densities  at 
the  contact  such  as  occur  in  practice,  and  angles  not 
e^■ceeding  90°,  the  sliding  force  is  proportional  to  the 
area  of  contact. 

Theoretically  the  optimum  flux  density  is  that  at 
which  the  ratio  (actual  pull/calculated  pull)  is  a  maxi- 
mum (see  Figs.  34  and  38).  An  inspection  of  the 
curves  in  these  figures  and  a  little  experience  will  show 
that  in  practice  this  condition  cannot  always  be 
satisfied,  for  owing  to  the  steep  slopes  of  the  curves 
in  the  neighbourhood  of  the  origin,  small  variations  in 
the  reluctance  of  the  magnetic  circuit  due  to  magnetic 

Table  2. 

Ratio  of  pull/(roniact  area)  for  equal  magnetizing  forces 
and  various  contact  areas.  Steel  shoe  |  in.  thick  and 
1  in.  wide  on  cast-iron  rings  without  back  spring. 


Ampere-tums 

riA 

{A  =  2-5sq.  in.) 

PIA 

U  =  l-o6sq.m.) 

PIA 

{A  =  0-8Ssq.  in. 

11-5 

Ib./sq.  in, 

8-4 

Ib./sq.  in. 

61 

Ib./sq.  in. 

5-4 

14-5 

10 

71 

6-6 

19 

12-4 

9 

8-4 

22-5 

14-4 

12-8 

10-9 

29 

16-8 

16-7 

13-3 

36 

20 

21-2 

19-3 

57 

26-4 

26-9 

27-7 

107 

43-2 

44-9 

41 

or  mechanical  defects  involve  appreciable  fluctuations 
in    pull.     Moreover,    for   stability,    it    is   advisable   to 


Fig. 


lOOO       200O        iOOO      4000       500O        6000 

Y\\\y.  density  at  shoe  contact,  lines/cm^ 
(average) 

38. — Key  with  .steel  shoe  0-75  cm  thick,  without  back 
spring.     Total  contact  area  =  20  cm^. 


operate  where  the  slope  is  more  gradual.  Thus, 
although  the  instrument  will  in  some  cases  function 
with  a  very  small  current,  care  must  be  exercised 
to  prevent  unstable  operation.  In  such  instances  a 
polarizing  current  is  of  assistance  (see  Appendix  I). 


(15)  Dynamic   Theory. 
An  approximate  treatment  of  the    dynamics   of   the 
recorder*  type  of  instrument  is  given  below  : — 

Let  /  =  pull    on    siphon    mechanism    due    to   sliding 
force   between   drum   and   shoe    (assumed 
to  be  constant)  ; 
I  =  moment  of  inertia  of  complete  moving  system 

about  the  pi^'0t  of  siphon  lever  ; 
r  =  distance  between  centre  of  pivot  and  line  of 

pu!l  of  shoe  ; 
a  =  angular  acceleration  of  siphon  lever  ; 
R  =  distance  from  pivot  to  centre  of  siphon  point ; 
/i  =  tension  of  restoring  spring  ; 
/o  =  equivalent   force  due    to    friction    of   siphon 
point  on  paper,  and  lever  pivots  assumed 
to  act  at  radius  r  ;  and 
/g  =  equivalent  tension  due  to  back  spring. 

Neglecting  variation  in  tension  of  the  restoring  spring 
(this  holds  for  small  amplitudes)  we  have,  starting  from 
the  back  stop  : — 

Net  or  working  force  /  —  [/i  +  /^  —  fi]  =  lOfr 

or  e=ferll (1) 

where  f^  =  f  -  [f^  +  f.,  -  /j]. 

The  linear  acceleration  of  the  siphon  point  is 

a=eR  =  f,rRll       ....     (2) 
and  the  linear  velocity  of  the  same  point  is 

V  =  at  =  fcrRt/I  (where  t  =  time)     .      .      (3) 

When  the  moment  of  inertia  of  the  siphon  mechanism, 
the  radius  R  and  the  working  force  are  fixed,  there  is  a 
certain  value  of  r  for  which  a  and  therefore  v  has  its 
maximum  value,  i.e.  the  transit  time  is  a  minimum. 

Let  Ij  =  moment  of  inertia  of  siphon  mechanism  ; 
r  =  distance  between  pivot  and  line  of  pull  ;   and 
m  =  mass  of  shoe,  etc.,  including  equivalent  mass 
of  springs. 


Then,  to  a  first  approximation  : — 
f,r  =  di  +  w  r^)d 


e  = 


M 


[Ii  +  mr"-) 


Therefore 


OR 


feVR 


dl  +  mr-i) 


(4) 


(5) 


(6) 


Differentiating  with  respect  to  r  and  equating  to  zero 
we  find  that  for  the  minimum  transit  time  Ii  =  inr-, 
i.e.  the  moment  of  inertia  of  the  siphon  mechanism 
about  the  pivot  is  equal  to  that  of  the  shoe,  etc.  This 
simple  condition  is  readily  realized  in  the  transmitting 
key,  but  with  the  recorder  the  siphon  lever  is  made 
rather  short  in  order  to  reduce  the  unsupported  length 
of  the  siphon  which  is  apt  to  oscillate  violently  at  high 
speeds  of  working,  due  to  the  impact  on  the  stops. 
For  low  speeds  and  quick  action  of  the  recorder,  the 
length  of  the  siphon  could  be  increased  with  advantage. 
*  The  theory  applies  equally  to  the  key. 
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In  this  respect  care  must  be  taken  to  prevent  undue 
friction  of  the  siphon  on  the  paper,  since  this  would 
introduce  a  frictional  retarding  force,  causing  an 
equivalent  diminution  in  the  net  working  force  and 
therefore  an  increase  in  the  transit  time.  The  relation- 
ship for  minimum  transit  time  is,  however,  independent 
of  the  paper  friction.  A  similar  argument  applies  to 
friction  at  the  pivot.  It  is  clear  that  for  the  highest 
speed  of  working,  the  moment  of  inertia  of  the  com- 
plete system  should  be  as  small  as  is  compatible  with 
mechanical  strength  and  satisfactory  performance. 

The  weights  of  the  moving  parts  for  a  transmitting 
key  with  a  double-contact  arm  of  the  form  shown  in 
Fig.  23  are  as  given  in  Table  3. 

Assuming  the  equivalent  mass  of  the  key  mechanism 
concentrated  at  the  shoe  to  be  350  g  (0-77  lb.)  and 
the  net  working  force  to  be  constant  and  equal  to  a 
pull  of  40  lb.,  the  acceleration  of  the  mid-point  of  the 
contacts  is  approximately  5  000  feet  per  second  per 
second  (ft./sec./sec),  giving  a  transit  time  of  1/500  sec. 

Table  3. 


Item. 

grams 

lb. 

Steel  shoe 

168 

0-37 

Keying  lever  with  hook   attach- 

165 

0-36 

ment 

Duralumin  arm 

19 

0-042 

Steel  link  and  screw  for  arm 

5 

0-011 

Keying  lever  spring 

9 

0-02 

The  weights  for  the  recorder  are : 

Large  Lowmoor  iron  shoe,  brass 

4-4 

0-0097 

guide  and  screw 

Siphon  lever,  coupling  hook  and 

2-45 

0 ■ 0054 

screw- 

Siphon  holder  (on  inkpot) 

1-05 

0-0023 

Siphon  tube 

0-2 

0-0004 

Back  spring 

0-45 

0-001 

Control  spring    .  . 

0-15 

0  0003 

Brass  coupling  link 

0-2 

0-0004 

for  a  gap  of  0-125  in.  Making  similar  assumptions 
respecting  the  recorder,  the  acceleration  of  the  tracing 
point  is  approximately  5  000  ft./sec./sec,  the  transit 
time  for  an  amplitude  of  0-06  in.  being  1/800  sec.  In 
practice,  •  however,  both  of  these  times  are  increased 
somewhat  owing  to  the  various  frictional  forces.  In 
the  first  case  the  final  velocity  of  the  shoe  is  3  •  6  ft.  per 
sec,  and  in  the  second  case  2  ft.  per  sec.  The  working 
peripheral  velocities  of  the  drum  in  both  cases  are  less 
than  these  values  in  order  to  prevent  undue  wear  of 
rings  and  shoes,  but  the  range  of  speed  for  which 
provision  is  made  in  the  apparatus  is  quite  satisfactory 
for  the  traffic  speeds  used  in  modern  radio-telegraphy. 
In  conclusion,  the  author  wishes  to  thank  the 
Marconi  Company  for  p^o^dding  the  facilities  necessary 
to  conduct  the  research  work  ;  also  Mr.  A.  Gray, 
Joint  General  Manager  of  the  Company,  for  his 
encouragement    and    the    keen    interest    which  he   has 


taken  in  the  development  of  the  apparatus.  He  also 
desires  to  acknowledge  his  indebtedness  to  Mr.  A.  \\'. 
Langridge  for  co-operation  in  developing  the  valve 
circuits  ;  to  Mr.  E.  G.  A.  Firman  for  assistance  in  the 
designs  ;  to  Mr.  W.  E.  Pannett  for  obtaining  the  pull 
and  flux  curves ;  to  Mr.  A.  C.  Tait  for  obtaining 
the  oscillograms  ;  to  Messrs.  H.  Cornwell  and  N.  Day 
for  workmanship  on  the  first  models  ;  and  to  Messrs. 
D.  Tulloch  and  C.  Willingham  for  workmanship  on 
subsequent  designs. 


APPENDIX   I. 
Sensitivity.     Polarized   Single-current   Working. 

The  sensitivity  figures  or  working  currents  stated 
in  the  paper  are  such  as  to  provide  a  ver}-  wide  margin 
of  safety,  and  this  is  sound  policy  in  commercial  work 
to  ensure  a  reliable  service.  A  more  concrete  conception 
of  this  will  be  gained  on  reference  to  the  data  given  in 
Fig.  33.  With  a  current  of  3  mA  through  a  coil  of 
4  000  turns  the  steady  pull  is  about  1  lb.  Bearing  in 
mind  the  extra  current  at  make,  due  to  the  condenser, 
and  subtracting  the  pull  due  to  the  control  spring, 
the  operating  force  is  about  0-75  lb.,  whilst  the  total 
weight  of  the  mechanism  is  barely  0  -  02  lb.  This  ensures 
a  rapid  and  precise  action. 

The  instrument  detailed  in  the  paper  may  be 
described  as  a  "  universal  "  one,  since  it  works  with- 
out adjustment  up  to  200  or  more  words  per  minute, 
and  it  is  at  the  higher  speeds  that  the  large  forces 
are  advantageous.  It  is,  however,  a  simple  matter  to 
construct  an  instramentfor  a  special  purpose,  by  merely 
altering  the  number  of  turns  on  the  drum  and  the  size  of 
the  drum  and  shoe.  For  example,  if  the  contact  area 
of  the  shoe  is  increased  to  four  times  its  normal  value 
and  the  turns  are  doubled,  the  current  on  single  working 
is  reduced  to  0-125  of  its  former  value,  viz.  0-375  mA. 
Under  such  conditions,  owing  to  the  transients,  the 
speed  for  good  tape  would  probabU-  be  limited  to 
150  w.p.m.  There  is  another  method  of  increasing  the 
sensitivity,  which  has  already  been  cited,  viz.  double- 
current  working.  By  using  a  polarizing  current  it  is 
possible  to  operate  on  the  steep  portion  of  the  "  Pull 
by  experiment  "  curve  of  Fig.  34.  In  this  way  the 
"  universal  "  pattern  recorder  will  work  satisfactorily 
on  100  JU.A,  as  shown  by  the  tape  record  of  Fig.  19. 
By  increasing  the  size  of  the  shoe,  this  figure 
has  been  reduced  to  25  /xA  at  150  w.p.m.  Although 
this  current  is  only  0-05  of  that  required  for  a  Gulstad 
relav,  the  w-orking  forces  are  greater,  and  the  instrument 
relays  and  gives  a  copy  of  what  it  relays.  If  the  speed 
had  an  upper  limit  of  100  w.p.m.,  the  current  could 
probably  be  reduced  to  10  fxA  by  augmenting  the  size 
of  the  shoe  and  increasing  the  number  of  turns  on  the 
drum. 

Turning  now  to  the  usual  pattern  of  electromagnetic 
recorder,  the  current  required  to  give  square  marking 
at  100  w.p.m.  would  be  about  20  mA.  This  is 
hundreds  of  times  greater  than  that  required  for  the 
magnetic  drum  apparatus. 

I-"or    sensitive    single-current    working,     the    circuit 
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illustrated  in  Fig.  39  is  adopted.  One  coil  carries  the 
signal  current,  whilst  the  second  or  polarizing  coil  is 
connected  to  a  rheostat  and  local  battery.  By  varying 
the  polarizing  current,  the  marking,  spacing  and 
sensitivity  can  be  controlled.  The  current  at  150  w.p.m. 
for  an  instrument  with  a  three-part  shoe  of  larger 
contact  area  than  that  on  the  "  universal  "  type  is 
50  jU.A.  These  remarks  apply  specifically  to  working 
ofi  a  relay,  but  for  valve  circuit  operation  they  are 
equally  vaUd,  although  in  general  the  currents  are 
larger  owing  to  the  resistance  of  the  valve,  as  explained 
in  Section  12.  In  a  valve  circuit  where  the  instrument 
performs  the  double  function  of  relaying  and  recording, 
it  is  essential,  especially  if  a  printing  machine  is  operated 
directly  from  the  contacts,  that  the  marking  and  spacing 
should  be  uniform,  i.e.  the  dots  and  spaces  should  be 


a   polarizing   current  as   indicated  in  Fig.  40.     During 
spacing  there  is  clearly  no  polarizing  current. 

There  are  several  points  in  connection  with  sensitix-ity 
to  which  we  may  refer.  Having  fixed  the  upper  limit 
of  speed,  the  greatest  sensitivitj'  may  be  defined  in 
various  ways  according  to  the  circuit  in  which  the 
instrument  is  used  :  (1)  The  greatest  ratio  of  (working 
torque/moment  of  inertia)  for  a  given  current ;  (2) 
the  smallest  current  to  give  a  certain  ratio  (working 
torque/moment  of  inertia)  ;  and  (3)  the  smallest 
voltage  to  give  a  certain  ratio  (working  torque/moment 
of  inertia).*  The  data  already  given  show  that  the 
instrument  is  much  more  sensitive  than  any  existing 
form  of  either  relay  or  recording  device,  especially  if  the 
speed  does  not  exceed  100  to  150  w.p.m.,  i.e.  in  virtue 
of  the  new  phenomenon  on  which  the  operation  depends. 


AAAAAAAAAA 


Br^ 


Fig    39.- 


-Recorder  circuit  for  polarized  single-current 
working  from  a  relay. 
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of  equal  duration  and  the  contact  should  be  firm. 
Moreover,  owing  to  the  increased  force,  the  larger 
current  values  are  recommended.  Since  allowance  is 
thus  made  for  variation  in  signal  strength,  the  desired 
result  is  attained  with  greater  precision,  and  there  is 
more  latitude  in  the  control  of  the  marking  and  spacing 
as  effected  by  spring  Xj  (see  Fig.  1).  Owing  to  the 
firm  contact  and  the  small  transit  time,  which  ensures 
a  proportionately  long  contact  duration  on  the  stops, 
the  relayed  tape  is  identical  with  the  record  on  the 
instrument. 

Using  the  circuits  of  Figs.  4  and  39,  i.e.  ordinary 
and  polarized  single-current  working,  it  is  possible  to 
work  up  to  speeds  of  200  w.p.m.  when  the  resistance 
Ri  is  infinite.  Under  this  condition  there  is  no  steady 
current,  and  the  apparatus  functions  solely  on  the 
condenser  charging  and  discharging  currents.  There 
is  a  lower  speed  limit  depending  on  the  duration  of  the 
condenser  charging  period,  and  this  is  about  35  w.p.m. 
Such  an  arrangement  is  of  no  commercial  use  in  radio- 
telegraphy,  because  the  lever  only  holds  over  on  the 
marking  stop  for  a  limited  time,  and  it  would  be  im- 
possible to  record  a  long  dash.  With  ordinary  single- 
current  working  this  difficulty  can  be  surmounted  by 
utilizing  the  contacts  on  the  siphon  lever  to  close  an 
auxiliary  circuit  through  the  second  coil,  and  thus  supply 
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Fig.  40. 

a  large  force  can  be  obtained  with  a  current  relatively 
very  small  compared  with  that  to  give  an  equal  force 

Table  4. 

Comparison   of  Forces  with  P.O.   Relay  and  Magnetic 
Drum  Relay  by  Messrs.  Elliott  Bros. 


Type  of 

steady 
current 

Force 
to  pull 
tongue 

marking 
contact 

Mass  of 

moving 

parts 

Force 
per 
tmit 
mass 

Ratio 

Torque 

Moment  of  inertia 

Universal 
magnetic 

drum 
P.O.  relay 

4 
4 

lb. 

1-2 
0-06 

lb. 
0012 

0  064 

100 

1 

100 

"  1 

J 

40 

IT 

Resistance  of   both   instruments   2  500   ohms ;    relay 
set  neutral. 

on  other  forms  of  electromagnetic  recorder.     The  lower 
the  speed  the  greater  the  sensitivity,  since  the  duration 

•  Broadly  speaking,  (force/mass  of  moving  parts).   Another  mode 
of  viewing  the  matter  is  to  take  the  ratio  of  force  to  unit  current. 
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of  the  transients  is  such  that  there  is  no  appreciable 
interference  with  the  marking  and  spacing.  From  the 
view-point  of  voltage  sensitivity,  on  polarized  single- 
current  worljing  the  instrument  will  function  up  to 
130  w.p.m.  on  25  volts.  In  fact,  the  voltages  given 
in  the  paper  are  on  the  high  side  in  order  to  provide 
an  adequate  margin. 

Generally  it  may  be  stated  that  the  speed  limits 
mentioned  are  those  at  which  the  formation  of  the 
characters  ceases  to  be  rectangular,  and  the  values 
given  can  be  exceeded  considerably  befoi"e  the  tape 
becomes  unreadable. 

In  order  to  present  the  preceding  remarks  on  sensi- 
tivity iii  a  more  concrete  form,  the  data  in  Table  4 
have  been  inserted. 


APPENDIX    II. 

Performance  of  Small  Transmitting  Key. 

If  the  speed  is  limited  to  100  w.p.m.,  a  larger  shoe 
may  be  used  and  the  working  currents  reduced  to 
about  1/3  the  values  given  in  Table  5.  The  sensitivity 
can  also  be  increased  by  adopting  the  procedure  stipu- 
lated in  Appendix  I.  In  practice,  owing  to  the  increased 
pull  concomitant  with  the  initial  rush  of  current  to  the 
condenser,  the  net  working  value  after  deducting  the 
tension  of  the  control  spring  is  about  0-75  times  the 
figures  given  in  Table  5.  The  performance  of  the  key 
is  shown  by  Table  6. 

From  the  third  column  it  will  be  seen  that  the  key 


is  capable  of  giving  100  w.p.m.  on  a  current  of  10  mA, 
which  is  less  than  that  required  for  the  usual  type  of 


Table  5. 

Showing  Pull  on  Shoe  with  Steady  Currents. 
Circuit  =  200. 


Voltage  on 


Current  in  each  coil 

Pull 

mA 

lb. 

5 

6 

10 

11 

16 

15 

25 

18 

Table  6. 
Performance  of  Small  Transmitting  Key. 


Speed 

Gap  at 
contacts 

Total 
current 

Approximate 
workiag  force 

Ratio  : 
Force 
Mass 

w.p.m. 

100 
100 

in. 

0-22 
0-1 

mA 

50 
10* 

lb. 

13 
4-5 

87/1 
30/1 

electromagnetic  recorder.     By  using  a  suitable  circuit 
it  is  possible  to  control  a  30  kW  transmitter. 

*  By  using  a  larger  shoe  and  a  greater  number  of  turns,  this 
value  can  be  reduced  to  3  mA  whilst  still  preserving  the  same 
working  force.  The  key  will  operate  satisfactorily  on  even  smaller 
currents. 


Discussion  before  the  Wireless  Section,  11  April,  1923. 


Mr.  A.  A.  Campbell  Swinton  :  It  is  of  great  interest 
to  note  how,  in  the  development  of  radio-telegraphy, 
things  are  now  being  used  again  which  have  been 
tried  and  discarded  in  the  past  in  other  connections. 
For  mstance,  possibly  everyone  is  not  aware  that  in 
the  present  broadcasting  transmission  from  Marconi 
House  no  microphone  is  employed,  speech  being  trans- 
mitted by  means  of  what  is  practically  the  original 
Bell  type  of  transmitter,  consisting  of  a  vibrating  iron 
diaphragm  in  front  of  the  poles  of  a  permanent  magnet 
■with  coils  on  it.  That  is  what  was  done  with  the 
original  BeU  telephone,  in  which  the  transmitter  and 
receiver  were  similar.  This  arrangement  was  discarded 
when  Edison  and  Hughes  brought  out  the  microphone, 
because  the  original  electromagnetic  transmitting  instru- 
ment was  too  weak  for  long-distance  work.  With 
modem  methods  employing  valves  and  amplifiers, 
however,  that  did  not  matter ;  the  signals  can  be 
amplified  and  it  is  found  that  better  articulation  and 
fewer  extraneous  noises  are  obtained  with  what  is 
practically  the  old  Bell  transmitter  than  with  the 
more  modern  microphone.  Again,  in  this  room  some 
two  or  three  yejirs  ago  we  had  a  very  wonderful  demon- 
stration of  the  Johnsen  and  Rahbek  loud-speaking 
instrument,  which  was  based  on  an  electrostatic  tele- 
phone receiver  similar  to  that  originally  brought  out 


in  very  early  days  by  Elisha  Gray.  To-night  we  have 
had  a  beautiful  demonstration  of  apparatus  which 
again  is  a  revival  of  old  ideas.  In  the  fournal  of  the 
Franklin  Institute  for  1879  an  instrument  is  described 
which  was  invented  by  Professor  A.  E.  Dolbear  and 
called  a  Rataphone.  It  was  a  loud-speaking  telephone 
in  which  the  motions  of  the  diaphragm  were  controlled 
exactly  as  in  the  instrument  now  described.  There 
was  a  revolving  magnetic  core  (Dolbear  did  not  revolve 
his  coils,  but  merely  the  core),  and  on  the  two  ends 
of  the  circular  bar  that  was  used  were  two  iron  fingers 
which  rubbed  upon  the  core,  and  the  variable  frictional 
pull  vibrated  the  diaphragm.  That  instrument,  as  I 
have  said,  was  first  described  in  the  Journal  of  the 
Franklin  Institute  in  1879,  but  there  is  also  an  illustrated 
description  of  it  in  E.  Hospitaher's  book  on  "  Modern 
Applications  of  Electricity,"  translated  into  English 
by  Dr.  Julius  Maier  and  published  in  1883.  Prior  to 
that  book,  some  40  years  or  more  ago  I  made  one  of  these 
instruments  myself,  but  I  confess  that  it  did  not  work 
well  as  a  speaker  ;  there  was  a  good  deal  of  noise,  but 
only  imperfect  articulation.  I  should  like  to  ask  the 
author  whether  he  has  made  anv  attempts  to  use  his 
apparatus  as  a  loud-speaker  for  telephony,  or  whether 
it  has  been  applied  only  to  the  two  instruments  which  he 
has  shown  to-night.     I  think  that  there  are  probably 
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many  other  methods  which  were  used  in  the  early  days 
of  telegraphy  and  telephony  and  subsequently  dis- 
carded, which  may  become  useful  again  under  the 
absolutely  different  conditions  which  now  obtain,  with 
thermionic  valves  and  in  connection  with  wireless 
telegraphy  and  telephony. 

Mr.    H.    Ewen  :   In  connection  with  the  driving  of 
the  drum,  it  would  be  of  interest  if  the  author  would 
give  us  some  figures  as  to  the  relations  found  belrween 
the   pull   obtained   and   the   speed   of   rotation.     Some 
tests  have  apparently  been  made  but  no  information 
is    furnished.     The    principal    point    in    the    design    of 
this  transmitter  appears  to  me  to  be  the  great  advan- 
tage which  it  shows  over  any  other  type  in  enabling 
comparatively   weak    electrical    impulses    to    be    trans- 
formed   into   a   very   positive   mechanical   effort.     The    ( 
author    has    not    given    much    information    as    to    the 
performance  of  the  instrument  as   a  high-speed  key  ;    | 
perhaps  he  will  give  in  his  reply  some  more  data  in   [ 
this  connection. 

Mr.  R.  E.  H.  Carpenter:  I  have  a  very  decided  ; 
personal  preference  for  recorders  which  give  a  response 
proportional  to  stimulus  rather  than  for  those  of 
the  "  all  or  nothing  "  type,  in  which  the  recording 
mechanism  works  between  fixed  stops.  It  would  be 
of  considerable  interest  to  know  whether  the  author 
has  worked  out  a  proportional  instrument  on  the 
principles  described.  A  recorder  the  deflections  of 
which  are  proportional  to  the  operating  current,  used 
directly  in  suitable  valve  circuits,  has  two  verj^  great 
advantages  where  atmospherics  are  at  all  troublesome. 
In  the  first  place,  the  atmospheric  is  almost  always 
easily  recognizable  as  such  ;  there  is  no  danger  of  it 
being  confused  for  a  signal,  even  though  it  obliterates 
a  signal.  Secondly,  with  it  a  great  deal  of  visual  dis- 
crimination is  stUl  possible  to  skilled  telegraphists, 
enabling  them  to  read  a  signal  in  spite  of  atmospheric 
interference  which  would  completely  block  up  signals 
on  the  fixed-stop  instrument.  On  short-distance  cir- 
cuits, where  the  received  signal  is  of  ample  power,  this 
consideration  may  not,  perhaps,  be  so  very  important  ; 
but  I  have  found,  working  on  transatlantic  signals  in 
Kew  York  during  the  summer  months,  when  atmo- 
spheric conditions  are  considerably  worse  than  anything 
normally  experienced  in  this  country,  that  while  a 
recorder  of  the  proportional  type  gave  signals  which 
experienced  men  could  read  quite  easOy  with  very 
few  RQ's,  one  with  fixed  stops  gave  signals  scarcely 
intelligible  for  more  than  a  few  words  at  a  time  on  the 
tape.  The  great  danger  with  all  recorders  working 
between  fixed  stops  is  that  there  is  nothing  inherent 
whereby  we  can  recognize  what  is  signal  and  what  is 
atmospheric,  and,  where  the  absolutely  correct  reception 
of  messages  is  the  important  factor,  this,  to  my  mind, 
completely  rules  out  the  fixed-stop  tjrpe  of  recorder. 
The  Radio  Corporation  of  America  has  come  to  the 
same  conclusion.  In  America,  telegraph  companies  are 
legally  responsible  for  financial  losses  arising  from 
inaccurate  messages,  and  I  think  it  is  a  great  pity 
that  telegraph  administrations  in  this  country-  and  in 
Europe  generally  are  not  in  a  similar  position.  Where 
a  recorder  is  to  be  controlled  by  a  relay,  the  danger 
of   confusion   between   atmospheric   and   signals   exists, 


of  course,  all  the  time  ;  but  it  is  frequently  essential 
to  use  a  relay,  as,  for  example,  when  printing  tele- 
graphs are  to  be  controlled,  and  it  is  often  convenient 
to  do  so,  since  a  well-designed  relay  wiU  operate  on 
smaller  current-changes  than  those  necessary  for  a 
direct  recorder,  not  excepting  the  instruments  described. 
It  is  stiU  a  great  convenience,  when  using  a  relay,  to 
have  a  s\Tnmetrically  arranged  double-current  recording 
instrument,  the  zero  position  of  the  pen  of  which  is  central 
on  the  paper.  With  such  an  instrument,  the  adjust- 
ment of  the  relay  for  neutral  bias  is  much  easier  than 
with  the  as>Tnmetric  type,  ^^^len  using  one  of  the 
latter,  a  marking  bias  on  the  relay  may  be  masked 
by  a  spacing  bias  on  the  recorder,  and  under  these 
circumstances  it  is  difficult  to  be  sure  that  the  printing 
telegraph  mechanism  is  functioning  under  the  best 
conditions,  ^^'ith  regard  to  the  stress  laid  on  square 
signals,  most  practical  telegraphists  seem  to  prefer  a 
signal  that  is  sUghtly  rounded.  Thej'  say  (and  I  agree 
with  them)  that  a  signal  which  is  absolutely  rectangular 
is  very  tiring  to  the  eyes  to  read  for  long  periods  of 
time  together,  and  I  think  that  a  signal  can  be  made 
too  square  for  comfortable  reading.  \\'hile  greatly 
admiring  the  ingenuity  that  has  been  put  into  the 
design  of  these  instruments  and  their  associated  cir- 
cuits, one  cannot  help  being  struck  with  the  number 
and  complexity  of  the  adjustments  that  apparently 
are  necessary. 

Mr.  J.  Joseph  :  I  take  it  that  the  instrument  has 
not  yet  been  applied  to  submarine  telegraphy.  The 
current  available  for  submarine  work  is,  of  course,  very 
much  less  than  is  used  in  connection  with  this  par- 
ticular design  ;  if  one  gets  as  much  as  2  mA  on  a 
submarine  circuit  that  is  about  the  maximum  that  can 
be  expected  ;  it  is  usually  less.  I  presume  that  no 
experiments  have  been  carried  out  in  this  direction. 
With  regard  to  thermionic  recording  for  radio-telegraphy, 
we  have  just  seen  the  instrument  operating  on  the 
Paris  circuit  and  I  am  rather  surprised  that  such  good 
results  have  been  obtained.  I  presume  that  a  power 
amplifier  is  being  employed.  The  greatest  change  on 
a  multi-\ah'e  instrument  is  usually  not  more  than 
J  mA,  and  these  signals  are  certainly  exceedingly  good. 
It  appears  to  me  that  the  principal  application  of  this 
instrument  wiU  be  for  radio-telegraphic  circuits  or  for 
operating  power  circuits  by  means  of  radio  signals  at 
a  distance.  I  should  like  to  express  my  admiration 
for  the  beautiful  workmanship  displayed  in  the  instru- 
ment itself.  As  a  manufacturer,  I  can  appreciate  the 
difficulties  of  working  to  OOOOI  in.,  and  I  am  surprised 
to  learn  that  this  was  done  in  a  lathe  ;  I  should  have 
thought  a  grinding  machine  would  ha\-e  been  more 
suitable.  If  this  drum  has  been  turned  in  a  lathe 
to  0-0001  in.,  it  must  have  been  an  exceedingly  accurate 
machine.  I  should  like  to  ask  whether  difiiculty  has 
not  been  experienced  with  the  shoe  after  considerable 
wear.  The  author  states  that  the  life  of  the  shoe  is 
from  3  000  to  5  000  hours.  That  is  rather  more  than 
I  should  have  expected,  and  it  is  certainly  a  tribute 
to  the  excellent  workmanship.  In  humid  climates  I 
should  have  thought  that  considerable  trouble  would 
be  experienced  in  the  contact  between  the  shoe  and 
the  drum. 


928     McLACHLAN:   THE   APPLICATION   OF  A   REVOLVING   MAGNETIC    DRUM    TO 


Mr.  H.  B.  Tilley  :  With  regard  to  the  grinding  of 
the  drum  mentioned  by  the  previous  speaker,  I  do 
not  wish  to  reply  for  the  author  but  at  the  same  time 
it  may  help  matters  if  I  point  out  that  we  find  it  a 
much  better  proposition  to  turn  the  drums  rather 
than  grind  them,  especially  as  it  is  not  necessary 
to  turn  to  any  particular  diameter,  the  essential  fact 
being  that  they  have  to  be  dead  true.  When  grinding, 
the  surface  is  a  series  of  flats,  as  revealed  by  micro- 
scopic examination.  In  turning,  the  diameter  is  left 
as  it  is  after  turning,  and  the  shoe  is  ground  in  after- 
wards to  suit.  The  important  point  is  to  have  the 
drum  running  absolutely  true,  otherwise  trouble  will 
occur.  I  should  be  glad  if  the  author  would  state 
why  he  used  Swedish  iron  for  the  spindles  ;  one  would 
have  thought  that  a  good  quality  of  steel  would  have 
been  better.  The  author  states  that  although  the  pad 
is  used  for  keeping  the  drum  slightly  lubricated  it  is 
perhaps  better  without  it.  If  this  is  so,  it  might  have 
been  advisable  to  omit  all  mention  of  a  pad.  I  note 
that  two  dissimilar  metals  are  used,  i.e.  cast  iron  for 
the  drum  and  wrought  iron  for  the  shoe.  Am  I  to 
understand  that  tliis  is  for  the  purpose  of  avoiding 
abrasion  ?  The  author  mentions  that  morganite  can 
be  used  for  the  brushes  on  the  slip-rings,  but  I  should 
like  to  know  what  he  uses  on  the  particular  instrument 
which  he  demonstrated. 

Mr.  E.  H.  Shaughnessy  :  I  notice  that  most  of  the 
electrical  circuits  associated  with  this  relay  are  circuits 
in  common  use  in  the  telegraph  world — the  shunted 
condenser  circuit  in  series  with  the  drum  relay,  etc. 
I  am  puzzled,  however,  to  know  what  particular  advan- 
tages this  type  of  relay  possesses  over  the  well-known 
relays  at  present  in  existence,  such  as  the  Gulstad 
relay,  the  Post  Office  standard  relay  or  the  Carpenter 
relay,  which  aU  work  with  very  small  currents.  I 
have  been  looking  for  some  indication  of  using  an 
infinitesimal  current  to  work  at  100  words  per  minute, 
something  like  10  /uA.  From  some  of  the  figures  I 
note  that  50  mA  is  required  for  the  transmitter  key 
at  200  words  a  minute,  but  I  should  like  to  know  how 
much  current  is  actually  needed  for  working  the  re- 
ceiving instrument  itself.  I  notice  that  in  one  applica- 
tion of  this  instrument  the  author  adopts  the  well- 
known  Gulstad  device  of  causing  the  relay  to  oscillate. 
Gulstad  himself  very  greatly  improved  the  sensitivity 
of  the  standard  relay,  or  of  his  own,  by  causing  it  to 
oscillate,  and  he  could  adju.st  his  condensers  so  as  to 
cause  the  relay  to  oscillate  at  any  particular  frequency 
suitable  for  the  speed  at  which  he  was  going  to  receive. 
That,  apparently,  is  another  telegraphic  device  which 
is  embodied  in  this  instrument.  It  is  very  interesting 
to  see  that  these  devices  are  appUed  to  this  new  instru- 
ment. It  is  not  clear  that  the  relay  is  very  much  more 
sensitive  than  other  relays.  One  of  the  experiments 
performed  to-night  was  with  the  siphon  recorder  with 
the  siphon  pressed  hard  on  the  paper.  I  fail  to  see 
what  that  had  to  do  with  the  relay,  inasmuch  as  it  is 
in  a  local  circuit,  and  this  being  so  it  does  not  affect 
the  working  of  the  relay  but  only  that  of  the  siphon. 
If  one  adjusts  a  siphon  badly  one  expects  to  get  cor- 
respondingly bad  results,  and  vice  versa.  I  should 
Uke  more  information  as  to  how  the  instrument  can  be 


used  for  dealing  with  large  powers  for  keying,  and  to 
know  what  would  be  the  advantage  of  this  relay  for 
working  some  other  local  relay  with  heavy  contacts, 
as  compared  with  any  standard  form  of  relay. 

Mr.  D.  Murray  :  The  reference  to  tangential  forces 
reminds  me  of  an  experiment  which  Mr.  S.  G.  Brown 
made  many  j'ears  ago  in  connection  with  his  submarine 
cable  work.  He  arranged  a  rotating  steel  spindle  and 
wound  a  cord  round  it  several  times.  A  slight  pull 
on  the  cord  by  means  of  a  thread  raised  a  big  weight. 
This  simple  device  formed  a  mechanical  magnifving 
relay,  and  it  is  possible  bj"-  this  means  to  raise  a  hundred- 
weight by  a  single  silk  fibre.  It  is  my  impression  that 
some  of  the  lessons  learned  and  methods  adopted  in 
submarine  cable  work  might  be  adapted  verj'  advan- 
tageously to  wireless  work.  There  is  a  tendency  now- 
adays to  work  too  much  in  watertight  compartments  ; 
it  might  be  of  advantage  sometimes  to  study  what 
others  are  doing. 

Major  B.  Binyon  :  In  any  subject  where  there  are 
alternative  methods  of  achieving  the  same  result  the 
first  question  which  springs  to  one's  mind  is  the  point 
emphasized  by  Mr.  Shaughnessy,  namely,  the  particular 
advantages  possessed  by  the  author's  method.  In 
these  days  when,  by  means  of  valves  (given  suitable 
conditions),  signal  strength  may  be  magnified  to  almost 
any  required  degree,  and,  moreover,  may  be  magnified 
proportionately,  one  is  inclined  to  doubt  whether  the 
form  of  mechanical  magnification  dealt  with  in  the 
paper  has  a  great  field  before  it,  especially  in  view 
of  the  desirability,  pointed  out  by  Mr.  Carpenter,  of 
proportional  magnification  for  recording ;  the  latter 
can  be  obtained  by  means  of  valve  amplifiers  appUed 
to  many  of  the  recording  systems  commonly  employed 
in  line  and  cable  telegraphy. 

Major  H.  P.  T.  Lefroy  :  I  should  like  to  draw 
attention  to  one  fact  that  has  not,  I  think,  been  men- 
tioned in  the  discussion,  namely,  that  this  instrument 
appears  to  be  the  exact  magnetic  equivalent  of  the 
Johnsen-Rahbek  "  revolving  electric  drum "  relay  ; 
there  is  the  same  motor  drive,  the  same  intense  adhesion, 
the  same  shape  of  recorded  signal,  and  so  on.  The 
Johnsen-Rahbek  instrument  and  its  appropriate  circuits 
have  not,  I  think,  been  worked  out  with  the  same 
completeness  as  this  one,  but  I  should  like  to  ask  the 
author  if  he  has  made  any  comparison  between  the  two 
for  a  given  strength  of  signals  and  a  given  number  of 
words  per  minute. 

Mr.  A.  C.  Brown  :  A  number  of  speakers  have  given 
us  the  impression  that  old  ideas  and  methods  are  being 
revived.  I,  like  Mr.  Swinton,  made  one  of  these 
magnetic  detectors  manj'  years  ago  ;  and  there  is  a  great 
resemblance  between  this  instrument  and  the  Johnsen- 
Rahbek  instrument,  as  has  been  pointed  out,  and  also 
between  this  and  the  Edison  "  motograph,"  which  was 
the  pioneer  of  all  its  type.  This  instrument,  however, 
may  be  very  much  more  sensitive  than  any  that  have 
preceded  it,  and  certainly  it  is  more  beautifully  made 
than  anything  I  know  of  which  has  been  previously 
used  in  this  connection.  !Most  of  the  previous  makers 
of  this  class  of  apparatus  have  directed  their  attention 
principally  to  telephony  (using  the  electromagnetic 
frictional  device  to  vibrate  a  diaphragm),  but  in  regard 
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to  telegraphy,  an  instrument  possibly  more  sensitive 
than  either  was  made  some  time  ago — a  rapidly 
revolving  drum  with  a  layer  of  insulation  across  its 
diameter  and  a  stylus  bearing  on  the  drum,  the  move- 
ment of  which  is  initiated  by  a  very  gentle  force  either 
way.  The  initial  movement  is  magnified,  apparently 
by  the  friction  of  the  stylus  on  the  drum,  but,  the 
drum  being  run  by  local  power,  that  power  is  imparted 
to  the  cross  mo\ement  and  the  relay  is  operated.  The 
stylus  is  platinized,  and  makes  contact  with  one  or  the 
other  end  of  the  drum  across  the  insulation.  The 
instrument  is  very  sensitive  indeed.  As  other  speakers 
have  mentioned,  it  would  be  very  interesting  to  know 
what  advantages  the  relay  described  in  the  paper  pos- 
sesses over  others.  I  do  not  wish  to  imply  that  it 
does  not  possess  an  advantage ;  probably  it  does. 
The  apparatus  is  very  beautifully  worked  out,  and 
whether  or  no  there  is  a  present  advantage  there  is 
always  great  utility  in  providing  another  way  to  do 
that  which  has  been  done  before,  possibly  not  so  well. 

Mr.  Ben  Davies  (communicated)  :  The  instrument 
developed  by  the  author  for  relaying  and  recording  is 
likely  to  find  useful  applications.  It  seems  to  me  that 
its  most  practical  and  important  features  depend,  first, 
on  the  fact  that  the  acceleration  (force/mass)  is  very 
great  and  consequently  has  high  speed  possibilities ; 
and  secondly,  that  this  acceleration  is  obtained  not 
by  reducing  the  mass  but  by  obtaining  a  great  force, 
with  the  result  that  the  action  is  robust  and  therefore 
likely  to  possess  stability.  How  the  instrument  will 
compare  in  reliability  with  other  apparatus  remains 
to  be  seen.  It  is  pretty  certain  that  the  coefficient 
of  friction,  fj,,  between  two  surfaces  ground  to  such 
accuracy  of  fit  as  that  mentioned  in  the  paper  must 
yield  an  apparently  higher  figure  than  those  generally 
quoted  in  textbooks.  Thus,  the  coefficient  of  friction 
between  parts  of  the  Johnsen  gauges  must  be  enormous, 
for  they  are  ground  down  to  such  accuracy  that  mole- 
cular forces  play  a  \eTy  prominent  part.  In  fact,  the 
normal  pressure  on  the  surfaces  in  some  cases  amounts 
to  many  atmospheres.  Under  such  conditions  the 
normal  pressure  on  the  surfaces  must  vary  at  an 
enormously  rapid  rate  with  the  distance.  In  the 
author's  apparatus  a  rough  grinding  would  probably 
produce  a  tangential  force  P  =  ufA  with  a  radial 
mechanical  force  /  and  a  |u.  of  about  the  ordinan,'  text- 
book magnitude.  Careful  grinding,  however,  brings 
into  play,  possibly,  a  molecular  attraction  /j,  and  con- 
sequently a  new  tangential  force  fx{f  +  fi)A,  producing 
an  apparent  rise  in  the  coefficient  as  defined  mechanically. 
The  application  of  the  niagnetic  force  B'^A/Sn  probably 
raises  the  value  of  fi  to,  say,  /£  by  bringing  the  surfaces 
into  still  more  intimate  contact,  thus  giving  finally  a 
tangential  force  ix(f -\- f^  +  B'^I%tt)A.  Moreover,  the 
purety  mechanical  force  /  tends  to  disappear  as  the 
evenness  and  intimacy  of  the  surfaces  increase,  with 
the  consequence  that  the  action  becomes  more  and 
more  molecular  in  character.  Altogether  the  action 
on  the  shoe  is  likely  to  be  a  complicated  one. 

Mr.  H.  H.  Harrison  [communicated)  :  The  recorder 
described  by  the  author  belongs  to  the  trigger  type 
of  relay,  in  which  a  comparatively  small  initial  amount 
of  energy  controls   the  liberation  of  a  much   greater 


quantity.  A  comparatively  recent  example  of  this 
t3rpe  is  furnished  by  the  Johnsen-Rahbek  apparatus, 
depending  upon  the  electrostatic  effect  bet\veen  a 
flexible  shoe  partially  surrounding  a  rotary  drum  or 
roUer  formed  of  Uthographic  stone.  The  general  prin- 
ciple of  the  shoe-drum  type  of  trigger  goes  back  much 
further  than  this  and  its  possibilities  are  such  that  I 
think  a  brief  description  of  tr\vo  such  arrangements 
will  be  of  interest.  Fig.  A  represents  a  form  of  loud- 
speaker devised  in  1901  by  D.  Higham.  The  primary 
vibratory  diaphragm,  actuated  by  means  not  shown, 
is  mechanically  connected  to  the  free  end  of  a  horizontal 
lever  HL  the  opposite  end  of  which  is  pivoted  at  a 
fixed  point.  Depending  from  HL  is  a  link  L  on  which 
a  shoe  S  is  hung.  S  rests  on  a  rotating  drum  and 
normally  slips  freely  on  this.  The  shoe  is  further 
connected,  as  shown,  to  a  secondary  vibratory  dia- 
phragm B.  The  action  is  fairly  obvious.  As  A  moves 
to  and  fro  in  response  to  speech  currents,  it  varies 
the  friction  between  the  shoe  and  the  drum  and  thus  the 
puU  of  the  shoe  on  the  secondary  diaphragm.  The 
arrangement  of  Fig.  B  (i)  is  rather  more  interesting 
as  it  sets  out  to  accompKsh  the  precise  objects  of  the 
author's   apparatus,   viz.   simultaneously  to  operate  a 


Fig.  a. 

recording  siphon  and  close  repeating  contacts  with  an 
energy  far  in  excess  of  that  originating  the  operation. 
D  is  a  drum  rotated  by  means  of  pulley  P  through  a 
motor  not  shown.  To  the  recorder  coil  RC  two  cords 
are  attached  and  from  thence  they  pass  to  a  cradle  C, 
being  wrapped  two  or  three  times  round  the  rotary 
drum  on  their  way.  The  cradle  carries  a  contact  arm 
and  also  a  siphon  (not  shown).  Fig.  B  (ii)  shows  a 
variation,  both  arrangements  being  invented  by  Piedfort 
in  1895.  As  the  recorder  coil  shown  in  Fig.  B  (ii) 
oscillates,  it  alternately  tightens  and  loosens  the  cords 
wTapped  around  the  drum,  the  tightened  cord  acting 
as  a  coil  clutch  to  couple  the  drum  to  one  or  other  arm 
of  the  cradle,  C.  This  arrangement  of  Piedfort's  works 
extremely  well  and  can  be  applied  with  advantage 
where  both  relayed  and  recorded  signals  are  required. 
It  will  give  square-shaped  signals  at  high  speeds  but, 
unless  the  relaying  feature  is  required,  the  complications 
of  this  or  any  equivalent  device  hardly  seem  worth 
while.  In  the  author's  apparatus,  the  short  transit 
time  gives  nice,  square  signals  regardless  of  their 
amplitude.  When  such  signals  have  to  be  read  for 
some  time,  the  type  of  signal  giving  the  least  fatigue 
is  one  in  which  the  amplitude  is  not  too  great  nor  the 
paper  speed  so  low  as  to  crowd  the  signals  together. 
The  siphon  arrangements  are  admirable.  The  idea 
of   gripping   the  siphon   at   the   inking  end  is  a  good 
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one,  as  the  trace  is  free  of  all  oscillations  which  would 
othenvise  have  to  be  damped  out  by  increasing  the 
paper  friction.  When  the  siphon  is  power-driven, 
however,  the  ordinary  type  of  siphon  can  be  employed, 
substituting  stiff  brass  tubing  for  the  ordinary  sUver 
tube.  Making  the  inkpot  end  of  the  siphon  coincide 
with  its  centre  of  oscillation  is  good  and  was  first 
carried  out  by  S.  G.  Brown  (British  Patent  3  325/1911). 
I  notice  tliat  the  lever  pressing  the  paper  on  to  the 
drawing  roller  controls  the  paper-carrying  roUer  by 
means  of  a  hnk.  This  arrangement  permits  of  instantly 
stopping  the  paper  without  interfering  with  the  motor 
and   simultaneously   withdrawing   the    paper   from    the 
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siphon,  and  was  designed  and  first  apphed  by  Mr.  S.  R. 
Smith  to  the  "  Undulator  "  made  by  the  Automatic 
Telephone  Manufacturing  Co.  The  author  has  success- 
fully demonstrated  that  the  design  of  a  telegraph  instru- 
ment is  not  a  rule-of-thumb  matter,  but  involves 
engineering  considerations  as  fully  as  does  the  design  of 
any  other  mechanism. 

Dr.  N.  W.  McLachlan  (in  reply)  :  Mr.  Campbell 
Swinton's  reference  to  the  methods  of  bygone  days 
requires  some  qualification.  The  origination  or  inven- 
tion of  a  method  calls,  in  general,  for  much  less  effort 
than  its  application  to  meet  the  demands  of  modern 
practice.  The  example  which  he  cited  of  Bell's  tele- 
phone is  a  case  in  point.  Whereas  the  original  tele- 
phone was  merely  a  qualitative  instrument  which 
functioned  in  a  certain  way,  its  development  into  an 
instrument  of  precision  the  performance  of  which 
can  be  accurately  analysed  has  necessitated  a  vast 
amount  of  work,  not  only  in  regard  to  telephones, 
but  in  other  directions  too.  Whereas  the  original 
telephone    applied    to    broadcasting    would    give    badly 


distorted  and  in  some  cases  unintelligible  sounds, 
the  modem  instrument  is  comparatively  free  from 
such  inherent  defects,  and  their  elimination  has  called 
for  great  ingenuity  and  much  technical  skill.  Prior 
to  Mr.  Campbell  Swinton's  reference,  I  was  unaware 
of  Dolbear's  paper,  and  I  can  say  that,  had  I  been 
familiar  with  it,  not  one  moment  of  the  time  which 
has  been  spent  on  the  development  of  the  present 
instruments  would  have  been  saved. 

Mr.  Campbell  Swinton  and  Mr.  Brown  have  con- 
structed apparatus  similar  to  that  of  Dolbear,  but 
evidently  with  disappointing  results.  Taking  this  in 
conjunction  with  the  scant  information  in  Dolbear's 
short  paper  of  about  400  words,  I  am  inclined  to  think 
that  Ills  results  were  more  of  an  anticipatory  than  of 
a  real  nature  (based  on  the  results  of  Edison's  Moto- 
graph).  I  think  that  Mr.  Campbell  Swinton's  descrip- 
tion of  the  apparatus  as  a  loud-speaking  telephone  is 
incorrect,  for  according  to  his  own  experiments  "  there 
was  a  good  deal  of  noise,  but  not  articulation." 

Bearmg  in  mind  the  status  of  workshop  practice  in 
a  university  or  a  college  in  the  year  1879,  there  is 
every  reason  to  believe  that  the  surfaces  of  contact 
used  were  very  imperfect.  No  quantitative  measure- 
ments were  made  of  the  magnetic  condition  of  the 
materials.  Had  this  been  done,  nothing  unusual 
would  have  been  discovered,  since  the  particular  effect 
on  which  the  action  of  the  present  apparatus  depends, 
only  occurs  to  any  appreciable  extent  when  the  sur- 
faces fit  one  another  extremely  well  and  are  free  from 
foreign  matter.  If  the  sensitivity  had  exceeded  appre- 
ciably that  of  Bell's  telephone,  it  is  highly  probable 
that  the  device  would  have  been  commercialized,  but 
it  would  have  lacked  sensitivity  unless  the  rubbing 
surfaces  had  been  as  just  stated.  It  may  thus  be 
inferred  that  the  magnetic  or  magneto-cohesion  pheno- 
menon on  which  the  instruments  described  in  the 
present  paper  depend  for  their  operation,  was  not 
discovered  by  Dolbear.  In  fact,  its  existence  can 
only  be  determined  by  accurate  measurements  on 
the  magnetic  condition  of  the  shoe. 

The  relationsliip  between  the  drum  speed  for  the 
key  and  the  pull  has  been  raised  by  Mr.  Ewen. 
As  stated  in  Section  (li)  of  the  paper,  the  varia- 
tion is  more  accidental  than  real  and  is  of  no 
practical  importance,  provided  the  drum  .  is  not 
allowed  to  become  too  warm.  This  cannot  occur, 
owing  to  the  draught  from  the  fan.  Mr.  Ewen's 
remark  on  the  advantage  possessed  by  the  trans- 
mitting key  puts  the  question  very  clearly  and  con- 
cisely. The  requirement  is  a  large  force  per  unit 
current,  and,  in  virtue  of  the  new  phenomenon,  this 
ratio  can  be  made  extremely  large  with  moving  parts 
of  small  mass.  In  Appendix  II  I  have  given  data 
respecting  the  performance  of  the  new  key,  and  I 
hope  that  these  will  meet  Mr.  Ewen's  requirements. 

Dealing  with  the  question  of  relaying  from  a  valve 
circuit  to  a  printing  machine  or  other  device,  Mr. 
Carpenter  states  that  a  well-designed  relay  will  operate 
on  much  smaller  current-changes  than  the  magnetic 
drum  t>-pe.  This  statement  is  incorrect,  and  in  practice 
— it  is  idle  .to  quote  laboratory'  data  where  signals 
are  perfect,   and  to  which  the  reference  was  probably 
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made — the  magnetic  drum  type  will  function  with 
precision  as  a  relay  and  as  a  recorder  at  100  w.p.m. 
on  4  mA,  whereas  the  usual  type  of  relay  requires 
{for  precision  work)  a  current  of  from  10  to  15  mA 
each  way,  which  is  approximately  equivalent  to  20 
to  30  mA  single  current.  Thus  an  ordinary  relay 
performs  only  one  function,*  and  requires  from  5  to 
7-5  times  the  current.  As  regards  bias,  the  marking 
and  spacing  on  the  magnetic  drum  type  can  be  varied 
over  a  much  wider  range  than  is  the  case  with  any 
relay  which  is  in  unstable  equilibrium  when  the 
moving  part  is  in  its  magnetically  s^inmetrical  posi- 
tion, e.g.  the  Post  Office,  A.T.M.,  and  Carpenter 
relays.  Furthermore,  the  magnetic  drum  type  is 
stable,  and  the  adjustment  is  never  accompanied  by 
a  sudden  cessation  in  operation  due  to  holding  over 
on  one  of  the  stops. 

Concerning  square  signals,  to  which  objection  is 
raised,  it  is  my  own  experience,  and  that  of  others 
in  this  country  and  in  America,  that  operators  undoubt- 
edly prefer  such  signals,  and  this  is  the  reason  why 
they  are  used  in  practice.  The  recorder  of  the  Radio 
Corporation  of  America,  to  which  reference  concerning 
proportional  representation  is  made,  also  gives  square 
signals.  As  it  works  between  stops  it  does  not  give 
proportional  representation.  Moreover,  I  fail  to  grasp 
Mr.  Carpenter's  conclusions  on  proportional  repre- 
sentation, especially  as  his  own  experience  in  America 
appears  to  have  been  obtained  from  this  instrument. 
Perhaps  he  has  mistaken  it  for  the  instrument  designed 
by  Mr.  Hoxie  of  the  General  Electric  Co.,  Schenectady. 
Mr.  Hoxie's  apparatus  is  a  form  of  a  vibration  gal- 
vanometer tuned  to  about  2  000  periods,  and,  since  it 
is  not  critically  damped  and  the  frequency  is  low, 
truly  proportional  representation  is  impossible.  The 
cathode  ray  oscillograph  is  the  only  existing  t3rpe  in 
which  truly  proportional  representation  is  possible. 
^Moreover,  it  is  necessary  to  resort  to  photographic 
reproduction,  and  although  the  signals  in  some  cases 
might  be  more  legible  than  in  others,  the  method  is 
at  present  ruled  out  in  commercial  work  owing  to  its 
high  cost.  Strictly  proportional  representation  has 
points  to  recommend  it,  and,  although  rough  pre- 
liminary experiments  appear  to  show  that  it  may 
have  advantages,  one  is  reminded  of  the  multitude 
of  miraculous  devices  which  were  invented  a  few 
years  ago  for  paralysing  parasites,  none  of  which  was  of 
much  use.  In  these  days  when  radio  telegraphy  is  being 
attacked  in  a  scientific  manner,  the  most  effective  weapon 
that  the  wireless  engineer  can  wield  against  these  foes  is 
found  to  be  a  simple  series  of  selective  circuits. 

Coming  now  to  fixed-stop  apparatus :  with  the 
magnetic  drum  recorder  and  an  appropriate  receiving 
circuit  it  is  readily  possible  to  discriminate  betiveen 
signals  and  atmospherics,  even  when  the  latter  are 
troublesome.  This  would  not  apply,  however,  to  the 
usual  form  of  electromagnetic  recorder.  I  tliink  that 
Mr.  Carpenter  has  been  confusing  the  so-called  Undu- 
lator  type  recorder  with  the  Morse  pattern.  The 
latter  is  certainly  of  the  "  all  or  notliing "  variety, 
and  in  this  respect  I  would  refer  him  to  my  remarks 

•  In  practice  it  is  usual  to  keep  a  check  slip  of  the  messages,  and 
therefore  a  recorder  is  necessary. 


in  the  discussion  on  Lieut.-Col.  Cusins's  paper  (see 
Journal  I.E.E.,  1922,  vol.  60,  p.  260).  The  fixed- 
stop  recorder  is  as  yet  by  no  means  ruled  out  by  the 
Marconi  Co.  in  this  countrj',  or  by  the  Radio  Corpora- 
tion in  America  for  transoceanic  commercial  record- 
ing, and  is  in  everyday  use  on  both  sides  of  the 
Atlantic.  The  results  obtained  in  practice  justifj'  the 
use  of  such  instruments. 

Mr.  Carpenter's  final  remark  on  the  "  complexity 
of  the  adjustments  "  is  opposed  to  fact.  As  stated 
explicitly  in  the  paper,  no  adjustment  is  necessary 
when  the  speed  of  signalling  is  varied,  and  there  is 
great  latitude  in  the  initial  setting  of  the  control 
spring  and  of  the  CR  unit.  During  the  demonstration 
I  showed  no  fewer  than  eight  different  experiments 
illustrating  the  various  physical  properties  of  the 
instrument.     Hence  adjustments  were  necessary. 

As  Mr.  Joseph  remarks,  no  application  has  yet  been 
attempted  in  connection  with  cable  telegraphy.  Con- 
cerning working  currents,  I  would  refer  him  to  Appen- 
dix I.  I  think  that  the  best  way  to  deal  with  cable 
recording  would  be  to  insert  a  valve  circuit  betiveen 
the  instrument  and  the  cable,  for  then  the  inductance 
of  the  former  would  not  interfere  with  the  wave-form 
of  the  incoming  current.  To  obtain  an  adequate 
working  current  is  merelj'  a  matter  of  cascading  suit- 
able valves  in  an  appropriate  manner.  At  the 
demonstration  the  current  through  the  recorder  was 
about  2  mA,  the  circuit  of  Fig.  11  being  employed, 
details  of  which  are  given.  I  greatly  appreciate  Mr. 
Joseph's  admiration  for  the  workmanship,  and  for 
this  I  am  indebted  to  those  whose  names  are  mentioned 
at  the  end  of  the  paper.  The  drums  are  alwaj's  turned 
in  a  lathe  on  their  own  ball  bearings,  this  being  a 
special  and  necessary  feature  of  the  design.  I  have 
always  insisted  upon  extreme  accuracy,  for  this  elimi- 
nates the  possibility  of  trouble  in  the  future.  The 
precise  diameter  of  the  drum  is,  of  course,  immaterial. 
No  trouble  has  been  experienced  with  the  shoe 
contact  on  the  drum,  even  at  sea.*  In  tliis  respect 
it  may  be  of  interest  to  know  that  the  first  model 
is  now  on  the  "  Majestic,"  and  good  results  have  been 
obtained  at  high  speed,  the  recorder  being  placed 
direct  in  the  valve  circuit.  I  do  not  anticipate  trouble 
in  humid  atmospheres,  because  there  is  sufficient  heat 
generated  at  the  surface  to  prevent  hydrous  lubrica- 
tion. Likewise  no  difficult}'  has  been  encountered 
due  to  the  wear  of  the  shoe. 

In  reply  to  Mr.  Tilley,  the  reason  for  using  Swedish 
iron  in  preference  to  steel  for  the  spindle  is  to  enhance 
demagnetization  on  cessation  of  the  signal  current, 
so  that  the  siphon  lever  returns  rapidly  to  the  back 
stop.  The  surfaces  should  always  be  kept  free  from 
grease  or  moisture.  Occasionally  a  clean,  dry  rag 
may  be  used  to  remove  any  dust  or  other  matter,  but 
this  is  really  unnecessary.  On  the  recorder  ven,-  little 
grinding  occurs,  and  the  surfaces  become  polished. 
With  the  kej^s,-  where  the  working  forces  are  larger 
and  the  shoe  becomes  wann,  grinding  probably  occurs 
to  a  certain  extent,  but  it  cannot  well  be  avoided. 
The  brushes  used  on  the  brass  slip-rings  may  be  of  either 

*  See  Wireless  World,  1923,  vol.  12,  p.  124;  Electrician,  1923, 
vol.  9U,  p.  291  ;  and  Wireless  Weekly,  25  .\pril,  1923. 
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morganite  or  bronzcol,  but  as  these  materials  were 
not  to  hand  at  the  time,  ordinary  carbon  brushes  were 
inserted  and  the  rings  smeared  lightly  with  vaseline. 

The  answers  to  Mr.  Shaughnessy's  queries  will  be 
found  in  the  paper  and  in  Appendix  I.  He  will  see 
that  the  desired  "infinitesimal  current"  of  10 /xA  at 
100  w.p.m.  is  a  practical  proposition.  Contrary  to 
what  Mr.  Shaughnessy  says,  the  Gulstad  device  of 
"  oscillating  "  is  not  used  in  practical  work  with  the 
magnetic  drum  instruments  ;  it  merely  ser\-es  as  an 
illustration  of  one  of  the  properties  of  the  instrument. 
The  experiment  to  illustrate  excessive  paper  friction 
has  a  practical  bearing  on  the  problem  of  relaying 
from  the  recorder,  since  delay  in  reaching  the  back 
stop  is  detrimental  to  the  record  at  the  far  end  of 
the  line  (see  Fig.  22,  No.  6). 

Mr.  Murray's  reminiscence  of  S.  G.  Brown's  experi- 
ment brings  to  my  mind  a  well-known  seaport  device, 
viz.  the  hydraulic  capstan.  I  saw  this  apparatus 
some  23  years  ago  at  Silloth,  in  Cumberland,  when 
several  wagons  weighing,  perhaps,  70  tons  were  hauled 
along  by  a  man  pulling  lightly  on  one  end  of  a  rope 
wound  several  times  round  the  capstan  head. 

In  replying  to  Messrs.  Carpenter  and  Shaughnessy, 
I  have  almost  covered  the  points  mentioned  by  Major 
Binyon.  A  perusal  of  the  paper  and  Appendixes  I 
and  II  ought  to  convince  Major  Binyon  that  a  method 
yielding  a  higher  degree  of  precision  with  smaller 
working  currents  must  be  superior  to  its  predecessors. 
I  was  not  aware  that  proportional  representation  on  a 
moving,  non-sensitized  tape  could  be  accomplished 
by  many  well-known  methods,  and  I  fear  that  Major 
Binyon  is  imder  the  same  impression  regarding  pro- 
portional representation  as  Mr.   Carpenter. 

Magnification  to  any  desired  degree  by  a  valve  is 
hardly  the  problem  at  issue,  for  the  force  obtainable 
with  the  ordinary  pattern  of  recorder  is  limited  ulti- 
mately owing  to  heating  of  the  coils.  Moreover,  in 
this  respect  alone  an  instrument  giving  a  much 
greater  force  per  unit  current  for  a  moving  system  of 
definite  mass  is  to  be  preferred.  In  addition,  if  the 
number  of  valves  required  can  be  reduced,  this  is 
also  beneficial,  since  it  minimizes  the  possibility  of 
spurious  reaction,  lessens  the  working  and  capital 
costs  and  saves  space.  Incidentally  I  may  mention 
that  the  magnification  is  not  purely  mechanical,  but 
depends  on  magnetism  as  an  accessory. 

Concerning  the  Johnsen-Rahbek  effect  cited  by 
Major  Lefroy,  I  have  no  experimental  experience  in 
this  direction,  and,  so  far  as  I  am  aware,  the  effect 
has  not  been  satisfactorily  explained,  nor  have  calcula- 
tions been  performed  on  the  same  lines  as  those  in 
Section  14  of  the  present  paper.  I  have  no  data  with 
which  to  compare  the  performances  of  the  two  instru- 
ments, but  I  can  state  without  hesitation  that  the 
magnetic  drum  instrument  is  unaffected  by  the  humi- 
dity of  the  atmosphere  and  climatic  conditions  in 
general,  and  it  is  much  stronger  mechanically  than 
any  other  form  of  recorder  yet  constructed.  It  is 
primaril)'  a  current-operated  device,  whilst  the  John- 
sen-Rahbek instrument  is  voltage-operated. 

Replying  to  Mr.  Brown,  I  think  that  the  electro- 
static  telephone   of  Dr.   Elisha  Gray   was   the   pioneer 


of  its  type,*  and  it  was  due  to  this  instrument  that 
Edison's  attention  was  directed  to  telephony,  his 
Motograph  being  evolved  as  a  consequence.  From 
the  description  given  of  the  revolving  drum  relay,  the 
force  acting  on  the  stylus  is  apparently  equal  to  the 
product  of  the  coefficient  of  friction  and  the  force  with 
which  it  is  pressed  on  the  drum,  whereas  in  the 
present  instrument  there  is  also  the  additional  force 
resulting  from  the  magnetic  effect  described  in 
Section  14.  Thus  the  magnetic  drum  device  must  be 
many  times  more  sensitive,  especially  if  sensitivity  is 
defined  broadly  as  "  force  per  unit  mass  of  moving 
system  for  a  given  current."  In  this  respect  I  would 
refer  Mr.  Brown  to  the  curves  and  data  in  Section  14, 
and  also  to  Appendix  I,  where  it  is  shown  that  an 
instrument  can  be  made  to  function  at  100  w.p.m.  on 
a  current  of  10 /j, A. 

It  does  not  seem  to  have  been  generally  realized 
that,  for  a  given  moving  mass,  much  larger  forces 
can  be  obtained  per  unit  current  with  the  magnetic 
drum  apparatus  than  with  other  methods.  This  is 
due  to  (1)  the  absence  of  an  air-gap  in  the  magnetic 
circuit  through  the  shoe,  and  (2)  the  new  phenomenon, 
which  augments  the  force  (as  expected  by  calculation) 
manifold.  The  principle  of  the  apparatus  is  such 
that  the  energy  input  is  almost  entirely  (except  for 
the  initial  ^Li~)  utilized  in  causing  a  pull  on  the  shoe, 
and  could  be  very  small  if  a  considerable  reduction 
in  the  resistance  of  the  coil  were  possible,  whereas,  in 
an  ordinary  relay,  part  of  the  energy  input  is  converted 
into  kinetic  energy  of  the  moving  system.  In  the 
magnetic  drum  apparatus  the  energy  is  supplied  by 
an  external  source,  and  hence  the  appliance  is  an 
energy  amplifier. 

Mr.  Davies  sums  up  in  s^mibolic  form  what  I  had 
in  mind  when  writing  Section  14,  which  describes  the 
sliding  force  between  drum  and  shoe.  It  would  appear 
that  molecular  forces  are  brought  into  play,  but  I 
agree  with  Mr.  Davies  that  "  the  action  on  the  shoe 
is  likely  to  be  a  complicated  one."  The  shape  of  the 
(experiment/calculation)  curve  supports  the  theory  of 
molecular  action,  since  after  the  surfaces  are  brought 
sufficiently  near  to  give  the  peak  on  the  curve,  the 
ratio  falls  off,  as  would  be  expected,  for  the  degree 
of  closeness  will  not  increase  to  any  considerable 
extent.  Mr.  Davies's  preliminary  remarks  are  abso- 
lutely to  the  point.  As  regards  reliability,  several 
instruments  have  been  in  operation  for  18  months 
without  giving  any  trouble. 

In  reply  to  Mr.  Harrison,  I  think  that  Higham's 
amplifier  is  of  scientific  interest  but  of  no  value  in 
practice  as  a  telephonic  device,  owing  to  the  distortion 
arising  from  the  method  employed.  I  appreciate  the 
Piedfort  relay,  because  I  have  made  experiments  on 
similar  lines.  Such  instruments  require  careful  hand- 
ing, however,  and  are  of  a  delicate  nature.  The 
magnetic  drum  recorder  is  an  instrument  which  is 
strong  and — to  use  a  vulgarism — "  fool-proof."  The 
advantages  of  the  latter  quality  are  too  obvious  for  com- 
ment. The  record  showing  Wheatstone  working  was 
obtained  by  slightly  tilting  the  platen  over  which  the 
paper  runs,  so  that  the  tape  was  inked  only  when  the 
•   Patented  in  1875. 
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tongue  rested  on  the  marking  stop.  The  friction 
paper  dri%-e  shown  in  Fig.  1  has  now  been  superseded, 
as  I  find  it  more  satisfactor\-  to  drive  straight  from  the 
worm  gear  and  vary  the  speed  of  the  motor  by  means 


of  rheostats.  Mr.  Harrison's  remarks  are  most 
encouraging.  He  has  fully  grasped  the  features  incor- 
porated in  the  design,  which  are  so  essential  for 
success  in  commercial  service. 


THE    DESIGN    OF    INDUCTANCES    FOR    HIGH-FREQUENCY    CIRCUITS. 

By  Professor  C.  L.  Fortescue,  Member. 

{Paper  first  received   24/A   October,    1922,  and   in  final  form   ZOth  January,    1923;   read  before   the   Wireless   Section, 

2nd  May,    1923.) 


Summary. 
This  paper  consists  of  an  investigation  of  the  proportions 
and  the  arrangement  of  the  winding  of  high-frequency 
inductances  in  order  to  obtain  the  minimum  ratio  of  RjL. 
Both  stranded  and  sohd  wire  coils  are  dealt  with,  and  the 
unavoidable  limitations  arising  from  the  space  factor  are 
considered.  Results  and  tables  are  given  which  enable 
simple  comparisons  to  be  made  between  stranded  and  solid 
wire  coils  having  either  single-  or  multiple-layer  windings. 


1.  Introduction. 


The  necessity  of  designing  inductances  with  the 
minimiim  ratio  of  resistance  to  inductance  presents 
itself  at  both  the  transmitting  and  receiving  stations  in 
all  branches  of  wireless  communication.  The  relative 
advantages  of  stranded  and  solid  conductors  and  the 
best  form  of  the  coil  have  been  discussed  frequently 
with  somewhat  indeterminate  results.  Many  sources  of 
power  loss  are  known  to  exist,  but  in  this  paper  only 
the  losses  in  the  metallic  parts  of  the  conductors  are 
considered,  and  an  attempt  has  been  made  to  determine, 
for  any  given  conditions,  whether  stranded  or  solid 
conductors  are  preferable  and  what  is  the  best  form  of 
the  coil  so  that  the  metallic  losses  shall  be  as  small 
as  possible.  Numerical  examples  are  given  at  the  end 
showing  that  as  far  as  these  losses  alone  are  concerned 
it  is  possible  to  design  compact  coils  having  a  low  resist- 
ance ;  and  from  these  figures  it  follows  that  the  reduction 
of  the  dielectric  losses  is  in  practice  the  controlling  factor. 

The  methods  adopted  are  a  continuation  of  previous 
work,  particularly  of  the  unpublished  work  of  Mr.  H.  A. 
Madge,  carried  out  in  the  autumn  of  1914  when  he  was 
in  the  Wireless  Department  of  H.M.S.  "  Vernon," 
Portsmouth.  The  author  desires  to  thank  the  Admir- 
alty for  permission  to  publish  the  figures  of  Table  1 
of  this  paper  which  are  derived  very  largely  from  Mr. 
Madge's  computations.  Important  papers  on  this 
subject  have  also  been  published  hy  Prof.  G.  W.  O. 
Howe  *  and  Mr.  S.  Butterworth.f  The  latter  deals 
with  certain  aspects  of  the  problem  very  rigorously 
indeed  and  it  is  interesting  to  note  that  the  approximate 
methods  adopted  in  this  paper  are  in  agreement  with 
his  results. 

•  Proceedings  of  the  Royal  Society,  1917,  vol.  93  (A),  p.  468. 
t  Philosophical  Transactions,  1922,  vol.  222  {A),  p.  67. 


2.  The  Losses  in  a  Coil  of  Finely  Stranded 

Wire. 
If  properly  arranged  with  respect  to  one  another  all 
the    strands    will    carry    their    proportionate    share    of 
the  current,  and  the  power  expenditure  will  be  due  to  : 
(i)  The  conductor  losses,  assumed  in  this  case  to  be 

the  same  as  for  steady  currents, 
(ii)  The  eddy-current  losses  in  the  conductors  due  to 
the  main  field  of  the  inductance. 
These  two  losses  may  be  calculated  separately  and  then 
added.* 

Let  di  denote  the  diameter  of  the  individual  strands 
in  cm. 
n  denote  the  number  of  strands  laid  up  into  each 

conductor. 
A  denote  the  wave-length  in  metres. 
p  denote  the  specific  resistance  of  the  conductor 
in  ohms  per  cm  per  cm-. 
Then  for  1  cm  length  of  strand  the  simple  conductor 
resistance  is  l-27p/df  ohms.     For  n  strands  in  parallel 
the  resistance  per  cm  will  be    1-27  p/ndj  ohms.      For 
1   cm  length  of  strand  placed  with  axis  perpendicular 
to  an  alternating  magnetic  flux 

Bf  =  \'2B  sin  cot 
and  assuming  that  the  eddy  current  in  the  wire  is  so 
small  that  the  flux  is  not  materially  altered  by  it,  the 
eddy-current  loss  is 


n-idlB'^ 


watts  j 


The  value  of  B  will  vary  throughout  the  coil  and  the  total 
loss  will  be  found  by  calculating  the  average  value  of  B^. 
The  value  of  B  at  any  point  near  the  coil  is  directly 
proportional  to  the  current  carried  by  the  conductor 
and  to  the  number  of  turns,  but  inversely  proportional 
to  the  linear  dimensions  for  a  coil  of  given  form.  The 
average  value  of  B~  may  therefore  be  wTitten 

where  /  is  the  R.M.S.  current  per  conductor,  N  the 
number  of  turns,  D  the  overall  diameter  in  cm.  and  K 
a  constant  depending  upon  the  form  of  the  coil. 
•  G.  W.  O.  Howe:  he.  cit.  t  tbid. 
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Thus  the  average  loss   (in  watts)    per  cm  length   of 
strand  throughout  the  whole  coil  is 


'^-(m^y 


The  average  contribution  of  each  cm  length  of  strand 
towards  the  total  resistance  of  the  inductance  is  thus 


-C4)(5>- 


For  a  conductor  made  up  of  n  strands  the  contribu- 
tion per  cm  length  towards  the  total  resistance  will  be 

Thus  the  total  resistance  per  cm  length  of  the  whole 
stranded  conductor  is 


Regarding  the  number  of  strands  in  the  conductor 
as  the  variable,  this  total  resistance  is  a  minimum  when 


n  =  0-27 


\dP  \KN 


(1) 


The  total  number  of  individual  strands  over  the  whole 
winding  section  for  the  minimum  resistance  is  thus  : — 


— (|)(i) 


(2) 


The  minimum  resistance  per  cm  length  of  conductor 
corresponding  to  this  number  of  strands  is 


9-4 


©(§')»-- 


(3) 


3.  The  Resistance  of  a  Coil  having  a  Solid 
Conductor. 

This  is  a  much  more  difficult  quantity  to  calculate. 
As  in  the  case  of  the  stranded  conductor  the  losses  will 
be  due  to  two  causes,  viz.  : — 

(i)  The  conductor  losses  due  to  the  distribution  of 
the  main  current  over  the  skin  of  the  conductor. 

(ii)  The  losses  due  to  the  surface  distribution  of 
eddy  currents  set  up  by  the  main  flux,  which 
for  large  conductors  tends  towards  such  a  distri- 
bution that  no  flux  penetrates  the  conductor. 

These  two  losses,  when  calculated,  may  be  added  in 
order  to  determine  the  effective  resistance  of  the  whole 
coU. 

The  conductor  resistance  may  be  found  from  any  of 
the  usual  formulae.  But  for  high  frequencies  and  large 
conductors  the  distribution  over  the  surface  of  the 
conductor  is  practically  the  same  as  the  distribution  in 
the  case  of  an  infinite  flat  surface,  viz. 

_;■  =  j(fi~""  sin  (uit  —  mz) 

j  being  the  current  density  in  amperes  per  cm2  at  a 


depth  2  in  the  material,  Jq  the  current  density  at  the 
surface,   and 


I /2ttco         \ 


for  materials  of  unit  permeability. 

The  effective  resistance  per  cm  length  of  a  strip  1  cm 
wide  of  such  a  surface  is 

pm  =  Z -4:4:^/ {pi X)  ohms 

Applying   this   for   a   large   cylindrical   conductor   of 
diameter  do  cm,  the  resistance  per  cm  is 


MO    jp 


d.,   VA 


ohms 


which  is  a  practical  form  of  what  is  usually  known  as 
Rayleigh's  approximation. 

In  order  to  determine  the  losses  arising  from  the 
currents  induced  by  the  main  flux,  it  is  necessary  to 
find  what  surface  distribution  of  current  will  just  prevent 
the  magnetic  flux  from  penetrating  the  conductor.  It 
is  well  known  that  if  the  current  down  the  outside  of 
a  cylinder  is  distributed  over  the  circumference  according 
to  a  sinusoidal  law,  then  the  flux  density  within  the 
cylinder  is  constant  (see  Appendix  1).  Consequently,  a 
sinusoidal  distribution  of  eddy  current  of  the  right 
magnitude  will  prevent  a  uniform  external  flux  from 
penetrating  the  conductor. 

If  the  current  (see  Fig.    1)  is 

j'  =  /max.  sin  ^ 

where  j'  is  the  surface  density  of  the  current  at  angle  (j), 
the  uniform  field  within  the  cylinder  is 


o 


B-  =  (^  )j„ 


Thus,  to  balance  an  alternating  flux 

Bf  =  s/IB  sin  wt 
the  current  necessary  is 

3  =  imat.  sin  wt%va.j) 

'27r\. 


where 


(yj)w  =  V2B 


The  R.M.S.   value  of  the  current  at   the  maximum 
position  will  be 

Jmax.  p 


V2 


2tt 


In  order  to  determine  the  resistance  losses  the  depth 
to  which  this  surface  eddy  penetrates  must  be  ascer- 
tained. Since  the  conditions  are  almost  identical  with 
the  case  of  the  flat  conductor  it  is  reasonable  to  suppose 
that  as  a  close  approximation  the  variation  of  the  current 
with  the  depth  of  penetration  into  the  conductor  will 
be  the  same.  On  this  assumption  the  losses  per  cm 
length  are 

n-ldo^(plX)  .£2  watts 
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and  the  contribution  per  cm  towards  the  total  resist- 
ance is 

13-7do 


WO- 


jD2 


ohms 


Thus  the  total  resistance  per  cm  of  conductor  in  an 
inductance  made  up  of  a  large  solid  conductor  is 

1-094    l/o\        l/P\     K^N^ 


do 


)  +  13-7dJg).-^   ohms 


Regarding    rf<;    as    a    variable,    this    resistance    is    a 
minimum  when 


d.y 


'■H-^) 


■      (4) 


With  this  value  of  do,  the  resistance  in  ohms  per  cm 
length  of  conductor  is 

KN 


7-7- 


fV© 


(5) 


It  is  interesting  to  note  that  so  long  as  the  wave-length 
is  small  enough  for  these  calculations  to  be  applicable, 
the  best  value  for  d.,  is  the  same  for  all  wave-lengths. 

A  simple  method  of  ascertaining  whether  the  methods 
of  this  paragraph  may  be  safely  used  is  to  determine  the 
depth  at  which  the  exponential  factor  e  -""  has  some 


low  value,  e.g.  0-01.  If  the  radius  of  the  conductor 
is  some  three  or  four  times  this  depth  then  these  methods 
are  applicable.  If,  on  the  other  hand,  this  depth  is 
something  larger  than  the  radius  of  the  conductor  it 
shows  that  the  methods  of  Section  2  will  give  better 
results. 

Putting      e-'"^=0-01,     2=l-34v/(Ap) 

The  methods  of  Section  2  may  therefore  be  used  when 
^2  is  equal  to  or  larger  than  about  10  times  Vi^p)- 

More  elaborate  methods  of  testing  the  applicability 
of  the  formulae  have  been  given  by  both  Howe  and 
Butterworth. 

4.  The  Determination  of  the  Form 
Coefficient,  K. 

This  has  been  calculated  by  a  step-by-step  method, 
the  results  being  given  in  Table  1. 


These  values  are  only  given  to  two  places  of  decimals 
as  the  method  of  calculation  (see  Appendix  2)  is  very 
laborious  and  the  results  have  not  been  worked  out  to 
a  higher  degree  of  accuracy.  It  should  be  added  that 
this  table  has  been  calculated  on  the  assumption  that 
the  current  in  the  conductor  is  the  same  throughout  the 
coil.  The  results  will  not  hold,  therefore,  with  wave- 
lengths near  the  natural  wave-length  of  the  coil. 

5.  The  Inductance  of  the  Coil. 

For  a  given  form,  the  inductance  varies  as  the  square 
of  the  number  of  turns  and  directly  as  the  linear  dimen- 
sions, and  may  be  written 


L  =  LqN-D 


(6) 


where  Lq  is  a  constant  which  can  be  calculated  to  a 
sufficient  degree  of  accuracy  for  designing  purposes  from 
any  of  the  well-known  formulae. 


The 

Table  1. 
Form  Coefficient,  K. 

6  =  Axial  length  of  the  coil. 

t  =  Winding  depth  of  the  coil. 

b 
D 

0-5 

0-75 

10 

1-25 

15 

l  =  „.o 

0-99 

0-68 

0-52 

0-43 

0-37 

0-1 

0-77 

0-55 

0-44 

0-37 

0-31 

0-2 

0-65 

0-48 

0-38 

0-32 

0-27 

0-3 

0-57 

0-42 

0-33 

0-28 

0-24 

0-4 

0-52 

0-37 

0-29 

0-24 

0-21 

Table  2  gives  values  of  Lq  for  various  ratios  of  the 
axial  length,  b,  and  the  winding  depth,  i,  to  the  overall 
diameter,  D ;  L  being  given  in  microhenrys  and  D 
being  in  cm. 

Table  2. 


Values 

of  Lq. 

b 
D 

0-5 

0-75 

10 

1-25 

1-5 

0-1 
0-2 
0-3 
0-4 

001062 

0-00774 
0-00580 
0-00402 
0-00264 

0-00824 

0-00618 
0-00459 
0- 00325 
0-00218 

0-00670 

000510 
0-00380 
0-00271 
000186 

0-00567 

0-00435 
0-00323 
0-00235 
0-00160 

0- 00496 

0-00380 
0-00280 
0-00204 
0-00142 

6.  The  Minimum  Ratio  of  RjL  for  an  Inductance. 
The  length  of  wire  in  an  inductance  of  N  turns  is 

I  =  7r.V(£)  -  t) (7) 

Thus,  for  a  stranded  wire  having  the  best  number  of 
strands!  the  ratio  if/L  from  (3),  (7)  and  (6)  is 

??:^    li    h:(\  -  L\  ohms  per  microhenry 
D    •  X     Lo\         d) 
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For  a  large  solid  conductor,  having  the  best  diameter, 
the  ratio  RfL  from  (5),  (7)  and  (6)  is 

(^)  VS)  •  S^  ~  5)  "^"^^  P"  microhenry 
The  factor  —  (l  —   -)  appears  in  both  cases  and  is 


^0 
given  in  Table  3. 


Table  3. 


Values  of  —  (\ V 


b 

0-5 

075 

10 

1-25 

1-5 

t 

-  =  0-0 

93 

82 

78 

76 

75 

01 

90 

80 

78 

76 

73 

0-2 

90 

83 

80 

79 

77 

0-3 

99 

90 

85 

83 

82 

0-4 

118 

102 

94 

90 

89 

4  / 


bt 


which,  from  (2),  becomes 


021    p\     ^  Ifb    t 
Td~  'd['K/\d'o 


(8) 


For  a  solid  conductor  of  diameter  giving  the  minimum 
resistance,  this  ratio  is  X^Trdljbt,  which  from  (4) 
becomes 


0-064-1- /fi.l)      . 
NK~/\D    DJ 


(9) 


0-29/6 

~kId 


(10) 


or  losses  in  the  intervening  insulating  material  maikes 
it  very  difficult  to  realize  a  space  factor  exceeding  0'2. 
That  is,  from   (8) 

0-21    p\     1  //6      t\  ^      ^  „  „ 

.—  .—/—.->  about  0  -  2 

D       d/  KI\D    dJ  -^ 


whence 


D^     p    'D'D 


Assumingcopper  conductors,  for  whichp=  1-8  x  10~', 
this  becomes 

-  >  5-6  X  lOSd.X-^l 


D 


D    D 


Table   4   gives  the  maximum   values   of  A/JD   when 
di  =  0-01524  cm  (No.  38  S.W.G.). 

Table  4. 

Maximum  values  of  XjD  (A  in  metres,  D  in  cm)  for  a 
Stranded-conductor  Coil  having  a  Space  Factor  not 
exceeding  0-2  and  for  a  Diameter  of  Strand  of 
0-01524  cm. 


These  values  point  towards  long  coils  of  small  winding 
depth,  but  the  change  is  remarkably  small  over  a 
considerable  range. 

7.  The  Space  Factor. 
With  stranded  conductors  the  area  of  cross-section 
of  copper  divided  by  the  whole  area  of  the  winding 
space,  for  the  number  of  strands  corresponding  to  the 
minimum  resistance,  is 


6 

0-5 

0-75 

10 

1-25 

1-5 

1  =  0-01 

41 

43 

43 

44 

46 

0-05 

190 

200 

200 

210 

220 

0-10 

330 

350 

370 

400 

400 

0-20 

550 

620 

640 

690 

690 

0-30 

730 

810 

840 

900 

930 

0-40 

890 

960 

990 

1020 

1070 

The  maximum  values  of  X/D  in  Table  4  can  be  used 
for  any  other  diameter  of  strand  or  any  other  space 
factor  by  simple  proportion.  For  example,  if 
d  =  0-0457  cm  (No.  26  S.W.G.),  aU  the  values  in 
the  table  will  be  multiplied  by  3. 

ii.  Solid  conductor. — Allowing  the  same  space  factor 
for  multiple-layer  transmitting  coUs  wound  with  solid 
conductor,  expression  (9)  must  not  exceed  0-2,  i.e. 


'■'''AJ{l>-h)>'-' 


In  the  case  of  single-layer  coUs  of  soUd  conductor 
a  more  important  ratio  is  the  fraction  of  the  whole 
winding  length  occupied  by  the  conductor,  namely 
Nd2jb,  which  from  (4)  becomes 


whence,  by  substituting  N  =  ^/(LILqD) 

b 


D^        K 


:*l  \d  ' 


'f 


d) 


8.  The  Limitations  arising  from  the  Space 
Factor  in  Transmitting  Inductances. 

i.  Stranded  conductor. — With  multiple-layer  stranded 
coUs  used  for  transmitting  purposes  the  spacing  of  the 
conductors  necessary  to  avoid  sparking  between  turns 


It  is  only  with  very  shallow  coils  that  this  limitation 
is  felt  in  practice.  Table  5  gives  minimum  values  of 
LjD  for  tID  =  0-01  and  0-05. 

In  many  cases  single-layer  soUd-conductor  coUs  are 
employed,  and,  allowing  a  minimum  spacing  between 
the  conductors  of  one-half  their  diameter,  expression 
(10)  must  not  exceed  0-67,  i.e. 


D  ^ 


I 
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Table  5. 

Minimum  Values  of  LjD  (L  in  microhenrys,  D  in  cm) 
for  Solid-conductor  Multiple-layer  Coils,  the  Space 
Factor  not  exceeding  0-2. 


b 

D~ 

0-5 

0-75  ■ 

10 

125 

1-5 

1  =  0.01 
005 

45 
2-5 

68 
3-7 

98 
4-5 

116 
50 

130 
5-9 

Table  6  gives  the  values  of  K--  for  the  low  values  of 

tjD,  from  which  it  will  be  seen  that  no  difficulties  arise 
from  this  condition  in  single-layer  coils. 


Table  6. 


Values  of  K—. 


b 

0-5 

0-75 

10 

1-25 

1-75 

0-1 

0-50 
0-39 

0-51 
0-41 

0-52 
0-44 

0-54 
0-46 

0-55 
0-47 

9.  The  Limitations  arising  from  the  Space 
Factor  in  Receiving  Inductances. 

Although  it  is  not  necessary  to  provide  for  considerable 
sparking  distances  between  turns  in  these  inductances, 
it  is  generally  found  that  a  space  factor  higher  than 
0-2  cannot  be  realized  unless  the  conductors  are  wound 
tightly  together,  a  construction  leading  inevitably  to 
large  dielectric  losses.  If  any  form  of  air  spacing  is 
adopted,  the  same  difficulties  are  experienced  as  with 
the  transmitting  coils,  very  often  in  an  accentuated 
form  owing  to  the  fact  that  the  volume  of  the  coil  is 
limited  and  less  efficient  coils  have  to  be  accepted. 

10.  The  Resistance  of  Coils  in  which  the  Condi- 
tions   FOR    Maximum     Efficiency    cannot    be 

COMPLIED    WITH. 

Limitations  arising  from  the  space  factor  or  from 
other  considerations  often  enforce  a  departure  from  the 
ideal  conditions,  and  it  becomes  a  matter  of  importance 
to  determine  the  effect  of  this  departure  on  the  resist- 
ance of  the  coils. 

If  y  =  ax  -{■  (b/x),  y  has  a  minimum  value  when 
X  =  \/{bla),  given  by  !/„,•„.  =  2v/(a/6).  For  any  other 
value  of  X,  say  x',  the  corresponding  value  of  y.  viz. 
J/',  is  given  by 


y'  =  ax'  -^  --,  =  ymin 


K 


r         X 

-  +  - 

X  X 


Applying  this  result  to  a  stranded-wire  coU,  if  the 
number  of  strands  is  n'  instead  of  that  given  by  (1) 
the  resistances  all  through  will  be  multiplied  by  a 
factor 


1   /W        n\ 
\n       n  I 


In  the  case  of  the  solid-wire  coil,  if  the  diameter  of 
the  conductor  is  d^  instead  of  the  value  given  by  (4), 
all  the  resistances  will  be  multiplied  by  the  factor 


*&:4:) 


If  the  departure  from  the  ideal  conditions  is  not 
great,  these  factors  differ  but  little  from  unity.  But 
for  large  departures  the  factors  gradually  approach 
one-half  the  ratio  of  the  larger  to  the  smaller. 


11.  General  Conclusions. 

With  either  stranded  or  solid  conductors  the  minimum 
value  of  iJ/i  varies  inversely  with  the  diameter  of  the 

coil.     Since  the  value  of   y-fl  —  7:)   varies    compara- 

tively  little  over  the  region  6/£)  =10  to  1-5  and 
^/D  =  00  to  0-2,  it  follows  that  there  is  considerable 
choice  for  the  shape  of  the  coil.  In  most  practical 
cases  the  tendency  will  obviously  be  to  make  6  as  little 
greater  than  D  as  possible.  If  6  =  £>  there  is  little 
choice  between  a  single-  or  multiple-layer  coil,  so  long 
as  the  desired  number  of  strands  or  diameters  of  solid 
conductor  can  be  provided  for. 


Taking'a  round  figure  of  80  for  —  (  1  ■ 

.^0  V 

i?/L,   in  ohms  per  microhenry,  becomes 
2  000     /p 


t  \ 
-  —  1,  the  ratio 

2  400    di 
X 


D 


and 


I  000     /p 


respectively,    for    the    stranded    and    solid 


conductors. 

The  first  of  these  varies  as  A~^  and  the  second  as 
A~*.  Thus,  for  any  given  values  of  d^  and  p  there  is 
a  particular  wave-length  for  which  these  ratios  are 
equal,  and  for  that  wave  the  stranded  and  solid  conduc- 
tors give  equally  efficient  coils. 

For  shorter  waves  the  solid  conductor  is  preferable, 
and  for  longer  waves,  the  stranded  one  ;  always  assuming 
that  the  space  available  is  sufficient  for  the  strands  required 
and  for  the  best  diameter  of  solid  conductor. 

Assuming  that  cost  of  manufacture  imposes  a  limit 
of  d.  <  0-01524  cm  (i.e.  No.  38  S.W.G.)  for  the  strands 
of  a  stranded  conductor  for  small  coils,  and  putting 
p  =  1-8  X  10-8  for  copper,  the  wave-length  for  which 
stranded  and  solid  conductors  are  equally  effective  is 
186  m.  For  a  diameter  of  strand  of  0-0457  (i.e.  No.  26 
S.W.G.)  the  wave-length  at  which  the  coils  are  equally 
effective  is   1  670  m. 

It  may  be  observed  that  these  conclusions  do  not 
depend  upon  the  accuracy  with  which  the  form 
coefficient  K  is  computed. 
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12.  Numerical  Examples. 

(i)  A  transmitting  inductance  of  1  200  jaH,  diameter 
500  cm,  b  =  D  and  t  =  01  D,  A  =  8  000  m,  number 
of  turns  =  21-7. 

(a)  Stranded  copper  conductor, 

di  =  0-0457  cm  (No.  26  S.W.G.),  p  =  1-8  x  10-6 

Strands  in  conductor  =  2  140. 
Resistance  of  coil  =  0-032  ohm. 

(b)  Stranded  aluminium  conductor, 

dj  =  0-1625  cm  (No.   16  S.W.G.),  p  =  3-0  x  10-6 

Strands  in  conductor  =  79. 
Resistance  of  coil  =  0-11  ohm. 

(c)  Solid  (or  tubular)  copper  conductor,  p=l-8xl0-6 
Diameter  of  conductor  =  15  cm. 

Resistance  of  coil  =  0-068  ohm. 

In  these  cases  no  limitations  are  experienced  from 
the  space  factor. 

(ii)  A  receiving  inductance  of  10  000  /xH,  as  compact 
as  possible,  such  that  the  resistance  does  not  exceed 
20  ohms  for  a  wave-length  of  8  000  m. — Stranded  copper 
conductor,  d^  =  0-01523  cm,  p  =  1-8  x  10-6. 

Preliminary'  trials  show  that  the  space  factor  is 
aU-important  in  this  case.     Allowing  a  space  factor  of 

0  •  2  the  maximum  value  of  X/D  from  Table  4  will  be 
about  1  000  for  (6/D)  =  1-0  and  {t/D)  =0-4. 

This  gives  :  i3  =  8-0cm,  823  turns,  about  38  strands 
per  conductor,  and  a  resistance  of  about  6  -  6  ohms. 
These  figures  show  that  a  smaller  diameter  could 
be  used  with  less  than  the  ideal  number  of  strands.  For 
example,  D  =  5-0,   [b/D)  =  1-0,   (t/D)  =  0-4,   requires 

1  040  turns  and  an  ideal  number  of  strands  of  18. 
Putting  9  strands  only  gives  a  resistance  of  about 
13-5  ohms  with  a  space  factor  of  0-18. 

It  is  interesting  to  notice  that  the  comparatively 
high-resistance  coil  of  small  dimensions  tends  to  become 
a  coil  of  deep  section.  The  present-day  tendency  of 
certain  manufacturers  of  apparatus  for  the  use  of 
amateurs  is  thus  fully  justified  from  the  point  of  view 
of  the  copper  losses.  The  construction  of  these  coils 
becomes  almost  entireh'  a  problem  of  providing  a 
suitable  insulation  between  turns  and  layers.  It  is 
also  interesting  to  note  that  a  single-layer  coil  of  the 
same  diameter  and  inductance  as  the  above  would  have 
a  resistance  of  over  600  ohms. 


APPENDIX    1. 

The  following  proof  of  the  relationship  in  question 
has  been  suggested  to  me  by  Prof.  C.  Godfrey,  Royal 
Naval  College,  Greenwich. 

Let  P  (Fig.  2)  be  a  point  within  the  conductor  and 
let  two  chords  intersecting  at  P  at  a  small  angle  da 
cut  off  elements  of  the  circumference  ds  and  ds'  at 
Q  and  Q'  respectively. 

Let  OT  be  the  perpendicular  bisector  of  the  mean 
chord,  and  let  the  angle  BOT  be  denoted  by  a.  Then 
the  angle  da  between  the  chords  is  the  change  of  the 
angle  a  from  one  chord  to  the  other. 


Let  the  equal  angles  TQ'Q,  TOQ,  TOQ'  and  TQQ' 
be  denoted  by  <p, 
then    ilQOB  =  a  -  ^     and     ^Q'OB  =  a  +  ip 

Assuming  the  sine  distribution  of  current 
J'  = /maz.  sin  (f,  (see  Fig.    1) 
the  current  in  the  element  ds  is 

/max.  sin  (a  -  i/()  .  ds 
and  the  current  in  ds'  is 

j'maz.  sin  {a-  ifi)  .  ds' 

VQda         ...         ,  PQda 

Now  — ^ —  =  sm  lA  ;    i.e.    ds  =  —. — j 

ds  sm  ip 


and  similarly 


de'  = 


FQ'da 


sm  tfi 
The  contribution  of  the  currents  in  the  two  elements 


Fig.  2. 

de  and  ds'  towards  the  flux  densit}'  at  P  in  the  direction 
TO  is 


2   ./        rsin 
3maz.  'S 


(a  -  i/i)    PQda       sin  (a  -1-  iji)    PQ'da 


10 


PQ 


sin  tfi 


PQ' 


sin  Ip 


} 


YQ^max.  COS  a  .da 


The  component  of  this  field  vertically  upwards  is 


4 
10 


}max.  COS  a  .  sin  a  .  da 


and  the  horizontal  component  in  the  direction  AB  is 


^njmax. 


cos2  a  .  da 
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Integrating  each  of  these  terms  from  a  =  0  to  a  =  2tt 
each  element  of  current  is  included  twice.  Hence  the 
vertical  component  at  P 


=  Y^Jmax.  1  cos  a  sin  a  .  da  =  0 


and  the  horizontal  component  in  the  direction  AB 

2     •'  [         -7  .  277   ., 

T7i  Jmax.  I  COS-  a  .  da  =  —  .;„ 


10 


10 


APPENDIX    2. 

The  method  adopted  to  calculate  the  form  coefficient 
was  as  follows  : — 

The  winding  section  of  the  coil  was  divided  into  a 
number  of  sections  A,  B,  C,  etc.  (Fig.  3).  Then,  for 
each  section  in  turn,  the  contribution  towards  the  field 
strength  at  the  centre  point  of  that  section  from  the 
current  in  each  of  the  other  sections  was  calculated  in 


the  form  of  vertical  and  horizontal  components.  The 
vertical  and  horizontal  components  respectively  were 
added  and  the  mean  square  of  the  field  strength  was 
found.  This  was  done  for  each  section  of  the  coil  and 
an  average  was  taken. 


k-- 

--- 

— I 

h— 

--- 

--A 

t 

A 

C 

"T 

B 

1 

1) 

2 

1 
1 

Centre  line 


Fig.  3. 


The  accuracy  of  the  results  depends  upon  the  number 
of  subdivisions  of  the  winding  section.  For  determining 
the  values  oi  K  given  in  Table  1  only  a  small  number 
of  subdivisions  were  taken.  For  a  larger  number  the 
calculations  become  very  laborious. 

This  method  is  undoubtedly  clums)^  but,  so  far  as 
the  author  is  aware,  no  other  is  available. 


Discussion  before  the  Wireless  Section,  2  May,  1923. 


Mr.  S.  Butterworth  :  The'  author  has  dealt  with  a 
difficult  problem,  using  very  simple  methods.  These 
simple  methods  are  only  possible  by  making  suitable 
approximations.  Thus  the  diameter  of  the  wire  is 
assumed  to  be  either  so  small  that  the  losses  vary  as 
the  square  of  the  frequency,  or  so  large  that  the  losses 
vary  as  the  square  root  of  the  frequency.  As  the  author 
points  out,  the  limiting  diameter  for  either  of  these 
laws  is  determined  by  the  value  of  -\/(Ap)/(i.  As  regards 
the  thinnest  wire  for  which  the  "  square  root  "  law  is 
applicable,  the  formula  for  the  resistance  per  cm  of 
an  inductance  made  up  of  a  large  solid  conductor  is 
more  accurately  given  bj' 

(M/fi)  VlpM)  [1  +  0-3 V(Ap)/d] 

+  n-ld^/iplK)  [1-0-3  V(^p)l<i}KmyD^ 

when  \/{Xp}ld  is  less  than  0-82.  The  author's  simplified 
formula  will  therefore  hold  to  3  per  cent  for  both  skin 
losses  and  proximity  losses  if  ■\/(Xpld)  is  less  than  0- 10. 
If,  in  accordance  with  the  author's  recommendations, 
the  skin  losses  are  made  equal  to  the  pro.ximity  losses 
[see  Equation  (4),  Section  3]  it  is  seen  from  the  above 
formula  that  the  "  square  root  "  law  will  hold  for  much 
thinner  wire,  so  that  we  may  take  as  the  limiting  diameter 
for  this  law  d  =  1-2  \/(Xp).  As  regards  the  "  square  " 
law,  if  d  =  0-83  -v/(A/3)  the  skin  losses  are  about  8  per 
cent  higher,  and  the  proximity  losses  about  6  per  cent 
lower,  than  those  given  by  the  simple  theory.  There 
is  thus  again  a  cancelling  effect  which  pushes  up 
the  limit  of  application  of  the  "  square  "  law  to 
d  =  0-83  ^/(Ajo)  ^"^  *'^c  case  of  "ideal"  coils.  The 
author  has  deduced  that  stranded  wire  coils  and  solid 
wire  coils  give  the  same  resistance  when  d=  0-8  ■\/(Xp), 
which  is  just  about  the  limit  of  application  of  the 
square  law  for  stranded  wire.  Since  the  resistance 
rises  more  slowly  at  shorter  wave-lengths,  the  statement 
that  stranded  wire  coils  are  inferior  to  solid  wire  coils 


above  the  frequency  specified  has  hardly  been  proved. 
I  have  shown  in  the  paper  referred  to  by  the  author 
that  stranded  wire  coils  may  always  be  constructed 
which  are  better  than  solid  wire  coils  containing  the 
same  amount  of  copper,  provided  proper  precautions 
are  taken  in  regard  to  spacing.  The  choice  is  really 
a  question  of  expense  and  mechanical  construction  at 
the  shorter  wave-lengths.  Another  important  appro.xi- 
mation  has  also  been  made.  It  has  been  assumed  that 
the  field  over  the  section  of  the  conductor  is  uniform. 
Tliis  hmits  the  distance  of  the  wires.  The  non-uniformity 
of  the  field  when  the  wires  are  close  together  has  only 
been  studied  in  two  cases,  viz.  a  coil  of  two  turns  and 
an  infinitely  long  solenoid.  The  former  case  may  be 
treated  by  a  method  due  to  Mr.  F.  J.  W.  Whipple, 
and  the  result  in  the  case  of  touching  wires  at  very- 
high  frequencies  is  that  the  ordinary  skin  resistance 
must  be  multiphed  by  4/3.  The  uniform-field  theory 
gives  for  this  factor  3/2.  In  the  case  of  the  long  solenoid 
the  exact  theory  gives  3-41  and  the  uniform-field  theorj' 
5-94.  Thus  the  uniform-field  theory  overestimates 
the  losses  when  the  wires  are  close  together.  This  is 
rather  important  as  it  affects  the  rule  for  the  ideal 
diameter.  In  fact,  I  find  that  if  the  diameter  of  the 
wire  is  varied  in  the  case  of  the  long  solenoid,  the 
minimum  eddy-current  resistance  is  obtained  with 
the  wires  touching.  The  "  form  coefficient  "  K  given  in 
Table  1  depends  not  only  on  the  form  but  also  on  the 
number  of  turns,  the  number  of  layers,  and  on  whether 
the  wire  is  stranded  or  solid.  Thus  for  single-layer 
solenoid  coils  having  a  large  number  of  turns,  I  have 
obtained  the  following  values  of  K  by  fairly  rigorous 
methods  : — - 


bjd 

0-5 

0-75 

1-0 

K 

0-83 

0-58 

0-46  for  solid  wire 

K 

100 

0-69 

0-84  for  stranded  wire 
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The  author  gives  the  following  values  oi  K :  0  •  99, 
0-68  and  0-52.  For  very  short  coils  the  value  of  K 
is  infinite  but  Kb/d  is  finite.  In  this  case,  if  we  put 
Un  =  {5KblD)^  we  have  the  following  values  for  short 
single-layer  coils  : — 

Turns  .  .       2  4  S  16         32       infinite 

U„       ..     1-00     1-80     2-37     2-74     3-00     3-29(=  JttS) 

For  m-layered  coils  with  a  large  number  of  turns  per 
layer,  C7„  =  ^7r2(2  —  l/m^).  Finally,  I  cannot  agree 
with  the  author's  recommendation  that  long  coils  are 
necessarily  the  best.  In  arriving  at  tliis  result  he  has 
assumed  the  diameter  of  the  coil  to  be  fixed.  If,  on 
the  contrary,  we  keep  the  volume  of  the  coil  constant, 
all  the  numbers  in  Table  6  must  be  multiphed  by 
(bjD)^!'^  and  then  we  obtain  the  least  time-constants 
when  the  coils  are  short.  In  fact,  if  we  take  coils  the 
length  of  which  is  equal  to  the  radius  instead  of  the 
diameter,  we  find  that  the  resulting  design  for  coils  of 
given  inductance  and  resistance  demands  less  copper 
and  no  greater  overall  space  is  required.  I  have  else- 
where recommended  coils  the  length  of  which  is  equal 
to  one-tliird  their  diameter  and  for  which  the  spacing 
is  such  that  the  pro.ximity  losses  are  one-third  the 
skin  losses.  The  considerations  leading  to  these  conclu- 
sions were  that  the  diameter  and  length  of  wire  were 
given,  and  with  this  design  the  value  of  RjL  was  a 
minimum.  It  should  be  noted  that  the  minima  con- 
cerned are  usually  very  flat  and,  therefore,  where 
current  considerations  are  of  no  importance  it  is  often 
desirable  to  reduce  the  diameter  from  the  "  ideal " 
diameter,  as  this  results  in  a  considerable  economy 
in  copper,  \vith  very  little  increase  in  resistance. 

Mr.  T.  L.  Eckersley :  The  author  has  put  the 
subject  of  high-frequency  eddy-current  losses  in  coUs 
in  a  very  clear  manner,  and  although  in  many  cases 
measured  results  do  not  agree  with  the  calculated  values 
this  does  not  in  the  least  detract  from  the  value  of  the 
paper,  for  it  is  absolutely  essential  to  know  what  results 
should  follow  from  the  simple  assumptions  made  therein 
before  the  case  of  faulty  coils  can  be  clearly  diagnosed. 
In  connection  with  the  measured  values  of  inductances, 
which  at  wireless  frequencies  are  almost  invariably 
measured  by  a  resonance  circuit,  there  always  exists 
some  doubt  in  one's  mind,  as  the  author  has  said,  as 
to  whether  the  resistance  actually  measured  is  the 
resistance  of  the  coil.  If  the  condenser  is  not  perfect 
the  measured  resistance  includes  the  effective  resistance 
of  the  condenser  as  well  as  that  of  the  coil.  It  is  of 
great  importance,  therefore,  to  try  to  devise  a  method 
by  which  the  resistance  of  the  coil  alone  or  of  the 
condenser  alone  can  be  measured.  Some  time  ago 
I  devised  the  following  method.  A  perfect  condenser 
should  be  a  pure  reactance ;  the  current  through  it 
and  the  voltage  across  it  should  be  in  quadrature. 
The  only  other  thing  which  is  a  pure  reactance  is  a 
mutual  inductance.  It  should  be  possible,  therefore, 
to  balance  the  one  against  the  other,  and  this  can  be 
done  by  Campbell's  bridge  method.  If  the  condenser 
is  perfect  a  balance  can  be  obtained,  but  if  there  is 
any  loss  in  the  condenser,  which  can  be  represented  by 
a  series  resistance,  no  balance  can  be  obtained.  By  a 
slight   modification   of   the    arrangement    as    shown   in 


Fig.  A  the  resistance  in  the  condenser  can  be  ascertained. 
The  arrangement  adopted  is  to  shunt  the  primary-  of 
the  inductance  L^  with  a  resistance  Rj  and  condenser 
Ci  in  series.  If  we  assume  that  the  resistance  of  the 
inductance  Lj  is  negligible  the  current  flowing  in  the 
shunt  winding  RiCj  is  practically  180°  out  of  phase 
with  the  current  flowing  through  the  condenser  C. 
On  tracing  out  the  circuits  it  will  be  found  that  the 
resistance-drop  down  the  resistance  Rj  is  in  the  opposite 
sense  to  that  down  R  and  by  suitably  adjusting  R^ 
the  two  can  be  balanced.  The  condition  for  balance  is 
approximately  R  =  {Rip~LiCi)l{\  —  p^LiCi).  I  have 
actually  used  this  method  in  measuring  an  air  condenser 
of  the  order  of  0  •  07  fj,F,  which  was  previously  considered 
to  be  nearly  perfect.  By  an  arrangement  of  this  sort 
we  found  that  its  resistance  was  0-15  ohm,  which  was 
a  large  proportion  of  the  total  resistance  of  the  coil  we 
were  trying  to  measure.  This  shows  how  misleading  it 
may  be  to  try  to  measure  the  resistance  of  a  coil  if  the 
resistance  of  the  condenser  is  not  accurately  known. 
The  method  which  I  have  described  could,  of  course, 
be  used  to  measure  the  resistance  of  the  coil.  On  per- 
forming this  test  we  found  that  the  resistance  of  the 


Detector - 

Fig.  a. 

coil  was  actually  smaller  than  that  of  the  condenser. 
In  this  method  it  is  absolutely  essential  to  have  a 
perfectly  shielded  oscillator  to  supply  the  energy  to  the 
circuit  and  to  couple  with  a  mutual  inductance  in  which 
there  is  practically  no  electrostatic  induction.  We 
found  our  signal-measuring  apparatus  to  be  specially 
suitable  for  this  work. 

Mr.  F.  C.  Lunnon  :  The  paper  is  particularly  inter- 
esting to  us,  because  for  a  long  time  we  have  been  trj-ing 
to  make  transmitting  coils  of  a  resistance  wliich  will 
not  swamp  the  resistance  of  a  good  aerial.  Our  aim 
has  been  to  make  a  coil  with  a  resistance  of  less  than 
0-1  ohm  per  1  000  ftM.  We  have  succeeded  in  doing 
this,  but  not  with  commercial  stranded  \viie.  Attempts 
to  do  it  with  commercial  stranded  wire  have  invariably 
failed,  the  actual  value  always  being  very  much  in 
excess  of  the  calculated  value.  In  the  case  of  one 
transmitting  coil  of  1  300  fxH,  in  which  the  conductor 
consisted  of  over  2  000  strands  of  No.  36  wire,  the  high- 
frequency  resistance  (calculated)  at  a  wave-length  of 
15  000  m  should  have  been  only  5  per  cent  greater 
than  the  d.c.  resistance  ;  actually  it  was  350  per  cent 
greater.  The  probable  reason  for  this  discrepancy  is  im- 
perfections in  the  stranding,  and  also,  as  Mr.  Butter- 
worth  has  pointed  out,  the  closeness  of  the  strands 
one  to  another.  The  author  does  not  seem  to  have 
touched  on  this  question  of  the  closeness  of  the  strands. 
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but  this  can  be  an  important  factor  in  the  sort  of  case 
presented  by  a  transmitting  coil,  wliere  the  turns  per 
unit  lengtli,  and  tlierefore  tlie  main  field  intensity,  are 
usually  small.     For  example,   we   have  found  that  in 
a  coil  in  which  the  conductor  consisted  of  8  strands  of 
No.    20   S.W.G.   wire,   with   a  winding   pitch   of   6  cm, 
the   increase   in   resistance   was   appreciable   when   the 
distance    between   strands    was    reduced    to    less    than 
0-8  cm,    in   which  case  it  can  be  shown  that  the  current 
in  one  strand  produces  a  field  at  its  neighbour  of  the 
same  order  of  strength  as  the  main  field  of  the  coil. 
With  regard  to  the  worked-out  example  given  at  the 
beginning  of  Section   12  of  the  paper,  apart  from  the 
doubt  as  to  whether  this  very  low  resistance  of  0  032 
ohm    at   8  000  m   could   be   obtained   with   commercial 
stranded  wire,  there  is  another  reason  which  also  makes 
it   doubtful,   namely — and   this   applies   particularly  in 
the  case  of  a  coil  of  so  large  a  diameter  as  5  m — the 
losses  in  the  walls,  floor  and  roof.     I  do  not  refer  to 
the    elusive    dielectric    losses,    which    the    author    has 
purposely  left  out  of  consideration  in  the  paper,  but  to 
losses  due  to  eddy  currents  induced  in  the  surroundings, 
which  experience  has  shown  can  be  considerable.     For 
example,  in  the  case  of  a  coil  of  about  half  the  diameter 
of  the  one  given  in  the  example,  at  a  height  of  6  ft. 
above  the  ground  the  eddy-current  loss  in  the  ground 
was  0  •  06  ohm  at  8  000  m  and  would  of  course  be  greater 
than   this   for   a   coil   of  greater   diameter.     In   raising 
these  points  I  am  not  presuming  to  cast  any  doubt  on 
the  valuable  theoretical  conclusions  arrived  at  by  the 
author,  but  merely  to  illustrate  the  practical  difficulties 
of  constructing  a  coil  which  will  actually  have  a  resist- 
ance   equal    to    its    calculated    resistance.     The    paper 
deals  only  with  the  two  extreme  cases  of  finely  stranded 
wire  and  a  solid  conductor,   but  we  hope  that  in  the 
near  future  the  author  will  investigate  the  intermediate 
case  of  a  moderate  number  of  strands  of  a  medium-sized 
wire. 

Mr.  F.  E.  Nancarrow  :  Mr.  Lunnon  has  said  that 
he  finds  the  results  obtained  in  practice  from  high- 
frequency  resistance  measurements  to  be  not  in  accord 
with  the  values  derived  from  utilizing  the  formulae 
given  in  the  paper.  I  am  especially  interested  in  this 
as  I  have  recently  spent  much  time  in  taking  measure- 
ments of  the  high-frequency  resistance  of  coils  as  used 
in  practice,  and  the  results,  I  am  afraid,  lie  in  curves 
much  above  those  which  the  formulae  given  in  this 
paper,  or  the  well-known  papers  of  Professor  Howe 
and  Mr.  Butterworth,  would  give  rise  to.  As  examples 
of  practical  results,  curve  1  in  Fig.  B  shows  the  varia- 
tion of  resistance  with  frequency  of  a  large  stranded- 
wire  coil,  whilst  curve  2  is  for  a  large  copper-tube  coil. 
These  curves  illustrate  the  high  ratios  of  high-frequency 
to  d.c.  resistance  which  are  met  with  in  practice.  The 
author  remarks  on  the  difficulty  of  taking  such  measure- 
ments :  the  above  measurements  were  all  carried  out 
by  the  method  described  in  the  March  number  of  the 
Journal  of  the  Post  Office  Electrical  Engineers  and  it 
is  thought  that  the  results,  which  were  readily  obtained, 
are  substantially  accurate.  The  surroundings  and 
supports  play  a  large  part  in  the  resistance  of  large 
coils,  and  examples  are  given  in  the  above  mentioned 
paper.     Curve  1  in  Fig.  C  gives  the  resistance  value 
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of  a  small  copper-strip  coil,  whilst  curve  2  illustrates 
the  case  of  a  small  stranded-wire  coil,  and  here  again 
the  values  are  much  higher  than  those  deduced  from 
formula".  In  the  case  of  these  coils  the  curves  are 
three-functioned,  consisting  of  a  rapid  rise  at  the  low 
frequencies,  then  a  period  of  much  slower  rise  of  resist- 
ance  with   frequency,    followed    by   another   period   of 
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rapidly  rising  resistance  with  increasing  frequency. 
Measurements  taken  on  model  coils  both  with  copper 
strip  and  stranded  wire  give  results  which  exhibit  this 
three-fold  characteristic  to  a  greater  or  less  degree, 
and  it  is  interesting  to  note  that  Professor  Moorcroft 
in  the  Journal  of  the  Institute  of  Radio  Engineers  for 
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August  1922  shows  curves  of  resistance  for  very  much 
smaller  coils  than  those  considered  here,  taken  at  much 
higher  frequencies  than  tlio.se  I  have  given,  which 
exhibit  similar  characteristics.  I  should  be  glad  if 
the  author  could'  advance  any  information  to  account 
for  this  particular  shape  of  resistance  curve.  In  the 
measurements  taken  on  the  model  coils  where  the 
effect  of  surroundings  was  reduced  to  a  minimum,  all 
the  results  were  much  higher  than  those  derivable 
from  the  paners  previously  quoted. 
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Mr.  R.  V.  Hansford  :  I  cannot  help  having  a  little 
grievance  against  the  mathematicians  of  our  profession. 
My  grievance  is  tliat  these  eminent  scientists  entice 
engineers  to  struggle  through  long  detailed  mathe- 
matical arguments  by  titles  such  as  "  The  design  of 
inductances,"  in  which  the  mathematics,  although 
extremely  clever  and  interesting,  does  not  account  for 
all  the  factors  and  in  consequence  is  of  little  practical 
application.  I  have  had  occasion  recently  to  make 
some  design  calculations,  and  I  have  been  surprised  to 
find  how  the  calculated  resistances  according  to  the 
formute  of  the  author,  Prof.  Howe  and  Rir.  Butterworth 
agree  between  themselves  in  giving  results  so  different 
from  the  actual  measured  values.  This  seems  to  apply 
especially  to  the  case  of  transmitting  inductances  for 
medium-power  and  high-power  stations  where  the 
frequency  is  only  moderately  high.  In  a  case  I  have 
in  mind,  wliich  is  typical,  the  calculated  ratio  of  higli- 
frequency  resistance  to  d.c.  resistance  varied  from 
1-03  to  1  •  09  according  to  the  formula  used,  whereas 
the  actual  measured  ratio  was  2-0.  Tliis  discrepancy 
was  probably  due  to  losses  in  the  coil  supports  and  in 
the  surroundings,  but  clearly  it  does  not  seem  of  much 
use  to  obtain  the  optimum  value  with  respect  to  the 
dimensions  of  an  inductance  very  carefully  from  the 
point  of  view  of  reducing  the  losses  in  the  metal  itself 
by  an  amount  which  is  a  very  small  proportion  of  the 
total,  when  there  is  no  certainty  that  the  proportions 
of  the  coil  are  correct  in  respect  to  the  other  losses, 
which  are  many  times  greater.  This  is  especially  the 
case  when,  as  the  author  points  out,  the  ratio  of  length 
to  diameter  of  coil  is  not  of  very  great  importance, 
and  is  emphasized  by  the  fact  that  apparently  the 
mathematicians  themselves  are  far  from  being  in  perfect 
agreement ;  whereas  the  author  suggests  a  ratio  of 
length  to  diameter  of  about  1,  Mr.  Butterworth  states 
in  his  paper  before  the  Royal  Society  that  the  optimum 
ratio  is  0-31. 

Professor  G.  W.  O.  Howe  :  I  think  that  Mr.  Hans- 
ford's grievance  is  somewhat  misdirected  ;  it  should 
not  be  against  the  mathematicians,  as  he  calls  them. 
The  mathematicians  give  formulae  for  ideal  coils,  and 
I  think  that  his  grievance  should  be  directed  against 
the  manufacturers,  who  are  not  making  ideal  coils. 
\Mien  I  was  working  on  tliis  subject  I  encountered  the 
problem  of  what  the  author  calls  the  "  form  coefficient," 
which  necessitates  the  calculation  of  the  flux  at  various 
points  tluroughout  coils  of  various  shapes,  and  at 
various  times  I  nearly  made  up  my  mind  to  tackle  it, 
but  the  procedure  required  was  so  laborious  that  I 
always  postponed  it.  The  result  is  that  my  formute 
for  coils  were  always  based  on  infinitely  long  coils,  and 
a  very  rough  approximation  was  applied  to  shorter 
coils.  When  I  first  tackled  tliis  problem,  some  years 
ago,  multiple-strand  wire  was  used  on  every  possible 
occasion.  My  calculations  led  me  to  the  conclusion 
that  in  many  cases  it  would  have  been  far  better  to 
use  solid  wire.  My  results  were  so  contrary,  not  only 
to  the  general  belief  but  to  my  own  conceptions,  that 
I  at  first  doubted  their  accuracy.  The  general  impression 
was  that  it  was  especially  necessary  to  use  multiple- 
strand  wire  if  the  frequency  was  very  high,  but  I  found 
that  was  just  the  case  where  solid  wire  should  be  used. 


The  author  brings  out  that  point  in  his  "  General 
Conclusions,"  where  he  states  :  "  For  shorter  waves  the 
solid  conductor  is  preferable,  and  for  longer  waves,  the 
stranded  one."  That  is  what  I  found  ;  but  it  was  so 
contrary  to  the  generally  accepted  belief  at  that  time 
that  people  were,  as  a  rule,  inclined  to  disbelieve  it. 
Another  result  I  obtained  which  also  surprised  me  was 
that  with  a  multiple-strand  wire  of  given  overall 
diameter  it  was  not  the  best  policy  to  pack  as  manv 
little  wires  as  possible  into  it ;  the  resistance  could 
be  decreased  by  pulling  out  some  of  the  wires  and 
decreasing  the  space  factor,  because  by  so  doing  the 
eddy-current  losses  were  reduced  and  the  steady  current 
losses  increased  in  the  same  proportion,  so  that  the 
total  high-frequency  resistance  was  reduced  so  long 
as  the  former  exceeded  the  latter.  I  did  not,  however, 
bring  my  results  into  such  a  practical  form  for  general 
application  to  the  design  of  coils,  as  the  author  has 
done,  and  I  am  sure  that  the  paper  will  constitute  a 
very  useful  addition  to  the  literature  on  the  subject 
and  be  of  great  assistance  to  the  designers  of  coils,  for, 
as  Mr.  Eckersley  has  pointed  out,  even  though  one 
does  not  obtain  a  formula  which  takes  into  account  all 
the  practical  imperfections  of  an  actual  coil,  one  must, 
in  the  first  place,  have  the  ideal  calculation  to  know 
what  to  expect  under  ideal  circumstances  before  one 
can  introduce  corrections  and  modifications  to  take 
account  of  the  secondary  losses  which  occur. 
[  Professor  C.  L.  Fortescue  {in  reply)  :  Mr.  Butter- 
I  worth  has  dealt  at  length  with  the  corrections  which 
are  necessitated  by  the  approximate  methods  adopted 
j  in  the  paper.  His  conclusions  are  in  close  agreement 
with  the  statements  made  in  the  paper,  and  the  cor- 
rections which  he  points  out  are  a  valuable  addition 
I  to  it.  He  criticizes  the  conclusions  with  regard  to 
I  the  limiting  wave-length  at  which  stranded  conductors 
are  advantageous.  There  is  no  doubt  that  this  wave- 
I  length  is  by  no  means  sharply  defined  and  it  is  not 
'  suggested  that  this  is  the  case.  The  fact  remains, 
i  however,  that  the  critical  wave-length  determined 
!  by  the  methods  given  in  the  paper  is  a  good  practical 
j  guide.  Also,  it  is  not  in  dispute  that  stranding  will 
always  lead  to  a  lower  resistance  than  the  use  of  solid 
conductors  if  it  is  practicable  to  use  the  very  fine  strands 
which  become  necessary  with  short  waves.  But  for 
practical  purposes  these  fine  strands  are  ruled  out 
and  the  solid  conductor  then  becomes  preferable. 
The  assumption  of  a  uniform  field  is  certainly  not 
justified  for  the  coils  of  a  very  few  turns  mentioned  by 
Mr.  Butterworth,  but  for  the  considerable  number  of 
turns  generally  employed  the  errors  are  in  most  cases 
within  1  or  2  per  cent.  With  regard  to  the  best  shape 
of  the  coil,  the  whole  point  of  Table  3  of  the  paper  is 
to  call  attention  to  the  fact  that  the  shape  can  be 
varied  over  a  wide  range  without  appreciably  altering 
the  ratio  R/L.  The  corresponding  figures  worked  out 
in  terms  of  the  volume  are  as  given  in  Table  A.  Ihis 
table  accentuates  still  more  the  fact  that  the  shape 
has  little  effect. 

Mr.    Butterworth's   final   remark   is   very    true,    and 
Section  10  of  the  paper  was  especially  inserted  to  deal 
with  cases  of  this  kind. 
Mr.    Eckersley    quotes   some   measurements    of   the 
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resistance  of  an  air  condenser  which  bring  out  the 
great  difficulty  of  measuring  the  low  resistances  of 
some  large  inductances.     The  fact  that  he  has  obtained 
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reliable  results  at  wireless  frequencies  with  the  bridge 
described  is  very  interesting. 

The   results   quoted   by   Mr.    Lunnon   suggest  faulty 
construction  and,  failing  more  detailed  information,  no 


explanation  can  be  given.  Numerous  measurements 
made  by  the  author  have  shown  discrepancies  of  this 
kind  and  the  causes,  e.g.  broken  strands,  bad  insulation 
between  turns,  etc.,  have  always  been  found.  The  losses 
in  the  surrounding  walls  and  floors  can  be  easily  over- 
come by  suitable  screening.  The  intermediate  case, 
fortunately,  only  arises  to  any  great  extent  in  the  case 
of  stranded  wire  coils  for  short  waves.  The  difficulty  can 
usually  be  overcome  by  plotting  curves  of  the  extreme 
cases  and  smoothing  them  off  so  that  they  run  into 
one  another.  The  result  is  necessarily  verj-  approxi- 
mate, but  short  of  very  elaborate  calculations  it  is 
the  only  one  known  to  the  author. 

Mr.  Nancarrow's  curves  are  interesting  and  point 
to  some  other  source  of  loss,  presumably  dielectric 
loss  between  the  turns. 

With  regard  to  Professor  Howe's  early  experiences, 
the  explanation  is  now  sufficiently  obvious.  It  does 
not  matter  what  form  of  inductance  is  used  ;  if  stranded 
conductor  is  employed  there  will  be  a  certain  number 
of  strands  which  will  give  the  best  result  for  a  given 
wave-length. 
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other  and  special  requirements,  which  might  have  the 
result  of  increasing  the  value  of  K,  and  again  the  ques- 
tion of  cost  of  manufacture  affects  the  matter.    There- 


Messrs.  S.  W.  Melsom  and  E.  Fawssett  {in  reply)  : 
The  many  favourable  comments  that  have  been  made 
as  to  the  value  of  the  report  are  greatly  appreciated 
by  all  concerned.  Some  of  the  points  raised  in  the 
discussion,  more  particularly  those  dealing  with  the 
recommendations  of  the  Research  Association,  have 
been  specifically  considered  by  the  Association,  and 
we  may  deal  with  these  first. 

(1)  Ma.xintum  permissible  temperature. — The  Associa- 
tion has  given  careful  consideration  to  the  criticisms 
made  at  every  meeting  at  which  the  report  has  been 
discussed,  with  regard  to  the  recommended  maximum 
permissible  temperature  of  50°  C.  for  plain  lead-sheathed 
cables  drawn  into  ducts.  It  will  be  noted  that  the 
experiences  of  some  of  the  speakers  at  the  Birmingham 
meeting  bear  out  the  view  that  serious  trouble  may 
be  experienced  due  to  the  movement  of  the  cable  in 
the  duct,  and  the  Association  desires  to  adhere  to  its 
previous  recommendation. 

In  addition  to  the  question  of  abrasion  of  the  lead 
sheathing,  there  is  the  probability  that  in  a  duct  line 
where  accumulation  of  hot  air  may  occur  at  one  place, 
the  temperature  may  be  higher  than  the  value  of  .50°  C, 
which,  it  should  be  noted,  is  the  average  conductor 
temperature. 

In  the  case  of  the  armoured  cables  drawn  into  ducts 
mentioned  by  Mr.  Ratcliff,  it  is  clear  that  the  question 
of  abrasion  does  not  enter,  and  for  such  cases  the 
Association  recommends  a  maximum  permissible  tem- 
perature of  60°  C,  i.e.  a  temperature-rise  of  45  degrees  C. 
The  Association  recommends,  however,  that  precautions 
should  be  taken  to  anchor  the  end  of  the  armouring 
to  prevent  the  cable  slipping  along  the  duct.  The 
simplest  way  of  arriving  at  the  requisite  value  of  this 
temperature-rise  is  to  multiply  the  figures  given  for 
armoured  cables  in  air  in  Tables  16  to  21  inclusive, 
bv  a  factor  of  1  •  05,  which  multiplication  will  give 
nearly  the  correct  current  for  the  same  cables  drawn 
into  ducts,  for  a  rise  of  45  degrees  C. 

(2)  Differentiation  in  the  value  of  the  thermal  resistivity 
of  the  dielectric,  K. — The  different  values  of  thermal  re- 
sistivity for  the  two  types  of  cables  are  based  on  experi- 
mental determinations,  and  reference  to  Table  21  (page 
535)  shows  that  while  the  lower  pressure  cables  gave 
values  ranging  from  670  to  I  200,  the  values  for  the  higher 
pressure  cables  were  lower  and  more  uniform  for 
different  cables,  the  average  of  the  values  being  nearljr 
that  of  the  recommended  figure  of  550.  The  opinion 
of  the  Association  was,  and  still  is,  that  the  values 
recommended  are  reasonable,  and  that  a  further  increase 
should  be  allowed  for  the  very  small  cables.  This 
opinion  is  based  on  a  knowledge  of  the  difference  in 
the  manufacturing  processes  employed  ;  no  doubt  if 
the  same  processes  were  generally  used  for  the  lower 
pressure  as  for  the  higher  pressure  cables,  the  values  found 
would  be  more  nearly  the  same.  For  lower  pressure 
cables,  however,   it   is   often   necessary  to   provide   for 

*  Paper  by  Messrs.  S.W.  Melsom  and  E.  Fawssett  (see  page  517). 


fore  for  the  purpose  of  the  report  and  tables  it  was 
necessary  to  adopt  a  value  based  on  data  obtained 
experimentally  with  a  number  of  low-pressure  cables 
of  ordinarj'  manufactuie. 

Value   of  the   thermal  resistivity   of  the   soil,   g. — Mr. 
I   Townley's  suggestion   for  obtaining  an   average  value 
I   of  the  soil  for  a  particular  district,  both  with  regard 
:   to  moisture  content  and  thermal  resistivity,  is  an  excel- 
i   lent  one  for  existing  networks  or  for  the  extension  of  the 
same.    In  the  case  of  new  and  important  cable  lines,  how- 
ever, where  different  types  of  soil  may  be  encountered,  it 
is  clearly  necessary  to  survey  the  route  from  this  point 
of  view,  and  either  base  the  rating  on  the  value  of  the 
j   soil   having   the    highest    thermal    resistivity,   or    else 
increase  locally  the  sectional  area  of  the  conductors. 
In  reply  to  the  other  technical  points  raised  : 
With  regard  to  Mr.  Atkinson's  remarks,  it  is  pleasing 
to  note  that    the  report    may  result   in  economies  of 
such  magnitude.     Apart  from  this,  however,  the  friendl)' 
attitude  of  the  cable  makers  to  the  research  has  been 
most  helpful,  and  the  assistance  and.  advice  given  by 
individuals  on  the  technical  staffs  of  the  various  cable 
works,  invaluable. 

In  connection  with  Dr.  Russell's  suggestion  that  the 
emissivity  constant  varies  inversely  as  the  square  root 
of  the  diameter  of  the  cable,  we  have  looked  up  a  large 
number  of  results  obtained  at  the  N.P.L.  and  elsewhere 
on  all  sorts  of  materials  of  widely  different  shapes 
and  sizes,  together  with  some  results  of  carefully  made 
experiments  which  will  shortly  be  submitted  for  publica- 
tion in  another  connection.  These  results  show  that 
the  inverse-square  law  does  not  apply  over  the  whole 
range  of  sizes,  although  it  is  approximately  true  for 
the  portion  of  the  curve  covering  a  certain  range  of 
size  of  cylinder.  This,  however,  is  much  below  the 
range  of  normal  cable  sizes  ;  for  sizes  comparable  with 
those  of  cables  used  in  practice,  say  from  0-05  sq.  in. 
upwards,  the  emission  for  unit  area  is  practically  inde- 
pendent of  the  size.  This  is  justified  by  all  the  obser- 
vations available,  and  more  particularly  by  those  made 
by  Mr.  Watson  (see  Appendix  VI).  If  the  observations 
given  in  Tables  61,  62  and  6.3,  page  571,  for  four  different 
cable  sizes  are  plotted,  the  slope  of  the  logarithmic 
curve  is  very  small  and  fully  justifies  the  adoption  of 
an  average  value  for  the  emissivity  constant. 

We  fully  agree  with  Dr.  Russell  that  the  difference 
between  the  results  of  tests  of  an  actual  three-core 
cable  with  onlj'  two  cores  loaded  and  those  obtained 
with  the  electrostatic  model  requires  further  explanation. 
The  figures  in  the  load  tables  are  based  on  the  experi- 
ments with  the  cable,  and  therefore  are  to  be  preferred. 
With  regard  to  the  interesting  question  as  to  the 
existence  of  a  temperature  coefficient  of  the  thermal 
resistivity  of  the  dielectric,  examination  of  a  large 
number  of  values  on  different  cables,  each  cable  being 
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tested  at  various  temperatures,  gives  no  definite  indica- 
tion of  sucli  a  temperature  coefficient,  altliough  it  is 
possible  that  there  may  be  one. 

Mr.  Rosen  gives  some  interesting  data  obtained  from 
experiments  whicli  would  seem  to  bear  out  Dr.  Russell's 
suggestion.  These  data,  however,  are  not  in  accordance 
with  our  own  results.'  The  differences  found  by  Mr. 
Rosen  and  ascribed  to  temperature  coefficient  are  very 
large  indeed,  and  we  are  unable  to  understand  how, 
if  they  are  so  large,  they  were  not  noticed.  In  any 
case,  however,  the  suggestion  that  a  temperature 
coefficient  is  responsible  for  the  apparent  anomalies  in 
the  results  for  the  three-core  cable  with  only  two  cores 
loaded  is  not  valid,  since  a  complete  heating  curve 
was  obtained  under  both  conditions,  and  comparison 
was  made  between  the  currents  required  for  a  given 
temperature-rise. 

Mr.  Brazil  raises  the  question  of  the  limiting  tempera- 
ture and  refers  to  the  higher  figures  in  use  abroad 
and  possibly  in  this  country.  The  point  of  his  remark 
as  to  the  application  of  the  data  given  in  the  report 
is,  however,  not  quite  clear.  The  value  of  65°  C.  taken 
for  purpose  of  the  calculation  of  the  load  tables  is  not 
fundamental,  but  represents  the  considered  opinion  of 
practical  men.  If,  however,  anv  particular  inquirer, 
with  full  knowledge  of  his  own  system,  wishes  to  work 
at  a  different  figure,  the  data  given  will  enable  him  to 
calculate  without  much  difficulty  either  the  current 
for  any  given  temperature-rise  or  the  temperature-rise 
for  a  given  current.  Mr.  Brazil  will  appreciate  the 
fact  that,  in  view  of  the  large  differences  of  thermal 
resistivity  occurring  with  different  types  of  soil  of 
varying  moisture  content,  it  is  impossible  to  provide 
a  single  figure  that  will  apply  to  every  set  of  conditions. 
It  should  not,  however,  be  difficult  to  devise  compara- 
tively simple  tests  that  would  provide  the  data  required 
for  the  special  case. 

In  reply  to  Prof.  Marchant,  there  is  no  suggestion 
that  the  passage  of  current  through  a  cable  tends  to 
increase  the  moisture  content  in  the  immediate  neigh- 
bourhood. We  have  to  thank  Prof.  Marchant  for 
drawing  attention  to  the  Hele-Shaw  method  and  to 
the  coefficient  of  expansion  of  aluminium. 

With  regard  to  the  point  raised  as  to  the  incidence 
of  dielectric  losses,  a  large  amount  of  data  has  been 
published  but  a  great  deal  is  verv  conflicting.  Some 
experimenters  suggest  that  the  temperature-loss  curve 
falls  with  increasing  temperature  with  a  minimum 
at  about  .50^  C,  and  then  increases,  while  others  state 
that  the  curve  is  linear  for  suitably  designed  cables. 
In  view  of  this  we  should  prefer  not  to  express  an 
opinion  until  our  own  work  is  complete.  The  question 
of  sheath  losses  in  single-core  cables  has  not  been  dealt 
with  in  the  report. 

In  reply  to  Mr.  Riley,  the  calculation  of  the  case 
of  three-core  cables  used  on  a  three-wire  circuit  was 
undertaken  at  the  request  of  engineers  who  stated  that 
it  was  common  practice  to  use  three-conductor  cable, 
with  all  the  conductors  of  the  same  size,  for  this  class 
of  service.  The  statement  that  the  balanced-load 
condition  is  the  least  favourable  on  the  score  of  tem- 
peraturo-rLse  is  quite  correct  for  this  case,  but  ob- 
viously it  does  not  necessarily  apply  to  all  possible 
conditions  of  loading  with   a  cable  having    a    smaller 


neutral  core.  The  hypothetical  case  mentioned  by 
Mr.  Riley  where  the  out-of-balance  current  exceeds 
§/,  is  correctly  stated.  In  such  a  case,  however,  we 
should  have  thought  that  the  type  of  cable  indicated 
was  wholly  unsuitable  for  the  condition  of  loading. 
We  have  to  thank  Mr.  Riley  for  his  abstract  of  Emanueli's 
work,  and  for  his  suggestion  of  an  alternative  method 
of  using  thermo-couples  with  a  very  large  model.  With 
regard  to  the  divergences  between  the  British  and 
German  tables,  the  difference  in  the  thickness  of  the 
dielectric  is  not  sufficient  to  account  for  the  difference 
in  the  current-loading  tables. 

Mr.  Dunsheath  raises  the  question  of  the  reliability 
of  the  method  used  to  make  the  experimental  values 
fit  those  calculated  by  means  of  the  formula.  It  is 
agreed  that  it  would  have  been  preferable  if  a  complete 
formula  based  on  assumptions  that  were  absolutely 
correct  could  have  been  evolved,  but  possibly  the 
criticism  has  not  taken  account  of  the  extremely 
difficult  and  complicated  nature  of  the  problem  as  to 
the  lines  of  heat-flow  and  the  thermal  properties  of 
the  soil.  Under  the  circumstances,  the  convenient 
method  of  using  a  formula  with  appropriate  correction 
purely  as  an  empirical' formula  for  interpolation  between 
points  determined  experimentally  is  sound  practice  and 
is  to  be  preferred  to  the  use  of  a  formula  without 
experimental  proof.  Actually  this  portion  of  the 
problem  was  submitted  to  eminent  mathematicians, 
who  advised  that  it  was  best  dealt  with  in  this  manner. 
The  paragraph  on  page  541  referred  to  by  Mr.  Dunsheath 
is  correct  as  it  stands  :  it  really  deals  with  the  difference 
in  current  loading  between  the  limit  now  recommended 
of  65°  C.  and  the  higher  limit  of  80°  C,  which  is  more 
nearly  the  value  allowed  in  American  practice. 

Mr.  Hunter  asks  for  further  information  regarding 
cables  spaced  at  distances  other  than  those  mentioned 
in  the  report.  The  method  employed  allows  the  mutual 
effect  of  any  number  of  cables  at  any  distance  apart  to 
be  readily  calculated.  For  the  conditions  mentioned  by 
Mr.  Hunter  the  current  reduction  would  be  as  follows: — 

Two  cables  in  the  horizontal  plane  : 

DisLince  ap,irt  Ratio  of  current  reduction 

in. 

0-91 


18 

24 


0-9.'? 


We  fully  agree  with  Mr.  Hunter  that  some  investi- 
gation is  required  of  the  special  conditions  obtained 
in  connection  with  cables  run  on  racks  alongside  a 
railway  track.  The  questions  raised  invoke  not  only 
the  temperature-rise  but  also  any  possible  modification 
of  the  maximum  permissible  temperature  for  the  ditTercnt 
method  of  laying.  Mr.  Hunter  rightly  draws  attention 
to  the  number  of  variable  factors,  and  we  hope  that 
it  will  be  possible  to  act  on  his  suggestion  for  a  special 
series  of  tests. 

Mr.  Rosling  kindly  draws  attention  to  two  or  three 
small  points  on  which  correction  is  necessary,  and  this 
has  now  been  done. 

In  reply  to  Mr.  Williams,  quite  a  fair  section  of  the 
report  (pages  55:!  to  561)  is  devoted  to  intermittent 
and  emergency  loading,  and  a  further  paper  *  published 
since  the  discussion  gives  full  infomiation  as  to  cables 
in  air  or  on  ships. 

•  Jr.urnal  I  F.  F.  ,  I92.1,  vol.  61.  ji.  303. 
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We  are  pleased  to  have  the  contribution  from  Mr. 
Del  Mar,  especialh-  as  a  sign  of  the  interest  taken  in 
the  report  by  American  engineers.  In  reply  to  the 
points  raised,  we  fully  accept  Mr.  Del  Mar's  statement 
as  to  the  basis  of  the  American  values.  A  somewhat 
similar  point  has  been  raised  by  Mr.  Torchio  in  corre- 
spondence. At  the  same  time  the  note  on  page  541 
was  intended  to  be  a  fair,  short  abstract  of  a  number 
of  papers  published  in  America,  which  papers  all 
referred  mainly  to  mechanical  tests,  and  perhaps  the 
complete  basis  was  not  made  quite  clear. 

The  value  of  limiting  temperature  is  largely  a  matter 
of  opinion  based  on  e.xperience  of  operation.  Obviously 
the  number  of  breakdowns  per  mile  per  annum,  both 
as  regards  the  cost  of  repairs  and  the  effect  on  the 
public  supply,  affects  the  question  very  largely,  and 
here  we  would  refer  Mr.  Del  Mar  to  Mr.  Dunsheath's 
remarks  on  page  582.  It  would  appear  that  IMr.  Del 
Mar  should  define  more  closely  the  words  "  operating 
successfully."  Mr.  Del  Mar  objects  to  the  manner  in 
which  the  question  is  summarized.  Here  there  is  an 
obvious  difference  of  opinion  as  to  what  constitutes 
logical  expression.  In  the  report  all  the  factors  are 
set  out  in  logical  sequence,  and  then  comes  the  state- 
ment that  the  Committee,  after  consideration  of  them 
all,  decided  to  adopt  a  given  value.  It  is  agreed  that 
the  selected  \alue  is  based  ^-er^'  largely  on  opinion, 
i.e.  the  same  basis  as  that  on  which  the  American 
values  were  adopted.  We  agree  that  a  large  amount 
of  work  is  required  to  determine  the  safe  working  tem- 
peratures for  dielectrics,  and  we  acknowledge  the  great 
assistance  afforded  by  perusal  of  the  American  papers 
to  which  Mr.  Del  Mar  refers.  At  the  same  time,  how- 
ever, it  appeared  to  the  Committee  that  there  were 
several  factors,  other  than  those  dealt  with  in  the 
American  papers,  of  which  account  should  be  taken, 
and  it  is  certain  that  a  complete  investigation  of  the 
subject  will  occupy  a  considerable  time.  Mr.  Del  Mar 
suggests  that  this  work  has  ahead}'  been  done  in 
America,  whereas  recent  programmes  of  research  show 
that  the  question  is  still  regarded  as  unsolved,  and 
important  researches  dealing  with  this  particular  aspect 
of  the  question  are  now  being  instituted  in  America. 
It  should  be  pointed  out  that  the  ambient  temperature 
allowed  in  the  report  is  that  of  the  earth  and  not 
that  of  the  air  in  the  duct :  previous  work  has  shown 
the  impossibihty  of  using  the  duct  temperature  as  a 
basis.  This  statement  affects  the  figures  given  by  Mr. 
Del  Mar  on  page  585.  We  agree  that  there  is  some 
confusion  of  thought  as  to  Kelvin's  law  :  it  is  not 
suggested  any-where  in  the  report  that  50°  C.  is  the 
economical  temperature.  This  must  depend  on  other 
factors,  such  as  the  first  cost  of  cables,  deterioration 
as  affected  by  working  temperature,  and  generating 
cost.  The  upper  limit  is,  however,  the  temperature  at 
which  there  is  appreciable  deterioration  of  the  dielectric, 
with  which  must  be  included  the  number  of  breakdowns 
and  the  cost  not  only  of  repairing  them  but  the  cost 
to  industry  as  a  result  of  a  temporarv'  failure.  In  this 
respect  it  is  quite  possible  that  British  and  American 
practice  and  opinion  will  differ. 

In  reply  to  Mr.  Allan,  the  Research  Association  did 
go  to  a  great  deal  of  trouble  to  obtain  as  full  information 
as  possible  regarding  Indian  and  Colonial  soil  conditions. 


Moreover,  it  is  moderately  easy  for  the  engineers  dealing 
with  a  projected  cable  line  to  obtain  the  requisite 
information  for  any  particular  locality.  Since  the 
printing  of  the  report,  however,  further  information 
has  come  to  hand  from  Mr.  E.  P.  Grove  regarding  the 
moisture  content  of  the  soil  in  Melbourne,  Australia, 
and  this  is  given  in  the  table  opposite. 

It  will  be  noted  that  the  moisture  content  is  of  the 
same  order  as  that  prevalent  in  this  countr\',  and  it 
is  hoped  that  these  figures  will  help  to  dispel  the 
opinion  held  that  a  hot  climate  necessarily  means  a 
low  moisture  content  of  the  soil. 

The  tables  of  the  values  in  air  are  based  on  an  ambient 
temperature  of  15°  C,  with  a  maximum  of  50°  C. 
These  are  not  necessarily  standard  for  air  conditions, 
but  the  values  for  any  other  ambient  or  final  tem- 
perature can  be  readily  calculated  by  means  of  the 
formute.  Thus  for  an  ambient  temperature  of  30°  C,  a 
temperature-rise  of  35  degrees  C.  and  final  temperature 
of  65°  C,  the  values  of  current  loading  will  be  approxi- 
mately 3  per  cent  less  than  those  given  in  the  tables. 

With  regard  to  the  question  of  the  error  in  the  term 
G,  the  reason  for  this  appears  to  be  mainly  due  to  the 
assumption  that  the  surface  of  the  ground  is  a  plane 
isothermal. 

Mr.  Hutchinson's  proposed  method  of  obtaining 
empirical  formulre  is  interesting.  We  cannot  agree 
with  his  comments  as  to  the  limitation  of  the  experi- 
ments, but  would  welcome  the  production  of  an  inde- 
pendent empirical  formula. 

In  reply  to  Mr.  French,  the  value,  g  =  50,  quoted 
as  a  good  average  by  some  Continental  writers  is  based 
largely  on  Teichmuller's  work  and,  as  will  be  seen  from 
the  report,  is  obtained  by  halving  the  determined 
value  of  100.  The  method  suggested  for  obtaining 
more  reliable  values  of  the  thermal  resistivity  of  the 
soil  was  fully  considered,  and  was  felt  to  be  without 
value  for  this  particular  purpose.  It  must  be  remem- 
bered that  the  methods  used  by  the  Geophysical 
Laboratories  refer  to  verj'  large  depths,  whereas  in 
cable  practice  the  total  range  is  in  the  first  3  ft.  or 
so  of  the  soil.  The  method  is  doubtless  satisfactory 
for  a  great  depth,  but  the  portion  of  the  soil  near  the 
surface  is  greatly  influenced  by  atmospheric  conditions, 
rainfall,  etc.  The  efiect  of  these  transients  will  be 
far  greater  than  that  which  it  is  desired  to  measure, 
and  consequently  the  method  is  not  applicable.  Various 
soil  authorities  were  consulted  on  this  matter  before 
the  decision  mentioned  above  was  arrived  at. 

Some  of  Mr.  Townley's  remarks  have  already  been 
dealt  with.  In  answer  to  the  question  as  to  armouring, 
the  cables  used  were  all  of  standard  type,  the  armouring 
being  laid  on  a  bedding  of  jute  and  served  overall  with 
hessian  or  other  tape,  and  compounded. 

Mr.  Longman  raises  a  number  of  interesting  points 
with  most  of  which,  and  particularly  that  regarding 
the  method  of  interspersing  lightly  loaded  with  heavily 
loaded  cables,  we  must  agree.  In  reply  to  the  ques- 
tions asked  :  (1)  So  far  as  we  know,  the  latest  V.D.E. 
tables  are  the  same  as  those  published  in  1905  ;  (2)  a 
considerable  amount  of  work  has  been  done  on  cables 
laid  on  the  solid  system,  and  more  particularly  that 
of  Prof.  Marchant  published  in  the  previous  report. 
The  calculation  of  load   tables  was,  however,  deferred 


BRITISH  STANDARD   IMPREGNATED   PAPER-INSULATED   ELECTRIC   CABLES."    947 


owing  to  the  difficulty  of  obtaining  a  reliable  value  of 
thermal  resistivity  of  the  filling  material.  The  values 
obtained  by  Prof.  Marchant  and  at  the  N.P.L.  were 
nearly  500,  but  Mr.  Beaver  in  the  discussion  stated 
that  a  value  of  300  was  more  nearly  correct.  Further 
investigation  showed  that  various  mixtures  were  in  use 
as  filling  materials,  the  thermal  resistivity  of  wlrich 
varied  from  200  to  500,  and  the  extent  of  this  variation 
and  lack  of  present  knowledge  of  the  reason  for  it  has 
delayed  the  preparation  of  the  tables.  The  question 
of  the  cables  in  air  along  railway  cuttings  is  dealt  with 
in  the  reply  to  Mr.   Hunter. 


represent  valuable  additional  information,  and  it  is 
hoped  that  supply  engineers  in  other  districts  will  have 
similar  observations  made. 

In  reply  to  Mr.  Ratcliff,  the  general  lay-out  of  the 
experimental  work  of  a  research  of  this  kind  is,  of 
course,  always  open  to  criticism,  since  it  is  impossible 
to  do  everything  at  once,  and  a  single  omission  leaves 
room  for  comment.  We  would,  however,  point  out 
that  the  greater  part  of  the  work  already  done  applies 
to  super-pressure  cables  as  well  as  to  the  others,  and 
it  was  both  desirable  and  necessary  that  the  work 
should  include  cables  of  all  pressures,  since  complete 


Con- 
secutive 
No. 

Sample 
No. 

1 

1 

3 

., 

i 

1 

4 

.. 

5 

1 

G 

2 

7 

1 

.s 

,, 

•J 

1 

10 

2 

11 

1 

13 

3 

IJ 

1 

11 

3 

15 

1 

1« 

•■i 

Nature  of  boi! 


Gravelly  loam 


Red  marl 
Sandy  loam 

Sandy  loam 

River  silt 
(clayey 
nature) 

River  silt 
(clayey 
nature) 

Sandy  soil 


Red  marl 
Rock  and 

sandstone 

reef 
Rock  and 

sandstone 

reef 
Yellow  clay 


Yellow  clay 
Yellow  clay 
Yellow  clay 

Sandy     loam 

on    yellow 

clay 
Sandy     loaTU 

on     yellow 

clay 


Rainfall 

Nature  of 
surface 

State  of 
surface 

Date 
taken 

previous 

day 

10 
days 

Grass 

Damp 

33/S/31 

in. 

in. 
0-31 

Grass 
Grass 

Damp 
Dry 

3J/H/31 

U-42 

0  ::i 
1-ou 

Grass 
Grass 

Dry 
Dry 

13/7/31 

0-42 
0-2 

1-C8 
0-32 

Grass 

Dry 

U77/31 

0-3 

0-33 

Grass 

Dry 

■r/l/Jl 

UUl 

0-73 

Grass 
.Asphalt 

Dry 
Dry 

3i;/l/31 
3«/ll/31 

(Mil 
U-U'J 

0-72 
113 

Asphalt 

Dry 

■Ji;/il/3l 

U'Kt 

113 

Macadam 

Wet 

3.-,/ 11/31 

- 

101 

Macadam 

Wet 

35/11/31 

— 

1-ul 

Broken 

asphalt 
Broken 

asphalt 
Earth 

Wet 
Wet 
Dry 

17/1/33 
17/1/33 

OUl 
U-Ol 

llj 

10 
0-011 

Earth 

Dry 

l.l/J/33 

— 

0  •  O'.l 

Location  of  trench 


Dandenong-rd.,  CauUield 


Dandenong-rd.,  Caultield 
Normauby-rd.,  Caulfield 

Normanby-rd.,  Caulfield 

Port  Meiix)ume,  sidt  of 

R.  Yarra  at  Spotswood 

Port  Melbourne,  side  of 
R.  Yarra  at  Spotswood 

Broadway,  Caraberu-cU  ■ 


Broadway,  Camberwell 
Bridge-rd.,  Richmond 

Bridge-rd.,  Richmond 


Canterbury-st., 
market 


New- 


Canter  bury-st., 

market 
Ascot     Vale-rd 

Vale 
Ascot     Vale-rd 

Vale 
Napier-st.,  Essendon 


New- 
Ascot 
Ascot 


Napier-st.,  Essendon 


Depth 
taken 

.Moisture 

ft.     in. 

3      0 

per  cent 
13-65 

4     0 
3     0 

18-28 
17-6 

i      0 

3     0 

33-8 
8-7 

4     0 

14-5 

3     U 

lS-0 

1     0 
3     0 

15-3 
7-3 

3     3 

5-1 

3     0 

30-4 

4     0 

lS-3 

3     U 

33-7 

3     0 

15-5 

3     0 

•J  a 

3     0 

13-3 

Remarks 


Contained  lumps  of  soft  stone, 
which  were  powdered  and 
mixed  with  sample 

in  unmade  footpath  alongside 
railway  embankment 
Ditto 
Reclaimed  river  fiats 


Ditto 


In  footpath  which  was  partly 
asphalt  and  partly  gravel. 
Trench  in  gravelled  portion 
Ditto 

Shopping  centre  ;  trench  under 
verandahs 

Ditto 


Trench    in     water.    Table    of 
roadway  with  5  in.  of  metal 
on  pure  yellow  clay 
Ditto 

Trench     in     asphalt     footpath 
very  much  broken  up 
Ditto 

In  unmade  footpath.  About 
1  ft.  loam,  remainder  yellow 
clay 

Ditto 


Note.— Cables  laid  at  depths  of  3  ft.  U  in.  in  footpaths,  and  4  ft.  0  in.  in  roadways,  the  measurement  being  to  the  bottom  of  the  cable. 

Consecutive  Nos.  1,  3,  3  and  4 
Consecutive  Nos.  5  and  6 
Consecutive  Nos.  7,  S,  9  and  10 
Consecutive  Nos.  11,  12,  13,  14,  15  and  IG. . 


Jolimont-Caulfield. 

Power  House,  Jolimont  fvia  Fishennau's  Bead). 

Jolimont-Ea't,  Camberwell. 

Newmarket-Glenroy. 


Mr.  Woodhouse  rightly  draws  attention  to  the  fact 
that  it  will  not  be  economical  to  run  the  lower  pressure 
cables  at  the  current-loadings  given  in  the  tables.  His 
suggestions  for  dealing  with  portions  of  a  cable  which 
may  be  hotter  than  the  rest  are  most  ingenious,  and  it 
will  be  interesting  to  see  whether  they  are  used  in 
practice. 

In  reply  to  Mr.  Skinner,  the  two  curves  for  the  years 
1911  and  1921  give  the  highest  figures  for  soil  tempera- 
ture for  many  years  past.  With  regard  to  the  merging 
of  the  tables,  the  engineers  mainly  concerned  considered 
that  the  difference  of  the  order  of  5  per  cent  warranted 
the  preparation  of  two  sets  of  figures.  If  more  con- 
venient, however,  one  table  only  may  be  used. 

The  figures  of  moisture  content  given  by  Mr.  Bramwcll 


verification  of  the  formuUe  and  constants  coukl  only 
be  based  on  the  whole  series.  The  fact  that  the 
dielectric-loss  portion  has  not  yet  been  completed,  and 
that  in  consequence  this  section  cannot  be  published, 
does  not  appear  to  be  a  good  reason  why  such  a  very 
large  number  of  results  should  have  been  withheld. 
We  cannot  agree  with  Mr.  Ratcliff's  statement  as  to 
the  method  of  arriving  at  the  results  ;  these  results 
are  all  finally  based  on  direct  experiment  supported 
by  investigation  of  the  separate  factors.  With  regard 
to  the  maximum  permissible  temperature,  it  is  clearly 
stated  in  the  report  that  the  value  of  65'  C.  for  cables 
buried  direct  in  the  ground  is  a  safe  maximum  for 
continuous  loading  conditions,  taking  into  account 
such  factors  as  the  very  long  life  required  for  such 
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cables  and  the  cost  of  repair  and  renewal.  If  any 
further  information  is  required  with  respect  to  the 
factors  of  safety,  we  would  refer  Mr.  Ratcliff  to  the 
remarks  of  Mr.  Del  Mar,  who  assails  the  figures  on 
the  ground  that  they  are  too  low,  and  to  our  comments 
thereon.  The  difference  between  the  order  of  the 
2  200-volt  and  3  300-volt  cables  when  in  air  and  buried 
direct  in  the  ground  is  due  mainly  to  two  reasons  : 
(1)  that  the  emissivity  constant  is  not  operating  when 
the  cable  is  laid  in  the  ground,  and  (2)  that  the  tables 
for  2  200-volt  cables  apply  to  a  depth  of  laying  of 
1  ft.  6  in.  and  those  for  3  300-volt  cables  at  3  ft.  The 
point  as  to  the  thermal  resistivity  of  made  ground 
interspersed  with  pipes  has  been  dealt  with  in  the 
reply  to  Mr.  Brazil. 

\\'ith  regard  to  the  very  large  multi-way  ducts,  it 
seems  probable  that  the  only  method  of  obtaining 
evidence  of  the  conditions  prevailing  is  to  make  actual 
tests  with  the  ducts.  The  Committee  have  had  this 
question  fully  in  mind,  but  unfortunately  the  arrange- 
ment of  multi-way  ducts  in  practice  is  often  such  that 
tests  cannot  readily  be  made. 

It  should  be  clear  that  the  comparison  with  a.c. 
and  d.c.  tests  of  three-core  cables  refers  to  sizes  up  to 
0-2.5  sq.  in.  (each  conductor)  ;  above  this  size  or  at 
high  frequencies  there  will  be  additional  losses  and 
consequent  heating  due  to  such  factors  as  skin  effect. 
We  are,  however,  unable  to  confirm  Mr.  RatcUff's 
figure  of  5  per  cent  additional  losses  on  account  of 
eddy  currents  in  the  lead  sheath  ;  even  with  very  large 
cables  the  loss  should  be  less  than  5  per  cent. 

Mr.  Medlyn's  contribution  is  most  interesting,  but 
we  are  unable  to  express  an  opinion  as  to  the  reason 
for  the  movement  of  large  telephone  cables  and  conse- 
quent fracture  of  the  joint. 

In  reply  to  Mr.  MaUinson,  a  considerable  amount 
of  work  has  been  done  with  cables  laid  on  the  solid 
system,  but  it  has  not  yet  been  possible  to  produce 
load  tables,  on  account  of  the  wide  divergencies  in  the 
value  of  the  thermal  resistivity  of  the  bitumen  filling 
material.  Tests  were  made  on  cables  of  at  least  six 
different  makes. 

In  reply  to  Mr.  Lakeman,  there  is  every  reason  for 
a  difference  between  the  temperature-rise  allowed  for 
cables  in  air  and  for  those  laid  direct  in  the  ground. 
In  the  latter  case  it  is  shown  that  the  base  temperature 
is  more  generally  15°  C.  or  lower,  while  in  the  case 
of  cables  in  air  the  ambient  temperature  may  be  con- 
siderably higher.  The  values  for  air  are,  however,  not 
put  forward  as  standard,  but  anyone  desiring  to 
ascertain  the  loading  for  any  other  temperature  will 
find  in  the  report  all  the  necessary  information  on 
which  to  base  his  figures. 

We  cannot  altogether  agree  with  Mr.  Porter  as  to 
the  difference  bet\veen  types  of  ducts.  Our  e.xperi- 
mental  data  tend  to  show  that  the  greater  part  of  the 
thermal  resistance  is  in  air  in  the  duct,  and  consequently 
the  material  of  the  duct  wUl  have  comparati\ely  little 
effect. 

Mr.  Taylor's  question  as  to  the  relative  rating  of  a 
660-volt  and  an  1 1  000-volt  cable  is  best  explained  by 
the  application  of  the  formula  to  the  two  cases.  In 
the  evaluation  which  depends  on  the  division  of  a 
constant  by  V(A  +  S),  in  the  660-volt  cable  4  =  99'6 


and  S  =  34-5,  while  in  the  11  000-volt  cable  A  =  62-3 
and  ;S  =  60-5.  Hence  the  value  of  V(-4  +  S)  in  the 
first  case  is  11-6  and  in  the  second  case  11-1,  i.e.  the 
increase  in  the  term  due  to  extra  thickness  of  insulation 
is  more  than  compensated  for  by  the  diminution  of 
the  term  ^-1,  which  expresses  the  resistance  to  heat 
emission  into  the  air. 

With  regard  to  the  question  of  a  discrepancy  between 
the  new  values  for  a  six-core  cable  and  those  given 
in  the  previous  report,  the  proper  value  per  core  was 
U2.  The  values  given  in  Table  39  of  the  present 
report  relate  to  a  temperature-rise  of  50  degrees  C. 
and  in  addition  a  correction  is  made  for  the  value  of 
K  in  the  light  of  the  further  knowledge  on  the  subject. 

With  regard  to  the  question  as  to  triple-concentric 
cables,  assuming  that  the  cable  has  cores  of  equal 
cross-section  it  is  probable  that  the  loading  could  be 
increased  if  the  innermost  core  was  not  carrv-ing  any 
current.  The  construction  of  such  a  cable  would, 
however,  be  quite  different  from  that  of  the  ordinary' 
triple-concentric,  since  in  the  latter  case  the  outer  belt 
of  insulation  is  thinner  than  the  inner.  It  is,  therefore, 
impossible  to  give  a  figure  without  full  knowledge  of 
the  dimensions  of  the  special  cable,  but  the  formulse 
given  enable  such  cases  to  be  worked  out. 

The  interesting  accounts  of  the  practical  experiences 
of  Mr.  Blades  and  Mr.  Groves  show  that  the  mechanical 
troubles  considered  by  the  Committee  are  ver\'  real, 
but  these  two  speakers  have  shown  that  with  proper 
design  these  troubles  can  be  largely  avoided. 

Errata  in  the  Paper. 

It  is  much  regretted  that  certain  errors  have  crept 
into  some  of  the  equations. 
Equation  18  should  be  : 

K.        r(0-58£)  4- 2-15J- -f  .EO**" 


^^r  =  :^ 


r(0^ 


■] 


Equation  49,  line  2  et  seq.  should  read  : 

fa  J-  r^  «  „       (a  —  nr)        (a  +  r'\"' 

'  in  which  a=<  >     and  p  =  X  <  > 

V    n    )  '^        a  +  nr         I    n    J 

The  second  formula  is  deduced  from  (49)  upon  the  .  .  ." 

K         n 

Equation  50  should  be  :  TF  =  - — ;.  log„  — 

277-2/  ri 

I     nr 
Equation  51  should  be  :  r,  =  (a  +  r)"  

^  a  ^  nr 

Equation  52  should  be  : 


477  (Capacity)  = 


XK 


Equation  56,  line  2,  for  a  = 


Thermal  resistance 
a-f:-3) 


read 


ri 


-m 


Table    55.     More    accurate    values    for    the    columns 
headed  g„  would  be  as  follows  : — 

Case  gjf  Error  of  5  „ 

1  3-571  +  6-4  per  cent 

2  3-798  +  9-6  per  cent 

3  3-345  -j-  12-4  per  cent 

Arc  CA       „  r 

Equation  62  should  be  :   -: ^^r  =  o  = 


Arc  BA 


r  -  0-477D 


Fif.  4 1 .     /•-  should  ba  r. 
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By  A.  G.  Warren,  M.Sc,  Member. 

[From  the  Research  Department.  Woolwich.] 

(Lecture  delivered    before    The    Institution    \2th    April,    before   the    Mersey   and    North    Wales    (Liverpool)    Centre 
19/A  March,  and  before  the  North-Eastern  Centre  Qth  April,   1923.) 


Introduction. 

It  will  be  my  endeavour  this  evening  to  describe 
some  aspects  of  radiography  as  seen  from  my  own 
particular  viewpoint.  I  shall  try  to  show  how  the 
technique  of  the  subject  has  been  developed,  and  to 
indicate  the  lines  along  which  progress  may  be  expected. 

Although  the  theory  of  radiation  is  far  from  complete, 
the  salient  elementary  facts  are  fairly  generally  known 
and  I  do  not  feel  called  upon  to  deal  with  them  in  any 
detail.  Sir  William  Bragg  covered  much  of  the  ground 
in  a  lecture  delivered  before  the  Institution  in  1921.* 

Nor  need  I  deal  at  any  length  with  the  applications 
of  X-rays.  These  are  fairly  well  known  and  have 
recently  been  treated  quite  fully  by  various  writers. 
Roughly  one  can  consider  the  applications  as  being 
for  medical  work,  for  metal  and  similar  examinations, 
and  for  crystallography.  Of  medical  work  I  shall 
say  nothing  ;  of  crystal  examination  much  might  be 
said.  It  has  acquired  an  entirely  new  meaning  in  view 
of  Bragg's  researches  ;  an  enormous  amou.nt  of  work 
has  already  been  done  and  this  particular  application 


Wave-length 

Fig.     \. — Underlying    continuous    spectrum    emitted    by    a 
target  under  electronic  bombardment. 

of  X-rays  is  providing  us  with  a  tool  of  great  possibilities. 
In  general  this  work  does  not  demand  a  hard  or  penetrat- 
ing radiation  but  one  which  is  as  nearlv  monochromatic 
as  possible.  I  shall  indicate  later  how  such  radiations 
are  obtained. 

The  ordinary  inspection  of  metals  resolves  itself 
into  the  detection  of  faults,  e.g.  lack  of  homogeneity, 
flaws,  cavities,  presence  of  foreign  materials,  bad  welds, 
etc.  ;  the  detection  of  hidden  bad  workmanship  ;  the 
examination  of  sealed  bodies  which  it  is  undesirable 
or  unsafe  to  dismantle,  such  as  the  examination  of 
shells  and  fuses  to  check  correct  assembly,  or  the  ex- 
*  See  Journal  I.E.E.,  1921,  vol.  59,  p.  132. 


amination    of    shells    of     unknown    construction  ;     the 
examination  of  alloys,  etc. 

Such  work  demands  quite  commonly  the  hardest 
radiations  that  we  can  obtain,  and  the  application  of 
the  method  is  limited  only  by  the  construction  of  tubes 
and  all  the  subsidiary  gear  to  withstand  and  to  produce 
the   required   pressures.     That    limit    is    rapidly   being 


run  ra- 
!  •^•}<.ll•t 


'X-r.iYS' 


■Bo(L> 


Fig.   2. — Diagram  showing  lengths  in  cm  of  various  types 
of  electromagnetic  waves.     Logarithmic  scale. 

raised,  and  greater  and  greater  penetrations  arc  becoming 
possible. 

Radiation  is  the  form  in  which  electrons  emit,  absorb 
or  exchange  energy.  It  appears  to  be  governed  by 
Planck's  hypothesis  ;  that  is  to  say,  it  exists  onh'  in 
indivisible  quanta  whose  magnitudes  are  determined  by 
their  frequencies.-'  X-radiation  is  distinguished  by  the  rela- 
tive greatness  of  the  quanta  involved  and  is  produced 
in  the  X-ray  tube  by  the  rapid  deceleration  of  electrons 
of  considerable  energy.  An  electron  hurled  against 
the  target  is  brought  to  comparative  rest  in  a  succession 
of  atomic  impacts,  giving  out  an  X-ray  at  each.  Much 
of  the  radiation  produced  sutlers  continuous  degradation 
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in  the  body  of  the  target,  but  a  certain  small  amount 
escapes  and  is  represented  •  roughly  in  distribution 
as  shown  in  Fig.  1.  The  short  wave-length  limit  is 
deiined  by  Planck's  equation  hv  =  Ee,  or  in  practical 
units  A„,„.  =.  12  400/£  Angstrom  units  (.\.U.).  It  is 
seen  that  the  hardness  (or  frequency)  of  the  radiation  is 


Fig.  3. — Diagrammatic  representation  of  atom,  showing 
energies  associated  with  various  orbits  or  states.  ("  Fine 
structure  "  neglected.) 

defined  by  the  voltage,  E.  For  the  voltages  we  are 
using,  the  wave-lengths  are  very  short — about  0-06  to 
12  A.U.,  or  of  frequencies  some  thousands  ol  times 
as  great  as  those  of  ordinary  light  (see  Fig.  2\ 

The   process  is,   in   a  certain  sense,   reversible.     An 
X-ray  of   frequency  v  and   of  quantum  hv  will  eject 
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when  radiation  is  emitted ;  it  does  not  take  place 
when  radiation  is  absorbed.  In  the  procession  of 
radiant  phenomena  X-rays  and  moving  electrons  succeed 
each  other  alternately ;  if  we  consider  more  than 
individual  exchanges  it  hardly  seems  to  matter  whether 
the  initial  bundle  of  energy  is  represented  by  an  X-ray 
or  by  an  electron.  In  fact  de  BrogUe  makes  no  dis- 
tinction but  simply  talks  of  the  quantum,  which,  although 
it  is  an  amount  of  energy,  may  be  described  accurately 
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Fig.  5. — Ideal  absorption  curve,  showing  greatly  increased 
absorption  when  the  K  radiation  is  excited. 


by  a  frequency,  a  velocity  or  a  voltage.  Regarded 
from  de  Broglie's  point  of  view,  the  pressure  of  radiation 
is  identical  with  the  mechanical  pressure  of  impinging 
electrons.  Reduced  to  practical  terms  this  means 
that  when  electrons  or  radiation,  or  both,  encounter 
matter  the  result  is  the  emission  of  an  equal  amount 
of  energy  comprised  of  radiation  proper  and  of  corpuscu- 
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Fig.    6. — .\bsorption    curve    for    zirconium. 
Hull's  curves. 


deduced    from 


an  electron  from  an  outer  ring  of  an  atom  with  an 
energy  equal  to  hv  or  Ee.  It  would,  however,  appear 
that  a  ray  is  an  indivisible  unit  which  may,  or  mav 
not,  be  handed  over  to  an  electron  ;  no  partial  absorp- 
tion is  possible.  On  the  other  hand,  an  electron  may 
be  brought  to  rest  in  a  number  of  steps.  The  expected 
degradation    of    energy    only    takes    place,    therefore. 


lar  radiation,  the  nature  of  which  depends  only  upon 
the  matter  concerned  and  the  impinging  quanta.  The 
radiation  is,  in  the  case  of  X-rays  (though  not  always 
so  forravs  of  longer  wave-length),  reduced  in  frequency 
or  hardness  by  the  encounter. 

So   far   the   radiation    considered   is   the   underlying 
continuous  spectrum.     Over  and  above  this  we  obtain. 
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under  suitable  conditions,  radiation  which  is  character- 
istic of  tlie  atom  bombarded.  Or,  when  radiation 
traverses  a  material,  absorption  may  occur  which  is 
characteristic  of  the  absorbing  atom.  The  effects  are 
almost  exactly  analogous  to  the  emission  and  absorption 
of  line  spectra  in  light,  brought  about  by  exchanges 
of  electrons  between  the  various  orbits  or  conditions 
in  the  atom  (see  Fig.  3).  The  outer  orbits  are  those 
which  function  in  optical  phenomena  ;  they  are  far 
from  full,  and  exchanges  of  electrons  between  them 
take  place  readily.  The  inner  orbits  which  function 
in  X-ray  work  are,  on  the  contrary,  normally  full  and 
so  exchanges  are  only  possible  when  an  electron  has 
been  ejected  clear  of  the  atom.  Considering  the 
inmost  or  K  ring,  an  electron  cannot  be  removed 
to  the  L,  M  or  N  rings  because  there  is  no  vacant 
space.  Line  absorption  is  therefore  impossible, 
except  in  extraordinary  cases.  Characteristic  K  ab- 
sorption does  not  commence  until  the  frequency  of 
the    absorbed    radiation   exceeds   that   associated   with 
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Fig.   7. — Molybdenum  radiation  before  and  after  filtration 
through  0'35  mm  of  zirconium   (after   Hull). 

the  K  ring.  When  it  does  commence,  the  total  absorp- 
tion increases  greatly.  Similarly,  K  characteristic 
radiation  is  not  excited  until  the  voltage  exceeds  the 
K  quantum  limit.  Then  electrons  may  be  ejected 
from  the  K  ring.  The  restoration  of  the  original  state 
may  be  produced  by  a  number  of  jumps  on  the  part 
of  electrons,  giving  rise  to  line  emission. 

Fig.  4  shows  the  characteristic  radiation  emitted  by 
a  molybdenum  target  at  28  000  volts  (the  quantum 
voltage  is  20  000).  Ihe  sudden  increase  in  absorption 
at  the  K  limit  is  illustrated  in  Figs.  5  and  6.  Its  applica- 
tion to  the  securing  of  a  moderately  monochromatic 
radiation  for  crystal  work  is  indicated  in  Fig.   7. 

Absorption  of  High-Frequency  Radiation. 
In   the   radiography  of   metals   it  may  be   assumed 
that  we  are  always  using  voltages  in  excess  of  the  K 
quantum    limit.     (The    critical    voltages    for    iron    and 
lead  are  respectively  7  100  and  90  000.) 


If  a  beam  of  monochromatic  radiation  of  intensity 
lo  fall  upon  a  homogeneous  substance  it  suffers  the 
same  fractional  absorption  for  each  unit  of  distance 
traversed.  The  intensity  I^.  at  a  distance  x  below  the 
rurface  is  thus  I^  =  IgSTi^'^,  where  fj.  is  the  fractional 
fall  of  intensity  per  unit  distance.  It  is  usually  more 
convenient  to  use  the  mass  absorption  coefficient  iijp 
instead  of  fx  (p  being  the  density).  The  absorbed 
radiation  may  be  divided  into  two  parts,  a  fraction  cr 
which  is  scattered  per  unit  distance,  unaltered  in 
frequency,  and  a  fraction  t  which  is  transformed  and 
degraded,  reappearing  as  radiation  of  different  frequency 
— heat,  fluorescent  radiation  and  corpuscular  radiation. 
So  that  fxlp  —  a/p  -j-  r/p.  It  is  very  desirable  that  we 
should  know  more  of  these  two  coefficients  than  we 
do  at  present  if  we  are  to  predict  the  voltages  required 
for  very  high  penetrations.  I  shall  attempt  certain 
predictions  later  but  they  will  be  made  with  reserve. 
In  general  it  may  be  assumed  that  in  comparatively 
low-voltage  work  the  transformed  radiation  is  greater 
than  the  scattered  radiation,  but  that  the  order  is 
reversed  at  greater  penetrations. 

J.  J.  Thomson  has  investigated  scattering  on  the 
electromagnetic  theory  and  has  shown  that  the  amount 
should  be  independent  of  the  wave-length  and  pro- 
portional to  the  number  of  scattering  electrons  per  unit 
volume.  The  latter  number  is  roughlv  proportional  to  the 
density,  so  that  a/p  should  be  approximately  a  universal 
constant.  Its  value,  according  to  Hull,  is  about  0-12. 
Later  work  appears  to  suggest  that  the  value  is  about 
0-17  for  the  light  elements  when  low-frequency  radia- 
tions are  employed,  but  that  the  value  decreases  rapidly 
for  the  heavier  elements  with  high-frequency  radia- 
tion. If  this  value  were  constant  it  would  impose  a 
limit  beyond  which  it  would  be  impossible  to  reduce 
the  absorption  coefficient ;  this  would  mean  in  practice 
that  there  would  be  a  definite  limit  to  the  thickness  of 
matter  which  could  be  efiectivelv  radiographed.  For 
steel  this  limit  would  be  7  inches.  Fortunately  this  does 
not  seem  to  be  the  case  ;  for  y  rays  the  value  of  a/p 
certainly  falls  to  0-05.  More  recent  work  by  Compton 
(referred  to  later)  suggests  a  modification  of  Thomson's 
theory  when  the  wave-length  is  comparable  with  the 
electron  radius. 

Bragg  and  Pierce  have  shown  that  the  mass  tran,?- 
formation  coefficient  is  proportional  to  the  cube  of 
the  wave-length.  This  law  is  certainly  obeyed  closel}^ 
down  to  0-09  A.U.  Beyond  that  point  it  appears 
that  the  coefficient  decreases  even  more  rapidl}-. 

Except  for  very  hard  radiations  the  absorption 
coefficient  may  therefore  be  expressed  as  ^./p  —  a}?  -r  b, 
or  flip  =  (clFJ)  +  b. 

Radiographv. 

Turning  now  to  the  actual  problem  of  radiography — 
the  obtaining  of  a  shadow  image  upon  either  a  screen 
or  a  photographic  plate — we  have  to  consider  how 
the  properties  of  the  rays  must  be  used  to  obtain  the 
best  result. 

Only  those  rays  which  pass  through  unaltered  and 
undeviated  contribute  to  the  production  of  an  eflfective 
image.  All  scattered  radiation  which  penetrates  only 
helps  to  fog  the  plate  and  mask  the  image.     It  is  tlve 
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object  of  efficient  radiography  to  obtain  as  large  a 
undeviated  radiation  as  possible  (to  render  exposures 
reasonably  short),  at  the  same  time  keeping  down  the 
scattered  radiation.  When  the  illumination  due  to 
scatter  is  rendered  sufficientlv  small  it  is  surprising 
what  contrast  can  be  obtained  if  the  technique  is  cor- 
rect. Surface  scratches  on  a  block  of  metal  producing 
only  the  minutest  variation  of  thickness  show  up  quite 
distinctly  on  a  radiograph.  The  reasons  for  this  were, 
pointed  out  by  Sir  William  Bragg  some  time  ago, 
although  I  think  that  with  modern  X-ray  plates  the 
sensitiveness  is  even  greater  than  he  suggested. 

If  we  consider  a  scratch  upon  a  piece  of  material, 
or  a  flaw  in  the  interior,  to  be  equal  to  a  reduction  of  the 
thickness  from  D  to  D-d,  the  strengths  of  the  emergent 
beams  are  le.-i^D  and  Ie-''(-°''').  The  ratio  is  e^**. 
That  is  to  say,  it  depends  only  upon  the  absorption 
in  a  layer  of  the  same  thickness  as  the  scratch  or  flaw 
and  not  at  all  upon  the  thickness,  D,  of  the  material. 
Theoretically,  the  absorption  can  be  controlled  at  will 
by  varjdng  the  voltage  on  the  tube.  When  the  voltage  is 
small,  jx  is  large,  and  therefore  great  contrast  is  theoreti- 
cally obtained  with  low  voltages.  In  practice,  excessive 
exposures  would  be  required  if  D  is  great  and,  to  render 
the  exposure  reasonable,  fj,  must  be  decreased  by  increase 
of  voltage.  The  argument  is  also  vitiated  to  some 
extent  bj-  the  fact  that  there  is  always  a  certain  amount 
of  scattered  illumination  on  the  plate,  and  although 
this  decreases  with  reduction  of  voltage  it  does  not 
fall  nearly  so  rapidly  as  the  direct  illumination.  The 
contrast  is  therefore  actually  expressed  by  a  ratio 
(Ie-M{i>-d)  -!- 5)  ^  (Ie-MJ3 -f  g),  which  becomes  unity 
when  yLt  =  0  and  jU.  =  GO-  Contrast  requires  this  ex- 
pression to  differ  as  much  as  possible  from  unit}',  and 
this  occurs  at  a  certain  value  of  p.  or,  in  other  words, 
at  a  certain  value  of  the  voltage.  The  optimum  voltage 
increases  with  the  mass  of  matter  to  be  penetrated. 

When  we  are  considering  great  thicknesses  it  becomes 
clear  that  the  minimum  size  of  a  flaw  which  can  be 
detected  is  roughly  proportional  to  the  thickness  of 
material  in  which  it  occurs,  for  the  length  of  exposure 
is  roughly  determined  by  ^D.  If  D  be  doubled,  fj, 
must  be  halved  and  so  d  must  be  doubled  to  give  the 
same  contrast.  For  high  voltages  the  increased  X-ray 
efficiency  of  the  tube  allows  fiD  to  increase  somewhat, 
and  the  minimum  size  of  flaw  discernible  is  slightly 
smaller  than   is   indicated  by  the  foregoing   reasoning. 

But  the  ratio  between  the  illuminations  reaching  the 
plate  does  not  alone  define  the  photographic  result. 
Here  both  the  plate  and  the  skill  and  experience  of  the 
radiographer  enter  definitely  into  consideration.  The 
final  contrast  is  expressed  by  the  varying  transparency 
of  the  plate  at  various  parts.  The  rays  cause  deposition 
of  silver,  and  this  deposition  proceeds  at  a  rate  de- 
pending upon  the  intensity  and  qualitv  of  the  rays. 
Suppose  we  consider,  as  Bragg  has  done,  the  trans- 
parency of  the  plate  diminishing  exponentially  towards 
zero  at  different  rates  at  two  different  parts  of  the  plate 
(see  Fig.  8) .  (The  curves  have  been  drawn  for  intensities 
of  illumination  in  the  ratio  of  2  :  1.)  The  ratio  of  the 
transparencies  increases  indefinitely  with  time  untU 
the  plate  is  completely  blackened  and  useless.  The 
curves  show,  however,  that  the  negative  is  capable  of 


magnifying  the  contrast  considerably  if  a  long  exposure 
be  given. 

Modern  X-ray  plates  exaggerate  the  contrast  still 
more  ;  the  emulsion  is  very  thick,  and  complete  loss 
of  transparency  occurs  before  all  the  possiljle  silver 
has  been  deposited.  A  plate  which  is  not  completely 
exposed  will  appear  like  a  piece  of  ebonite  after  develop- 
ment. The  transparency  curves  become  asymptotic 
to  an  axis  below  zero  (see  Fig.  9).  It  will  be  seen  that 
one  part  of  the  plate  may  be  completely  blackened 
while  another  is  still  reasonably  transparent,  and  the 
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Fig.  8. — Showing  the  contrast  obtained  with  an  emulsion 
just  thick  enough  to  blacken  completely  with  a  long 
exposure. 

contrast  is  thus  practically  infinite.  I  ha\-e  not  pushed 
the  reasoning  far.  The  curve  in  Fig.  9  is  drawn  for  an 
emulsion  20  per  cent  thicker  than  the  critical  amount. 
It  is  seen  that,  even  with  this  small  increase,  greater 
contrast  is  obtained  without  blackening  the  plate  to 
the  same  extent. 

This  question  of  the  emulsion  is  one  which  repays 
a  great  deal  of  attention.  Although  very  notable 
work  has  been  done  in  recent  years  we  may  hope  for 
still  further  assistance  in  this  direction.  An  ordinary 
photographic   plate  is  of  little  use   for  verv  hard  rays. 
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Fig.   9. — Showing  the  contrast  obtained  with  an  emulsion 
20  per  cent  thicker  than  in  the  previous  case. 

Rays  which  have  penetrated  2  inches  of  steel  are  rather 
scornful  of  2  mils  of  emulsion.  It  is  rather  like  trying 
to  stop  bullets  with  a  tennis  net.  Further,  the  ordinar}' 
photographic  plate  is  particularly  sensitive  to  the  low- 
frequency  radiations,  and  so  transformed  radiations 
which  reach  the  plate  have  considerable  fogging 
capacity.  Our  problem  therefore  resolves  itself  into 
two  parts,  (i)  eliminating  as  far  as  possible  all  radia- 
tions which  do  not  contribute  directly  to  the  formation 
of  the  image,  and  (ii)  making  the  plate  as  sensitive 
as  possible  to  the  high-frequency  radiations. 

Let  us  consider  first  the  elimination  of  stray  radiation. 
Suppose  we  wish  to  radiograph  an  object  which  calls 
for  a  moderate  penetration,  using  rays  which  are  pro- 
jected vertically  downwards.     The  plate  is  placed  first 
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upon  a  thick  sheet  of  lead — this  is  to  absorb  radiation 
which  passes  through  the  plate  and  to  prevent  it 
being  fogged  by  scatter  from  below.  The  object  is 
then  placed  upon  the  plate  and  if  it  is  regular  it  is 
completely  surrounded  by  lead  so  that  no  radiation 
can  possibly  reach  the  plate  except  through  the  object 
to  be  radiographed  (see  Fig.  10).  If  the  body  is 
irregular  it  is  mounted  on  plasticine  trimmed  flush 
with  the  edge  ;    lead  dust  to  a  depth  of  several  miUi- 

Rays 


Lead 


Steel 


Plate 


Fig.  10. 


metres  is  then  distributed  round  it.  The  exposure  is 
then  made.  (When  the  penetration  attempted  is  con- 
siderable, the  advisability  of  backing  the  plate  with 
lead  is  doubtful.  The  particularly  penetrating  character- 
istic radiations  of  lead  are  excited  and  cause  a  certain 
amount  of  fogging.  A  lighter  backing  such  as  iron 
will  often  give  better  results.) 

In   addition-  to    the   undeviated   radiation    there    is, 
of    course,    the    scattered    and    transformed    radiation 

25 


20 


L           ^^ 

/ 

^-# 

m 

/ 

/ 

/ 

- — ;::?^ 

No  screen 

O 

i  ^0 


1 

0 

60000     60000     100000      120000      140000     160000 

Voltage 

Fig.     11. — Showing    intensification    produced     by     various 
screens. 


which  passes  through  the  material.  The  distinguishing 
features  of  this  radiation  are  that  it  is  distributed  in 
all  directions  and  is  largely  composed  of  very  low- 
frequency  rays.  The  Potter  Bucky  diaphragm  attempts 
to  eliminate  a  considerable  fraction  of  it  by  cutting 
out  all  that  is  not  sensibly  parallel  to  the  incident 
beam.  The  low-frequency  radiation  may  be  reduced 
in  relative  effect  by  rendering  the  plate  more  sensitive 
to  the  high-frequency  radiation.  It  appears  also 
that  the  low-frequency  radiation  might  be  largely 
eliminated   by   a   thin   sheet   of   moderately   absorbent 


material  placed  above  the  plate.  Lead  foil  has  been 
used  in  such  a  position  for  reinforcing  the  radiation, 
although  its  use  below  the  plate  is  much  more  common. 
I  do  not  know  that  it  has  been  used  generally  for  the 
purpose  suggested. 

Much  reduction  in  exposure  can  be  effected  by  the 
suitable  use  of  intensifying  screens  and  by  increasing 
the  absorptive  power  of  the  plate  or  film.  "  Duplitized  " 
films  having  a  layer  of  emulsion  on  both  sides  are 
commonly  used.  Oxides  of  lead  and  thorium  are  often 
added  to  the  silver  bromide  to  increase  the  absorptive 
power  of  the  emulsion.  In  addition,  intensifjdng 
screens  of  calcium  tungstate  placed  in  contact  with 
the  film  produce  a  similar  effect.  The  modern  Iinpex 
plate  is  practically  a  plate  plus  screen  made  in  one 
unit ;  the  screen  is  dissolved  off  after  exposure.  It 
is  also  common  to  place  a  sheet  of  lead  foil  immediately 
behind  the  film ;  high-frequency  radiation  which 
would  otherwise  be  lost  is  thus  made  to  produce  the 
characteristic  radiation  of  lead,  which  strikes  back 
upon  the  film.  Fig.  11  gives  the  results  of  a  series 
of  experiments  carried  out  at  Woolwich  upon  the 
efficiency  of  various  screens. 

Limits  of  Penetration. 
As  has  been  indicated  earlier,  the  greater  the  mass  of 
substance  to  be  penetrated  the  higher  is  the  optimum 
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12. — Diagram   showing  greater  penetration   at  higher 
potentials.     Penetration  of  0-5  cm  of  copper. 


voltage  for  good  definition.  In  addition,  exposures 
are  greatly  reduced  at  high  potentials.  Fig.  1 2  illustrates 
the  penetration  of  |  cm  of  copper  at  100  000  volts  and 
at  200  000  volts. 

It  is  commonly  stated  that  3  inches  of  steel  is  the 
present  practical  limit  of  penetration.  I  think  that 
that  is  rather  a  conservative  estimate  but  we  will 
assume  it  for  present  purposes.  It  is  clear  that  if 
greater  thicknesses  are  to  be  penetrated  we  must  increase 
the  voltage  so  tliat  the  amount  of  radiation  penetrating 
the  material  remains  constant.  This  allows  fiD  to 
increase  slightly  with  voltage.  The  relation  between  fi 
and  E  has  been  expressed  as  n/p  =  c/E'^  +  ofp.  How 
this  relation  changes  for  really  high  values  of  E  is 
uncertain.  The  first  term  apparently  decreases  still 
more  rapidly  and  a/p  begins  to  fall  as  E  is  increased. 
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Compton  *  has  investigated  theoretically  the  variation 
of  the  transformation  and  scattering  coefficients  at 
high  frequencies,  on  the  assumption  of  a  ring  electron 
of  radius  0-02  A.U.  His  conclusions  agree  well  with 
the  experimental  data  available.  Figs.  13  and  14 
have  been  prepared  for  iron  on  his  assumptions.  It 
will  be  seen  that  for  low  voltages  l/^u.  is  roughly  pro- 
portional to  the  cube  of  the  voltage,  but  that  the  form 
of    the    curve    changes    rapidly    above    200  000    volts. 
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Fig.   13. — ^Absorption  in  iron. 

when    1/^  becomes  approximately  proportional  to  the 
potential.     At   the  higher  voltages  the  X-ray  efficiency 
of  the  tube  increases  and  the  penetration  for  a  given 
power  increases  more  rapidly  than  the  reciprocal  of  ^. 
When  penetrating  3  inches  of  steel  at  200  000  volts 
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Fig.    14. — Absorption  in  iron   (hardness  of  rays  defined 
by  quantum  voltage). 

ynD  is  equal  to  3;  e~f^  =  0-05.  That  is  to  say,  of 
the  hard  radiation  emitted  by  the  tube  l/20th  penetrates 
the  specimen.  There  is,  of  course,  a  large  amount  of 
soft  radiation  in  addition,  but  this  is  of  no  importance 
from  the  radiographic  point  of  view. 

It  is  usually  believed  that  the  X-ray  output  of  a  tube 

•  Physical  Review,  1919,  vol.  14,  ser.  2,  p.  20. 


may  be  expressed  as  Ig  =  KIE-,  where  /  is  the  current 
and  E  the  voltage.  As  the  potential  rises,  the  increase 
in  output  is  accompanied  by  a  relative  shortening  of 
the  wave-length  of  the  peak  of  the  radiation  curve. 
As  in  radiographic  work  one  is  only  concerned  with 
the  hardest  part  of  the  spectrum,   the  assumption  of 
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the  above  relation  as  a  basis  of  calculation  is  distinctly 
conservative.  The  calculations  and  curves  are  given 
with  reserve  but  it  is  believed  that  when  the  voltages 
and  currents  assumed  are  attained,  the  results  will 
not  fall  short  of  those  predicted. 
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There  are  three  possible  directions,  each  of  very 
distinct  promise,  in  which  improvement  may  be 
attempted  :  — 

(1)  The  tube  may  be  constructed  to  stand  a  higher 

voltage  ; 

(2)  It  may  be  designed  to  carry  a  heavier  current  ;   or 

(3)  The  sensitiveness  of  the  plate  may  be  increased. 
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If  the  sensitiveness  of  the  plate  be  denoted  by  s,  the 
photographic  result  may  be  denoted  by  P  =  AsIE~e—>'^. 
It  is  clear  that  increase  of  current  and  improvement 
in  the  plate  are  equally  effective.  Increase  of  voltage 
produces  a  much  greater  effect,  not  only  on  account 
of  the  square-law  variation  with  JEJ  but  also  because 
/x  decreases  when  E  increases.  It  is,  however,  probably 
easier  to  increase  the  current-carrying  capacity  of 
the  tube  than  to  increase  its  abilitv'  to  withstand  a 
high  potential. 

Leaving  the  plate  out  of  consideration,  the  photo- 
graphic result  is  determined  by  IE'-e~i^^,  whence 
fxD  =  2  log  E  +  log  I  ^  C.  If  we  assume  a  tube  of 
the  Coolidge  type  where  the  power  is  defined,  i.e. 
log  E  +  log  /  is  constant,  we  obtain  [mD  =  log  E  +  K, 
which  for  steel  becomes  fj,D  =  log  (£/200  000)  +  3.  If 
we  assume  that  3  inches  is  the  practical  penetration 
at  200  000  volts  when  the  tube  is  carrying  3  mA,  we 
obtain  Fig.  15,  which  gives  the  penetration  possible 
at  various  voltages  up  to  600  kV. 

If,  however,  it  is  possible  to  increase  both  E  and  /, 
families  of  curves  such  as  those  given  in  Fig.  16  are 
obtained.  Deep  penetrations  become  pcssible  when 
we  are  able  to  construct  tubes  either  for  very  high 
voltages  or  for  very  high  powers. 

X-Ray  Tubes. 

To  turn  now  to  the  outfit  for  the  production  of  X-rays, 
we  require  in  the  lirst  place  a  source  of  electrons  and 
in  the  second  a  source  of  high  potential.  Two  methods 
are  in  common  use  for  the  production  of  electrons  : 
(1)  their  evaporation  from  a  hot  filament,  as  in  the 
Coolidge  tube,  and  (2)  the  bombardment  of  the  cathode 
by  positive  ions,  as  in  the  gas  tube. 

For  a  long  time  the  gas  tube  has  held  the  field  and 
there  are  still  many  who  maintain  that  it  is  capable 
of  giving  better  results  than  the  Coolidge  tube.  This  | 
claim  will  be  examined  later.  Figs.  17  and  18  show 
standard  types  of  gas  tubes.  It  is  not  necessary  for 
me  to  enter  into  detail  concerning  the  exact  nature  of 
the  discharge.  Much  has  already  been  said  and  written 
upon  that  subject,  but  there  is  still  much  that  we 
do  not  understand.  I  would,  however,  draw  attention 
briefly  to  some  important  experiments  by  Ratner, 
the  results  of  which  were  published  about  a  year  ago.* 
It  is  quite  clear  that  if  the  discharge  through  a  gas 
tube  is  to  be  maintained,  every  pair  of  ions  must  on 
the  average,  before  they  go  out  of  existence,  give  birth 
to  one  other  pair.  Now  at  the  vacua  that  exist  in 
these  tubes  it  seems  hardly  probable  that  the  ions  in 
their  journeys  towards  the  electrodes  would  encounter 
molecules  sufficiently  closely  and  sufficiently  often 
for  them  to  produce  ions  numerically  equal  to  them- 
selves. In  fact,  Ratner  found  that  under  certain 
circumstances  the  gas  pressure  could  be  as  high  as 
100  bars  and  yet  no  discharge  would  take  place  at  50  000 
volts.  It  appears  that  the  absorbed  layer  of  gas  upon 
the  cathode  plays  a  very  important  function — that  it 
is  the  bombardment  of  this  semi-conducting  layer  which 
provides  the  necessary  corpuscles.  A  positive  ion 
dashing  into  this  layer  may  release  a  cloud  of  electrons, 
and  the  discharge  is  continued  if  one  of  these  collides 
*  Pkilosophical  Magazine,  1922,  vol.  43,  p.  193. 


with  a  gas  molecule  sufficientlv  vigorously  to  ionize 
it.  The  bulb  may  become  polarized  and  refuse  to 
pass  current  when  this  laj'er  is  removed,  even  though 
the -gas  pressure  in  the  bulb  is  high.  Ihe  tube  will 
still  conduct  well  if  the  voltage  is  reversed.  It  cannot 
be  said  that  Ratner's  experiments  explain  all  the 
facts,  but  they  take  us  distinctly  nearer  to  a  solution. 


Fig.   17.  Fig.    18. 

Typical  modern  English  gas  tubes. 

Gas  tubes  tend  to  get  harder  with  use.  Part  of 
the  effect  is  temporarj^  and  is  to  a  great  extent  explained 
by  Ratner's  results.  But  in  addition  there  is  a  per- 
manent hardening  action,  to  overcome  which  means 
must  be  provided  for  admitting  gas  to  the  tube  at 
intervals.  The  pressure  in  a  gas  tube  is  never  very 
low — about  1  to  10  bars. 


Voltage 

Fig.   19. — Relation  between  potential  across,  and  current 
through,  a  gas  tube. 

The  relation  between  the  voltage  across  a  gas  tube 
and  the  current  through  it  depends  enormously  upon 
its  state  of  exhaustion,  and,  as  has  already  been  indicated, 
the  hardness  of  the  tube  varies  considerably.  But  the 
general  relation  between  voltage  and  current  is  of  the 
nature  indicated  in  Fig.  19.  The  voltage  and  current 
cannot  be  varied  independently. 

Despite  the  fact  that  many  workers  proclaim  the 
advantages    of    the    old-fasliioned    gas    tube,    modern 
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technique  in  general  demands  the  more  controllable 
hot-cathode  tube.  Fig.  20  shows  the  Coolidge  tube. 
In  this  the  electrons  are  provided  by  an  incandescent 
tungsten  filament.  The  vacuum  is  much  better  than 
in  a  gas  tube,  the  pressure  never  being  greater  than 
1/lOth  bar  and  more  often  being  1/lOOth  or  1/1  000th 
bar.  The  remaining  gas  takes  a  negligible  part  in 
the  discharge.  The  voltages  that  occur  in  X-ray 
practice  are  such  that  saturation  current  is  always 
obtained.  That  is  to  say,  the  current  through  the  tube 
is    controlled    entirely    by    the    filament    temperature 


Fig.  20. — Coolidge  standard  tube. 

and  is  independent  of  the  voltage  at  which  the  tube 
is  worked.  Either  a  filament  transformer  or  suitably 
insulated  batteries  may  be  used  for  the  current  supply; 
The  differences  in  the  behaviour  of  gas  tubes  and 
hot-cathode  tubes  would  appear  to  be  explained  simply 
on  the  basis  of  the  voltage/current  characteristics. 
The  potential  applied  to  a  tube  is  unfortunately  nearly 
always  variable.  Under  such  conditions  the  bulk  of 
the  current  through  a  gas  tube  is  let  through  at  the 
highest  voltage,  whereas  in  a  Coohdge  tube  it  is  let 
through    uniformly.     One    would    therefore    expect    a 


greater  radiographic  result  with  a  gas  tube  working 
at  the  same  voltage  and  average  current.  It  happens 
that  one  disadvantage  of  the  gas  tube,  among  other 
tilings,  partially  counteracts  the  efEects  of  an  inefficient 
high-voltage  supply.  The  obvious  development  is  to 
improve  the  high-tension  system. 

For  general  radiological  purposes  the  desiderata 
for  a  target  are  :  High  atomic  number,  high  melting 
point,  low  vapour  pressure,  high  thermal  conductivity 
and  high  specific  heat.  Tungsten  fulfils  these  require- 
ments better  than  any  other  metal. 

In  the  standard  Coolidge  tube  the  target  is  a  solid 

£» , 
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Fig.  21. — Coolidge  radiator  tube. 

block  of  swaged  tungsten.  This  may  be  worked  white- 
hot  in  the  tube  ;  when  it  can  dissipate  continuously 
over  1  k\V  bv  radiation.  The  light  emitted  from  the 
target  under  these  conditions  is  intense  and  the  bulb 
resembles  an  arc  lamp.  The  electron  emission  from 
the  target  is  considerable  and  all  inverse  voltage  must 
be  suppressed,  otherwise  electrons  are  driven  in  high- 
velocity  streams  to  the  glass,  quickly  cracking  it. 

Fig.  21  shows  the  radiator  type  of  tube.  The  target 
consists  of  a  tungsten  button  about  wliich  copper  is 
cast.    The  copper  continues  as  a  rod  through  a  platinum 
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seal  to  an  outside  radiator.  The  tube  is  only  suitable 
for  small  powers — about  J  kW  continuously — but 
under  such  conditions  it  can  be  used  with  unrectified 
alternating  current.  The  target  never  rises  sufficiently 
in  temperature  to  give  any  sensible  emission  of  electrons. 


Fig.  22. — Essentials  of  Lilienfeldt  tube. 

The  Coolidge  tube  is  a  diode.  The  Lilienfeldt  and 
Miiller  tubes  are  triodes.  Fig.  22  shows  the  former. 
In  it  the  current  is  controlled  by  the  potential  of  the 
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Fig.  23. — Scheme  of  Muller  tube. 


"  grid  "  ;  in  the  Miiller  tube  (Fig.  23)  it  is  controlled 
by  the  magnitude  of  the  "  grid  leak."  In  any  hot- 
cathode  tube  the  voltage  and  current  can  be  varied 
independently. 

Focusing. 

In  a  gas  tube  the  focal  spot  is  liable  to  wander  and 
to  depend  in  size  upon  the  state  of  the  vacuum,  the 
voltage  across  the  tube,  and  the  current  through  it. 
It  is,  in  fact,  largely  controlled  by  the  space  charge. 


Fig.  24. — Diagram  illustrating  fine  focus. 

lirnketi  lines  indicate  lines  of  force. 
Full  lines  indicite  catKods  streams. 

which  in  ionic  conduction  is  positive.  This  evidences 
itself  by  the  bulk  of  the  glass  being  positively  charged. 
A  positive  space  charge  of  course  tends  to  open  out 
the  cathode  stream.  In  the  Coolidge  tube  the  space 
charge  is  negative  and  the  glass,  as  has  been  shown 
by  Thomas,*  differs  only  slightly  in  potential  from 
*  See  R.D.  Report,  No.  52. 


the  cathode  until  the  anode  arm  is  reached.  The 
space  charge  is  far  more  definitely  related  to  the 
load  than  it  is  in  the  gas  tube,  and  the  size  of  the 
focal  spot  can  be  accurately  predetermined  by  the 
position  of  the  filament  in  the  hood.  When  the  filament 
is  far  in,  the  focus  is  fine  (see  Fig.  24)  ;  when  it  is  near 
the  aperture  the  focus  is  broad  (see  Fig.  25).     A  pinhole 


Fig.  25. — Diagram  illustrating  very  broad  focus. 

lie  'ken  lines  indicate  lints  of  force. 
Full  lines  indicate  cathode  streams. 

X-ray  photograph  of  a  broad  focal  spot  designed  for 
gas  ionization  work  clearly  demonstrates  the  projection 
of  the  electrons  as  a  spiral  sheath  towards  the  target, 
as  suggested  in  Fig.  25,  and  the  X-rays  are  emitted 
from  an  enlarged  image  of  the  filament. 


Gas  in  thf.  Tube,  and  Sputter. 

A  thoroughly  exhausted  Coolidge  tube  should  show 
no  sign  of  fluorescence  whatever.  Fluorescence  is  due 
generally  to  bombardment  of  the  glass  by  electrons  ; 
this  should  not  be  able  to  take  place  to  any  degree 
unless  parts  of  the  glass  are  being  periodically  charged 
positively  by  positive  ion  bombardment.  In  conse- 
quence of  the  comparative  lack  of  bombardment,  the 
glass  of  a  hot-cathode  tube  keeps  much  cooler  than 
that  of  a  gas  tube. 

The  vacuum  in  a  Coolidge  tube  tends  to  improve 
just  as  a  gas  tube  tends  to  get  harder.  Positive  ions 
when  formed  are  driven  to  the  glass  and  many  of  them 
penetrate  to  a  depth  which  prevents  their  release. 
With  a  certain  amount  of  gas  in  the  bulb  the  amount 
of  fluorescence  is  dependent  on  the  load.  It  is  greater 
the  heavier  the  current,  as  would  be  expected,  but 
often  it  will  disappear  at  high  voltages.  Probably 
this  is  due  in  the  first  place  to  the  fact  that  the  high- 
velocity  electrons  are  not  nearly  so  effective  in  ionizing 
the  gas,  and  secondly,  the  gas  that  is  ionized  is  driven 
with  such  velocity  to  the  glass.  I  have  seen  a  tube 
show  very  marked  gassing  at  100  000  volts  and  yet 
work  reasonably  well  at  200  000  volts.  The  gas  will 
also  often  disappear  if  the  target  be  run  really  hot. 
This  is  probably  due  to  the  getter  action  of  incandescent 
tungsten. 

A  tube  worked  in  a  gassy  state  tends  to  become 
sputtered.  Ascertain  amount  of  coating  of  the  glass 
with  tungsten  cannot  be  avoided  if  the  target  is  worked 
at  white  heat.  This  is  simply  evaporation.  But, 
apart  from  this,  the  ionic  bombardment  of  the  cathode 
results  in  actual  fragments  being  knocked  off,  and  these 
find  their  way  to  the  glass.  This  cathodic  sputtering 
occurs  in  definite  rings  or  zones — or  rather  there  axe 
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definite  rings  where  sputtering  is  comparatively  absent. 
We  have  found  that  these  unsputtered  areas  are  those 
which  are  bombarded  by  cathode  streams.  The  cathode 
particles  are  negatively  charged  and  will  not  stick  to 
the  areas  subjected  to  electronic  bombardment. 

Sputtering  assists  in  improving  the  vacuum.  The 
effect  may  be  partly  chemical  but  it  is  certainly  partly 
mechanical.  Gas  which  is  plastered  on  the  glass  may 
be  trapped  by  depositing  a  film  of  metal  upon  it. 

Electrical  Equipment. 
The  greatest  problem  in  the  electrical  equipment  is 
the  high-tension  supply.     What  is  desired  is  a  steady 
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-Coolidge  and  Hull's  connections  for  high-tension 
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direct  voltage  ;  but  that  can  rarely  be  obtained.  It 
is  extremely  desirable  that  for  the  period  that  the 
pressure  is  appUed  it  should  be  maintained  as  close 
as  possible  to  its  maximum  value.  Anv  pressure 
lower  than  the  optimum  voltage  for  the  work  in  hand 


volt  generators  connected  in  series.  But  a  limit  is 
soon  reached  in  this  direction  and  the  direct  generation 
of  the  d.c.  voltage  cannot  be  considered  at  present  for 
general  work.  High-tension  electrostatic  machines  have 
been  used  for  low-current  tubes,  but  at  present  they 
are  not  very  practicable.  For  small  powers  the  induction 
coil  is  perhaps  the  simplest  solution.  It  involves  no- 
running  macliinery  except  the  turbine  interrupter. 
But  when  that  has  been  said  there  seems  little  remaining 
in  its  favour.  The  voltage  is  extremely  variable ; 
on  no  load  the  inverse  pressure  approximates  to  the- 
forward  pressure,  and  on  load  exceeds  it. 

Undoubtedly  the  best  solution  up  to  the  present  is. 
based  upon  the  method  used  for  obtaining  a  d.c.  supply 
in  wireless  work,  i.e.  by  charging  condensers  from  arL 
a.c.  supply  rectified  by  thermionic  valves.  The  simple 
but  ingenious  connections  used  by  Coolidge  and  HulL 
are  shown  in  Fig.  26.  Four  kenetrons,  each  capable 
of  withstanding  100  000  volts,  are  involved,  together 
with  their  filament  transformers,  and  high-tension 
condensers  capable  of  withstanding  100  000  volts  each^ 
in  addition  to  the  2  000-period  alternator.  Such  an 
outfit  must  be  expensive,  comparatively  inefficient,, 
and  costly  in  renewals.  In  addition,  the  number  of 
high-potential  points  is  very  considerable. 

For  some  time,  at  any  rate,  the  most  general  outfit, 
will  consist  of  the  so-called  "  interrupterless  "  machine. 
This  is  simply  a  high-tension  a.c.  transformer  with  a 
mechanical  rectifier.  The  function  of  the  latter  is. 
not  only  to  rectify  the  high-tension  voltage  but  also- 
to  connect  the  transformer  to  the  tube  only  near  the 
peak  of  the  voltage  wave.  The  rectifier  may  be  driven, 
by  a  s^'nchronous  motor,  but  undoubtedly  the  system 
works  better  when  an  inverted  rotary  converter  is  used 
for  the  low-tension  a.c.  supply,  with  rectifying  discs- 
fixed  upon  the  rotary  shaft.  Hunting  is  the  trouble 
with  the  small  J  h. p.  synchronous  motors.  It  is,  I  believe,, 
imagined  by  many  radiologists  that  the  transformer,, 
rectified  in  the  manner  indicated,  gives  a  more  or 
less  uniform  potential  across  the  tube.  This  is  not; 
the  case  :  high-frequency  oscillations  of  considerable- 
amplitude  are  produced.     Fig.  27  shows  approximate!}'- 


Fig.    27. — Diagram    illustrating    the    nature    of   the    voltage  wave  applied  to  an   X-ray  tube   (drawn  to  scale  for  a 

typical  load  on  a  standard  type  of  transformer). 


produces  heat  with  little  radiographic  result.  When 
attempts  are  being  made  to  secure  high-frequency 
monochromatic  radiation,  the  production  of  any 
excess  of  low-frequency  radiation  is  directly  objection- 
able. When  the  voltages  are  very  low,  e.g.  for 
spectrometric  work,  batteries  or  a  d.c.  generator 
may  be  used.  One  particular  set  which  I  saw  in 
Tokio    some    7     years    ago    consisted  of    three   5  000- 


the  magnitude  of  the  potential  variations  for  a  typicaU 
load. 

Fig.  28  shows  a  transformer  designed  and  con- 
structed in  the  Radiological  Laboratory  at  Woolwich 
Arsenal.  This  is  designed  to  give  30  mA  at  150  000 
volts  continuously  (X-ray  rating).  A  transformer  of 
this  size  would  be  capable  of  giving  9  kW  continuously 
under  ordinary  a.c.  conditions.     Contact  is  usually  made; 
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for  about  one-quarter  of  the  time,  so  that  30  mA  really 
means  120  mA  for  the  time  during  which  the  tube  is 
being  operated  ;    this  is  equal  in  heating  value  to  60  mA 

{R.M.S.). 

For  a  great  deal  of  work  in  the  future  it  may  be  possible 


Fig.  28. — Transformer  to  give  30  mA  at  150  000  volts  (X-ray 
rating).  Particular  construction  eliminates  metal  tank 
and  simplifies  the  terminal  problem.  The  secondary 
coils  only  are  oil-immersed.  (Described  in  R.D.  Report 
No.  56.) 


to  construct  the  whole  outfit  as  one  unit.  The  trans- 
former need  have  no  expensive  terminals  but  can  be 
connected  through  its  rectifier  to  the  tube  working  in 
oil.  The  set  can  be  reduced  to  a  box  with  a  couple 
of  terminals  between  which   a   pressure   of   250   volts 


is  apphed,  the  resulting  X-rays  passing  through  a  suitably 
disposed  aperture. 

The  voltage  control  may  be  effected  either  by  an 
auto -transformer  or  by  a  resistance  in  the  primary 
circuit.  The  latter,  in  spite  of  its  inefficiency,  possesses 
distinct  advantages  when  the  power  wasted  is  not  too 
costly.  Personally,  I  am  inclined  to  favour  a  combina- 
tion of  the  two  methods.  Resistance  may  undoubtedly 
save  the  tube  in  the  case  of  a  sudden  evolution  of  gas, 
and  may  even  enable  a  gassy  tube  to  be  run  more  or 
less  satisfactorily.  It  may,  however,  produce  risks 
of  its  own  if  carried  too  far. 


Conclusion. 

In  this  hurried  survey  of  the  subject  I  have  attempted 
to  indicate  the  lines  along  which  progress  may  be 
expected.  I  have  said  little  of  the  difficulties  with  which 
we  are  faced,  but  if  I  have  aroused  interest  in  some  of 
the  problems  I  shall  have  achieved  one  object. 

At  the  present  moment  the  X-ray  tube  is  a  very  useful 
tool,  within  its  limits.  I  am  convinced  that  research 
will  extend  the  field  of  application  very  considerabl)'. 
There  are  always  those  critics  who  say  :  '*  Three  inches 
of  steel  !  That  is  no  good,  we  want  six."  And  when 
they  have  six  inches  thev  will  want  twelve.  I  think 
that  they  will  get  their  six  inches  and  probably  their 
twelve.  It  has,  however,  been  said  that  there  is  no 
physical  possibility  of  obtaining  these  penetrations.  I 
have  tried  to  answer  that  criticism,  which  is,  I  believe, 
founded  upon  fallacious  reasoning  around  wrong  data. 

In  conclusion  I  should  like  to  acknowledge  the 
assistance  which  I  have  received  in  the  preparation 
of  this  lecture,  from  the  Director  of  Radiological 
Research  and  from  my  colleagues  at  Woolwich.  Much 
of  the  material  I  have  placed  before  you  has,  of  course, 
been  borrowed  from  many  sources,  but  where  I  have- 
been  able  to  present  new  facts  or  a  new  light  upon  old 
ones,  the  above-mentioned  have  been  largely  responsible. 
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■VARIABLE-SPEED   ALTERNATING-CURRENT   MOTORS   WITHOUT 

COMMUTATORS."* 

Western-  Centre,  at  Swansea,  7  :\Iay,  1923. 


Mr.  J.  W.  Burr  :  The  author  in  his  introducton' 
remarks  stated  that  "  It  has  become  sufficiently  clear 
during  the  past  few  years  that  the  polyphase  alternating- 
current  system  will  ultimately  be  universaUy  adopted 
for  power  supply  on  a  large  scale."  In  my  opinion  it 
willnot  be  manyyears  before  the  generation  of  electricity  ] 
is  centralized  in  the  country,  in  which  event  it  would 
appear  that  the  author's  statement  is  likely  to  be  correct. 
At  the  present  time  many  collieries  and  other  power 
users  have  installed  direct-current  motors  because  of 
the  flexibility  of  control.  In  some  cases  they  still 
think  that  the  alternating-current  motor  is  not  suitable 
for  their  purpose  and  prefer,  in  the  event  of  taking  a 
supph'  from  a  distributing  authority',  to  install  rotary 
converters  and  sacrifice  considerable  efficiency  instead 
of  changing  their  motors.  I  think,  however,  that  if 
an  alternating-current  motor  without  commutator 
were  available,  one  capable  of  gradual  speed  variation 
from  one  end  of  the  range  to  the  other  without  continuous 
loss  of  power  at  any  speed,  these  particular  consumers 
would  change  their  views.  The  method  of  controlling 
the  speed  of  the  induction  motor  w-ould  obviously 
be  by  changing  the  number  of  poles  or  the  frequency 
of  the  supply,  since  the  speed  of  any  induction  motor 
depends  upon  the  frequency  and  the  number  of  poles. 
The  difficulty  always  appears  to  me  to  be  one  of  changing 
from  one  step  to  another  without  mechanical  shock  to 
the  motor  and  electrical  shock  to  the  system.  It 
has  always  seemed  to  me  that  the  method  of  varying 
the  speed  b}^  altering  the  number  of  poles  was  likely 
to  cause  the  effect  that  I  have  just  mentioned.  It 
would  appear,  however,  from  the  authors  remarks 
that  smoother  running  through  different  speeds  is 
obtainable  by  changing  both  the  number  of  poles 
and  the  frequency  of  the  supply.  The  method  of 
changing  the  phases  by  means  of  transformers  has,  of 
course,  been  usual  for  a  number  of  years  in  connection 
with  rotary  converters.  It  would  appear  that  if  attempts 
to  change  the  number  of  phases  with  the  machine 
running  were  made,  very  complicated  and  expensive 
switchgear  would  be  required.  This  seems  to  be  a 
difficulty  which  must  be  overcome.  I  was  very  in- 
terested to  see  that  the  efficiency  remains  very  nearly 
the  same  at  all  speeds.  The  po.ver  factor  curve,  how- 
ever, does  not  ascend  as  rapidly  as  the  efficiencj'  curve, 
due,  as  the  author  points  out,  to  the  fact  that  the 
magnetizing  current  remains  the  same  at  all  speeds 
whde  the  true  power  output  falls  off  proportionately 
to  the  reduction  of  speed.  I  should  like  to  know 
*  Paper  by  llr.  F.  Creedy  (see  page  309). 


whether  or  not  it  is  possible  to  reduce  the  magnetizing 
current  at  the  low  speed  so  as  to  improve  the  power 
factor  ;  this  is,  in  my  opinion,  a  most  important  matter. 
I  am  sure  that  many  members  present  will  be  interested 
to  know  that  a  cascade  set  can  be  used  for  the  purpose 
of  improving  the  power  factor.  There  is  no  doubt  that 
the  chief  drawback  to  sjTichronous  sets  is  their  high  cost, 
and,  in  my  opinion,  any  combination  which  will  improve 
the  power  factor  and  is  reasonable  in  first  cost  will  be 
welcomed  by  many  coUierv'  and  works  engineers. 

Mr.  R.  G.  Isaacs  :  The  majority  will,  I  think,  agree 
with  the  author  that  there  is  a  great  need  at  the  moment 
for  a  satisfactory  variable-speed  alternating-current 
motor.  It  is  well  known  that  induction  motors  are 
used  in  cases  where  variable-speed  motors  will  give 
greater  economy  or  better  results.  A  winding  giving  a 
different  number  of  poles  by  altering  the  number  of 
phases  is,  of  course,  not  absolutely  new.  For  example, 
on  the  Italian  State  Railways  a  motor  has  been  used 
in  which  by  changing  the  number  of  phases  from  3 
to  2,  the  number  of  poles  is  changed  from  8  to  6,  giving 
a  corresponding  change  of  speed.  That  is,  of  course, 
a  special  case  and  one  could  only  guess  at  the  patient 
research  necessary  to  evolve  the  winding  described 
in  which,  with  a  moderate  number  of  terminals,  four 
speeds  were  obtained.  The  author  has  produced  a 
motor  which  I  am  sure  will  be  of  great  use  in  many 
electrical  drives.  In  connection  with  the  power  factor 
of  these  machines  I  cannot  quite  agree  with  the  author 
that  it  is  the  amount  of  magnetizing  current  and  not 
the  power  factor  that  has  to  be  taken  into  account. 
The  power  factor  must  be  of  importance  when  there  is 
a  power  factor  clause  in  the  tariff.  Low  power  factors 
are  often  due  to  under-leaded  induction  motors  ;  in 
many  cases  light  loads  are  taken  at  reduced  speeds. 
Would  it  be  possible  to  use  this  cascade  tj-pe  of  motor, 
running  as  an  induction  motor  at  full  load  and  full 
speed,  and  as  a  sjmchronous  motor  at  unit}-  power  at 
the  reduced  speed  ?  It  occurred  to  me  that  if  we  were 
to  use  a  small  commutating  machine  connected  to 
the  author's  motor  we  should  have  a  continuously 
variable-speed  motor  that  would  be  very^  much  cheaper 
than  the  usual  Kramer  type.  The  flaw  in  this  scheme 
apparently  is  that  with  the  present  winding  it  is  only 
possible  to  get  slip-ring  control  on  one  speed.  In  his 
reply  at  one  of  the  other  centres  the  author  referred  to 
slip-ring  control  on  each  speed.  Did  he  mean  that  it 
is  now  possible  to  have  it  on  each  speed  ?  We  have 
now  a  fairly  wide  choice  of  alternating-current  motors 
of  various   kinds,   but  the  newer  t\-pes  have  not  yet 
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come  to  that  place  in  industry  to  wliich  thej'  are  probably 
entitled.  I  think  that  the  reason  is  largely  that  the 
average  man  does  not  care  to  tackle  something  with  which 
he  is  not  quite  familiar,  and  in  this  connection  I  think 
that  the  manufacturers  would  benefit  considerably  if, 
by  loaning  machines  to  colleges,  they  make  it  easier 
than  it  is  at  present  for  students  to  become  familiar 
with  the  operation  of  the  new  types.  The  author  has 
opened  up  a  wide  field  for  thought  and  one  that  has 
not  yet  by  any  means  been  fully  explored. 

Mr.  D.  Jenkins  :  The  motor  described  in  the  paper 
is  best  considered  in  the  light  of  its  applicability  to 
the  conditions  obtaining  in  this  district,  where  the 
chief  use  for  a  variable-speed  induction  motor  is  for 
haulage  work  in  collieries.  As  most  of  these  haulage 
motors  are  installed  underground,  they  and  their 
control  gear  must  comply  with  the  Mining  Regulations, 
in  most  cases  with  the  notorious  Clause  1.32.  The 
complex  controller  shown  on  the  lantern  slide  would 
have  to  be  greatly  modified  to  comply  with  the  Mining 
Regulations.  Not  only  does  the  complexity  of  the 
controller  make  that  a  very  difficult  matter,  but  the 
multiplicity  of  the  terminals  on  the  motor  controller, 
phase  converter  and  the  interconnecting  wiring  would 
make  such  modification  of  design  almost  impracticable, 
and  I  fear  that  for  this  reason  alone  the  colliery  electrical 
engineer  will  not  approve  of  the  equipment.  In 
Swansea  the  frequency  of  practically  every  colliery 
supply  is  .50.  With  this  frequency  the  synchronous 
speeds  available  are  3  000,  1  500,  1  000,  750,  600,  500, 
428,  375  r.p.m.,  etc.  It  is  seen  then  that  the  difference 
between  successive  synchronous  speeds  is  very  high 
at  the  top  of  this  range,  and  for  this  reason  I  imagine 
that  the  multiple-speed  motor  will  be  chiefly  used  at 
low  speeds.  Otherwise  speed  variation  would  be  pos- 
sible only  with  heavy  rotor  losses ;  in  other  words,  the 
utility  of  the  multiple-speed  motor  will  be  found  in  those 
conditions  which  involve  a  low  power  factor  and  high 
cost,  and  for  this  reason  its  usefulness  will  be  limited. 
Much  research  work  has  been  done  during  the  past  few 
years  on  the  question  of  variable-speed  a.c.  motors, 
but,  in  spite  of  the  distinct  advance  made  by  the  author's 
multiple-speed  induction  motors,  it  is  still  doubtful 
whether  a  satisfactory  electrical  solution  to  the  problem 
is  possible.  The  induction  motor  is  essentially  and 
inherently  a  constant-speed  machine  and  hitherto  it 
has  been  impossible  to  obtain  with  it  a  speed  regulation 
of  anything  like  the  efficiency  and  range  obtainable 
with  a  direct-current  shunt  motor.  For  this  reason  one 
has  almost  come  to  the  conclu.'^ion  that  the  solution  is 
to  be  found  in  introducing  a  variable-speed  coupling 
between  the  induction  motor  and  its  drive.  Such  a 
coupling  was  to  be  found  in,  say,  the  Williams-Janney 
variable-speed  gear.  With  such  an  equipment  the 
induction  motor  would  always  run  at  its  full  speed  and, 
therefore,  at  its  maximum  power  factor.  It  would  not 
be  required  to  reverse,  and  might  be  of  the  squirrel-cage 
type.  Even  a  synchronous  machine  could  be  used.  One 
of  the  lantern  slides  exhibited  a  curve  showing  the 
comparative  cost  of  the  multiple-speed  and  the  standard 
induction  motor.  Do  the  prices  include  the  control 
gear  required  in  the  two  cases,  i.e.  do  they  include  the 
multiple-speed  machine  with  its  controller  and  phase 


transformer  on  the  one  hand,  and  the  standard  induction 
motor  with  its  standard  starter  on  the  other  ?  Another 
lantern  slide  showed  the  power  factor  performance  of 
a  multiple-speed  machine  designed  to  run  at  187  r.p.m. 
and  125  r.p.m.  and  to  give  an  output  of  860  h.p.  at 
the  former  speed.  The  power  factor  read  from  the 
curve  was  0-6  leading.  This  seems  extraordinary  high, 
but  this  power  factor  was  obtained  at  the  lower  of 
the  two  speeds  when  the  motor  gave  an  output  of, 
I  think,  only  250  h.p.  The  percentage  reduction  in 
the  horse-power  is  very  much  less  than  the  percentage 
reduction  in  the  speed  and  it  would  appear  as  if  the 
motor  gave  such  a  good  power  factor  at  the  lower  speed 
only  in  view  of  the  reduced  output,  i.e.  the  motor  could 
be  adjusted  to  take  a  heavy  leading  current  only  at 
the  expense  of  a  low  load  current.  This,  of  course, 
could  be  done  by  any  other  standard  synclironous 
induction  motor. 

Professor  F.  Bacon  :  The  new  windings  discovered 
by  the  author  strike  me  as  being  a  very  notable  achieve- 
ment in  this  intricate  field  of  research.  I  should  like  to 
ask  the  author  what  methods  he  employs  to  discover 
new  windings.  It  is  only  by  actually  experimenting 
with  such  motors  that  students  will  gain  familiarity 
with  their  behaviour  and  confidence  in  their  capabilities, 
and  on  that  account  I  would  urge  the  plea,  already 
raised  by  Mr.  Isaacs,  that  it  would  pay  manufacturers 
to  help  the  colleges  to  acquire  small  induction  motors 
of  these  new  change-pole  and  cascade  types.  The 
author,  I  imagine,  considers  that  he  has  knocked  some 
more  nails  into  the  coffin  of  direct  current.  We  should 
feel  in  a  better  position  to  judge  of  this  if  he  would 
give  a  list  of  concrete  examples  of  drives  for  which  he 
would  definitely  recommend  his  motors.  Battleships, 
for  example,  have  remained  a  stubborn  stronghold  of 
direct  current.  Does  the  author  think  that  his  motors 
will  tip  the  scale  in  favour  of  the  use  of  alternating 
current  on  warships  ?  Here  is  a  field  where  the  very 
best  is  reckoned  none  too  good  and  where  cost  is  only 
a  secondary  consideration.  On  the  other  hand,  weight 
and  space  are  very  precious.  The  paper  contains  no 
reference  to  electric  traction.  Are  we  to  infer  that 
the  author  does  not  see  a  future  for  his  motors  in  this 
direction  ?  On  page  310  planing  machines  are  bracketed 
with  boring  mills.  This  appears  to  need  a  little  further 
explanation  as,  unlike  the  case  of  the  boring  machine, 
it  is  the  frequency  of  reversal  (and  not  the  speed)  in 
the  case  of  the  planing  machine  which  has  to  be  varied 
to  suit  the  size  of  the  job  to  be  machined. 

Mr.  T.  H.  Haigh  :  I  am  particularly  interested  in 
25-period  plant.  Does  not  the  author  think  that  his 
motors  would  be  seriously  handicapped  on  this  periodicity 
due  to  the  very  limited  number  of  reasonably  useful 
speeds    available  ? 

Mr.  J.  C.  Howell  :  Economical  variable-speed 
alternating-current  motors  are  very  desirable  things 
to  have,  especially  in  this  district,  and  I  had  hoped 
that  the  author  had  succeeded  in  designing  a  machine 
which  would  automatically  vary  its  speed  in  accordance 
with  the  load  to  be  dealt  with.  It  is  a  disappointment, 
therefore,  to  find  that  at  the  present  time  variable-speed 
motors  are  limited  to  six  distinct  steps,  with  a  hand- 
regulated    commutator    device    to    bring    about    each 
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successive  step,  a  method  that  could  not  be  advantage- 
ously employed  in,  say,  rolling-mill  work  with  heavy 
fl}^^heels  for  dealing  with  peak  loads.  I  hope  that 
the  author  will  continue  his  research  work  until  he 
has  evolved  the  continuously  variable-speed  alternating- 
current  motor  for  which  engineers  are  waiting. 

Mr.  K.  B.  Ashton  :  A  previous  speaker,  interested 
in  the  distribution  of  alternating  current,  suggested 
that  the  author  had  driven  another  nail  into  the  coffin 
of  direct  current,  and,  as  the  title  of  the  paper  itself 
implies  that  a  commutator  is  an  undesirable  feature, 
it  is  only  fair  to  state  that  in  this  district  where  so  much 
direct  current  is  in  use  the  experience  in  local  works  is 
that  direct-current  motors  are  at  least  as  reliable  as 
induction  motors  and  that  modern  commutators  give 
no  more  trouble  than  slip-rings.  In  the  case  of  rolling 
mills  a  compound-wound  motor  can  be  arranged  to 
give  the  10  per  cent  drop  in  speed  at  full  load  necessary 
to  take  advantage  of  the  flywheel  effect,  as  a  normal 
characteristic  of  the  machine  and  without  the  use  of 
automatic  switchgear.  In  the  case  of  driving  turbine 
and  centrifugal  pumps  a  direct-current  motor  has 
also  the  great  advantage  of  allowing  the  slight  increase 
of  speed  necessary  to  overcome  the  increased  friction 
in  the  piping  due  to  ageing.  Alternating  current  appeals 
chiefly  to  the  distributing  engineer,  and  local  works  will 
not  be  tempted  to  change  from  direct  current  until 
an  alternating-current  motor  is  developed  wdth  the 
characteristics  of  either  series,  shunt  or  compound- 
wound  d.c.  machines.  When  it  is  considered  that 
even  then  it  would  be  necessarj'  to  give  unity  power 
factor  with  large  air-gaps  to  be  on  the  same  footing  as 
direct  current,  it  will  be  seen  how  much  further  scope 
remains  for  invention. 

Mr.  C.  T.  Allan  :  I  am  interested  to  learn  that  these 
motors  give  a  leading  power  factor  at  low  speeds. 
The  subject  of  power  factor  is  increasingly  engaging 
the  attention  of  all  supply  engineers,  and  power  factor 
has  to  be  counteracted  in  tariffs  by  charging  on  a  kVA 
basis.  For  large  consumers,  owing  to  motors  being 
purchased  somewhat  too  large  for  their  work  and  due 
to  these  being  seldom  fully  loaded  and  practically  never 
overloaded,  the  system  power  factor  tends  to  fall. 
Even  the  increasing  number  of  very  small  motors  in 
shops,  etc.,  has  the  same  effect,  and  it  might  possibly 
be  worth  while  to  oSer  special  inducements  to  consumers 
to  install  high-power-factor  motors  of  the  Creedy  type. 
Are  25-period  motors  of  the  type  in  question  much 
more  e.xpensive  than  50-period  motors  ?  In  regard  to 
haulage  motors,  I  should  like  to  inform  the  author 
that  the  maximum  size  instead  of  being  50  h.p.  is  often 
300  h.p.  and  even  higher.  Could  such  motors  be  used 
\vithout  transformers  on  3  000-volt  circuits  ?  There 
would  ver}-  possibly  be  an  extensive  field  for  the  author's 
motor  if  it  could  be  built  in  sizes  up  to  3  000  h.p.  Has 
the  author  used  this  type  of  motor  for  driving  boiler 
fans  ?  It  appears  to  me  to  be  a  field  that  would  well 
suit  it,  and  would  enable  the  draught  to  be  forced  or 
reduced  as  required,  this  being  a  difficulty  with  constant- 
speed  induction  motors.  Railwav  work,  and  even 
tramway  work,  might  provide  other  fields  for  this 
motor.  The  proposal  to  standardize  railway  electrifica- 
tion on  the  d.c.  system  is  well  known,  but  surely  before 


this  is  finally  settled  some  investigations  and  tests 
should  be  made  with  variable-speed  a.c.  induction 
motors  without  commutators.  Such  tests  might  prove 
that  we  are  not  yet  read}'  for  a  standard  system  of 
railway  electrification. 

Mr.  F.  Creedy  (in  reply)  :  With  reference  to  Mr. 
Burr's  remarks,  the  first  point  which  he  raises  is  with 
regard  to  the  mechanical  shock  on  changing  speed 
in  the  case  of  a  pole-changing  machine  where  the 
speed  is  necessarily  changed  in  a  number  of  distinct 
steps.  This  is  dealt  ^^ith  in  the  paper  on  page  319  in 
connection  with  Fig.  17.  Two  methods  of  regulating 
the  rate  of  acceleration  from  one  speed  to  the  next 
are  in  use  with  squirrel-cage  macliines  :  (1)  Bv  resist- 
ance ;  used  in  the  smaller  sizes  of  the  motor.  (2)  By 
means  of  an  auto-transformer  momentarily  inserted ; 
used  in  the  larger  sizes.  Both  these  methods  give 
absolutely  perfect  control  of  the  rate  of  acceleration, 
and  it  is  difficult  to  convey  to  anyone  who  has  not 
seen  the  operation  of  such  macliines,  how  smoothly 
and  easily  thej'  change  from  one  speed  to  the  next. 
An}-  mechanical  shock  would,  of  course,  be  most 
apparent  in  a  belted  machine,  where  it  would  either 
throw  the  belt  ofi  or  at  least  throw  it  into  violent 
oscillation.  Belted  macliines,  up  to  the  largest  sizes 
used,  have  been  controlled  in  this  way  without  trouble. 
As  regards  electrical  shock  or,  in  other  words,  current- 
rush,  the  use  of  resistances,  although  simple,  gives 
rise  to  rather  heav\-  currents  on  changing  speed.  With 
the  auto-transformer  method,  however,  one  can  obtain 
the  results  shown  in  Fig.  17  in  wliich  the  current- 
rush  on  changing  speed  does  not  exceed  twice  full- 
load.  A  very  simple  form  of  drum-switch  having 
9  fingers  is  employed  to  make  this  change,  and  the 
small  auto-transformer  on  a  30-second  rating  has 
very  small  dimensions.  I  cannot  understand  why 
Mr.  Burr  should  think  that  to  change  the  phases  with 
the  machine  running  would  require  very  complicated 
and  expensive  switchgear,  since  the  precise  switchgear 
required  is  illustrated  in  the  paper.  It  is  sometimes 
possible  to  reduce  the  magnetizing  current  at  the  low- 
speed  so  as  to  improve  the  power  factor  under  these 
conditions,  particularly  in  cases  where  the  motor  is 
never  likely  to  be  subjected  to  overload. 

With  reference  to  Mr.  Isaacs's  remarks,  it  is  not  as 
a  rule  very  profitable  to  discuss  questions  of  priority  of 
this  kind,  but  I  may  say  the  work  mentioned  herein 
has  occupied  a  large  number  of  years  and  was  probably 
started  quite  as  early  as  any  other  investigations  on 
the  subject.  I  note  his  point  that  power  factor  must 
be  kept  high  if  there  is  a  power  factor  clause  in  the 
tariff.  This,  of  course,  is  quite  true,  but  what  I  con- 
tend is  that  such  a  clause  is  a  mistake.  Supply  engi- 
neers should,  in  their  own  interests,  insert  a  clause 
limiting  the  amount  of  magnetizing  current  to  be  taken 
by  the  consumer,  rather  than  limiting  his  power  factor. 
It  is  not  fair  to  the  consumer  to  penaUze  1  kVA  at 
0  •  1  power  factor  more  than  50  kVA  at  0-8  power 
factor.  Mr.  Isaacs  asks  whether  it  is  possible  to  use 
the  cascade  type  of  motor  running  as  an  induction 
motor  at  full  load  and  full  speed,  and  as  a  synchronous 
motor  at  unity  power  factor  at  the  reduced  speed. 
This  is  perfectly  possible,  and  it  so  happens  that  only 
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a  few  days  before  the  meeting  a  machine  of  this  type 
was  ordered  and  is  now  under  construction.  I  hope 
to  be  in  a  position,  as  soon  as  this  macliine  has  been 
tested,  to  pubhsh  further  details,  as  this  type  is  very 
interesting  in  many  ways.  It  is  now  possible  to 
obtain  slip-ring  control  on  this  type  of  motor  on  as 
many  as  4  to  6  speeds,  and  therefore  the  use  of  such 
a  motor,  in  combination  with  a  small  commutating 
set  to  bridge  the  gaps,  becomes  a  practical  thing  and 
will,  it  is  believed,  be  developed  as  soon  as  business 
revives. 

Replying  to  Mr.  Jenkins,  I  may  say  that  motors 
of  this  type  are  constantly  being  put  forward  to 
comply  with  the  Mining  Regulations,  including  Clause 
132.  As  regards  the  speeds  available,  it  is  true,  of 
course,  that  the  multi-speed  motor  is  used  chiefly  at 
low  speeds  and,  except  in  small  sizes,  we  do  not  as  a 
rule  offer  even  the  speed  of  1  500  r.p.m.  For  sizes 
up  to  about  25  h.p.,  a  1  500/1  000/750  r.p.m.  combina- 
tion is  useful.  Above  that  a  higher  speed  than 
1  000  r.p.m.  is  seldom  required.  It  seems  difficult  to 
attach  any  meaning  to  Mr.  Jenkins's  statement  that 
the  induction  motor  is  essentially  and  inherently  a 
■constant-speed  machine,  in  view  of  the  fact  that  induc- 
tion motors  are  constantly  being  made  in  which  the 
speed  does  vary.  Undoubtedly  such  hydraulic  gears 
as  the  Williams-Janney  have  their  field  of  utility,  as 
has  every  type  of  variable-speed  apparatus,  but  it  is 
not  a  practical  substitute  for  a  variable-speed  motor 
■of  considerable  size,  even  if  we  considered  the  cost 
alone.  The  curve  given  in  Fig.  14  includes,  on  the 
one  hand,  the  control  gear  and  transformer  for  the 
operation  of  the  multi-speed  set,  and,  on  the  other 
hand,  the  standard  induction  motor  and  its  standard 
starter. 

With  reference  to  Professor  Bacon's  remarks,  it  is 
very  difiicult  for  an  individual  to  explain  to  others 
his  methods  of  research.  All  one  can  say  is  that  the 
best  plan  is  to  keep  on  studying  the  subject  and  its 
difficulties,  and  then  all  of  a  sudden,  probably  when 
one  is  not  thinking  of  the  subject  at  all,  the  right 
idea  will  come.  Some  of  the  drives  for  which  these 
motors  are  used  are  machine  tools,  fans,  compressors, 
pumps,  haulage  and  winding  engines,  cement  making 
machinery,  calenders  (rubber),  grain  elevators,  wire- 
drawing and  larger  rolling  mills,  printing  macliinery, 
mine  fans  and  compressors.  Of  course,  only  a.c. 
machines  are  applicable  to  the  electrical  propulsion  of 
battleships,  and,  although  this  has  not  yet  become  a 
practical  proposition  in  this  country,  it  has  been  widely 
applied  in  the  U.S.A. 

As  regards  electrical  traction,  I  did  not  say  anything 
about  it  in  the  paper  because  a.c.  traction  in  this 
country  is  out  of  fashion  for  the  moment.  A  com- 
mittee have  decided  that  direct  current  is  the  thing 
for  electric  traction  in  England,  but,  without  discussing 
whether  this  was  or  was  not  so  at  the  period  at  which 
the  committee  sat,  it  is  certain  that  the  d.c.  system 
has  reached  practically  its  full  development  and  that 
further  improvements  are  likely  to  be  difficult  and  of 
a  comparatively  trivial  nature.  The  a.c.  system,  on 
the  other  hand,  is  now  in  its  infancy.  There  are 
many  autliorities  who  hold  that  even  now  it  presents 


advantages  over  direct  current.  Again,  without  dis- 
cussing this,  it  is  certain  that  a  revolutionary  change 
such  as  the  entire  abolition  of  the  commutator  from 
the  a.c.  traction  motor  will  be  introduced  in  the  not 
very  distant  future.  .  More  than  one  single-phase 
railway  is  already  in  operation,  using  induction-tj'pe 
motors.  The  introduction  of  carrier-current  telephony 
has  abolished  the  interference  between  the  single- 
phase  traction  supply  and  the  telephonic  circuits,  out 
of  which  such  a  bugbear  has  been  made.  Owing  to 
the  heavy  taxation  and  financial  difficulties  of  the 
railways,  it  seems  likely  that  electrification  will  make 
slow  progress  for  a  few  years,  so  that  fortunately  the 
opinions  of  the  above  committee  will  do  little  harm, 
and  it  will  be  possible  to  reconsider  the  matter  in  a 
few  years'  time  on  more  progressive  lines. 

Referring  to  Mr.  Haigh's  remarks  on  25-period 
plant,  I  may  say  that  25-period  machines  of  moderate 
size,  running  at  speeds  of  750/500/375  r.p.m.,  can  be 
suppUed,  and  in  larger  sizes  a  greater  number  of  speeds 
becomes  available,  though  of  course  they  are  all  rather 
low. 

Coming  to  Mr.  Howell's  remarks,  I  would  refer 
back  to  my  reply  to  Mr.  Isaacs.  I  think  that  the 
solution  of  Mr.  Howell's  problem  is  a  small  commu- 
tating set  connected  across  the  slip-rings  of  the  main 
induction  machine,  in  order  to  permit  it  to  drop  in 
speed  so  that  the  flywheel  may  give  up  its  energy. 
This  has  not  yet  been  put  forward  in  any  actual 
installation,  but  I  have  made  several  studies  of  plants 
for  rolhng-mill  work  in  which  as  many  as  four  distinct 
speeds  are  required  to  deal  with  different  classes  of 
work,  and  on  each  one  it  is  possible  to  obtain  10  per 
cent  slip  regulation  by  putting  resistance  across  the 
slip-rings,  which  are  available  on  every  one  of  the  four 
speeds.  Of  course,  the  small  commutating  set  will 
avoid  the  losses  in  this  resistance  when  it  has  received 
commercial  development. 

Mr.  Ashton  is  evidently  an  unrepentant  advocate 
of  d.c.  work.  I  should  be  surprised  to  hear  that  I 
do  not  appreciate  the  qualities  of  modern  commutator 
machines,  as  I  believe  I  have  done  perhaps  as  much 
as  anyone  to  develop  modern  a.c.  commutator  appa- 
ratus. It  seems  to  me  that  one  must  discriminate 
between  cases  where  commutator  machinery  is  advanta- 
geous, and  others  where  it  is  the  reverse.  I  have  just 
described  how  an  a.c.  apparatus  involving  a  small 
commutating  set  connected  across  the  slip-rings  can 
be  arranged  to  give  the  10  per  cent  drop  in  speed  at 
full  load  necessary  to  take  advantage  of  the  flywheel 
as  a  normal  characteristic  of  the  machine,  and  without 
the  use  of  automatic  switchgear.  ISIr.  Ashton  says 
that  alternating  current  appeals  chiefly  to  the  distri- 
buting engineer,  but  I  think  that  the  local  works  are 
affected  not  only  by  the  price  of  electrical  energy, 
which  must  be  materially  less  with  alternating  current, 
but  also  by  the  cost  of  motors,  which  is  less  for  the 
induction  type  than  for  d.c.  machines.  The  price  of 
the  variable-speed  a.c.  machine  is  higher  at  present 
than  that  of  the  corresponding  d.c.  machine,  but 
comparing  the  two  complete  installations  each  con- 
taining a  considerable  number  of  motors,  some  vari- 
able-speed but  the  majority  constant-speed,  it  will  be 
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found  that  the  a.c.  installation  is  far  cheaper,  since 
the  higher  cost  of  the  vaiiable-speed  apparatus  is 
completely  offset  bj-  the  lower  cost  of  the  constant- 
speed  apparatus. 

Referring  to  Mr.  Allan's  remarks,  I  have  already 
dealt  wdth  the  question  of  25-period  motors.  Two- 
speed  haulage  motors  for  3  000-volt  circuits  can  be, 
and  have  been,  built  for  many  years  past.  There  is 
no  difficulty  in  building  such  machines  up  to  300  h.p., 
and    many   studies    have    been    made    of    macliines    of 


such  sizes.  It  is  quite  true  that  the  dri^'ing  of  boiler 
fans  forms  a  very  satisfactory  appUcation  for  such 
macliines.  A  convenient  combination  consists  of  a 
squirrel-cage  machine  arranged  for  speeds  of 
375/333/300  r.p.m.  Such  a  machine  involves  practi- 
cally the  same  initial  outlay  as  a  single-speed  slip-ring 
machine  in  wluch  the  speed-range  is  obtained  by 
continuously-rated  resistances,  owing  to  the  great 
cost  of  the  latter,  and  of  course  it  shows  a  verj'  great 
saving  in  running  costs. 
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Preface. 

Vulcanized  Fibre  and  Leatheroid  are  used  in  con- 
siderable quantities  by  electrical  manufacturers,  but 
the  requirements  of  the  electrical  industrv  represent 
but  a  small  percentage  of  the  total  output  of  vul- 
canized fibre.  As  most  of  the  vulcanized  fibre  is  made, 
therefore,  for  other  than  electrical  purposes,  much  of 
it  is  unsuitable,  or  suitable  only  for  particular  appli- 
cations. 

The  attention  of  the  Association  was  drawn  to  the 
need  that  exists  for  studjang  the  properties  of  vul- 
canized fibre  >p  as  to  discriminate  between  materials 
suitable  for  the  requirements  of  the  electrical  industry 
and  those  which  are  unsuitable. 

A  large  amount  of  experimental  work  has  been 
carried  out  directed  to  the  development  of  methods 
of  test,  and  will  form  the  subject  of  a  detailed  report 
to  follow. 
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Meanwhile  the  Association  recommends  the  methods 
described  herein  for  the  full  study  of  this  class  of 
material,  but  it  is  realized  that  some  of  the  tests  are 
too  elaborate  for  use  as  acceptance  tests  for  the  pur- 
chase of  vulcanized  fibre. 

The  British  Engineering  Standards  Association  has 
been  asked  to  issue  a  Purchasing  Specification  for 
vulcanized  fibre  in  which  reference  will  be  made  to 
such  of  the  tests  described  herein  as  are  suitable  for 
the  purpose. 

The  Director  of  the  E.R.A.  will  value  comments 
and  criticisms  from  those  who  have  occasion  to  use 
an)'  of  the  tests  given  in  this  specification. 


I.  INTRODUCTION. 

The  term  "  fibre  "  has  in  the  past  been  used  to  cover 
a  very  large  range  of  materials  which  are  similarly 
manufactured,  but  vary  appreciably  in  quality.  These 
materials  are  sold  under  a  wide  range  of  different  trade 
names,   as  for  instance  : — 

Hard  Fibre. 
Vulcanized  Fibre. 
I,eatheroid. 
Fiberoid. 
Fish  Paper. 
Peerless  Insulation. 
Delaware  Insulation. 
r>iamond  Insulation. 
Whalebone  Fibre. 
Vegetable  Fibre. 
Siiperseasoned  Fibre. 
Egyptian  Fibre. 
Red  Fibre. 
Conite. 
Horn  Fibre. 

Two  distinct  materials  are  on  the  market  under 
the  name  of  horn  fibre,  one  of  which  is  a  compara- 
tively high  quality  vulcanized  fibre.  The  other  is  a 
special  product  which  should  correctly  be  described 
as  Felted  Jute  Board,  as  it  is  not  made  by  a  process 
entailing  the  use  of  chemicals. 

In  view  of  the  fact  that  similar  raw  materials  are 
used  and  that  the  processes  of  manufacture  are  identical, 
it  has  been  decided  tp  regard  all  the  materials  men- 
tioned above  as  coming  within  the  scope  of  the  definition 
of  vulcanized  fibre  given  in  Section  II. 

It  is  recognized  that  vulcanized  fibre  is  obtainable  in 
the  following  grades  ; — 

Grade  A. — Best  quality  vulcanized  fibre  free  from 
mineral  salts,  made  from  selected  raw  materials  having 
good  mechanical  and  electrical  characteristics.  This 
grade  includes  the  following  : — 

Natural  grey  (unbleached). 
Best  quality  red  and  black. 
Leatheroid. 

Grade  B. — Ordinary  quality  vulcanized  fibre  having 
moderately  good  mechanical  characteristics.  This  grade 
includes  the  bulk  of  the  coloured  vulcanized  fibre. 

Grade  C. — .\  third  grade  of  vulcanized  fibre  specially 
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produced  for  making  trunks,  roving  cans,  containers, 
etc.,  is  obtainable,  but  it  is  considered  that  this  material 
is  entirely  unsuitable  for  electrical  purposes. 

It  has  been  decided  that  the  scope  of  this  Specifi- 
cation shall  te  limited  to  Grade  A  vulcanized  fibre 
only. 

Raw  Materials  Employed  in  the  Manufacture  of 
Vulcanized  Fibre. 

Paper. 

The  paper  used  in  manufacturing  high-quality 
vulcanized  fibre  is  generally  made  from  well-worn 
white  cotton  rags,  and  great  care  has  to  be  taken  to 
ensure  that  no  impurities  get  into  the  beaters  with 
the  rags.  Vulcanized  fibre  made  from  paper  produced 
from  new  cotton  does  not  show  the  same  high  quality 
as  that  made  from  worn  rags.  This  is  explained  in 
two  ways  : — 

First,  that  the  frequent  washings  to  which  old  rags 
have  been  subjected  have  removed  practically  the 
whole  of  the  greasy  hydrocarbons  which  are  naturally 
associated  with  a  fresh  cotton  fibre,  and 

Secondly,  that  the  characteristic  twists  in  the  cotton 
fibre  to  which  Sea  Island,  Egyptian,  American  and  other 
varieties  of  cotton  generally  used  for  spinning  owe 
their  superiority  are  accentuated  by  having  been  spun, 
woven  and  frequently  washed  in  that  condition  before 
being  beaten  for  the  manufacture  of  paper. 

Zinc  Chloride  Solution   ("  Acid  "). 

The  solution  which  is  employed  to  dissolve  the 
surface  of  the  paper  before  it  is  made  into  vulcanized 
fibre  is,  in  general,  zinc  chloride,  although  other  solutions, 
including  cupra-ammonium  nitrate,  calcium  chloride, 
thiocyanate  solution,  etc.,  have  been  suggested.  The 
zinc  chloride  employed  must  be  free  from  impurities 
and  kept  at  a  temperature  of  40°  C,  with  a  specific 
gravity  of  1-8,  although  these  values  necessarily  require 
slight  adjustment  depending  upon  the  quality  of  the 
paper  being  used.  Vulcanized  fibre  makers  refer  to 
this  solution  as  "  acid,"  and  hence  the  commonly  held 
idea  that  vulcanized  fibre  is  liable  to  contain  acid, 
whereas  in  point  of  fact  it  is  usually  very  slightly 
alkaline. 

Colouring  Matter. 

In  the  manufacture  of  vulcanized  fibre  for  electrical 
purposes,  colouring  matter  should  as  far  as  possible  be 
avoided,  and  for  this  reason  it  is  generally  held  that 
the  natural-coloured  vulcanized  fibre  is  the  best  for 
electrical  purposes. 

Certain  grades  of  good  black  vulcanized  fibre  are 
nevertheless  obtainable,  and  in  this  case  no  dyes  are 
used  to  colour  the  paper  during  its  manufacture,  but 
the  "  rags  "  used  are  Italian  linings  and  black  cotton 
stockings  which  have  been  well  worn  and  many  times 
washed.  Attempts  to  make  black  vulcanized  fibre 
using  black  bone  ash  or  indigo  dyes  have  been  found 
to  deteriorate  slightly  the  properties  of  the  vulcanized 
fibre. 
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Red  vulcanized  fibre  is  coloured  by  the  use  of  iron 
oxide  or  red  aniline  dyes.  It  is  thought  that  both  of 
these  dves  are  Uable  to  deteriorate  the  \-ulcanized 
fibre  slightly.  The  presence  of  the  latter  dye  can 
usually  be  suspected  in  vulcanized  fibre  sheets  which  , 
have  a  particularly  bright  red  (red-crimson)  appearance.    , 

In  some  materials,  as  for  instance  leatheroid,  the  I 
grey  colour  is  obtained  by  mixing  pulps  made  from  j 
white  cotton  rags  with  about  10  per  cent  of  black 
cotton  pulp  made  from  stockings,  etc.  The  dyes  do  ' 
not  run  to  form  grey,  but  the  presence  of  the  black  j 
fibres  gives  the  material  a  grey  appearance. 

Methods  of  Maxufacture. 
Boards. 

In  manufacturing  vulcanized  fibre,  paper  is  passed 
through  a  bath  containing  the  zinc  chloride  solution, 
and  maintained  at  approximately  40^  C.  at  1-8  specific 
gravity.  From  the  bath  the  paper  passes  over  a  large 
heated  drum  on  which  it  is  wound  until  the  required 
thickness  is  obtained.  The  cylinder  of  treated  paper 
is  then  slit  so  that  it  falls  off  the  drum  into  a  flat  sheet. 
In  this  state  the  sheet  is  extremely  pliable  and  soft,  and 
liable  to  be  easily  dan^aged. 

The  sheets  are  then  passed  through  a  series  of  tanks 
or  "  tubs  "  in  which  the}-  are  immersed  in  solutions  of 
zinc  chloride  diminishing  in  strength  until  finally  the 
^•ulcanized  fibre  is  immersed  in  pure  water.  This 
washing  process  may  occupy  anything  from  six  days 
for  the  thinnest  sheets  made  on  continuous  machines 
to  twelve  months  on  sheets  over  one  inch  in  thickness. 
The  reason  for  such  a  lengthy  washing  process  is  that 
there  is  a  great  tendency  for  the  zinc  chloride  to 
hydrolize  and  deposit  zinc  hydroxide  and  zinc  oxy- 
chloride  in  the  vulcanized  fibre.  In  this  manner, 
serious  blisters  may  be  formed  in  the  sheets  which 
have  to  be  reUeved  by  pricking.  Experience  has  shown 
that  the  onh-  way  to  avoid  these  blisters  is  to  arrange 
for  the  vulcanized  fibre  to  pass  verj'  gradually  through 
the  varj-ing  strengths  of  zinc  cliloride  solution. 

After  removal  from  the  tanks,  the  sheets  are  allowed 
to  dn,'  at  a  temperature  from  40°  C.  to  CO"  C.  This 
dr\-ing  process  must  necessarily  be  one  of  several  weeks, 
and  during  that  period  the  vulcanized  fibre  sheet  should 
shrink  approximately  10  per  cent.  The  longer  this 
process  is  carried  out  the  more  complete  does  the 
maturing,  and  consequently  the  slirinkage,  of  the 
vulcanized  fibre  become.  When  thoroughly  dried  and 
shrunk  the  board  is  frequently  calendered,  pressed, 
trimmed,  and  is  then  ready  for  sale. 

Thin  Material  in  Rolls. 

Thin  material  in  rolls,  as  for  instance,  thin  vulcan- 
ized fibre,  leatheroid,  etc.,  is  manufactured  by  a  con- 
tinuous process,  involving  the  use  of  ven.'  large  and 
expensive  machinery'.  In  this  process  the  continuous 
roll  of  material,  after  being  rolled  into  a  sheet  of  required 
thickness  by  superimposing  paper  (treated  with  zinc 
chloride)  fed  from  a  number  of  feed  rolls,  is  passed 
first  through  a  series  of  vats,  in  which  the  washing 
process  is  completed  in  appro.ximately  six  days,  and 
then  through  a  rapid  dr\ing  oven.     The  material  is  in 


a  continuous  length  from  the  time  it  is  pressed  together 
until  it  is  taken  out  drj'  from  the  machine. 

Certain  thin  materials  are  on  the  market  as  "  hand- 
made." This  implies  that  the  process  employed  is 
much  the  same  as  for  sheets  and  the  "  continuous 
process  "  machine  described  above  has  not  been  used. 
"  Hand-made "  thin  .sheets  can  be  allowed  greater 
washing  and  drying  periods,  and  are,  therefore,  generally 
superior  material. 

Rods. 

Rods  are  made  by  turning  up  square  bars  sawn  from 
board. 

Tubes. 

A  tube  is  made  by  winding  cotton  paper  treated 
with  zinc  chloride  on  to  a  mandrel  until  the  required 
thickness  is  obtained.  The  tube  is  aftenvards  removed 
from  the  mandrel,  subjected  to  the  washing  process 
and  dried. 

It  is  due  to  this  difference  in  manufacture  of  tubes 
and  rods  that  a  tube  should,  in  general,  be  specified 
and  used  when  possible  for  bushes,  etc.,  as  a  rod  possesses 
a  natural  tendency  to  split  along  the  laminse  of  the 
board  from  wliich  is  was  cut. 

Chemical  Compositiox  of  \ulcaxized  Fibre. 

The  chemical  composition  of  \-ulcanized  fibre  is  as 
follows  : — 

Amyloid  (con\-erted  cellulose)     93  %       to  85  % 

Moisture 6-4  %  to  12  % 

Insoluble  salts  of  Sn,  Si,  Al,  Fe, 

Zn,  Ca,  Mg  ..  ..        0-6%  to    3% 


100  ' 


100  % 


Maturing  of  Vulcanized  Fibre. 

From  a  large  number  of  tests  which  have  been  con- 
ducted by  the  Association  in  maldng  the  present  study 
of  vulcanized  fibre,  the  importance  of  careful  and  pro- 
longed maturing  has  been  repeatedly  emphasized.  Due 
to  the  war  conditions,  which  resulted  in  greatly  depleted 
stocks,  a  large  amount  of  vulcanized  fibre  has,  during 
the  past  few  years,  been  released  from  manufacturers' 
warehouses  before  it  had  been  subjected  to  the  long 
period  of  maturing  which  was  common  in  pre-war 
da)-s.  This,  amongst  other  points,  has  been  largely 
responsible  for  a  considerable  amount  of  poor  quality 
vulcanized  fibre  that  has  been  put  on  the  market  during 
the  last  few  years  since  1918. 

It  is  extremely  difficult  to  measure  the  exact  effect 
of  maturing,  but  an  investigation  of  this  nature  is  being 
put  in  hand. 

Storing  of  Vulcanized  Fibre. 

A  number  of  tests  which  have  recently  been  carried 
out  indicate  that  careful  storage  of  vulcanized  fibre  is 
of  the  utmost  importance  if  consistent  good  results  are 
to  be  obtained.  A  comparatively  good  grade  of  vul- 
canized fibre  can  be  more  or  less  ruined  by  being  stored 
in  a  damp  atmosphere,   or  even  in  an  atmosphere   of 
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which  the  conditions  of  temperature  and  humidity  are 
frequently  changed.  It  is  of  the  utmost  importance 
that  vulcanized  fibre  stocks  should  be  kept  in  a  carefully 
controlled  atmosphere  with  the  temperature  slightly 
above  that  of  ordinary  room  temperature  and  the 
relative  humidity  60  to  65  per  cent.  Boards  should 
always  be  stored  standing  on  their  edges,  and  be 
suitably  separated  so  that  the  air  has  as  much  free 
access  to  them  as  possible. 


II.  DEFINITIONS. 

(a)  Definition  of  Vulcanized  Fibre. 

The  term  "  Vulcanized  Fibre  "  denotes  all  materials, 
including  Leatheroid,   made  of  superimposed  layers  of 
paper   chemically  treated   (usually   with  zinc  chloride) . 
so    that    the    laminae    are   virtually    destroyed,    and    a 
homogeneous    mass  of  converted  cellulose  is  produced. 


Fibre    for     Electrical 


(6)  Definitio7i    of     Vulcanized 
Purposes. 

For  purposes  of  this  Specification  one  grade  of 
Vulcanized  Fibre  only  is  recognized  as  follows  : — 

Best  quality  vulcanized  fibre,  free  from  mineral 
salts,  made  from  selected  raw  materials  and  having 
good  mechanical  and   electrical  characteristics. 

Note. — It  is  recognized  that  other  grades  of  vulcan- 
ized fibre  are  obtainable,  but  these  are  considered  to  be 
outside  the  scope  of   this  Specification. 

[c]   Terminology. 

(i)  The  term  "  Longitudinal  "  denotes  the  direction 
parallel  to  that  in  which  the  material  travelled 
during  manufacture, 
(ii)  The  term  "  Transverse "  denotes  the  direction 
at  righi  angles  to  that  described  in  (i)  above, 
(iii)  The  term  "  Perpendicular "  denotes  the  direc- 
tion normal  to  the  surface  of  the  material. 

Note. — When  the  material  is  built  up  of  superimposed 
layers  having  the  "  grain  "  at  right  angles,  there  is 
no  definite  longitudinal  or  transverse  direction. 


III.  .METHODS  OF  TEST. 

1.  Conditioning  of  Specimens  for  Test. 

Before  the  tests  specified  in  Clauses  2,  3,  4,  5,  6,  7, 
8,  9,  11,  13,  19,  and  20  are  carried  out  the  specimens 
shall  be  dried  at  a  temperature  from  75°  C.  to  80°  C. 
for  18  to  24  hours,  and  the  test  shall  be  conducted  as 
soon  as  the  temperature  of  the  specimen  has  fallen  to 
20°  C.  (±  5°  C). 


The  conditioning  of  the  specimens  for  the  electric 
strength  test.  Clause  10,  shall  be  carried  out  as  speci- 
fied in  Technical  PubUcation  Ref.  A/S2,  Directions  for 
Determining  the  Electric  Strength  of  Fibrous  Insulating 
Materials.* 

2.   Determination  of  Thickness. 

The  specimen  shall  be  conditioned  in  accordance  with 
Clause   1  before  the  thickness  is  measured. 

[a)   Boards. 

Measurements  of  thickness  shall  be  made  by  means 
of  a  suitable  micrometer  at  ten  points  e<iually  spaced 
around  the  sides  of  the  board.  The  maximum,  mini- 
mum, and  mean  values  of  thickness  shall  be  stated. 

(6)  Rods  and  Tubes. 

The  diameter  of  the  rod,  and  in  the  case  of  a  tube 
the  internal  and  external  diameters  of  the  tube,  shall 
be  measured  at  each  end.  Two  measurements  shall  be 
made  on  diameters  at  right  angles  in  each  case  by 
means  of  a  suitable  micrometer. 

The  maximum,  niinimnm  and  mean  values  of  the 
diameter  of  the  rod,  and  the  diameters  of  the  tube 
shall  be  stated. 

3.  Determination  of  Density. 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause   1  before  the  density  is  determined. 

[a)  Boards. 

A  specimen  li  inches  square  shall  be  used  to  deter- 
mine the  density  of  the  material. 

The  area  of  the  specimen  shall  be  computed  from 
the  mean  of  ten  measurements  of  the  length  and  the 
width  respectively  at  points  equally  spaced  along  each 
of  two  edges  at  right  angles.  The  thickness  shall  be 
determined  by  making  ten  measurements  with  a  suitable 
micrometer  equally  spaced  around  the  sides  of  the 
board,  and  the  mean  value  shall  be  taken  in  computing 
the  volume  of  the  specimen. 

The  usual  precautions  shall  be  observed  in  weighing 
the  specimen,  and  the  weight  shall  be  taken  to  the 
nearest  milligramme  in  each  case. 

The  density  shall  be  expressed  in  terms  of  weight 
in  grammes  per  cm'*. 

Note. — 'V^  hen  carrying  out  acceptance  tests  on  bulk 
consignments  it  will  frequently  be  found  desirable  to 
weigh  and  measure  the  entire  boards  as  received.  This 
test  affords  a  rapid  means  of  checking  the  den.sity  of 
the  vulcanized  fibre  without  cutting  the  board,  and 
should  be  conducted  before  cutting  specimens  for  other 
tests. 

(b)  Rods  and  Tubes. 

The  dimensions  of  a  rod  or  tube  Ij  inches  long  shall 
be  determined  by  means  of  a  micrometer  or  other 
suitable  method. 

The  diameter  of  the  rod,  and  in  the  case  of  a  tube 
the  internal  and  external  diameters  of  the  tube,  shall 
be  measured  at  each  end  and  at  the  centre.  Two 
•  Sec  yournal  I.E.E.,  1932,  vol.  60,  p  794. 
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measurements  shall  be  made  on  diameters  at  right 
angles  in  each  case.  The  length  of  the  specimen  shall 
be  determined  by  making  four  measurements  equallv 
spaced  around  the  circumference  of  the  ends,  and  in 
the  case  of  a  rod  a  fifth  measurement  of  length  shall 
be  made  on  the  axis  of  the  rod.  The  volume  of  the 
specimen  shall  be  computed  from  the  mean  value  in 
each  case. 

The  usual  precautions  shall  be  observed  in  weighing 
the  specimen,  and  the  weight  shall  be  taken  to  the 
nearest  milhgramme  in  each  case. 

The  densit}-  shall  be  expressed  in  terms  of  weight  in 
grammes  per  cm^. 

4.   Tensile  Strength,  Extension  .^nd  Pl.^stic  Yield 
UNDER  Continuous  Load. 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  tests  for  tensile  strength  and 
extension  are  carried  out. 

(a)  Boards. 

The  form  and  dimensions  of  the  specimen  for  testing 
a  board  shall  be  as  shown  in  Fig.  1.  The  thickness  of 
the  test  bar  shall  be  the  thickness  of  the  material. 


3^ 
radius 


Z'^i'  parallel - 


IWtol"- 


9-- 


3'/i-  I 
radius  I 


2'/z"  parallel 


Fig.  1. — Specimen  for  Tensile  Strength  and  Extension  Tests  on 

Boards. 

(i)  The  specimen  shall  be  tested  longitudinally  and 
transversely  to  ascertain  the  ultimate  tensile  strength 
and  the  extension  on  a  3-inch  gauge  length. 

The  load  shall  be  increased  steadily  at  such  a  rate 
that  the  specimen  breaks  in  approximately  two  minutes 
from  the  time  of  the  application  of  the  load. 

The  ultimate  tensile  strength  shall  be  expressed  in 
lb.  per  sq.  in.  The  extension  shall  be  expressed  as  a 
percentage  on  the  original  gauge  length. 

(ii)  The  specimen  shall  be  tested  to  ascertain  the 
extension  on  a  3-inch  gauge  length  when  subjected 
continuously  to  a  load  of  a  value  equal  to  one-third 
of  the  breaking  load,  determined  by  test  (i)  above. 
The  load  shall  be  maintained  until  the  increase  of 
strain  ceases. 

(6)  Rods. 

The  form  and  dimensions  of  the  specimen  for  testing 
a  rod  shall  be  as  shown  in  Fig.  2. 


Fig.  2. — Specimen  lor  Tensile  Strength  and  E.xtension  Tests 
on  Rods. 


The  reduced  diameter  D  shall  be  T/i  per  cent  of  the 
full  diameter  of  the  rod. 

Specimens  shall  be  tested  as  specified  in  (a)  (i)  and 
(ii)  above. 

(c)   Tubes. 

The  dimensions  of  the  tube  for  test  shall  be  9  inches 
long,  1  inch  internal  diameter,  and  Ii  inches  external 
diameter. 

Specimens  shall  be  tested  as  specified  in  (a)  (i)  and 
(ii)  above. 

A  suitable  form  of  grip  for  holding  the  tube  in  the 
testing  machine  is  shown  in  Fig.  3. 

5.  Compression  Strength  and  Plastic  Yield 
under  Continuous  Load. 

{a)  Boards. 

(i)  The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  compression  strength  test  is 
carried  out. 

The  dimensions  of  the  specimen  for  test  shall  be 
1-inch  cube,  the  specimen  being  built  up  with  several 
la^-ers  of  the  material  when  necessarv.  The  lavers  of 
the  material  shall  be  bedded  together  by  the  apphca- 
tion  of  an  initial  load  of  300  lb.  per  sq.  in.,  and  the 
first  measurement  of  the  length  of  the  specimen  shall 
be  taken  under  this  load,  which  shall  be  included  in 
the  load  registered  in  each  case. 

A  series  of  tests  shall  then  be  earned  out  at  a  tempera- 
ture from  15°  C.  to  25"  C.  by  the  application  of  increasing 
loads  of  1  500  lb.  per  sq.  in.,  each  of  which  shall  be 
maintained  for  one  minute,  and  the  yield  of  the  specimen 
shall  be  measured  at  the  end  of  each  period.  The 
tests  shall  be  continued  until  the  specimen  has  vielded 
10  per  cent  of  its  original  length,  when  measured  as 
stated  above,  or  the  load  has  reached  to  about  6  tons 
per  sq.  in. 

(ii)  A  specimen  similar  to  that  described  in  (i)  above 
shall  be  heated  in  air  at  a  temperature  from  90°  C. 
to  95°  C.  for  24  hours,  and  then  tested  at  a  temperature 
from  90°  C.  to  95°  C.  The  specimen  shall  be  bedded, 
the  loads  applied,  the  yields  measured,  and  the  test 
continued  as  specified  in  (i)  above. 

(iii)  A  specimen  similar  to  that  described  in  (i)  above 
shall  be  immersed  in  transformer  oil,  comph-ing  with 
British  Standard  Specification  No.  148  for  light- 
grade  oil,  at  a  temperature  from  90°  C.  to  95°  C.  for 
24  hours,  and  then  tested  at  a  temperature  from  90°  C. 
to  95°  C.  The  specimen  shall  be  bedded,  the  loads 
apphed,  the  fields  measured,  and  the  test  continued 
as  specified  in  (i)  above. 

(iv)  A  specimen  similar  to  that  described  in  (i)  above 
shall  be  heated  in  air  at  a  temperature  from  90°  C.  to 
95°  C.  for  24  hours  and  then  subjected  continuously, 
at  a  temperature  from  90°  C.  to  95°  C.  to  a  load  of  a 
value  equal  to  one-third  of  the  maximum  load  apphed 
in  the  test  specified  in  (ii)  above.  The  load  shall  be 
maintained  until  the  increase  of  strain  ceases.  The 
\-ield  shall  be  measured  at  intervals,  and  a  curve  plotted 
sho\\-ing  the  relationsliip  between  the  yield  and  the 
time  of  application  of  the  load. 

(v)  When  the  tliickness  of  the  material  is  |  inch 
or  above,  it  shall  be  also  tested  at  a  temperature  from 
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15°  C.  to  25°  C.  for  compression  strength  in  the  longi- 
tudinal direction. 

The  specimen  shall  be  conditioned  in  accordance  with 
Clause   1  before  the  compression  test  is  carried  out. 

The  dimensions  of  the  specimen  shall  be  2  inches  in 
the  longitudinal  direction  of  the  sheet,  and  1  inch  in 
the  transverse  direction,  the  load  being  applied  on  the 
2-inch  edges  of  the  specimen. 

The  load  shall  be  increased  gradually  at  the  rate  of 
1  500  lb.  per  sq.  in.  per  minute  until  the  specimen  fails. 
The  load  at  which  failure  occurs  and  the  duration  of 
the  test  shall  be  stated. 

(vi)   A  specimen  similar  to  that  described  in  (v)  above 


3%"dia 


2" 


B    -^/s" 


2%"       3" 


[c)    Tubes. 

The  form  of  the  specimen  for  test  shall  be  a  tube  the 
thickness  of  wall  being  not  less  than  |  inch,  and  the 
length  of  which  shall  be  equal  to  the  external  diameter 
of  the  tube.  The  end  faces  of  the  specimen  shall  be 
truly  plane,  square  and  parallel. 

An  initial  load  of  300  lb.  per  sq.  in.,  computed  on  the 
cross-sectional  area  of  the  material,  shall  be  applied, 
and  the  first  measurement  of  the  length  of  the  specimen 
shall  be  taken  under  this  load,  which  shall  be  included 
in  the  load  registered  in  each  case. 

Specimens  shall  be  tested  as  specified  in  (a)  (i),  (ii), 
(iii)  and   (iv)   above. 


^  Equally  spaced  holes  to  be 
;-4."  dia.  drill  x  V 
deep. 


Section  on   A  B. 


-nie'dia.- 
■V!i6"dla.- 
-IWdia.- 
-Z'/z"dia- 


FlG.  3. — Form  of  Grip  for  holding  Tube  in  Testing  Machine  for  Tensile  Strength  and  E.xtension  Tests. 


shall  be  heated  in  air  at  a  temperature  from  90°  C.  to 
95°  C.  for  24  hours,  and  then  tested  at  a  temperature 
from  90°  C.  to  95°  C.  The  load  shall  be  applied  and 
the  test  continued  as  specified  in   (v)  above. 

(6)  Rods. 

The  form  of  the  specimen  for  test  shall  be  a  cylinder, 
the  length  of  which  shall  be  equal  to  the  diameter  of 
the  rod.  The  end  faces  of  the  specimen  shall  be  truly 
plane,  square  and  parallel. 

An  initial  load  of  300  lb.  per  sq.  in.  shall  be  applied, 
and  the  first  measurement  of  the  length  of  the  specimen 
shall  be  taken  under  this  load,  which  shall  be  included 
in  the  load  registered  in  each  case. 

Specimens  shall  be  tested  as  specified  in  (a)  (i),  (ii), 
(iii)  and   (iv)  above. 


6.   She.^ring  or  Tearing  Strength. 

The  specimens  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  test  for  shearing  or  tearing 
strength  is  carried  out. 

(a)  Boards. 

(i)  Shearing  Strength. 

Materials  above  1/32  inch  thick  up  to  and  including 
J  inch  thick  shall  be  tested  to  ascertain  the  force  required 
to  punch  a  hole  |  inch  in  diameter. 

The  load  shall  be  applied  steadily,  and  shall  be  in- 
creased at  a  rate  of  approximately  100  lb.  per  minute 
for  each   ]/32  inch  thickness  of  the  specimen. 

The  clearance  between  the  punch  and  the  die  shall 
be  negligible  as  obtained  by  trimming  the  pimch  with 
the  die. 
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The  pressure  required  to  punch  the  hole  shall  be 
expressed  in  lb.  per  sq.  in.* 

Materials  above  ^  inch  thick  shall  be  tested  as 
follows  : — 

A  specimen,  the  dimensions  of  which  shall  be  5  inches 
long  and  2|  inches  wide,  shall  be  clamped  in  a  shear 
testing  jig  so  that  both  ends  of  the  specimen  are  sheared 
off  simultaneously.  The  pressure  required  to  produce 
shear  shall  be  computed  on  the  total  area  of  the  sections 
sheared,  and  shall  be  expressed  in  lb.  per  sq.  in. 


The  load  required  to  tear  the  specimen  shall  be 
expressed  in  lb. 

(6)  Rods. 

A  specimen  5  inches  long  and  the  full  diameter  of 
the  rod  shall  be  clamped  in  a  shear  testing  machine 
so  that  both  ends  of  the  specimen  are  sheared  off 
simultaneously.  The  pressure  required  to  produce 
shear  shall  be  computed  on  the  total  area  of  the  sections 
sheared,  and  shall  be  expressed  in  lb.  per  sq.  in. 

h 3/^ 


I         \Specimen 


Fig.  4. — Form  of  Jig  for  the  Shear  Test  on  Boards. 


A  suitable  form  of  jig  for  the  shear  test  is  shown 
in  Fig.  i, 

(ii)   Tearing  Strength. 

Materials  up  to  and  including  1/32  inch  thick  shall 
be  tested  for  tearing  strength  as  follows': — 

The  form  and  dimensions  of  the  specimen  for  test 
shall  be  6  inches  square. 

The  tearing  strength  shall  be  the  load  required  to 
tear  the  specimen  commencing  from  a  hole  3/32  inch 
diameter  and  punched  out  of  the  specimen.  The 
position  of  the  hole  and  the  application  of  the  load 
shall  be  as  shown  in  Fig.  5. 

Three  longitudinal  and  three  transverse  tear  tests 
shall  be  carried  out  on  each  material  under  test. 

•  In  a  future  edition  of  this  Specification  it  is  probable  that  the 
fi\Q3t  stress  will  be  substituted  for  the  pressure  required  to  pvuich 
the  hole. 


7.   Cohesion  between  L.wers  (Splitting  Test). 

The  specimens  shall  be  conditioned  in  accordance 
with  Clause  I  before  the  tests  for  cohesion  between 
layers  are  carried  out. 

[a]  Boards. 

Cohesion  between  layers  shall  be  tested  by  the 
following  method  : — 

(i)  The  dimensions  of  the  specimen  shall  be  as 
follows  ; — 

Width         =  1  inch. 

Thickness  =  Thickness  of  the  material. 

Length       =  Four  times  the  thickness  plus  i  inch. 

The  specimen  shall  be  supported  on  V  supports 
spaced    apart   at   a   distance   equal   to   four   times   the 
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Fig.  5. — Apparatus  for  Measuring  the  Tearing  Strength. 
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thickness  of  the  material  under  test.  A  load  shall  be 
applied  centrally  on  the  specimen  and  increased  until 
failure  occurs.  The  load  required  to  cause  failure 
and  the  nature  of  the  fracture  shall  be  stated. 

(ii)  A  specimen  2  inches  square  shall  be  tested  to 
ascertain  whether  it  is  possible  to  split  the  material 
parallel  to  the  laminations  when  a  split  has  been  started 
at  one  corner  b}'  the  insertion  of  a  knife. 

(b)  Rods. 

The  test  shall  be  as  outlined  for  sheets,  except  that 
the  rod  shall  be  of  a  length  equal  to  three  times  its 
diameter  plus  i  inch,  and  shall  be  supported  for  test 
on  V  blocks  spaced  apart  to  a  distance  equal  to  three 
times  the  diameter  of  the  rod.  The  rod  shall  he  so 
that  the  load  is  applied  perpendicularly  to  its  laminae. 

(c)  Tubes. 

A  specimen  of  tube  shall  be  cut  of  length  equal  to 
the  external  diameter,  and  shall  be  subjected  to  a 
crushing  load  perpendicular  to  the  axis  of  the  tube. 
The  load  required  to  cause  failure  and  the  nature 
of  the  fracture  shall  be  stated. 

8.  Stiffness  or  Rigidity. 
The    specimen    shall    be    conditioned    in    accordance 
with  Clause   1   before  the  test  for  stiffness  or  rigidity 
is  carried  out. 

(a)   Boards. 

Materials  shall  be  tested  for  stiffness  or  rigidity  by 
the  cantilever  method  as  follows  : — 

The  form  and  arrangement  of  the  test  shall  be  in 
accordance  with  Figs.  6  and  7. 

^*    - 

Clamp<:^  p^ 


J_ 


w 

Fig.  G. — Form  of  Test  for  Stiffness  or  Rigidity. 

The  specimen  shall  be  firmly  fixed  in  clamps  and 
the  stirrup  and  scale  pan  placed  in  position  as  shown 
in  Fig.  7.  A  measurement  shall  be  made  of  the  unsup- 
ported end  below  datum  as  follows  : — 

An  inside  micrometer  shall  be  clamped  above  the 
stirrup.  The  electric  circuit  shall  be  as  shown  in 
Fig.  7.  The  micrometer  screw  shall  be  turned  until 
the  circuit  is  closed  (as  indicated  by  the  voltmeter) 
and  the  micrometer  reading  shall  then  be  taken. 

Small  equal  increments  of  load  shall  be  applied  and 
the  corresponding  increments  in  deflection  measured 
immediately.  Each  increment  of  load  shall  be  appUed 
as  soon  as  the  deflection  for  the  previous  load  increment 
lias  been  read.  Readings  shall  only  be  taken  for  the 
range  during  which  the  increment  of  load  is  proportional 
to  the  increment  of  deflection. 

The  dimensions  of  the  specimen  shall  be  as  follows  : — 

For  specimens  not  exceeding  1/16  inch  thick  : — 

Cantilever  length  =  2  inches. 
Breadth  =  |  inch. 

The  increment  of  deflection  shall  not  exceed  0-010 
inch. 


For  specimens  exceeding  1/16  inch  thick  the  cantilever 
length  shall  be  from  3  inches  to  9  inches  according  to 
the  stiffness  of  the  material. 

The  breadth  of  the  specimen  shall  be  one-fifth  of  the 
cantilever  length. 

The  increment  of  deflection  shall  not  exceed  0-015 
inch. 

Young's  Modulus,  E,  shall  be  computed  from  the 
following  formula  : — 


E  = 


BD'^Y 


where  W  =  average  increment  of  load  lb., 
L  =  cantilever  length,  inches, 
B  =  breadth,  inches, 
D  =  thickness  of  specimen,  inches, 
Y  =  average  increment  of  deflection,  inches. 

When  the  final  increment  of  deflection  has  been 
measured  as  described  above  the  load  shall  not  be 
removed.  The  increment  of  deflection  shall  be  re- 
measured  after  1  minute,  10  minutes,  1  hour  and  18 
hours  respectively. 

After  the  18-hour  test  has  been  completed,  tests  at 
loads  of  0  -  66  and  1  -  5  times  respectively  the  value  of  the 
load  emploj'ed  in  the  18-hour  test  shall  be  applied  to 
the  specimen,  and  the  increments  of  deflection  shall 
be  re-measured  as  before  in  the  prolonged  test. 

Note. — A  suitable  form  of  knife-edge  balance  for 
use  in  the  cantilever  test  is  shown  in  Fig.  8. 

(6)  Rods. 

Rods  shall  be  tested  for  stiftness  or  rigidity  b^-  the 
cantilever  method  as  follows  : — 

The  form  and  arrangement  of  the  test  shall  be  similar 
to  that  indicated  in  Fig.  7. 

The  rod  shall  be  straight  and  of  uniform  diameter. 
Tests  shall  be  carried  out  in  directions  parallel  to  and 
perpendicular  to  the  laminae  respectively. 

The  length  of  the  cantilever  shall  be  as  follows  : — 


Diameter  of  Rod,  inch 

Cantilever  Length,  inches 

\ 
\ 
f 
f 

4 

6 

8 

12 

The  specimen  shall  be  firmly  clamped  upon  a  length 
not  less  than  four  times  its  diameter,  and  the  stirrup 
and  scale  pan  placed  in  position,  as  in  the  test  for 
boards. 

The  dimensions  of  the  clamp  for  holding  the  specimen 
shall  be  as  show-n  in  Fig.  9,  and  the  two  halves  shall  be 
separated  by  sheets  of  metal  whose  thickness  is  approxi- 
mately equal  to  \  of  the  diameter  of  the  specimen. 

D  =  diameter  of  specimen,  inches. 
h  =  not  less  than  2D  (and  not  less  than   1  inch  for 

small  specimens). 
h  =  2£)  (approximately). 
I  =  not  less  than  4D. 
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Fig.  7.— .irrangement  of  Cantilever  Test  for  Boards. 
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Fig.  8.— Form  of  Knife-edge  Balance  for  Cantilever  Test. 
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XoTE. — A  suitable  form  of  knife-edge  balance  for 
use  in  the  cantilever  test  is  shown  in  Fig.  8. 

A  measurement  shall  be  made  of  the  unsupported 
end  below  datum  as  follows  : — 


E 


64TriS 
ZttD^Y 


_Jl 


■  L 


Fig.  9.— Form  of  Clamp  for  holding  Rod  in  Cantilever  Test. 

An   inside   micrometer  shall  be   clamped   above   the 
knife-edge  piece.      The  electric  circuit  shall  be  as  shown 

fZZ222zx»\ 


where  W  =  average  increment  of  load,  lb., 
L  =  cantilever  length,  inches, 
D  =  diameter  of  specimen,  inches, 
Y  =  average  increment  of  deflection,  inches. 

When  the  final  increment  of  deflection  has  been 
measured  as  described  above  the  load  shall  not  be 
removed.  The  increment  of  deflection  shall  be  re- 
measured  after  1  minute,  10  minutes,  1  hour  and  18 
hours  respectively. 

After  the  18-hour  test  has  been  completed,  tests  at 
loads  of  0  •  66  and  1  •  5  times  respectively  the  value  of  the 
load  employed  in  the  18-hour  test  shall  be  applied  to 
the  specimen,  and  the  increments  of  deflection  shall  be 
re-measured  as  before  in  the  prolonged  test. 


a   RAD. 
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Fig.  10.— Arrangement  of  Stiffness  Test  lor  Tubes. 


in  Fig.  7.  The  micrometer  screw  shall  be  turned  until 
the  circuit  is  closed  (as  indicated  by  the  voltmeter), 
and  the  micrometer  reading  shall  then  be  taken. 

Small  equal  increments  of  load  shall  be  applied,  and 
the  corresponding  increments  in  deflection  measured 
immediately.  Each  increment  of  load  shall  be  applied 
without  delay  as  soon  as  the  deflection  for  the  previous 
load  increment  has  been  read.  Readings  shall  only  be 
taken  for  the  range  during  wliich  the  increment  of  load 
is  proportional  to  the  increment  of  doilection. 

Young's  Modulus,  E,  shall  be  con;puted  from  the 
following  formula  :• — 


(c)   Tubes. 

A  tube  3  inches  long,  2  inches  internal  diameter, 
and  2j  inches  external  diameter  shall  be  set  up  in  a 
compression  testing  machine  as  shown  in  Fig.   10. 

The  load  shall  be  applied  to  the  top  of  the  specimen, 
and  midway  between  the  ends,  by  means  of  a  wedge- 
shaped  plunger  not  less  than  2|  inches  wide,  the  bottom 
edge  of  which  is  rounded  to  a  radius  of  ^  inch.  The 
angle  of  the  wedge  shall  be  approximately  45°,  and  its 
axis  shall  be  at  right  angles  to  the  axis  of  the  tube,  as 
shown  in  Fig.  10.  The  load  shall  be  increased  by  steps, 
and  sufiicient  readings  of  the  load  and  travel  of  the 
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plunger  taken  up  to  the  load  at  which  failure  occurs 
to  enable  a  stress-strain  curve  to  be  plotted. 
9.  Flexibility  (Bending  Test)  (for  Material  up  to 
I  INCH  thick). 
Flexibility  tests  shall  be  carried  out  on  sheet  material 
as  follows  : — 

(a)  After  Conditioning  {before  Baking). 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  flexibihty  test  is  carried  out. 

A  specimen'  of  every  thickness  up  to  and  including 
\  inch  shall  be  bent  longitudinally  and  transversely 
through  an  angle  of  180°,  and  the  effect  on  the  specimen 
shall  be  stated.  The  radius  of  the  corner  round  which 
the  specimen  is  bent  shall  be  in  accordance  with  the 
appropriate  value  given  in  Table  1. 

(b)  After  Baking. 

A  specimen  of  every  thickness  up  to  and  including 


complying  with  British  Standard  Specification  No.  148 
for  light-grade  oil,  for  48  hours  at  a  temperature 
from  115°  C.  to  120°  C,  and  shall  then  be  bent 
longitudinally    and    transversely   through    an    angle    of 

Table  2. 

Radii  of  Corners  to  be  used  in  Flexibility  Test  after 
Baking. 


Limits  of  Thickness  of  Specimen,  inch 


Up  to  1/32 

Above  1/32  up  to  l/l6  .. 

Above  ]/l6  up  to  J 


Radius  of  Comer,  inch 


2i 


180°,  and  the  effect  on  the  specimen  shall  be  stated. 


Amalgamated  Copper 
Tubes.  sv^^ 


Mercury  Ring 
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Fig.  11. — Diagrammatic  Arraiij^ement  of  Apparatus  lor  Volume  Resistivity  Test. 

^  inch  shall  be  heated  for  48  hours  at  a  temperature  |  The  radius"'of  the  corner  round  which  the  specimen  is 

from   105°  C.  to  110°  C.  and  allowed  to  cool  to  20°  C.  bent  shall  be  in  accordance  with  the  appropriate  value 

(±  "5°    C).      It    shall    then     be     bent     longitudinally  [  given  in  Table  3. 

and   transversely   through   an   angle   of    180°,    and   the  i 


Table  1. 

Radii  of  Corners  to  be  used  in  Flexibility  Test  after 
Conditioning  (before  Baking). 


Table  3. 

Radii  of  Corners  to  be  used  in  Flexibility  Test  after 
Heating  in  Oil. 


Limits  of  Thickness  of  Specimen,  inch 

Radius  of  Comer,  inch 

Up  to  1/32          

Above  1/32  up  to  l/l6  .. 
Above  1/16  up  to  ^ 

1/16 

I 

effect  on  the  specimen  shall  be  stated.  The  radius 
of  the  corner  round  which  the  specimen  is  bent  shall  be 
in  accordance  with  the  appropriate  value  given  in 
Table  2. 

(c)  After  Heating  in  Oil. 

The   specimen    shall    be    heated    in    transformer    oil, 


Limits  of  Thicliness  of  Specimen,  inch 

Radius  of  Corner,  inch 

Up  to  1/32          

Above  1/32  up  to  l/l6  .. 
Above  1/16  up  to  J 

If 

3^ 

10.  Electric  Strength. 

The  electric  strength  shall  be  determined  in  accord- 
ance with  Technical  Publication  Rcf.  A/S2,  Directions 
for  Determining  the  Electric  Strength  of  Fibrous 
Insulating  Materials. 

Note.— Vulcanized  fibre  should  not  be  regarded  as  a 
satisfactory  insulating  material  when  used  in  damp 
situations,  and  in  any  case  should  not  be  subjected  tp 
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Fig.  12.— Form  of  Apparatus  for  Volume  Resistivity  and  Surface  Resistivity  Tests  (U.S.  Bureau  of  Standards). 
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a  permanent  working  electric  stress  greater  than  25  volts 
per  mil,  even  when  employed  in  dry  situations. 

In  an  acceptance  test,  the  electric  strength  shall  be 
measured  at  a  temperature  of  90°  C.  after  the  specimen 
has  been  subjected  to  a  controlled  atmosphere,  relative 
humidity  75  per  cent  at  a  temperature  from  15°  C.  to 
25"  C.  for  18  to  24  hours. 

The  method  of  test  shall  be  in  accordance  with 
Technical  Publication  Ref.  A/S2. 

The  test  may  be  carried  out  under  oil  when  the 
thickness  in  relation  to  the  other  dimensions  is  such  that 
the  specimen  cannot  be  conveniently  punctured  in  air. 

NoTE.^ — -The  specified  relative  humidity  may  be 
obtained  by  the  use  of  a  solution  of  sulphuric  acid  in 
water,  specific  gravity  1  223. 

11.  Resistivity. 
(a)   Boards. 

A  specimen  4  inches  diameter  shall  be  set  up  for  test 
as  shown  in  Fig.  11.     The  resistance  shall  be  measured 

Amalgamated  Copper 
Tubes. 


If  £  =  length  of  tinfoil,  cm, 
rj  =  inner  radius  of  tube,  cm, 
r-2  =  outer  radius  of  tube,  cm, 
R  =  measured  resistance,  megohms, 
p  =  resistivity,  megohms  for  a  cm*, 

2-Ti?£ 
then  p  = ■ 

log.- 

{c)  Conditions  of  Test, 

The  material  shall  be  tested  under  the  following 
conditions  :— - 

(i)  After  the  specimen  has  been  conditioned  in 
accordance  with  Clause  1. 

(ii)  After  the  specimen  has  been  heated  for  24  hours 
at  a  temperature  from  105°  C.  to  110°  C,  the  resist- 
ance being  measured  at  the  liigh  temperature.  The 
electrodes  shall  be  raised  to  the  high  temperature 
before  the  resistance  is  measured. 

(iii)   .\fter    the    specimen    has    been    subjected    to    a 


Fig.  13. — Diagrammatic  .Arrangement  of  Apparatus  foi'  Surface  Resistivity  Test. 


at  the  end  of  each  minute  over  a  period  of  10  minutes 
electrification  at  a  potential  difference  of  500  volts. 
The  resistivity  shall  be  expressed  in  megohms  for  a 
centimetre  cube,  and  a  curve  shall  be  plotted  showing 
the  relationship  between  resistivity  and  time. 

The  specimen  shall  be  tested  under  the  conditions 
specified  in  (c). 

Note. — The  dimensions  of  a  suitable  apparatus  are 
shown  in  Fig.   12. 

(b)  Tubes. 

After  closing  one  end  the  tube  shall  be  filled  with 
mercury,  and  tinfoil  shall  be  bound  on  the  outside  of 
the  tube  with  10  mil  binding  wire,  closely  wound  over 
the  whole  length  of  the  tinfoil.  The  area  of  the  tinfoil 
shall  be  equal  to  that  of  the  inner  electrode  used  in  the 
resistivity  test  of  a  sheet.  A  guard  ring  of  wire  shall 
be  bound  round  the  tube  on  each  side  of  the  tinfoil. 

The  resistance  shall  be  measured  and  the  resistivity 
expressed  as  specified  in  (a). 

The  specimen  shall  be  tested  under  the  conditions 
specified  in  (c). 


controlled  atmosphere,  relative  humidity  not  less  than 
95  per  cent  at  a  temperature  from  15°  C.  to  25°  C.  for 
18  to  24  hours,  the  resistance  being  measured  whilst  the 
specimen  is  in  the  controlled  atmosphere. 

(iv)  After  the  specimen  has  been  subjected  to  a  con- 
trolled atmosphere,  relative  humidity  not  less  than  90 
per  cent  at  a  temperature  from  45°  C.  to  50°  C.  for  18  to 
24  hours,  the  resistance  being  measured  whilst  the 
specimen  is  in  the  controlled  atmosphere.  The  elec- 
trodes shall  be  raised  to  the  high  temperature  before 
the  resistance  is  measured. 

12.   SuRF.\CE  Resistivity. 

(a)  Boards. 

A  specimen  4  inches  diameter  shall  be  set  up  for  test 
as  shown  in  Fig.  13.  The  surface  resistance  shall  be 
measured,  at  the  end  of  each  minute  over  a  period  of 
10  minutes'  electrification,  at  a  potential  difference  of 
500  volts.  The  surface  resistivity  shall  be  expressed 
in  megohms  for  a  centimetre  square,  and  a  curve  shall 
be  plotted  showing  the  relationship  between  surface 
resistivity  and  time. 
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The  specimen  shall  be  tested  under  the  conditions 
specified  in  (c). 

SoTE. — If  X)  —  d  =  2  cm,  then  the  surface  resistivity 
a  is  computed  as  follows  : — 

B,   X    2-77 


loge 


D 
1 


where  Rg  =  the  surface  resistance,  megohms. 

The  dimensions  of  a  suitable  apparatus  are  shown 
in  Fig.   12. 

(6)   Tubes. 

The  surface  resistance  of  a  tube  shall  be  measured 
between  two  10-mil  wires  bound  tightly  round  the 
tube  1  cm  apart.  The  tube  shall  be  filled  with  mercury 
to  act  as  a  "  guard  ring." 

The  surface  resistance  shall  be  measured,  and  the 
surface  resistivity  expressed  as  specified  in  (a). 

The  specimen  shall  be  tested  under  the  conditions 
specified  in  (c). 

(c)  Conditions  of  Test. 

The  material  shall  be  tested  after  the  specimen  has 
been  subjected  to  a  controlled  atmosphere,  relative 
humidity  7o  per  cent,  at  a  temperature  from  15°  C.  to 
25°  C.  for  18  to  24  hours,  the  surface  resistance  being 
measured  whih  t  the  specimen  is  in  the  controlled 
atmosphere. 

Note. — The  specified  relative  humiditj'  may  be 
obtained  by  the  use  of  a  solution  of  sulphuric  acid 
in   water,  specific  gravity   1'223. 

13.    IXTERX.\L    ReSIST.\NCE. 

The  internal  resistance  of  a  board  shall  be  determined 
as  follows  : — 

Two  holes  5  mm  diameter  shall  be  drilled  to  a  depth 
equal  to  two-thirds  of  the  thickness  of  the  board.  The 
distance  between  the  centres  of  the  holes  shall  be  15  mm. 
The  holes  shall  be  filled  with  mercury,  and  the  resist- 
ance between  them  shall  be  measured  at  the  end  of 
each  minute  over  a  period  of  10  minutes'  electrification, 
at  a  potential  difference  of  500  volts. 

The  resistance  shall  be  expressed  in  megohms,  and  a 
curve  shall  be  plotted  showing  the  relationship  between 
resistance  and  time. 

The  material  shall  be  tested  under  the  conditions 
specified  in  Clause  11   (c). 

In  reporting  the  results  of  the  tests  the  tliickness  of 
the  specimen  shall  be  stated. 

14.  Shrinking,  W.\rping  .\nd   Swelling. 

The  tests  for  shrinkage,  warping,  and  swelling  shall 
be  carried  out  after  the  specimens  have  been  subjected 
to  a  controlled  atmosphere,  relative  humiditv  75  per  cent, 
at  a  temperature  from  15°  C.  to  25°  C.  for  18  to  24  hours. 

Note. — The  specified  relative  humidity  may  be 
obtained  bj'  the  use  of  a  solution  of  sulphuric  acid 
in  water,  specific  gravity'    1'223. 

(a)  Boards. 

A  specimen  4  inches  square  shall  be  cut  from  the 
material  and  the  length,  width  and  tliickness  measured 
immediately  after  conditioning  as  specified  above. 


Care  shall  be  taken  that  the  specimen  is  representati\  e 
of  the  bulk,  and  does  not  include  the  more  highly 
matured  material  commonly  found  on  the  extreme 
edges  of  the  board. 

The  length  and  width  respectivelv  of  the  specimen 
shall  be  the  mean  of  ten  measurements  taken  at  points 
equally  spaced  along  each  of  two  edges  at  right  angles. 

The  thickness  of  the  specimen  shall  be  the  mean  of 
ten  measurements  of  thickness  taken  at  points  equally 
spaced  around  the  edges. 

The  measurements  shall  be  made  bv  means  of  a 
micrometer  or  other  suitable  method. 

Shrinkage  shall  be  determined  by  the  following 
methods  : — 

(a)  The  specimen  shall  be  dried  for  48  hours  by 
heating  uniformly  in  an  oven  at  a  temperature  from 
105°  C.  to  110°  C.,  and  the  length,  width  and  thick- 
ness shall  then  be  measured  as  above  at  atmospheric 
temperature. 

Comparison  shall  be  made  between  the  mean  values 
of  the  dimensions  before  and  after  the  heat  treatment, 
and  the  percentage  differences  computed  on  the  original 
mean  values  respectively  shall  be  stated,  the  original 
mean  values  being  given. 

(6)  The  diameters  of  a  ring  approximatelv  4  inches 
internal  diameter  and  6  inches  external  diameter,  shall 
be  measured  longitudinally  and  transversely.  The  ring 
shall  be  immersed  in  transformer  oil  complving  with 
British  Standard  Specification  No.  148  for  light-grade 
oil  for  120  hours  at  a  temperature  from  105°  C.  to 
110°  C.  The  diameters  shall  then  be  measured  again 
as  before  at  atmospheric  temperature.  Comparison 
shall  be  made  between  the  values  of  the  diameters 
before  and  after  the  immersion  in  oil,  and  the  per- 
■  centage  differences  computed  on  the  original  values 
shall  be  stated. 

Warping  shall  be  determined  by  the  following 
method  : — 

A  specimen  6  inches  square  shall  be  dried  as  specified 
above,  and  it  shall  then  be  placed  on  a  flat  surface  not 
less  than  7  inches  square,  and  a  flat  metal  plate  6  inches 
square  shall  be  placed  on  the  specimen,  so  that  the 
edges  of  the  plate  and  the  specimen  coincide.  The 
weight  of  the  upper  plate  shall  not  e.xceed  8  oz.  The 
distances  between  the  four  corners  of  the  under  surface 
of  the  upper  plate  and  the  corresponding  points  on  the 
upper  surface  of  the  lower  plate  shall  be  measured. 
The  sum  of  the  four  readings  shall  be  compared  with 
four  times  the  original  mean  thickness  of  the  speci- 
men before  drN-ing,  and  the  percentage  increase 
computed  on  four  times  the  original  thickness  shall 
be  stated. 

Swelling  shall  be  determined  by  the  following 
method  : — 

The  square  specimen  used  in  the  shrinkage  test  shall 
be  exposed  to  a  jet  of  steam  for  six  hours  at  a  tempera- 
ture from  105°  C.  to  110°  C,  and  then  the  tliickness 
shall  be  re-measured  as  before.  Comparison  shall  be 
made  between  the  mean  thicknesses  before  and  after 
the  exposure  to  steam,  and  the  percentage  difference 
computed  on  the  mean  thickness  sfter  drying  shall 
be  stated. 
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(6)  Rods. 

Shrinkage  shall  be  determined  by  the  following 
method  : — 

The  diameter  of  a  rod,  the  length  of  wliich  shall  be 
4  inches,  shall  be  measured  at  two  points  at  right 
angles,  one  perpendicular  to  the  laminae  and  the  other 
parallel  to  the  laminae  of  the  rod.  The  rod  shall  be 
dried  for  48  hours  by  heating  uniformly  in  an  oven 
at  a  temperature  from  105°  C.  to  110°  C,  and  the 
diameter  shall  then  be  re-measured  at  the  same  points 
as  before  at  atmospheric  temperature. 

Comparison  shall  be  made  between  the  mean  values 
of  the  diameter  before  and  after  the  heat  treatment, 
and  the  percentage  difference  computed  on  the  original 
mean  value  shall  be  stated,  the  original  mean  value 
being  given. 

\^'arping  shall  be  determined  by  the  following 
method  : — 

A  straight  rod,  the  length  of  which  shall  be  24  times 
the  diameter,  shall  be  dried  for  48  hours  by  heating 
uniformly  in  an  oven  at  a  temperature  from  105°  C. 
to  110°  C.  The  rod  shall  then  be  tested  by  means 
of  a  straight  edge  or  other  suitable  method,  and  the 
maximum  deviation  from  straightness  shall  be  stated, 
the  diameter  of  the  rod  being  given. 

(c)   Tubes. 

Shrinkage  shall  be  determined  by  the  following 
method  ; — 

The  internal  and  external  diameters  of  a  tube,  the 
length  of  which  shall  be  4  inches,  shall  be  measured  in 
two  directions  at  right  angles.  The  tube  shall  be  dried 
as  specified  in  [b)  above,  and  the  diameters  shall  then 
be  re-measured  at  the  same  points  as  before. 

Comparison  shall  be  made  between  the  mean  values 
of  the  internal  and  external  diameters  respectively 
before  and  after  the  heat  treatment,  and  the  percentage 
differences  computed  on  the  original  mean  values  shall 
be  stated,  the  original  mean  values  being  given. 

Warping  shall  be  determined  by  a  method  similar 
to  that  described  in  (6)  above.  The  length  of  the  tube 
shall  be  24  times  the  internal  diameter.  When  express- 
ing the  results  of  the  test  the  internal  and  external 
.diameters  shall  be  given. 

15.  Machining  Properties. 

The  machining  properties  of  the  material  shall  be 
determined  by  shaping  it  in  a  shaping  machine  and  by 
turning,  milling  and  punching  specimens.  The  effect 
■on  the  material  with  respect  to  cracking,  splitting, 
■chipping  or  raggedness  shall  be  stated. 

Boards  shall  be  tested  by  being  tapped  with  a  No.  0 
B.A.  tap.  Rods  and  tubes  shall  be  tested  by  being 
screwed,  externally  and  internally,  in  the  case  of  tubes, 
•\vith  1 1  B.S.W.  threads  per  inch,  cut  with  a  tool  by  an 
operator  experienced  in  working  with  this  class  of 
material.  The  effect  on  the  material  with  respect  to 
-cracking,  splitting,  chipping  or  raggedness  shall  be 
.stated. 

Note. — The  manufacturer  of  the  material  should  be 
asked  to  state  the  cutting  speed,  depth  of  cut,  rate  of 
feed,  and  lubricant,  if  anj',  to  be  employed  in  carrying 
•out  the  machining  tests. 


16.  Freedom  from  Chemical  Reaction. 

The  material  cut  into  small  pieces  shall  be  tested 
for  freedom  from  acids  and  alkalis  in  the  following 
manner  : — 

Cut  up  30  to  40  grammes  of  the  dried  sample  into 
pieces,  weigh  off  duplicate  lots  of  10  grammes  each, 
introduce  each  into  a  J  litre  flask,  add  to  each 
200  cm'^  distilled  water.  Boil  for  20  minutes,  decant 
the  solution  through  a  perforated  disc,  wash  each  lot 
of  the  material  twice  with  75  cm*  of  warm  water. 
Titrate  filtrates,  using  methyl  orange  indicator. 

If  the  indicator  shows  the  solution  to  be  alkaline, 
titrate  (neutralize)  it  with  a  standard  centinormal 
solution  of  sulphuric  acid — 

-^HoS04 
100    -     * 


Type  A. 


'Vie"  RAD. 


Type  B. 


Specimens  4-  inches  Long. 

Fig.  14. — Specimens  for  Slot  Wedge  Test. 

If  it  shows  the  solution  is  acid  titrate  (neutralize)  it 
with  a  standard  centinormal  solution  of  sodium  hydrate — 


N 

Too" 


-NaOH 


or  potassium  hydrate- 


N 

100 


-KOH 


In  either  case  the  number  of  cm"'  of  the  reagent 
required  to  neutralize  10  grammes  of  the  material  shall 
be  stated. 

When  the  material  is  thicker  than  i  inch,  the  test 
shall  be  made  on  drillings  obtained  from  the  central 
portion  of  the^material. 

Note. — The  above  test  only  indicates  mineral  acidity. 
If  the  total  acidity  of  the  material  is  required,  including 
organic  acids  which  may  be  present,  the  method  out- 
lined should  be  slightly  modified  by  boiling  in  methy- 
lated spirit  instead  of  distilled  water,  and  by  titrating 
with  phcnol-phthalein  in  place  of  methyl  orange. 
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Fig.  15.— Form  of  Jig  for  Slot  Wedge  Test. 
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17.  Freedom  from  Conducting  Particles  and 
Pinholes. 

These  tests  shall  be  made  by  one  of  the  following 
methods  : — 

(a)  Thick  Materials. 

In  the  case  of  materials  thicker  than  1/16  inch,  a 
specimen  6  inches  x  4  inches  shall  be  photographed 
by  X-rays.  The  number  of  metallic  particles  and 
pinholes  per  square  foot  shall  be  stated. 

(b)  Thin  Materials. 

In  the  case  of  materials  up  to  and  including  1/16  inch 
thick,  specimens  not  less  than  12  inches  square  shall 
be  tested  by  the  following  method  : — 

The  specimen  shall  be  dipped  into  a  1  per  cent 
solution  by  volume  of  acetic  acid,  and  then  allowed  to 
air-dry  for  one  hour  while  lying  flat  on  a  cloth. 

When  dry  the  specimen  shall  be  dipped  again  in  a 
solution  containing  0- 1  cm^  acetic  acid  and  0- 1  gramme 
of  potassium  ferricyanide  in  100  cm^  distilled  water. 

Each  metallic  iron  particle  will  produce  a  blue  spot 
on  the  specimen,  and  each  copper,  brass  or  gunmetal 
particle  a  red  spot. 

The  number  of  blue  and  red  spots  respectively  per 
square  foot  of  the  specimen  shall  be  stated. 

Note. — The  potassium  ferricyanide  solution  should 
be  tested  before  use  with  some  precipitated  ferric 
hydroxide  dissolved  in  strong  nitric  acid,  and  diluted 
with  water.  The  potassium  ferricj-anide  solution  should 
give  no  blue  precipitate  or  coloration. 

18.  Effect  of  Oil. 

A  specimen  shall  be  immersed  in  transformer  oil 
complying  with  B.S.S.  No.  148  for  light-grade  oil 
for  seven  days  continuously  at  a  temperature  from 
105°  C.  to  110°  C.  The  condition  of  the  specimen  shall 
be  stated  with  respect  to  warping,  splitting,  blistering, 
softening  or  other  deterioration  after  immersion. 

19.  Absorption  of  Water. 

The  specimen  shall  be  conditioned  in  accordance 
with  Clause  1  before  the  test  for  water  absorption  is 
carried  out. 

A  sample  of  board  IJ  inches  square,  or  a  rod  or  tube 
1^  inches  long,  shall  be  weighed.  The  board  specimen 
shall  have  the  four  edges,  and  the  rod  or  tube  specimen 
the  two  ends  freshly  cut  before  being  used  for  the  test. 


The  specimen  shall  then  be  immersed  in  water  at  a 
temperature  from  15°  C.  to  25°  C.  After  24  hours' 
immersion  it  shall  be  taken  from  the  water,  and,  after 
removing  the  surface  moisture  by  wiping,  weighed 
again. 

The  specimen  shall  then  be  replaced  in  the  water, 
and  after  six  days'  immersion  reweighed  with  the  same 
precautions  as  before.  The  weight  shall  be  taken  to 
the  nearest  milligramme  in  each  case. 

The  percentage  absorption  of  water  in  each  case  shall 
be  computed  on  the  original  weight  of  the  specimen  ; 
and  the  origmal  dimensions  of  the  specimen  shall  be 
stated. 

Wlien  it  is  desired  to  distinguish  between  the  absorp- 
tion in  the  longitudinal,  transverse  and  perpendicular 
directions  respectively,  the  appropriate  surfaces  of  the 
specimen  shall  be  coated  with  a  waterproof  varnish 
before  the  test  for  water  absorption  is  cjirried  out. 

20.  Slot  Wedge  Test. 

To  ascertain  the  suitability  of  vulcanized  fibre  for 
the  manufacture  of  slot  wedges  for  electrical  machines 
the  following  test  shall  be  carried  out  after  the  specimen 
has  been  conditioned  in  accordance  with  Clause  1. 

A  specimen  shall  be  machined  from  the  4-inch  square 
sample  used  in  the  .shrinkage  test  to  one  of  the  dimen- 
sions shown  as  types  .\  and  B  in  Fig.  14,  and  shall  be 
inserted  into  a  special  jig,  shown  in  Fig.  15,  repre- 
senting a  machine  slot.  The  specimen  shall  be  forced 
radially  out  of  the  slot  in  a  compression  testing  machine, 
and  the  pressure  required,  per  inch  of  length,  to  displace 
the  wedge  shall  be  determined. 

21.  Freedom  from  Conducting  Particles   (for 
Material  in  Rolls  only). 

The  vulcanized  fibre  shall  be  drawn  at  a  speed  ol 
approximately  two  feet  per  minute  between  a  metallic 
plate  and  a  system  of  overlapping  rollers  as  specified 
in  Clause  15  of  Technical  Publication  Ref.  A/S5. 

An  alternating  potential  difference  (50  cycles),  of 
50  volts  per  mil  thickness  of  the  vulcanized  fibre,  shall 
be  applied  between  the  plate  and  the  rollers. 

The  number  of  punctures  per  square  yard  shall  be 
stated. 

On  a  failure  occurring  the  defective  spot  shall  be 
marked  and  the  vulcanized  fibre  then  drawn  back  and 
passed  through  a  second  time.  The  ability  of  the 
part  originally  defective  to  pass  test  on  the  second 
application  shall  be  noted. 
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Japanese  Mino  dental  tissue  paper,  definition  of   .        .  985 

Japanese  Tosa  tissue  paper,  definition  of        .        .        .  985 

Jute  fibre,  use  of.  in  paper 984 
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Machine  finish,   definition  of         .        .        . 
Manilla  fibre  paper,  definition  of 
Manilla  paper,   definition  of. 
Mechanical  wood-pulp  paper,  definition  of 
Metallic  particles,   chemical  test  for  . 
Metallic  particles,  in  rope  paper 
Micro-photographs,   reproduction  of,  showing 
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Preface. 

As  the  result  of  the  experience  gained  since  the 
issue  of  Technical  Publication  Ref.  A/Sl,  it  has  been 
found  desirable  to  modify  several  of  the  Clauses  and 
to  add  a  test  for  Absorption.  This  test  is  intended  to 
indicate  the  ability  of  paper  to  absorb  oil  or  varnish 
in  a  direction  normal  to  the  surface. 

The  temperature  at  which  specimens  are  conditioned 
has  been  altered  to  20°  C.  ;  and  the  clauses  for  the 
determination  of  thickness  and  density  have  been 
simplified. 

In  order  to  avoid  discrepancies  in  the  results  obtained 
in  the  porosity  test,  due  to  the  variation  of  the  air 
pressure,  this  test  has  been  modified  by  ascertaining  the 
time  required  for  a  constant  volume  (100  cm^)  of  water 
to  flow  out  of  the  burette. 

The  procedure  for  determining  the  acidity,  alkalinity, 
and  the  amount  of  resinous  material  in  the  paper 
respectively  has  been  improved,  and  a  slight  modification 
made  in  the  test  for  nitrogenous  material.  The  amount 
of  paper  to  be  employed  in  the  mineral  ash  test  has 
been  reduced  to  5  grammes. 

In  Technical  Publication  Ref.  A/Sl,  three  tests  were 
inserted  for  detecting  metallic  particles  with  a  view 
to  gaining  experience  on  the  relative  efficacy  of  the  tests. 
It  has  been  found  that  the  old  test  (c)  is  the  most 
satisfactory  test,  and  the  other  two  have  therefore 
been  deleted. 

It  is  now  found  that  there  is  no  necessity  for  a 
clause  dealing  with  crinkling  under  tension. 

The  method  for  determining  the  directions  of  the 
"  length  "  and  the  "  width  "  of  paper  suggested  in  the 
Appendix  to  Ref.  A/Sl  was  not  applicable  to  thick 
papers,  and  another  method  has  therefore  been  adopted 
which  is  suitable  for  all  thicknesses  of  paper. 

In  the  Schedule  the  various  purposes  for  which  papers 
are  employed  have  been  reclassified  with  a  view  to  the 
simplification  of  the  tests  that  are  applicable  to  papers 
for  diflerent  uses.  The  Schedule  of  papers  employed 
for    particular    purposes    has    been    deleted,    as    with 
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improvements  resulting  from  this  research  the  Schedule 
no  longer  represents  the  state  of  the  art. 

It  is  anticipated  that  in  the  near  future  the  Associa- 
tion will  be  in  a  position  to  make  recommendations 
to  the  British  Engineering  Standards  Association  for 
the  issue  of  a  Purchasing  Specification  for  Electrical 
Insulating  Papers  (Unvarnished). 

The  Director  of  the  E.R.A.  will  value  comments  and 
criticism  from  those  who  have  occasion  to  use  any 
of  the  tests  given  in  this  Specification. 


I.   DEFINITIONS. 

In  order  to  avoid  the  ambiguity  associated  with 
many  of  the  terms  in  use  in  the  paper  trade,  it  is 
recommended  that  in  defining  papers  for  electrical 
purposes  the  following  terms  be  adopted  and  that 
their  use  be  confined  to  the  materials  described : — 

Paper. 

The  term  "  Paper  "  denotes  a  matted  or  felted  struc- 
ture of  fibrous  material  formed  into  a  relatively  thin 
sheet  on  a  paper-making  machine. 

Pjire  ilaniUa  Fibre  Paper. 

The  term  "  Pure  Manilla  Fibre  Paper "  denotes 
paper  made  from  Manilla  Fibre  only. 

Note. — The   best  paper  would  be  made  from   new 
fibre. 

Manilla  Paper. 

The  term  "  Manilla  Paper  "  denotes  a  strong  paper 
made  from  Sulphite  ^^'ood  Pulp,  but  may  contain  some 
manilla  and  hemp  fibre. 

Note. — This    paper    is    occasionally    described    as 
"  Cartridge  Paper." 

Rope  Paper. 

The  term  "  Rope  Paper  "  denotes  paper  made  from 
rope-ends. 

Note  I. — Rope    paper    is    liable    to    contain    iron 

particles. 
Note  II. — "  Manilla  "  paper  d}-ed  red  is  sometimes 

designated  "  Red  Rope  Paper." 

Chemical  Wood-Pulp. 

The  term  "  Chemical  Wood-Pulp  "  denotes  wood- 
pulp  prepared  by  a  chemical  process,  as,  for  example, 
sulphate,  sulpliite  and  soda  wood-pulp  described  below. 

Sulphate  Wood-Pulp  {Kraft)  Paper. 

The  terms  "  Sulphate  Wood-Pulp  Paper "  and 
"  Kraft  Paper  "  denote  paper  made  from  wood-pulp 
only,  by  the  sulphate  process. 

Sulphite  Wood-Pulp  Paper. 

The  term  "  Sulphite  Wood-Pulp  Paper  "  denotes 
paper  made  from  wood-pulp  only,  by  the  sulphite 
process. 


Soda  Wood-Pulp  Paper. 

The  term  "  Soda  Wood-Pulp  Paper  "  denotes  paper 
made  from  wood-pulp  only  by  the  caustic  soda  process. 

Note. — Paper  made  by  this  process  is  a  soft  and 
bulky  paper. 

Mechanical    Wood-Pulp    Paper    [Core    plate    insulating 
paper) . 

The  term  "  Mechanical  Wood-Pulp  Paper  "  denotes 
paper  made  from  wood  by  the  mechanical  pulping 
process. 

Jule  Paper  {Horn  Fibre  Paper). 

The  term  "  Jute  Paper  "  denotes  paper  made  from 
jute  fibre  without  subsequent  treatment  with  chemicals. 

Soda  Rag-Pulp  Paper. 

The  term  "  Soda  Rag-Pulp  Paper  "  denotes  paper 
made  from  rags  only,   by  the  caustic  soda  process. 

Lime  Rag-Pulp  Paper. 

The  term  "  Lime  Rag-Pulp  Paper  "  denotes  paper 
made  from  rags  only,  by  the  lime  and  carbonate  of 
soda  process. 

Rag  Bond  Paper. 

The  term  "  Rag  Bond  Paper  "  denotes  paper  made 
from  linen  and  cotton  rags  only,  and  weighing  more  than 
13  lb.  per  ream  (480  sheets),  post  size  (21  in.  x  16J  in.). 

Rag  Bank  Paper. 

The  term  "  Rag  Bank  Paper  "  denotes  paper  made 
from  linen  and  cotton  rags  only,  and  weighing  not 
more  than  13  lb.  per  ream  (480  sheets),  post  size 
(21  in.  X  16|  in.). 

Leather  Paper  {Fish  Paper). 

The  term  "  Leather  Paper "  denotes  paper  made 
from  cotton  rags  only,  and  afterwards  chemically 
treated  (generally  with  zinc  chloride)  so  that  a  homo- 
geneous sheet  of  converted  cellulose  (Amyloid)  is 
produced. 

Tissue  Paper. 

The  term  "  Tissue  Paper  "  denotes  paper  of  which 
the  weight  of  2  000  square  feet  does  not  exceed  about 
9  lb. 

Best  Rag  Tissue  {Condenser  or  Electrical  Tissue)  Paper. 

The  terms  "  Best  Rag  Tissue  Paper,"  "  Condenser 
Tissue  Paper  "  and  "  Electrical  Tissue  Paper  "  denote 
tissue  paper  made  from  rags  only. 

Note. — The    term    "  Electrical    Tissue    Paper  "    is 
generally  used  for  the  heavier  grades. 

Cotton  Tissue  Paper. 

The  term  "  Cotton  Tissue  Paper "  denotes  tissue 
paper  made  from  cotton  rags  only. 
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Silversmiths'  Tissue  Paper. 

The  term  "  Silversmiths'  Tissue  Paper "  denotes 
tissue  paper  made  from  rags  only,  grass  bleached, 
and   free  from  chemicals  and  loading  material. 

Note. — In  order  to  ensure  that  Silversmiths'  Tissue 
Paper  does  not  contain  chemicals,  it  is  necessary 
to  obtain  a  guarantee  that  it  has  been  grass 
bleached  and  is  free  from  chemicals. 

Sulphite  Tissue  Paper. 

The  term  "Sulphite  Tissue  Paper"  denotes  tissue 
paper  made  from  wood-pulp  by  the  sulphite  process, 
but  may  contain  some  rag  pulp. 

Sulphite  Imitation  Japanese  Tissue  Paper. 

The  term  "  Sulphite  Imitation  Japanese  Tissue 
Paper  "  denotes  soft  porous  tissue  paper  made  from 
wood-pulp  by  the  sulphite  process. 

Japanese  Gampi  Tissue  Paper. 

The  term  "  Japanese  Gampi  Tissue  Paper  "  denotes 
tissue  paper  hand-made  from  the  Wickstroemia  pticijfora. 

Japanese  Kodzu   Tissue  Paper. 

The  term  "  Japanese  Kodzu  Tissue  Paper  "  denotes 
tissue  paper  made  from  the  Broussonetia  papyrifera 
(Paper  mulberry). 

Note. — Two  qualities  of  this  paper  are  in  general 
use. 

Japanese  Tosa  Dental  Tissue  Paper. 

The  term  "  Japanese  Tosa  Dental  Tissue  Paper  " 
denotes  soft  porous  tissue  paper  made  from  the  Brous- 
sonetia papyrifera  (Paper  mulberry)  in  the  Tosa 
district. 

Note. — This  paper  is  superior  to  the  Mino  Dental 
Tissue. 

Japanese  Mino  Dental  Tissue  Paper. 

The  term  "  Japanese  Mino  Dental  Tissue  Paper  " 
denotes  soft  porous  tissue  paper  made  from  the  Brous- 
sonetia papyrifera  (Paper  mulberry)  in  the  Mino 
district. 

Note. — This  paper  is  inferior  to   the  Tosa  Dental 
Tissue. 


n.    PROCESSES    OF    TREATMENT    DdRING 
MANUFACTURE. 

During  manufacture  the  papers  defined  above  are 
subjected  to  one  or  more  of  the  processes  described 
below  : — 

Bleaching. 

Bleaching  is  carried  out  on  the  pulp  before  it  is 
made  into  paper.  The  usual  agent  is  chloride  of 
lime. 

Loading. 

Loading  consists  of  filling  up  the  interstices  between 
the    fibres    to    impart    appearance    and    weight.     The 


usual   substances    employed    are    Kaolin    (china    clay), 
calcium  sulphate  and  "  brokes." 

Note. — The  term  "  brokes  "  includes  spoiled,  im- 
perfect or  waste  paper  which  is  capable  of  being 
remanufactured. 

Coloiiring. 

The  term  "  Colouring  "  denotes  the  production  of 
coloured  pulp,  or  a  pure  (or  toned)  'd.'hite  pulp,  after  it 
has  been  bleached.  The  colour  is  produced  by  the 
addition  of  either  mineral,  or  other  pigments  or 
aniline  dyes,  to  the  pulp.  Whiteness  is  produced 
by  the  addition  of  ultramarine  or  cochineal  to  ftie 
pulp  for  the  best  papers,  and  aniline  blues  for  the 
cheaper  papers. 

Staining. 

The  term  "  Staining  "  denotes  applying  a  coating 
of  dye  to  the  surface  of  the  paper. 

Sizing. 

The  term  "  Sizing  "  denotes  a  process  employed  to 
increase  the  water-resisting  property  of  the  paper. 

Three  principal  sizing  treatments  are  employed  as 
follows  : — 

(a)  Rosin  {or  Engine)  Sizing  [Hard  Sizing). 

Rosin  Sizing  is  carried  out  by  the  addition  of  rosin 
to  the  pulp  in  the  form  of  sodium  resinate,  and  alum 
in  the  form  of  aluminium  sulphate. 

(b)  Viscose  Sizing. 

Viscose  Sizing  is  carried  out  by  the  addition  of 
viscose  to  the  pulp  with  or  without  rosin. 

Note. — Viscose  is  made  from  cellulose  in  the  form 
of  bleached  cotton  or  wood  pulp  by  treatment 
with  sodium  hydrate  and  then  with  carbon 
disulphide,  which  converts  the  cellulose  into  a 
gelatinous  transparent  mass  soluble  in  water. 
The  crude  solution  thus  obtained  is  refined  by 
treatment  either  with  saturated  brine  or  with 
alcohol. 

(c)  Gelatine   [or  Animal  or  Tub)  Sizing  (Soft  Sizing). 

Gelatine  Sizing  is  carried  out  by  coating  the  finished 
paper  with  gelatine,   glue  or  casein. 

Parchmentising  [Hydro-Cellulose) . 

The  term  "Parchmentising"  denotes  an  acid  treat- 
ment so  as  to  render  the  paper  grease-proof. 

Hydration  {Hydra-Cellulose). 

The  term  "  Hydration  "  denotes  the  incorporation 
of  water  with  the  fibres  producing  a  kind  of  gelatinous 
film.  This  result  is  obtained  by  beating  the  pulp  in 
a  suitable  manner  for  a  sufficiently  long  time.  This 
process  is  used  in  the  production  of  grease-proof  and 
similar  papers. 
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Glazing. 

Four  methods  of  glazing  are  employed,  as  follows : — 

(a)  Machine  Glazing  (M.G.). 

Machine  Glazing  is  carried  out  by  passing  the  paper 
over  a  hot  cylinder  during  the  course  of  manufacture. 
One  side  of  the  paper  only  is  machine  glazed. 

(i)  Friction  Glazing  (F.G.). 

Friction  Glazing  is  carried  out  by  passing  the  paper 
between  warm  cj'linders  which  are  treated  with  either 
beeswax  or  paraffin  wax. 

(c)  Super-Calendering  (S.C.). 

Super-Calendering  is  carried  out  by  passing  the  paper 
through  a  machine  consisting  of  a  stack  of  cyUnders 
(4-12)  of  polished  steel  and  compressed  paper  or 
cotton,  arranged  altematel}',  the  former  being  heated. 
The  paper  is  usually  damped  before  passing  through 
the  super-calender. 

{d)  Plate  Glazing  (P.G.). 

Plate  Glazing  is  carried  out  by  placing  the  paper 
between  plates  of  pohshed  metal  and  subjecting  them 
to  pressure. 

Note. — Plate   glazing   is   chiefly  confined   to   hand- 
made papers,  superfine  Utho  papers  and  the  hke. 

Machine  Finish  (M.F.). 

\Mien  paper  is  not  glazed,  a  sUghtl)'  smooth  surface 
is  imparted  to  it  during  its  travel  through  the  paper- 
making  machine.  This  is  known  as  machine  or  mill 
finish. 

m.   TESTS. 

The  tests  given  below  are  recommended  for  the  study 
of  Electrical  Insulating  Papers  (Unvarnished). 

The  Schedule  at  the  end  of  the  Specification  indicates 
which  tests  are  most  appropriate  for  papers  intended 
for  the  various  specific  applications  shown. 

Clause  No.  Schedule  of  Tests 

1  Conditioning  of  Specimens  for  Test. 

2  Determination  of  Thickness. 

3  Determination  of  Density. 

4  Tensile  Strength  and  Extension. 

5  Ageing  (Bursting  Test). 

6  Tearing  Strength. 

7  Porosity. 

8  Absorption  :    Floating  Test. 

9  Moisture  loss  on  drying  at  100°  C. 

10  .Acidity  and  Alkalinity. 

11  Mineral  Ash. 

12  Resinous  Material. 

13  Nitrogenous  Material. 

14  Chemical  Tests  for  Metallic  Particles. 

15  Flash  Tests  for  Conducting  Particles. 

16  Microscopical  Examination. 

1.    CON'DITIOMXG    OF    SPKCI.MEXS    FOR    TeST. 

Before  the  tests  specified  in  Clauses  3,  4,  .'i,  6,  7,  8  and 
9  are  carried  out,  single  sheets  of  paper  shall  be  con- 
ditioned in  a  controlled  atmosphere  for  not  less  than 
18    hours.     The    controlled    atmosphere    shall    have   a 


relative  humidity  of  75  per  cent  and  a  temperature 
of  20°  C.  (68°  F.). 

The  specified  relative  humidity  ma\-  be  obtained 
by  the  use  of  a  solution  of  sulphuric  acid  in  water, 
specific  gravity  1  •  223. 

The  paper  shall  be  tested  as  soon  as  possible  after 
removal  from  the  controlled  atmosphere,  and  in  any 
case  before  3  minutes  have  elapsed. 

Xole. — The  method  of  conditioning  given  above 
cannot  be  applied  to  rolls  of  paper.  The  speci- 
mens must  be  cut  from  the  rolls  before  con- 
ditioning. 

2.  Determination  of  Thickness. 

The  thickness  of  the  paper  shall  be  measured  by 
means  of  a  micrometer  of  a  suitable  t\-pe  which  shall 
be  stated  in  the  report  of  the  tests. 

The  average  thickness  of  the  paper  shall  be  ascer- 
tained as  follows  : — 

In  the  case  of  rolls,  after  the  three  outer  lavers  have 
been  removed  a  test-piece  one  foot  long  and  the  full 
width  of  the  roll  shall  be  taken.  Ten  measurements 
of  thickness  equally  spaced  diagonallj*  across  the  test- 
piece  shall  be  made. 

In  the  case  of  sheets,  ten  measurements  of  thickness 
equally  spaced  diagonally'  across  the  sheet  shall  be 
made. 

The  maximum,  minimum  and  mean  values  of  thick- 
ness shall  be  stated. 

3.  DETERMIN.A.TION    OF    DENSITY. 

The  paper  shall  be  conditioned  in  accordance  with 
Clause   1   before  the  densitj'  is  determined. 

The  density  expressed  in  terms  of  weight  in  grammes 
per  cubic  centimetre  shall  be  determined  by  weighing 
and  measuring  a  specimen  about  8  inches  (20  cm) 
square  immediately  after  it  has  been  conditioned  as 
specified  in  Clause  1. 

4.  Tensile  Strength  and  Extension. 

The  paper  shall  be  conditioned  in  accordance  with 
Clause  1  before  the  tests  for  tensile  strength  and  exten- 
sion are  carried  out. 

For  the  purpose  of  the  test  for  tensile  strength  and 
extension  at  least  12  samples  for  test  shall  be  taken. 
Six  of  these  shall  be  cut  in  the  direction  of  the  length 
of  the  paper  and  six  across  the  width  of  the  paper. 

The  dimensions  of  each  test-piece  shall  be  f  inch 
wide  by  10  inches  long  so  as  to  give  6  inches  clear 
between  the  testing  jaws. 

The  load  shall  be  appUed  gradually,  and  the  test 
shall  be  carried  out  in  such  a  manner  that  the  tensile 
strength  in  lb.  per  square  inch  (kg  per  sq.  cm)  sec- 
tional area,  and  the  percentage  extension  on  the 
original   length  under  load,    can   be   determined. 

In  computing  the  tensile  strength  of  the  paper  the 
mean  thickness  obtained  in  accordance  with  Clause  2 
shall  be  taken. 

The  maximum,  minimum  and  mean  values  of  tensile 
strength  and  of  percentage  extension  shall  be  stated. 

For  the  method  of  determining  the  direction  of 
"  length  "  and  "  width  "  of  paper  when  supphed  in 
sheets,  see  Appendix. 
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Fig.   1.— Apparatus  for  Measuring  the  Tearing  StrcngUi  of  Paper. 
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5.  Ageing  (Bursting  Test). 

The  tendency  of  the  paper  to  deteriorate  with  age 
shall  be  proved  by  a  comparison  of  the  bursting 
strength  of  the  paper  before  and  after  it  has  been 
heated  in  a  drying  oven  at  a  temperature  of  110°  C. 
(230°  F.)  for  24  hours.  The  paper  shall  be  conditioned 
in  accordance  with  Clause  1  before  the  bursting  test 
is  carried  out  in  each  case.  The  bursting  strength  of 
the  paper  shall  be  determined  in  accordance  with  the 
following  method  : — 

The  paper  shall  be  gripped  on  to  a  ring  leaving  a 
free  circular  membrane  which  shall  be  subjected  to 
fluid  pressure  until  it  is  broken.  The  value  of  the 
pressure  required  to  break  the  paper,  shown  on  an 
indicator  attached  to  the  apparatus,  shall  be  expressed 
in  lb.  per  square  inch  (kg  per  sq.  cm). 

This  value  is  defined  as  the  bursting  strength  of 
the  paper. 

The  bursting  strength  of  the  paper  shall  be  measured 
at  ten  positions  equally  spaced  diagonally  across  a 
test-piece  one  foot  long  and  the  full  width  of  the  roU, 
when  the  paper  is  submitted  in  a  roll,  and  at  ten  posi- 
tions equally  spaced  diagonally  across  a  sheet,  when 
the  paper  is  submitted  in  sheets. 

The  maximum,  minimum  and  mean  values  of  the 
bursting  strength  shall  be  stated. 

The  direction  in  wliich  the  paper  commences  to 
break  with  respect  to  the  length  of  the  paper  shall 
be  noted. 

For  the  method  of  determining  the  direction  of 
"  length  "  and  "  width  "  of  paper  when  supplied  in 
sheets,  see  Appendix. 

6.  Tearing  Strength. 

The  paper  shall  be  conditioned  in  accordance  with 
Clause  1  before  the  tearing  strength  test  is  carried 
out. 

The  resistance  to  tearing  shall  be  proved  by  the 
load  required  to  tear  the  paper  commencing  from 
a  hole  3/32  inch  diameter  punched  out  of  the  paper. 
The  position  of  the  hole  and  application  of  the  load 
shall  be  as  shown  in  Fig.  1. 

The  size  of  each  separate  specimen  tested  shall  be 
6  inches  square. 

(a)  Three  tests  shall  be  made  with  the  tear  in  the 
direction  of  the  length  of  the  paper.  This  shall  be 
called  the  "  Length  Tear  Test." 

(b)  Three  tests  shall  be  made  with  the  tear  across 
the  width  of  the  paper.  This  shall  be  called  the 
"  Width  Tear  Test." 

For  the  method  of  determining  the  direction  of 
"  length  "  and  "  width  "  of  paper  when  supplied  in 
sheets,  see  Appendix. 

The  method  of  carrying  out  the  tearing  test  shall 
be  as  follows  : — 

Prepare  the  paper  specimen  as  shown  in  Fig.   1. 

Swing  the  inverted  "  L  "  piece  to  the  right. 

Place  the  paper  in  position,  the  punched  hole  being 
at  the  edge  of  the  "  L  "  piece  as  indicated. 

Screw  the  "  L "  piece  down.  Bend  over  the  cut 
piece,  and  attach  grip  device — needle  or  clip — and  secure 
to  lower  portion  of  balance. 


Rotate  the  winding  gear  with  steady  movement  at 
a  rate  of  approximately  12  inches  per  minute  until 
the  6-inch  length  is  torn  through.  (A  motor  drive 
is  recommended.) 

Watch  the  balance  and  average  the  slightly  varying 
values  of  the  pull  observed. 

The  maximum,  minimum  and  mean  values  of  the 
"  length  "  and  "  width  "  tearing  strengths  respectively 
shall  be  stated. 

7.  Porosity. 

The  paper  shall  be  conditioned  in  accordance  with 
Clause  1  before  the  porosity  test  is  carried  out. 


Insert  strip  of 
paper  diout  <?4" — 
wide  ietween  discs 


Rin^  support 
Ifubber  tube 

fi'ncfi  coc^ 
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Metdl  discs:  upper  hds 
^  idid.  hole, 

loner  has 
/"did.  recess 


Fldsk  of  about 
MOc.c. 


Ring  support 
'"    Lot 


100  C.C. 

burette 


Clamp 


Ring  support 
X  for  loi'er 
position  offldsk 


Stand 


Fig.  2. — .\pparatus  for  Measuring  the  Porosity  of  Paper. 

The  porosity  of  the  paper  shall  be  determined  by 
means  of  the  following  apparatus,  which  shall  be 
assembled  as  shown  in   Ing.   2. 

Glass  burette  graduated  0  to  100  cc  (length  of  100  cc 
graduations  approximately  22  inches)  and  fitted  with 
a  stopcock  at  top. 

Two  metal  clamping  discs  ha\ang  1  inch  recess  in  one 
and  1  inch  hole  in  the  other.  The  inner  side  of  each 
disc  shall  be  faced  with  sheet  rubber  1/32  inch  thick. 

Aspirator  bottle  approximately  300  cc  and  2|  inches 
diameter  fitted  with  a  rubber  tube  connection  at 
bottom. 

Three  feet  of  rubber  tubing,  internal  diameter 
3/16  inch  and  external  diameter  7/16  inch. 

Ring  stand  approximately  4  feet  high. 
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The  test  shall  be  carried  out  as  follows  : — ■ 

Open  the  stopcock  of  the  burette,  and  place  the 
aspirator  bottle  in  the  upper  support.  The  bottle  shall 
contain  sufficient  water,  and  the  upper  support  shall 
be  so  adjusted  that  when  the  surface  of  the  water  in 
the  burette  coincides  with  the  zero  mark  the  depth 
of  the  water  in  the  bottle  is  about  one  inch. 

A  strip  of  paper  2j  inches  wide  shall  be  cut  from 
the  roll  or  sheet.  The  length  of  the  strip  shall  be 
equal  to  the  full  width  of  the  roll  or  sheet.  The  strip 
of  paper  shall  be  clamped  between  the  rubber-faced 
metal  discs,  the  stopcock  closed  and  the  bottle  lowered 
until  the  surface  of  the  water  is  24  inches  below  the 
zero  mark  of  the  burette.  The  stopcock  shall  then 
be  opened  and  allowed  to  remain  open  until  100  cm^ 
of  water  have  flowed  out  of  the  burette.  The  time  re- 
quired for  the  discharge  of  100  cm^  of  water  shall  be 
measured  by  means  of  a  stop  watch  or  other  suitable 
instrument. 

The  porosity  number  of  the  paper  shall  be  the 
reciprocal  of  the  number  of  seconds  required  for  the 
discharge  of  the  water  multiplied  by  100. 

The  porosity  of  the  paper  shall  be  measured  at  10 
points,  5  inches  apart,  located  across  the  width  of 
the  roll  or  sheet. 

The  maximum,  minimum  and  mean  values  of  the 
porosity  number  shall  be  stated. 

When  the  width  of  the  roll  or  sheet  is  insufficient  to 
enable  10  tests  to  be  made  on  one  strip,  two  or  more 
strips  shall  be  tested. 

For  the  method  of  determining  the  direction  of 
"  length  "  and  "  width  "  of  paper  when  supplied  in 
sheets,  see  Appendix. 

8.  Absorption  :    Floating  Test. 

The  paper  shall  be  conditioned  in  accordance  with 
Clause  1  before  the  absorption  test  is  carried  out. 

The  absorption  of  the  paper  shall  be  determined  on 
samples  3  inches  square  by  means  of  the  apparatus 
shown  in  Fig.  3  and  described  below. 

A  is  a  cylindrical  brass  vessel  1  inch  in  internal 
diameter,  connected  to  the  funnel  B  through  the  tap  C. 
The  cylinder  is  surrounded  by  a  water  bath  for  tem- 
perature control,  and  for  carrying  out  the  test  the 
whole  is  placed  over  a  bunsen  burner. 

To  carry  out  a  test,  oil  is  introduced  into  the  funnel 
until  a  meniscus  is  formed  above  the  upper  edge  of 
the  cylinder  A.  Square  samples  of  paper  and  a  piece 
of  plate  glass  J  inch  thick  and  2  inches  square  are  laid 
over  the  upper  end  of  A.  The  time  that  elapses  up  to 
the  whole  of  the  paper  surface,  as  seen  through  the  glass 
square,  becoming  impregnated  shall  be  taken  as  a 
measure  of  the  absorption  of  the  sample. 

The  temperature  of  the  water  bath  shall  be  40°  C. 
(104°  F.),  and  pure  Rape  oil  having  a  viscosity  of  0-55 
poise  at  this  temperature  shall  be  used. 

The  absorption  test  shall  be  carried  out  on  10  speci- 
mens taken  from  positions  5  inches  apart  located  across 
the  width  of  the  roll  or  sheet.  When  the  width  of  the 
roll  or  sheet  is  insufficient  to  enable  10  specimens  to 
be  cut  from  one  strip,  two  or  more  strips  shall  be 
tested. 


As  most  papers  have  two  values  for  absorption 
depending  upon  the  direction  of  flow  of  oil  through 
the  paper,  tests  shall  be  taken,  first  with  one  side  down- 
wards and  then  the  other,  and  the  average  of  the  ten 
results  for  each  recorded.  The  absorption  number  of 
the  paper  shall  be  the  reciprocal  of  the  mean  of  the 
average  values  for  the  two  sides  of  the  paper,  multiplied 
bv   100. 


CHEMICAL   TESTS. 

9.  Moisture  Loss  on  Drying  at  100°  C.  (212°  F.). 

The  paper  shall  be  conditioned  in  accordance  with 
Clause  1  before  the  test  for  moisture  loss  is  carried  out. 

Approximately  25  grammes  of  the  sample  shall  be 
weighed  after  conditioning,  dried  at  a  temperature 
of  100°  C.  (212°  F.)  for  3  hours  and  then  re-weighed 
in  an  artificially  dried  atmosphere.  The  moisture  loss 
shall  be  computed  as  a  percentage  of  the  weight  of 
the  sample  after  conditioning  and  before  drying. 

Note. — The   paper  should  not   be   regarded   as   abso- 
lutely dry  after  being  heated  at  100°  C.  (212°  F.). 

10.  Tests  for  Acidity  and  Alkalinity. 

The  tests  for  acidity  and  alkalinity  shall  be  carried 
out  on  the  paper  as  received,  without  artificial  con- 
ditioning or  drying.  The  amount  of  acid  or  alkali 
shall  be  computed  on  the  bone-dry  paper. 

The  tests  for  acidity  and  alkalinity  shall  be  carried 
out  as  follows  : — 

Cut  up  30  to  40  grammes  of  the  paper  into  small 
pieces,  weigh  off  duplicate  lots  of  10  grammes  each, 
introduce  each  into  a  \  litre  conical  flask  together  with 
about  200  cm^  of  distilled  water.  Boil  in  a  reflux 
condenser  for  two  hours,  decant  the  solution  through 
a  perforated  disc,  wash  the  paper  residue  twice  with 
75  cm^  of  warm  water.  Titrate  the  filtrate,  using 
methyl  orange  indicator. 

If  the  indicator  shows  the  solution  to  be  acid,  esti- 
mate the  amount  by  titration  with  a  standard  centi- 
normal  solution  (N/100)  of  sodium  hydrate  (NaOH) 
or  potassium  hydrate  (KOH).  From  the  number  of 
cubic  centimetres  of  the  reagent  used  the  amount  of 
acid   is   estimated. 

If  the  indicator  shows  the  solution  to  be  alkaline, 
titrate  with  a  standard  centinormal  solution  (N/100) 
of  sulphuric  acid  (H2SO4).  From  the  number  of  cubic 
centimetres  of  the  reagent  used  the  amount  of  alkali 
is  estimated. 

In  each  case  the  number  of  cubic  centimetres  of  the 
reagent  required  to  neutralize  the  paper  shall  be  stated. 

11.  Mineral  Ash  Test. 

About  5  grammes  of  the  dry  sample  obtained  from 
the  determination  of  moisture  test  shall  be  very  com- 
pletely ignited  with  all  precautions  against  loss.  The 
residue  of  incombustible  mineral  matter  (ash)  shall  be 
weighed,  and  the  amount  computed  as  a  percentage 
of  the  weight  of  the  dried  sample. 
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Fig.  3— Apparatus  for  Measuring  the  Absorption  of  Paper. 
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Fig.  4. — Apparatus  for  Flash  Test  for  Conducting  Particles. 
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12.  Test  for  Resinous  Material. 

The  test  for  resinous  material  shall  be  carried  out 
on  the  paper  as  received,  without  artificial  conditioning 
or  drying.  The  amount  of  resinous  material  shall  be 
computed  on  the  bone-dry  paper. 

The  total  resinous  material  shall  be  determined  as 
follows  : — 

Five  grammes  of  the  paper  shall  be  cut  into  strips 
about  ^  inch  wide  and  folded  into  numerous  small 
cross-wise  folds.  The  strips  shall  be  placed  with 
500  cm^  of  acidulated  alcohol  (450  cni^  of  95  per  cent 
alcohol,  45  cm^  of  distilled  water  and  5  cm^  of  glacial 
acetic  acid)  in  a  litre  flask  fitted  with  a  reflux  condenser, 
and  the  contents  heated  on  a  water  bath  for  not  less 
than  two  hours.  The  alcohol  shall  then  be  poured  off, 
and  the  paper  residue  washed  with  acidulated  alcohol 
twice,  the  washings  being  added  to  the  main  bulk. 

The  extract  shall  be  poured  into  a  weighed  glass  dish 
and  the  flask  washed  out  with  a  small  portion  of  the 
acidulated  alcohol,  which  is  added  to  the  original 
extract.  The  alcohol  shaU  then  be  evaporated,  and 
just  before  the  extracted  total  resins  in  the  glass 
evaporating  dish  go  to  dryness,  they  shall  be  cooled, 
taken  up  with  25  cm^  of  ether,  and  transferred  to  a 
250  cm3  separatory  funnel  containing  100  cm-' of  distilled 
water  and  25  cm^  of  a  saturated  solution  of  sodium 
chloride,  the  latter  being  present  to  prevent  the 
formation  of  an  emulsion.  The  funnel  shall  be 
shaken  thoroughly  and  the  contents  allowed  to  sepa- 
rate. The  water  shall  be  drawn  off  into  a  second 
separatory  funnel,  and  washed  again  with  25  cm^  of 
ether. 

The  two  ether  extracts  shall  be  combined  and 
washed  two  or  three  times  with  100  cm^  of  distilled 
water  to  remove  all  the  salt  and  foreign  matter 
other  than  ether-soluble  resins.  Should  glue,  which 
is  extracted  from  the  paper  by  the  alcohol,  interfere 
by  emulsifying  with  the  ether  it  may  be  removed 
readily  by  adding  a  strong  solution  of  sodium  chloride 
to  the  combined  ether  extracts,  shaking  thoroughly 
and  draining  it  o3,  repeating,  if  necessary,  before 
washing  with  distilled  water.  The  washed  extract 
shall  be  transferred  to  a  weighed  glass  dish,  evaporated 
to  dryness  slowly,  dried  in  an  oven  at  95°  C.  (203°  F.) 
to  100°  C.  (212'  F.)  for  one  half-hour,  cooled  and 
weighed.  The  increase  in  weight  of  the  dish  divided 
by  5  and  multiplied  by  100  will  give  the  percentage 
of  the  total  resinous  material. 

13.  Test  for  Nitrogenous  Material  (Glue  and 

C.4SEIN). 

The  tests  for  nitrogenous  material  shall  be  carried 
out  on  the  paper  as  received,  without  artificial  con- 
ditioning or  drying.  The  amount  of  nitrogenous 
material  shall  be  computed  on  the  bone-dry  paper. 

The  total  nitrogenous  material  shall  be  determined 
by  the  Kjeldahl-Gunning  method  described  in  A  tack's 
Chemists'  Year-Book,  1921  edition,  page  130,  as 
follows  : — 

"  About  1  gm  of  the  paper  is  cautiously  treated  in 
a  long-necked  resistance  flask  with  about  20  cc  of 
cone,  sulphuric  acid  (excessive  frothing  must  be  avoided). 
The  heating  is  continued   until  the  frothing  subsides 


and  then  the  flask  is  allowed  to  cool.  (The  nitrogen 
has  been  converted  into  ammonium  sulphate.)  Ten 
gm  of  potassium  sulphate  and  a  crystal  of  copper 
sulphate  are  added  and  the  flask  again  heated  until 
the  contents  are  of  a  pale-green  colour.  Cool  and 
dilute  with  500  cc  of  distilled  water. 

One  hundred  cc  of  30  per  cent  caustic  soda  are 
carefully  poured  down  the  side  of  the  flask,  avoiding 
mi.xing  with  the  acid.  The  flask  is  connected  with 
the  acid  absorption  apparatus,  the  contents  of  the 
flask  shaken  up  and  the  liberated  ammonia  distilled 
into  e.xcess  N/10  acid.  This  is  back  titrated  with  N/10 
caustic  soda  and  the  ammonia  titration  calculated  to 
nitrogen. 

A  blank  test  must  be  carried  out." 

If  no  casein  be  present  the  percentage  of  nitrogen 
obtained  multiplied  by  5  •  6  will  give  the  percentage  of 
glue  in  the  sample  of  paper. 

Note.- — Tliis  test  is  of  no  value  for  the  determina- 
tion of  the  percentage  of  glue  when  glue  and 
casein  are  present,  since  both  contain  nitrogen. 


14.  Chemical  Tests  for  Metallic  Particles. 

The  following  test  shall  be  carried  out  on  a  sample 
of  paper,  not  less  than  one  foot  square,  from  every  roll, 
or  on  a  sheet  from  each  ream. 

The  sample  of  paper  shall  be  dipped  into  a  1  per 
cent  solution  (by  volume)  of  acetic  acid,  and  then 
allowed  to  air-dry  for  1  hour  while  lying  flat  on  a 
cloth. 

When  dry,  the  sample  shall  be  dipped  again  in  a 
solution  containing  0- 1  cm^  acetic  acid  and  0- 1  gramme 
of   potassium  ferricyanide  in   100  cm^  distilled  water. 

Each  metallic  iron  particle  will  produce  a  blue  spot 
on  the  paper,  and  each  copper,  brass  or  gun-metal 
particle  a  red  spot. 

The  number  of  blue  and  red  spots,  respectively, 
per  square   foot  of  the  paper  shall  be  stated. 

Note. — The  potassium  ferricyanide  solution  should 
be  tested  before  use  with  some  precipitated 
ferric  hydroxide  dissolved  in  strong  nitric  acid, 
and  diluted  with  water.  The  potassium  ferri- 
cyanide solution  should  give  no  blue  precipitate 
or  coloration. 


15.  Flash  Test  for  Conducting  Particles. 

It  is  not  necessary  to  condition  the  paper  prior  to 
carrying  out  this  test,  provided  the  paper  has  been 
stored  so  as  to  attain  the  condition  of  ordinary  room 
humidity. 

The  paper  shall  be  drawn  at  a  speed  of  2  feet  per 
minute  between  a  metallic  plate  and  a  system  of  over- 
lapping rollers,  arranged  as  shown  in  Fig.  4. 

The  rollers  shall  be  of  brass,  3  inches  long  and 
I  inch  diameter.  The  edges  of  the  rollers  shall  be  rounded 
to  a  radius  of  1/32  inch.  Each  roller  shall  exert  a  pres- 
sure of  approximately  10  oz.  on  the  paper  under  test. 

The  paper  shall  be  subjected  to  an  alternating  potential 
difference  of  50  volts  (R.M.S.)  per  mil  thickness  of  the 
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paper.  The  frequency  of  the  potential  difference  shall 
be  50  r\i  per  second.  A  resistance  shall  be  inserted 
in  the  testing  circuit  to  limit  the  current  so  that  the 
electrodes  are  not  damaged  when  a  puncture  occurs. 
An  electric  lamp  or  other  suitable  indicator  shall  be 
used  to  demonstrate  failure  of  the  insulation. 

On  a  failure  occurring  the  defective  spot  shall  be 
marked  and  the  paper  then  drawn  back  and  passed 
through  a  second  time.  The  abUity  of  the  part  origi- 
nally defective  to  pass  test  on  second  application  shall 
be  noted. 

Not  less  than  5  square  feet  of  paper  shall  be  tested. 
The  number  of  punctures  per  square  foot  shall  be  stated. 

16.  Microscopical  Examination. 

A  microscopical  examination  of  the  paper  shall  be 
carried  out  for  the  purpose  of  identifying  the  fibrous 
materials  from  which  it  has  been  made.  The  approxi- 
mate percentage  of  the  constituent  fibres  shall  be  stated. 

The  following  method  of  preparing  the  samples  for 
microscopical  examination  and  the  means  of  identifi- 
cation of  the  fibres  are  recommended  by  the  U.S. 
Bureau  of  Standards.* 

"  Ten  specimens,  each  about  the  size  of  a  sixpence 
shall  be  cut  from  separate  sheets,  when  the  paper  is  sub- 
mitted in  sheets,  or  from  diilerent  positions  in  the  length 
of  the  roll,  when  the  paper  is  submitted  in  a  roll.  The 
10  specimens  shall  be  torn  into  small  pieces  and  placed 
in  a  50  cc  beaker  to  which  approximately  20  cc  of 
a  0-5  per  cent  solution  of  caustic  soda  is  added. 

The  beaker  is  placed  on  a  hot  plate  or  stove  and 
brought  to  a  boil,  but  the  boiling  is  not  continued  for 
more  than  a  minute  or  two.  The  liquor  is  drained  off 
and  the  pieces  of  paper  are  washed  several  times  with 
tap  water,  care  being  taken  that  none  is  lost.  They 
are  then  washed  with  approximately  20  cc  of  0-5  per 
cent  solution  of  hydrochloric  acid,  and  then  washed 
twice  more  with  tap  water.  A  portion  of  the  small 
pieces  is  rolled  between  the  fingers  into  a  pill  about 
the  size  of  a  small  pea  and  transferred  to  a  test  tube, 
which  is  half  filled  with  water.  The  test  tube  is  shaken 
until  the  paper  is  disintegrated  into  fibres.  By  means 
of  a  glass  tube  of  about  5  mm  internal  diameter  a 
representative  amount  of  the  fibres  is  transferred  to 
a  glass  slide  and  the  water  removed  by  placing  several 
thicknesses  of  hard  filter  paper  on  either  side  of  the 
slide.  After  the  excess  water  has  been  thus  removed, 
a  strip  of  filter  paper  is  placed  on  the  fibres  to  absorb 
any  traces,  leaving  the  fibres  dry,  but  not  so  dry  that 
there  will  be  difficulty  in  separating  them.  Two  or 
three  drops  of  the  zinc-chloride-iodine  stain  described 
below  are  placed  on  the  fibres,  which  are  teased  out 
with  steel  needles  until  the  fibres  are  reasonably  uni- 
formly distributed  and  free  from  knots  of  fibres. 

♦  Circular  No.  107,  "  The  Testing  of  Paper." 


Composition  and  Preparation  of  Zinc-Chloride- 
lodine  Stain* 
25  cc    saturated     zinc    chloride    solution    at    70°  F. 
(21-1°  C). 

5-25  gm  potassium  iodide. 

0-25  gm  iodine. 

12-5  gm  distilled  water. 

The  last  three  ingredients  are  mixed  together  and 
the  zinc  chloride  added.  The  insoluble  matter  is 
allowed  to  settle  at  least  overnight  and  the  supernatant 
liquid  decanted  off.  The  stain  must  be  kept  in  the 
dark  or  in  a  bottle  opaque  to  Mght.  It  may  be  made 
up  in  larger  quantities  provided  it  is  kept  from  the 
light  and  air. 

After  the  fibres  are  properly  teased  out  vrith  the 
needles,  another  but  thinner  glass  slide  is  placed  on 
top  of  the  first  slide,  and  the  excess  stain  is  squeezed 
out  and  absorbed  by  blotting-paper.  The  slide  is 
now  ready  for  the  microscope.  (A  magnification  of 
about  50  diameters  is  usually  found  convenient.)  Care 
must  be  observed  to  keep  the  shde  away  from  the 
light  before  using  it  for  the  estimation,  and  in  any 
case  the  estimation  should  be  made  at  least  within 
one  hour  from  the  time  the  slide  was  made  up.  Under 
the  microscope,  using  the  zinc-chloride-iodine  stain, 
the   fibres   appear   coloured   as   follows  : — 

Cotton  and  linen  rags 

Cooked  and  bleached  manilla 

Cooked  and  bleached  wood-pulp"! 

Cooked  and  bleached  straw  and  iBlue  to  blue  violet 

esparto  J 

Mechanical    or    ground    \vood-~i 

^  P"  P  ,     ,         ,  ...  I  Yellow  to  lemon  yellow 

Jute,  uncooked,  and  maniUa       | 

Highly  lignified  fibres  J 

In  making  the  estimation  both  the  distinctive  shape 
and  markings  of  the  fibres,  as  well  as  the  colours  as 
developed  by  the  zinc-chloride-iodine  stain,  are  of 
importance.  Extreme  care  must  be  observed  to  have 
all  beakers,  test  tubes,  needles,  and  even  fingers  free 
from  any  fibrous  material  before  beginning  the  pre- 
paration of  a  sample  or  slide." 

Reproductions  of  micro-photographs  shovwng  the 
fibres  in  papers  containing  the  following  materials  are 
given  for  comparison  : — 

Fig.  5  (a)  Manilla. 

(b)  Rag  (cotton  and  linen). 

(c)  Jute. 

(d)  Chemical  Wood-pulp. 

(e)  Mechanical  Wood-pulp. 
(/)  "  Paper    mulberry  "    (Broussonetia 

papyrifera). 

•  This  formula  is  tentative.  Its  value  is  subject  to  a  number  of 
factors  that  are  now  being  studied  by  the  Paper  Section,  Bureau  of 

Standards.  U.S..A.  • 
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Fig.  5. — (a)  Manilla  and  Chemical  Wood-pulp. 
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Fig.  5. — (6)  Rag  iCotton  and  Linen). 
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Fig.  5. — (c)  Jute  and  Chemical  Wood-pulp. 


Fig.  5. — {d)  Chemical  Wood-pulp. 
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Fig.  5. — (e)  Mechanical  Wood-pulp, 


Fig.  5. — (/)  "Paper  Mulberry." 
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IV.     SCHEDULE   OF   USES   AND   TESTS. 
A  cross  indicates  that  the  test  as  described  in  the  Specification  shall  be  carried  out. 


Class  and  Use 

Tests 

a 

bD 

a 

& 
< 

5 

C/) 

1 

c 
.2 
a 
o 

Chehicai,  Tests 

ij                                           Chemical  Test  for 
''^                                          Metallic  Particles 

*^   U 

IJ 

X 

.31 
83 

X 

o 

1 
1 

ll 

SI 

|g 

1.- 

11 
« 

■a 

< 

2 
.1 
S 

§1 

1.3 

& 

Class  A. 

Manufacture  of   tubes 

and  sheets 
Between      layers      of 

windings  and  similar 

purposes 
Insulating  wrappings 
Backing    for     mica 

folium,    mica    tape 

or  micanite 
Condensers 

>x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Class  B. 

Slot  insulation 
Wrapping  core  bolts 
Bobbin     flanges     and 
other    parts    where 
high     insulation     is 
not  required 

=  x 

X 

X 

X 

X 

X 

X 

X 

— 

— 

— 

X 

X 

— 

Class  C. 

Core-plate  insulation 
Covering  for  micanite 

}- 

— 

_  1  _ 

X 

— 

— 

— 

— 

— 

— 

— 

— 

APPENDIX. 

Method  for  Determining  the  Direction  of  "  Length  "  and  "  Width  "  of  Paper,  for  Use  in  Carrying  out 

THE  Tests  Specified  in  Clauses  4,   5,   6.  and  7. 

The  direction  of  the  "  length  "  and  "  width  "    of  the  paper  may  be  ascertained  by  the    "  Direction  Test  " 
as    follows  : — 

Cut  a  disc  of  paper  about   3  inches  diameter  and  moisten  one  side.     The  paper  will  tend  to  curl  to  form 
a  tube  the  axis  of  which    is    parallel  to  the   machine  direction  of  the  paper. 
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Introduction. 

The  British  Engineering  Standards  Association  is 
drafting  Standard  Specifications  for  Conductors  for 
use  on  Overhead  Transmission  Lines.  It  is  desired 
to  specify  the  ultimate  strength  and  the  extension  of 
single  wires  and  stranded  cables,  and  also  the  limit 
of  proportionality  and  the  modulus  of  elasticity. 

The  Electrical  Research  Association,  at  tlie  request 
of  the  British  Engineering  Standards  Association,  has 
undertaken  an  investigation  on  hard  drawn  copper, 
steel  and  aluminium  wires  and  cables  to  ascertain 
their  physical  properties.  The  tests  have  been  carried 
out  at  the  National  Physical  Laboratory. 

The  results  are  of  considerable  practical  importance, 
many  of  the  tests  having  been  carried  out  for  the  first 
time  on  100-yard  lengths  of  cable  under  conditions 
approximating  to  those  of  actual  use,  a  high  degree 
of  accuracy  being  obtained  throughout. 

This  report  deals  with  the  results  obtained  on 
hard  drawn  copper  wires  and  cables,  both  short  and 
long  lengths.  The  results  obtained  on  aluminium  and 
steel  wires  and  cables  will  be  the  subject  of  later 
reports. 

Scope  of  Investigation. 

The  physical  properties  and  tests  to  which  special 
attention  was  directed  were  as  follows  : — 

Vol.  61. 


Ultimate  tensile  strength. 
Extension  on  fracture. 
Limit  of  proportionality. 
Modulus  of  elasticity. 
Twist  and  wrap  tests. 

Material  under  Test. 

The  material  on  which  the  tests,  dealt  with  in  this 
report,  were  carried  out  consisted  of  hard  drawn 
copper  as  furnished  for  overhead  line  construction. 
Single  wires  (see  Table  1a)  were  obtained  at  the  same 

T.\BLE    1a. 
Sin-gle  Wires  supplied  separately. 


N.P.L.  Mark 

Maker 

Nominal  Diameter  of 
Wire,  inch 

'0-104 

0-136 

AKL 

A 

< 

0-144 
0-16G 
0185 
0-215 
^0-104 
0-136 

AKX 

B 

< 

0-144 
0-166 
0-185 
0-215 
'0-104 
0   136 

AKO 

C 

■ 

0-144 
0-166 
0-185 
0-215 

time  as  the  cables  (see  Table  1b)  and  purported  to  be  of 
the  same  material.  This  was  not  borne  out  in  one  or 
two  instances  by  the  results  obtained.  For  the  purpose 
of  determining  the  efficiency  of  the  cables  a  comparison 
was  therefore  made  also  with  tests  on  single  wires 
taken  from  the  individual  cables  (see  Table  10). 

Range  of  Samples  Tested. 
Tests  were  carried  out  on  single  wires  of  diameters 
ranging  from  0-104  inch  to  0-215  inch,  and  on  stranded 
cables  consisting  of  ."1,  7,  19  and  37  wires  respectively, 
the  diameters  of  the  wires  ranging  from  0-144  inch 
to  0-215  inch. 

66 
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(a)  Single  wires  supplied  separately  (see  Table  1a). 

Tests  were  carried  out  on  short  lengths  (10  inches) 
of  single  wires.  The  tests  show  close  agreement  between 
the  behaviour  of  short  lengths  of  wire  and  of  long 
lengths  of  cable. 

The  prevailing  practice  of  determining  the  phj-sical 

Table  1b. 
Strattded  Cables. 


X.P.L.  Mark 

Maker 

T>-pe 

AKL4A   ^ 

r    3/- 166 

AKL4B 

7/ 

166 

AKL4C 
AKL4D 

s 

A 

< 

19/ 

215 
144 

AKL4E 

19/ 

166 

AKL4F 

1  37/ 

f     3/ 

144 

AKX4A  1 

166 

AKX4B 

7/ 

166 

AKX4C 
AKX4D 

■ 

B 

< 

7/ 
19/ 

215 
144 

AKX4E 

19/ 

166 

AKX4F 

3.7/ 

144 

AK04A 

C 

3/ 

166 

properties  of  single  wires  by  tests  on  short  specimens 
is  regarded  as  satisfactory. 

(b)  Stranded  cables   (see  Table   1b). 

The  tests  on  short  lengths  of  cable  give  results  which 
are  different  from  those  of  tests  on  long  lengths  of  cable, 
except  in  so  far  as  they  refer  to  ultimate  strength, 
and  on  the  single  wires  of  wliich  the  cables  are  com- 
posed. In  short  lengths  of  cable  subjected  to  tension 
it  is  apparent  that  the  stress  is  not  shared  equally 
between  the  wires.  The  results  of  tests  on  short  lengths 
of  cable  must  be  rejected  on  this  account,  wdth  the 
exception  of  the  ultimate  strength  tests. 

The  tests  on  long  lengths  of  cables  are  consistent 
with  one  another  and  (important  to  note)  with  tests 
on  the  individual  straightened  wires  supplied  separately 
(see  Table   12). 

Ultimate  Tensile  Strength. 
The  ultimate  tensile  strengths  of  the  various  single 
wires  tested  are  in  close  agreement.  With  one  excep- 
tion the  breaking  stress  exceeds  24  tons  per  square  inch. 
The  figure  of  24  tons  per  square  inch  is  recommended 
for  adoption  as  a  minimum  value  for  the  sizes  of  wire 
tested. 

The  breaking  stress  of  the  cables  was  found  to  be 
less  than  that  of  their  constituent  wires  ;  this  could 
be  accounted  for  by  the  assumption  of  unequal  loading 
of  the  individual  wires. 

The  strength  of  a  cable  in  terms  of  the  sum  of  the 
strengths  of  the  indi\'idual  constituent  wires  was  found 
to  vary  as  follows  : — 

3  wires 96  per  cent 

7       „ 95 

19       „ 93 

37       93 


The  number  of  tests  carried  out  was  not  sufficient 
to  estabhsh  the  relationsliip  between  percentage  strength 
and  number  of  wires. 

It  is  recommended  that  the  reduction  of  strength 
indicated  above  should  be  taken  into  account  where 
cables  are  used. 

Extension  on  Fracture. 

The  percentage  extension  on  fracture  varies  with 
the  length  of  wire  tested,  and  if  elongation  is  to  be 
specified  the  length  of  the  test  specimen  must  be 
stated. 

The  tests  show  that  the  percentage  extension  on 
fracture  varies  with  the  diameter  of  the  wire  and  with 
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Extension  on   10  inches,  inch. 
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-Grouped  Results  of  Extension  Tests  on  Single  Wires 
supplied  separately. 


'   the  ulrimate  tensile  strength  ;    the  relationship  is  not 
'   very    definite.     Previous    tests    on    single    ^vires    have 
,   shown  a  fairly  definite  relationship  between  diameter 
of  wire  and  ultimate  stress  of  the  form  : — 

Stress  =  A  —  B  X  diameter  of  wire. 

The  present  tests  whilst  showing  generally  a  lower 
breaking  stress  in  the  larger  wires  are  irregular  in  this 
respect. 

The  present  tests  show  a  considerable  variation 
from  such  a  relationsliip. 

If  the  results  of  the  tests  recorded  in  Table  3  be 
grouped  in  the  order  of  ultimate  stress,  the  values  of 
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extension  as  stated  are  obtained.  Tlie  grouped  results 
are  sliown  in  Fig.  1. 

It  appears,  therefore,  that  the  specification  of  a 
minimum  ultimate  stress  and  a  minimum  elongation 
on  fracture  will  closely  define  the  quality  of  the  wire. 

A  minimum  stress  of  24  tons  per  square  inch  and 
a  minimum  extension  of  0-15  in.  in  10  in.  or  0-08  in. 
in  2  in.   are  recommended. 


Ultimate  Stress, 
Ions  per  sq.  in. 


E.xtension  on  10  inches 


Over         30 

0-15  inch 

29-30 

0-17     „ 

28-29 

0-18     „ 

27-28 

0-2       „ 

26-27 

0-22     „ 

23 

0-29     „ 

Limit   of  Proportionai.ity. 

The  limit  of  proportionality  between  stress  and  strain 
is  not  a  physical  constant  and  should  therefore  have 
no  place  in  a  specification  for  the  material  of  a  wire. 

It  is  advisable,  however,  that  the  working  stress  of 
overhead  wires  shall  be  determined  with  due  regard 
to  the  degree  of  proportionality. 

The  tests  show  that  the  limit  of  proportionality, 
though  at  first  much  lower  than  the  generally  recognized 
values,  increases  with  repeated  loadings.  The  limits 
given  in  Table  12  are  those  found  on  a  first  loading, 
and  in  view  of  the  characteristic  increase  of  the  limit 
on  repeated  loading  should  not  be  taken  as  a  basis 
for  deciding  the  maximum  working  stress  of  an  over- 
head  wire. 

The  limit  of  proportionality  corresponding  to  the 
higher  values  of  the  modulus  of  elasticity  after  repeated 
loadings  is  not  given  in  the  tests.  In  view  of  the  results 
of  the  tests  it  is  thought  that  the  practical  limit  may 
with  safety  be  assumed  to  exceed  50  per  cent  of  the 
ultimate  stress. 

Modulus   of   Elasticity. 

The  effect  of  repeated  loading  to  a  point  beyond 
the  limit  of  proportionality  is  to  increase  the  apparent 
modulus. 

On  repeated  loading  the  apparent  modulus  increases 
towards  a  maximum  value  which  is  the  true  modulus 
of  the  material. 

It  appears  that  for  single  wires  and  for  stranded 
cables  of  from  3  to  19  wires  a  modulus  of  18  X  10^  lb. 
per  sq.  in.  may  be  regarded  as  a  fair  value. 

The  tests  on  the  37-wire  strand  show  a  lower  value 
of  the  modulus.  It  should  hs  noted,  however,  that 
with  this  size  of  cable,  the  maximum  load  applied 
was  below  the  primitive  limit  of  proportionality  of 
the  cable.  If  repeated  loadings  above  this  limit  had 
been  applied  it  is  probable  that  a  higher  value  would 
have  been  obtained. 

A  practical  point  arises  from  the  fact  that  the  true 
modulus  of  the  material  is  higher  than  the  value 
obtained  on  the  first  loading.     In  traction  and  trans- 


mission line  work  it  has  been  suggested  that  it  would 
be  desirable  if  the  wires  and  cables  could  have  the 
true  value  of  the  modulus  when  first  erected.  If  the 
repeated  loadings  were  applied  in  the  wire-maker's 
works  before  coiling  on  to  drums,  uncertainty  would 
exist  as  to  the  effect  of  coiling  and  uncoiling  on  the 
final  value  of  the  modulus  when  the  wire  was  strung 
up  on  site.  Further  elongation  tests  would  be  neces- 
sary to  ascertain  whether  the  coiling  and  uncoiling 
reduced  the  modulus  from  the  true  value* 

Twist  and  AYrap  Tests. 
The  results  of  these  tests  show  no  direct  relationship 
to  the  percentage  elongation  referred  to  above.  The 
tests  are  of  interest,  but  there  is  not  sufficient  evidence 
to  show  that  the  specification  of  such  tests  is  of  more 
than  general  value. 

Table  2. 
Dimensions  of  Coils  of  Single   Wire  as  supplied. 


JIaker 

Nominal  Di- 

Diameter  of  Coil  as  received 

N.P.L.  Mark 

ameter  ot  Wire, 
inch 

Internal, 
inches 

16-5 

External, 
inches 

r 0-104 

19-5 

0 

13(1 

16-5 

200 

AKL 

A 

1 

0 
0 

144 
166 

16-5 

16-5 

20-0 
20-5 

0 

185 

16-5 

20-5 

lo 

215 

16-5 

210 

ro 

104 

20-0 

22-5 

0 

136 

19-5 

22-5 

AKN 

B 

■ 

0 
0 

144 

166 

190 
19-5 

22-5 
230 

0 

185 

19-5 

23-0 

lo 

215 

20-5 

240 

ro 

104 

21-5 

240 

0 

136 

21-5 

24-0 

AKO 

C 

- 

0 
0 

144 
166 

21-0 
22-0 

24-0 
25-5 

0 

185 

22-0 

260 

^0-21.5 

22-5 

260 

It  should  be  borne  in  mind,  however,  that  twist 
and  wrap  tests  can  be  carried  out  so  easily  that  wire- 
makers  prefer  these  tests  to  extension  tests. 

RESULTS    OF    TESTS. 

Details  of  the  methods  of  test  and  the  results  obtained 
at  the  N.P.L.   are  given  on  the  following  pages. f 

I.    MECHANICAL    TESTS    ON    SINGLE    WIRES 
SUPPLIED    SEPAK.\TELY. 

The  samples  of  single  wire  were  supplied  in  the 
form  of  coils,  the  dimensions  of  which  are  given  in 
Table  2. 

•  The  wire-makers  on  the  Sub-Committee  have  stated  that  it 
would  be  impr;icticable  to  carry  out  the  repeated  loadings  at  the 
m.anufacturer's  wurks. 

t  The  original  Report  was  accompanied  bydrawings  sliOwing  the 
apparatus  used.     These  can  be  inspected  at  the  E.R..A.  office.  . 
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DeterminaIiox  of   Breaking  Load. 

The  tensile  strength  tests  were  carried  out  in  accord,- 
ance  with  the  British  Engineering  Standards  Associa- 
tion Specification  for  Hard  Drawn  Copper  Wire,  viz. 
9/10  of  the  breaking  load  was  applied  in  five  seconds 
and  the  remaining  1/10  in  five  seconds.  In  all  cases 
the  air  temperature  was  about  22°  C. 

The  results  of  these  tests  in  general  on  three  samples 


006  008 

Load,  Tons. 
Fig    2. — Load-Extension    Cur\-es   of    Unstraightencd   Single 
Wires  supplied  separately  (Specimen  AKX1A6). 

of  each  wire  are  given  in  Table  3.  All  the  test  pieces 
from  each  coil  were  cut  from  the  sample  end,  and  were 
not  straightened  before  test. 

Determination    of   the   Limit  of  Proportionality, 
Modulus,  and  Extension. 

TensOe  tests  were  made  on  straightened  lengths  of 
wire  having  10  in.  between  the  grips.  The  extension 
on  a  2-in.  middle  portion  of  the  wire  was  measured 
by  means  of  a  Marten's  mirror  extensometer.  The 
primitive  limit  of  proportionalit\-  and  the  modulus  at 
first  loading  were  obtained  by  loading  up  in  steps  to 


a  point  just  beyond  the  limit  of  proportionality.  The 
load  was  then  removed,  and  a  second  modulus  obtained 
by  again  loading  up  to  the  same  point. 

The  results  are  given  in  Table  4. 

It  was  found  that  a  straight  elastic  line,  and,  there- 
fore, the  limit  of  proportionaUty,  could  not  be  obtained 
by  tests  made  on  bent  wires,  so  that  all  the  wires  had 
to  be  straightened  before  test.  Fig.  2,  giving  results 
of  a  test  on  an  unstraightencd  wire,  illustrates  this 
point.  Fig.  3  gives  the  results  of  tj'pical  tests  on 
wires  previously  straightened. 

It  will  be  noted  that  the  values  of  the  limit  of  pro- 
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Fig.  3.- 
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Load.  Tons 
-Typical  Load-Extension  Curves  of  Straightened  Single 
Wires  supplied  separately. 


portionality  are  much  lower  than  the  generally  recognized 
values.  They  are  the  loads  or  stresses  at  which  the 
first  deviations  from  Hooke's  Law  were  observed  upon 
the  first  loading  of  the  wires.  The  values  of  these 
limits  of  proportionality  depend,  to  a  large  extent, 
upon  the  accuracy  with  which  the  strains  can  be 
observed,  and  it  may  be  assumed  that,  in  general,  the 
lower  the  accuracy  the  higher  will  be  the  value  of  the 
apparent  limit  of  proportionality. 

The  values  in  the  B.E.S.A.  Report  No.  55  were 
obtained  from  autographic  stress/strain  records  in 
which  the  total  extensions  of  a  50-ft.  length  of    wire 
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Table  3. 
Tensile  Strength  and  Extension  of  Single  Wires  supplied  separately  (see  Table  1a). 


I 


N.P.L.  Mark 

Maker 

Diameter  of  Wire, 
inch 

Cross-si^ct'onal 

Area  of  Wire, 

sq.in. 

Breaking  Load, 

Ultimate  Stress, 

Extension  on. 

tons 

tons  per  sq.  inch 

10  inches 

2  inches 

f 0-2540 

29-9 

inch 

on 

inch 

0-05 

AKLIA 

A 

0104 

0-0085 

10 

2610 
2585 

30 
30 

7 
4 

0 
0 

12 
14 

0 
0 

07 
07 

[^ 

4185 

28 

7 

0 

175 

0 

085 

AKLIB 

A 

01365 

0-0146 

lo 

4200 
4180 

28 

28 

8 
6 

0 
0 

14 
17 

0 
0 

08 
09 

{^ 

4655 

28 

4 

0 

18 

0 

10 

AKLIC 

A 

0  1445 

0-0164 

u 

4665 
4635 
5850 

28 
28 
26 

4 
3 
9 

0 
0 
0 

18 
17 

225 

0 
0 
0 

11 
11 

12 

AKLID 

A 

01665 

002175 

u 

5895 
5840 

27 
26 

1 
8 

0 
0 

23 
18 

0 
0 

13 

115 

r° 

7045 

26 

1 

0 

22 

0 

13 

AKLIE 

A 

0-1855 

0-0275 

u 

7100 
7105 

26 
26 

3 
3 

0 
0 

25 

25 

0 
0 

14 
13 

r^ 

8445 

23 

3 

0 

29 

0 

17 

AKLIF 

A 

0-215 

0-0363 

^ 
u 

8540 
8510 

23 
23 

5 
4 

0 
0 

31 
28 

0 

0 

17 
14 

^ 

fo 

2475 

29 

1 

0 

13 

0 

05 

AKNIA 

B 

0-104 

0  0085 

u 

2475 
2455 

29 

28 

1 

9 

0 
0 

13 
15 

0 
0 

06 
07 

r^ 

4110 

28 

3 

0 

13 

0 

07 

AKNIB 

B 

0136 

00145 

u 

4135 
4125 

28 
28 

5 
45 

0 
0 

13 
13 

0 
0 

07 
08 

r<^ 

4455 

27 

7 

0 

13 

0 

07 

AKNIC 

B 

0   143 

0-0161 

1: 

4515 
4500 

28 

28 

0 
0 

0 
0 

16 
13 

0 
0 

085 
09 

AKNID 

B 

0-1655 

0-0215 

u 

5845 
5905 
5900 

27 
27 
27 

2 
5 
4 

0 
0 
0 

17 
18 
17 

0 
0 
0 

08 
09 
09 

r^ 

7310 

27 

4 

0 

185 

0 

10 

AKNIE 

B 

0-1845 

0-0267 

10 

7230 

27 

1 

0 

18 

0 

10 

U 

7285 

27 

3 

0 

17 

0 

09 

{^ 

9835 

27 

1 

0 

185 

0 

10 

AKNIF 

B 

0-215 

0-0363 

{i 

9870 
9745 

27 

26 

2 

8 

0 
0 

195 
21 

0 
0 

10 
105 

AKOIA 

C 

0104 

0-0085 

{« 

2505 
2580 

29 
30 

5 
3 

0 
0 

16 
20 

0 

0 

07 
08 

U 

2500 

29 

4 

0 

275 

0 

115 

AKOIB 

C 

0136 

0-0145 

u 

4165 
4040 
4175 

28 
27 
28 

7 
9 
8 

0 
0 
0 

20 

165 

23 

0 
0 
0 

09 
10 
10 

AKOIC 

C 

0-144 

0-0163 

4690 
4765 
4750 

28 
29 
29 

8 
2 
1 

0 
0 
0 

17 
22 
17 

0 
0 
0 

095 
105 
095 

AKOID 

C 

0166 

0-0216 

1° 

6050 
6050 

28 
28 

0 
0 

0 
0 

26 
28 

0 
0 

14 
12 

lo 

6010 

27 

8 

0 

25 

0 

115 

AKOIE 

C 

0184 

0  0266 

{» 

7320 
7560 
7520 

27 
28 
28 

5 
4 
3 

0 
0 
0 

20 
20 
235 

0 
0 
0 

12 
10 
125 

AKOIF 

C 

0-215 

0-0363 

{» 

9915 
9840 
0085 

27 
27 
27 

3 

1 
8 

0 
0 
0 

23 
28 
27 

0 
0 
0 

13 

12 
12 
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occupied  about  5  in.  on  the  chart.  The  accuracy  in 
the  present  tests  was  at  least  five  times  as  great,  and 
it  is  quite  possible  that  if  still  greater  refinement  of 
the  measuring  apparatus  can  be  obtained,  a  still  lower 
value  will  be  found. 

The  value  of  the  primitive  limit  of  proportionality 
is  not  of  very  great  importance.     If  the   wire   is   re- 


two  minutes,  and  the  results  are  referred  to  sub- 
sequently as  "slow  loading"  tests  (see  Tables  7 
and  10). 

Twist  Tests. 

The  twist  tests  were  made  in  accordance  with  the  British 
Engineering  Standards  Association  Specification  for  hard 


Table  4. 
Limits  of  Proportionality,  Modulus  and  Extension  of  Single  Wires  supplied  separately   (see  Table    1a). 


Diameter  of  wire,  inch 

Cross-sectional  area  of  ^vire,  square  inch .  . 
Primitive  limit  of  proportionality,  ton 
Primitive  limit  of  proportionahty,  tons  per 

square  inch  .  . 
JIaximum  load,  ton    .  . 
Ultimate  stress,  tons  per  square  inch 
Modulus  (1st),  lb.  per  square  inch  x  10-6.  _ 
Modulus  (2nd),  lb.  per  square  inch  x  10-6 
Extension  on  10  in.,  inch 
Extension  on  2  in.,  inch 


Diameter  of  wire,  inch 

Cross-sectional  area  of  wire,  square  inch     .  . 
Primitive  limit  of  proportionality,  ton 
Primitive  limit  of  proportionality,  tons  per 

square  inch  . . 
Maximum  load,  ton    .  . 
Ultimate  stress,  tons  per  square  inch 
Modulus  (1st),  lb.  per  square  inch  x  10-^.  . 
Modulus  (2nd),  lb.  per  square  inch  x  10-^ 
Extension  on  10  in.,  incli 
Extension  on  2  in.,  inch 


N.P.L.  mark,  AKL 


Maker,  A 


0  1043 


00854 
093 


10 
0 

28 

18-0 

18-7 
010 
006 


2425 
4 


01363 

0-01458 

0-093 


6-4 

0-4005 
27-5 
18-3 
18-9 

0-12 

0-07 


0-1444 

0-01638 

0102 


6 

0 

27 

18 

19 

0 

0 


2 

4525 

6 

7 

6 

14 

09 


N.P.L.  mark,  AKN 
Maker,   B 


0-1038 

0-00846 

0-097 

11-5 

0-2395 
28-3 
17-5 
18-4 

0-10 

0-06 


0-1363 
0-01458 

on 

7-5 

0-4055 
27-8 
17-8 
18-2 

0-10 

0-07 


0-1435 

0-01617 

0-11 

6-8 

0-439 
27-2 
17-5 
18-1 

0-11 

007 


0-1665 

0-02177 

0-116 

5-3 

0-5665 
26-0 
18-3 
18-5 

013 

0-09 


0-1657 

002156 

0-148 

6-9 

0-577 
26-8 
18-2 
18-8 

0-13 

0-09 


0-1850 

0-02688 

0-190 

7-1  , 

0-6865 
25-5 
18-2 
18-3 

0-19 

013 


0-215 

0-03631 

0-146 

4-0 

0-824 
22-7 
16-7 
17-0 

0-19 

0-14 


0-185  0-215 

0-02688        00361 
0-258       '     0-296 


9-6 

0-7153 
26-6 
16-9 
17-0 

017 

0-09 


8-2 

0-9725 
26-8 
16-4 
17-2 

0-20 

Oil 


N.P.L.  mark,  AKO 


Maker,  C 

Diameter  of  wire,  inch 

0-1042 

0-1359 

0-144 

0-1664 

0-1837 

0-215 

Cross-sectional  area  of  wire,  square  inch     .  . 

0- 00852 

0-0145 

0-01628 

0-02175 

0-0265 

0-03631 

Primitive  limit  of  proportionalitv,  ton 

0-080 

0-136 

0-124 

0-133 

0-254 

0-220 

Primitive  limit  of  proportionality,  tons  per 

square  inch  .  . 

9-4 

9-4 

7-6 

6-1 

9-6 

61 

Maximum  load,  ton    .  . 

0-2405 

0-407 

0-460 

0-5895 

0-7385 

0-978 

Ultimate  stress,  tons  j>er  square  inch 

28-2 

281 

28-3 

27-1 

27-9 

26-9 

Modulus  (1st),  lb.  per  square  inch  x  10-6.  . 

18-4 

18-4 

18-2 

18-3 

17-8 

17-8 

Modulus  (2nd),  lb.  per  square  inch  x  10-6 

19-3 

19-0 

18-7 

18-8 

18-2 

18-4 

Extension  on  10  in.,  inch 

015 

0-12 

0-10 

0-16 

0-19 

0-12 

Extension  on  2  in.,  inch 

008 

0-07 

0-07 

0-08 

0-11 

0-10 

loaded  after  the  limit  of  proportionality  has  been 
exceeded  a  new  and  higher  value  of  the  limit  is  ob- 
tained, the  amount  of  the  increase  depending  on  the 
amount  by  which  the  primiti\-e  limit  of  proportionality 
has  been  exceeded. 

The  maximum  load  was  also  obtained  during  these 
tests,  and  the  results  are  given  in  Table  4.  The 
final    1/10   of  the   load  was  applied  in  approximatel}- 


drawn  copper  wire.  The  test  piece  was  gripped  in  two 
jaws,  one  fixed  in  the  fast  headstock  of  a  small  lathe, 
and  the  other  fixed  in  the  loose  headstock,  but  allowed 
to  move  axially.  The  lathe  was  made  to  rotate  at  40 
revolutions  per  minute  until  fracture  occurred,  and 
the  number  of  twists  was  indicated  by  the  spiral  formed 
by  a  mark  previously  painted  along  the  wire.  All 
the  wires  were  straightened  before  test,  and  were  cu 
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Table 

5. 

Table  6. 

Twist  Tests  on  Single  Wires  supplied  separately 

(see  Table  1a)  . 

Wrap  Tests  on  Single  Wires  su 

1 m-  T_i  _     ■»  .  \ 

pplied  separately 

(see    xaoie   lAj 

^nm  in  a  1 

Number  of  Twists  on 

Maker 

Diameter 
of  Wire 

Noraiaal 

N.P.L.  Mark 

inch 

e-in.Length 

r49 

6-in  .Length 
(Repeat) 

3-in.  Length 

N.P.L.  Mark 

Maker 

Diameter  of 
Wire,  inch 

Statement  of  Results 

45 

30 

1 

r  9.  6,  6,  1 

A.KL2A 

A 

0   104 

{43 

I  50 

r24j 

24 
46 
25 

29| 

32 

13| 

AKL3A 

A 

0-104 

\  9,  6,  6,  2 
I  9,  6,  6,  3 
r  9,  6,  6,  1 

AKL2B 

A 

0-136 

<^  36 
I  30 

r34i 

34J 
32 

13J 

19 

AKL3B 

A 

0-136 

{  9,  6,  6,  1 
I  9,  6,  6,  1 
r9,  6,  6,  1 

AKL2C 

A 

0  144 

31 
130 

— 

— 

AKL3C 

A 

0-144 

\  9,  6,  6,  1 
I  9,  6,  6,  1 
r  9,  6,  6,  6,  3 

AKI.2D 

A 

0-166 

<^  32i 
128 
f  23 

— 

— 

AKL3D 

A 

0-166 

\  9.  6,  6,  6,  1 
I  9,  6,  6,  4 
r  9,  6,  6,  4 

AKL2E 

A 

0-185 

\  22| 
'-23J 

r27 

— 

— 

AKL3E 

A 

0-185 

\  9.  6,  6,  6,  6,  1 
I  9,  6,  6,  4 
r  12,  6,  6,  6,  6,  6 

AKL2F 

A 

0-215 

24 
I  23 

J  81 

Ui 

— 

43 

AKL3F 

A 

0-215 

\  12,  6,  6,  6,  6,  6 
I  12,  6,  6,  6,  6,  3 
r  9,  6.  6,  6,  5 

AKN2A 

B 

0-104 

— 

44 

AKN3A 

B 

0-104 

\  9,  6,  6,  6,  6,  1 

— 

45 

I  9,  6,  6,  1 

r60 

59 

33 

r  9,  6,  6,  6,  6,  1 

AKN2B 

B 

0-136 

(61 
154 
(-52 

59 
58 

32 
32 

AKN3B 

B 

0-136 

\  9,  6,  6,  1 
I  9,  6,  6,  4 
C  9,  6,  6,  6,  6,  1 

AKN2C 

B 

0-144 

{51 
I  54 

r50 

— 

— 

AKN3C 

B 

0-144 

J  9,  6,  6,  6,  6,  1 
I  9,  6,  6,  6,  6,  1 
1-9,  6,  6,  4 

AKN2D 

B 

0-106 

<^  49 

(-36 
<^  35 

137 

— 

— 

AKN3D 

B 

0-166 

J  9,  6,  6,  6,  6,  1 

I  9,  6,  6,  4 

r  9,  6,  6,  6,  6,  1 

AKN2E 

B 

0-185 

— 

— . 

AKN3E 

B 

0-185 

J  9,  6,  6,  6,  6,  1 

— 

— 

I  9,  6,  6,  2 

r37 

— 

— 

r  12,  6,  6,  6,  6,  1 

AKN21- 

B 

0-215 

\  36 

U7 
I  58 
-^  65 

'-73 

■  — 

38 

AKN2F 

B 

0-215 

<^   12,  6,  6,  6,  6,  1 
I  12.  6,  6,  6,  1 
(-9,  6,  6,  2 

AK02A 

C 

0-104 

— 

40 

AK03A 

C 

0-104 

\  9,  6,  6,  1 

— 

39 

I  9,  6,  6,  3 

r52 

49| 

26 

C  9,  6,  6,  1 

AK02B 

C 

0-130 

44 
47-1 

24 

27 

AK03B 

C 

0-136 

<^  9,  6,  6,  6,  1 
I  9,  6,  6,  1 

(-50 

— 

. — 

r  9,  6,  6,  3 

AK02C 

C 

0-144 

<^  50 
U4 

r42 

= 

= 

.  AK03C 

C 

0-144 

\  9,  6,  6,  1 
I  9,  6,  6,  2 
r  9.  6,  6,  6,  6,  2 

AK02D 

C 

0-KO 

34 





AK03D 

C 

0-166 

\  9,  6,  6,  1 

1.39 

. — . 

. . 

, 

I  9.  6,  6.  1 

r30i 

— 



f  9,  6,  6,  1 

AK02E 

c 

0-185 

{3 

{  25 



I 

AK03E 

C 

0-185 

{  9,  6,  6,  1 
1.  9,  6.  6,  1 
r  12,  6,  6,  3 

AK02F 

c 

0-215 





AK03F 

C 

0-215 

\  12,  6,  6,  4 

^21 

— 

— 

I  12,  6,  6,  3 
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from  the  same  end  of  the  coil  as  the  tensile  test  pieces. 
The  distance  between  the  jaws  was  set  at  6  in.  for  aU 
the  samples,  but  additional  tests  on  3-in.  lengths  were 
made  on  the  small  diameter  wires. 

The  results  of  these  tests  are  given  in  Table  5. 

\Vr.\p  Tests. 

The  British  Engineering  Standards  Association  Speci- 
fication for  hard  drawn  copper  wire  states  that  "  the 
test  sample  shall  be  closely  lapped  six  times  round 
wire  of  its  own  diameter,  unlapped,  and  again  closely 
lapped  round  wire  of  its  own  diameter  in  the  same 
direction  as  the  first  lapping  without  breaking." 

Tests  were  made  on  these  lines,  but  the  wrapping 
and  unwrapping  was  continued  until  fracture  occurred. 
It  was  found  necessary  to  wrap  on  9  or  12  turns  in  the 
first  wrapping,  and  then  wrap  and  unwTap  6  turns  as 
required  in  the  test,  so  as  to  make  the  unwTapping 
operation  easier  during  the  last  few  turns. 


The  results  of  these  tests  are  given  in  Table  6.  In  this 
table  the  results  are  stated  in  the  following  form — the  1st, 
3rd,  5th,  etc.,  numbers  represent  the  wrapping  operation, 
the  intermediate  numbers  the  unwrapping  operation. 

Comparison  of  Percext.\ge  Extexsiox    with  Twist 
AND  Wrap  Tests. 

An  examination  of  Table  7  shows  that  the  wire  of 
maker  B,  although  giving  higher  ^-alues  from  the  twist 
test  than  that  obtained  from  other  makers,  shows  no 
superiority  as  regards  extension. 

The  results  from  the  wrap  tests,  taken  as  a  whole, 
tend  to  agree  with  the  twist  tests  in  this  respect. 

Summary  of  Results. 

The  results  given  in  the  previous  tables  have  been 
summarized  in  Table  7  below,  average  values  being 
given  in  place  of  the  full  detail  results,  and  the  relative 
conductivity  at  20°  C.  has  also  been  included. 


Table  7. 
Sitmmary  of  Results  of  Tests  on  Single  Wires  supplied  separately  (see  Table  1a). 


Nominal 
Diameter 
of  W'ire, 

Primitive 
Limit  of 
Proportion- 
ality, tons 
per  sq.  in. 

Ultimate  Stress 

Extension,  inch 

Modulus  of 

Elasticity,  lb.  per 

sq.  in.  x  10-6 

Average 
Twists 

on 

Minimum  Value 
for  Wrap  Test 

Relative 
Conduc- 
tivity at 
■'O^C 

Slow 
Loading, 
tons  per 
sq. in. 

Quick 
Loading, 
tons  per 

sq.  in. 

Slow  Loading  on 

Quick  Loading  on 

10  in. 

2  in. 

10  in.         2  in. 

Ist 

2nd 

6  in.      3  in. 

N.P.L.  Mark,  AKL 

Maker,  A 

0-104 

10-9 

28-4 

30-3 

0-10 

0-06 

0-12 

0-07 

18-0 

18-7 

40 

30 

9,  6,  6 

98-4 

0-136 

6-4 

27-5 

28-7 

0-12 

0-07 

0-16 

0-08 

18-3 

18-9 

30 

15 

9,  6,  6 

98-4 

0-144 

6-2 

27-6 

28-4 

0-14 

0-09 

0-18 

Oil 

18-7 

19-6 

32 

— 

9,  6,  6 

98-8 

0-166 

5-3 

26-0 

26-9 

0-13 

009 

0-21 

012 

18-3 

18-5 

31 

— 

9,  6,  6 

99- 1 

0-185 

7-1 

25-5 

26-2 

0-19 

0-13 

0-24 

0-13 

18-2 

18-3 

23 

— 

9,  6,  6 

99-2 

0-215 

40 

22-7 

23-4 

0-19 

0-14 

0-29 

0-16 

16-7 

17-0 

25 

— 

12,  6,  6,  6,  6 

99-2 

0-104 

11-5 

28-3 

29-0 

0-136 

7-5 

27-8 

28-4 

0-144 

6-8 

27-2 

27-9 

0-166 

6-9 

26-8 

27-4 

0-185 

9-6 

26-6 

27-3 

0-215 

8-2 

26-8 

27-0 

N.P.L.  Mark,  AKN 
Maker,  B 


0-10 

0-06 

0-14 

0-06 

17-5 

18-4 

80 

44  1 

0-10 

0-07 

013 

0-07 

17-8 

18-2 

59 

32 

on 

0-07 

0-14 

0-08 

17-5 

18-1 

52 

— 

0-13 

0-09 

017 

0  09 

18-2 

18-8 

49 

— 

0-17 

0-09 

0-18 

010 

16-9 

17-0 

36 

— 

0-20 

0-11 

0-20 

010 

16-4 

17-2 

37 

— 

9,  6,  6 

98-5 

9,  6,  6, 

6 

98-5 

9,  6,  6, 

6,  6 

97-9 

9,  6,  6 

98-8 

9,  6,  6 

98-8 

12,  6,  6, 

6 

98-2 

N.P.L.  Mark,  AKO 
Maker,  C 


0104 

9-4 

28-2 

29-7 

015 

0-08 

0-21 

009 

18-4 

19-3 

65 

39 

9,  6,  6 

97-7 

0-136 

9-4 

28-1 

28-5 

012 

0-07 

0-20 

010 

18-4 

19-0 

47 

26 

9,  6,  6 

97-9 

0-144 

7-6 

28-3 

29-0 

0-10 

007 

019 

010 

18-2 

18-7 

51 

— 

9,  6,  6 

97-9 

0-166 

6-1 

27-1 

27-9 

016 

0-08 

0-26 

0-12 

18-3 

18-8 

38 

— 

9,  6,  6 

97-9 

0-185 

9-6 

27-9 

28-1 

0-19 

0-11 

0-21 

Oil 

17-8 

18-2 

33 

— 

9,  6,  6 

97-5 

0-215 

61 

26-9 

27-4 

0-12 

0-10 

0-26 

0-12 

17-8 

18-4 

23 

■ — 

12,  6,  6 

97-7 

FOR  OVERHEAD   TRANSMISSION   LINES. 


1005 


II.    MECHANICAL    TESTS     ON    SHORT 
STRANDED    CABLES. 

Details   of  the  stranded   cables   on   which   the   tests 
were  carried  out  are  given  in  Table   S. 

Table  8. 
Stranded  Cables. 


N.P.L.  Mark 

Maker 

Type 

Diameter  of  Cable, 
iiich 

AKL4A 

A 

3/166 

0-34 

AKL4B 

A 

7/166 

0-50 

AKL4C 

A 

7/-215 

0-66 

AKL4D 

A 

19/- 144 

0-72 

AKL4E 

A 

19/- 166 

0-81 

AKL4F 

A 

37/- 144 

1-00      • 

AKN4A 

B 

3/166 

0-34 

AKN4B 

B 

7/- 166 

0-50 

AKN4C 

B 

7/-215 

0-66 

AKN4D 

B 

19/144 

0-72 

AKN4E 

B 

19/166 

0-81 

AKN4F 

B 

37/144 

1-00 

AK04A 

C 

3/166 

0-34 

Determination  of  Breaking  Load. 

Apparatus  Employed. — The  tensile  tests  on  the  complete 
cables  were  carried  out  on  a  50-ton  single  lever  testing 
machine.  A  set  of  special  friction  grips  were  made  in 
which  three  split  circular  wedges  embraced  the  cable 
under  test.  This  form  of  grip  is  known  to  have  been 
successful  with  another  type  of  vertical  machine,  but 
owing  to  the  small  clearances  in  the  machine  used, 
it  was  found  impossible  to  drive  the  wedges  home 
with  the  cable  in  place  and  it  became  necessary  to 
discard  them. 

A  new  type  of  grip  was  designed  and  made  in  the 
Engineering  Department  Workshop,  N.P.L.  Two 
split  taper  guides  engaged  with  the  spherical  seat 
of  the  top  of  the  testing  machine.  The  grips  are  14  in. 
long  and  shaped  out  to  a  square.  The  grips  were 
successively  macliined  out  to  suit  the  range  of  sizes 
of  cables  under  test.  It  was  found  convenient  to 
divide  the  13  cables  under  test  into  five  series. 
For  each  series,  the  square  of  the  wedge  giips  was 
machined  out  accordingly.  The  surface  of  the  grips 
was  very  slightly  roughened  by  means  of  light 
chisel  marks.  Using  these  grips,  no  trouble  what- 
ever has  been  encountered  due  to  slipping  of  the 
cable  under  test.  It  was  not  found  necessary  to  pro- 
tect the  cable  under  test  by  means  of  any  wrapping 
wire.  The  length  of  the  grips  so  reduced  the  bearing 
pressure  on  the  cable  that  the  surface  of  the  wires 
in  contact  with  the  grips  was  only  roughened.  Out 
of  27  cables  tested  to  destruction  only  one  broke 
ill  the  grips. 

Stroigth  of  constituent  ivires  of  the  cables.- — To  determine 
the  efficiencies  of  the  various  cables,  it  was  originally 


intended  to  compare  the  cable  breaking  stress  with 
the  results  of  single  wire  tests.  A  few  preliminary 
tests  showed  that  great  differences  existed  between 
the  actual  and  stated  strengths  of  the  wire  used 
in  the  cables.  It  was  also  found  that  up  to  as 
much  as  25  per  cent  difference  in  strength  existed 
between  wires  of  the  same  cable.  It  was  decided, 
therefore,  to  determine  the  breaking  load  of  the  wires 
by  testing  to  destruction  each  wire  of  which  the  cable 
was  composed.  Thus,  187  wire  tests  have  been  carried 
out,  in  addition  to  the  27  samples  of  cable  tested  to 
destruction.  The  wire  tests  were  carried  out  on  the 
2-ton  single-lever  macliine. 

Selection  of  samples. — A  length  of  9  ft.  was  cut  off 
from  each  cable.  One  length  of  4  ft.  was  cut  off  each 
end  of  this  length,  one  such  length  being  used  for  the 
determination  of  the  breaking  load  and  the  other  for 
the  determination  of  the  hmit  of  proportionality, 
modulus,  etc.  The  central  portion  was  unstranded, 
and  each  wire  tested  to  destruction. 

Extension  at  fracture. — Gauge  marks,  8  in.  apart, 
were  made  on  the  cable  at  the  commencement  of  the 
tests.  In  many  cases  the  cable  unstranded  in  the 
vicinity  of  the  fracture  and  it  w-as  found  impossible 
to  measure  the  elongation.  In  the  majority  of  cases, 
corresponding  ends  of  broken  wires  were  misplaced 
and  it  was  extremely  difficult  to  place  the  fractured 
ends  in  their  true  relative  positions.  The  measured 
elongations  are,  therefore,  given  chiefly  for  their  relative 
values.  The  accuracy  of  their  values  cannot  be  relied 
upon. 

Conditions  of  tests. — The  length  of  cable  between 
the  grips  was  14  in.  The  tests  on  the  copper  cables 
were  carried  out  as  nearly  as  possible  in  conformity 
with  the  British  Engineering  Standards  Association  Speci- 
fication for  hard  drawn  copper  wire,  viz.  9/10  of  the 
breaking  load  was  apphed  in  5  seconds  and  the  remain- 
ing 1/10  in  5  seconds.  The  latter  condition  was  not 
always  fulliUed,  as,  usually,  after  the  apparent  maxi- 
mum load  had  been  applied  and  the  beam  of  the 
testing  machine  began  to  fall,  the  cable  seemed  to 
recover,  and  further  load  had  to  be  apphed.  The 
results  of  tests  to  fracture  on  the  cables  and  con- 
stituent wires  are  given  in  Table  9. 

Table  10  gives  the  collected  results  of  the  break- 
ing stresses  of  the  short  lengths  of  cables  and 
compares  them  with  the  total  strength  of  their 
constituent  wires  and  also  the  results  of  the  single 
wire  tests. 

Column  1  gives  particulars  of  the  cables  and  their 
ultimate  stresses. 

Colunin  2  gives  the  uUimate  stress  of  the  constituent 
wires. 

Column  3  is  a  summary  of  the  single-wire  tests. 
The  values  obtained  for  slow  and  quick  loading  are 
inserted. 

Column  4  gives  the  percentage  strength  of  the  cable 
as  compared  with  that  of  the  constituent  wires,  so  that 

Efficiency  on  constituent  wires,  per  cent 

Ultimate  strength  of  cable  {tons  per  sq.  in.) 


Total  ultimate  strength  of  constituent 
wires  (tons  per  sq.  in.) 


X  100 
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Table  9. 
Tensile  Strength  of  Short  Cables  and  of  Constituent  Wires. 


Maker 

Type 

Short  Cables 

, 

Constituent  Wires 

N.P.L.  Hark 

Cross-sectional 
Area,  sq.  in. 

Breaking  Load, 

tons 

Ultimate  Stress, 
ton?/in.a 

Pet  cent 
Extension 
on  8  in. 

Total 

Breaking  Load, 

tons 

Ultimate  Stress, 
tons/in. 2 

AKL4A 

A 

3/166 

0-0647 

1-58 

24-4 

5 

1-65 

25-5 

AKL4B 

A 

7/- 166 

0-1512 

3-79 

25-1 

5 

3-92 

25-9 

AKL4C 

A 

7/-215 

0-2525 

5-74    • 

22-7 

4 

5-95 

23-6 

AKL4D 

A 

19/- 144 

0-3063 

7-78 

25-4 

2 

8-36 

27-3 

AKL4E 

A 

19/166 

0-4057 

10-3 

25-4 

— 

10-6 

26-1 

AKL4F 

A 

37/- 144 

0-5920 

15-0 

25-3 

3 

16-1 

27-2 

AKN4A 

B 

3/166 

0-0656 

1-61 

24-6 

6 

1-68 

25-6 

AKN4B 

B 

7/- 166 

0-1506 

3-93 

26-1 

5 

4-12 

27-4 

AKN4C 

B 

7/-215 

0-2297 

5-92 

25-8 

4 

6-29 

27-4 

AKN4D 

B 

19/144 

0-3068 

7-92 

25-8 

5 

8-49 

27-7 

AKN4E 

B 

19/166 

0-4049 

9-97 

24-6 

— 

10-95 

27-0 

AKN4F 

B 

37/144 

0-5983 

15-34 

25-6 

2 

16-10 

26-9 

AK04A 

C 

3/166 

0-0648 

1-70 

26-2 

6 

1-76 

27-2 

Table  10. 
Tensile  Strength  of  Short  Cables  and  their  Constituent  Wires  and  of  Single  Wires  supplied  separately. 


Column  1 

Column  2 

Column  3 

Column  4 

Column  5 

Column  6 

Tests  on 

Short  Cables 

Tests  on 

Constituent 

Wires, 

Ultimate 

Stress  of 

Wires  Forming 

Cable, 

tons/in.2 

Tests 

on  Single  Wires  supplied 

separately 

Efficiency  on 

Constituent 

Wires, 

per  cent 

Efficiencv  on 

Single  Wire, 

Slow  Loading, 

per  cent 

N.P.L. 
Mark 

Maker 

Type 

Ultimate 
Stress  of 

Cable, 
tons/in.2 

Maker 

Diameter, 
in. 

Ultimate  Stress, 
tons/in.2 

Slow              Quick 
Loading         Loading 

Efficiency  oi\ 

Single  Wire, 

Quick 

Loading, 

per  ceut 

AKL4A 

A 

3/166 

24-4 

25-5 

A 

0-166 

26-0 

26-9 

96 

94 

91 

AKL4B 

A 

7/- 166 

25-1 

25-9 

A 

0-166 

26-0 

26-9 

97 

97 

93 

AKL4C 

A 

7/-215 

22-7 

23-6 

A 

0-215 

22-7 

23-4 

96 

100 

97 

AKL4D 

A 

19/- 144 

25-4 

27-3 

A 

0-144 

27-6 

28-4 

93 

92 

89 

AKL4E 

A 

19/- 166 

25-4 

26-1 

A 

0-166 

26-0 

26-9 

97 

98 

94 

AKL4F 

A 

37/144 

25-3 

27-2 

A 

0-144 

27-6 

28-4 

93 

92 

89 

AKN4A 

B 

3/166 

24-6 

25-6 

B 

0-166 

26-8 

27-4 

96 

92 

90 

AKN4B 

B 

7/- 166 

26-1 

27-4 

B 

0-166 

26-8 

27-4 

95 

97 

95 

AKN4C 

B 

7/-215 

25-8 

27-4 

B 

0-215 

26-8 

27-0 

94 

96 

96 

AKN4D 

B 

19/- 144 

25-8 

27-7 

B 

0-144 

27-2 

27-9 

93 

95 

93 

AKN4E 

B 

19/166 

24-6 

270 

B 

0-166 

26-8 

27-4 

91 

92 

90 

AKN4F 

B 

37/144 

25-6 

26-9 

B 

0-144 

27-2 

27-9 

95 

94 

92 

AK04A 

C 

3/166 

26-2 

27-2 

C 

0-166 

27-1 

27-9 

96 

97 

94 

FOR  OVERHEAD   TRANSMISSION   LINES. 
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Columns  5  and  6  give  the  percentage  strength  of  the 
cable   as   compared   with   the   results   obtained   on   the 
.  single  wire  tests. 


Efficiency  on  single  wire,  per  cent 

Ultimate  strength  of  cable  (tons  per  sq.  in.' 


Ultimate  strength  of  single  wire  {tons  per 
sq.  in.) 


X  100 


Determination  of  the   Limit   of   Proportionality 
AND  Modulus. 

The  same   grips  were   used   as   previously  described. 
The  length  of  cable  under  test  between  the  edges  of 


^•5 

3-5 
I  3-0 


2-5 

M 

§  Z-0 

S   7-5 

hO 

0-5 

0 


r 


/ 


NOTE:- 

Subses/uentloddings  not 
— shown,  for  sdlse  ofdedrness 


0-2 


1-8      Z-2 


0-6       1-0        1-4 
Lodd,  tons 

Fig.  4. — Typical  Load-Extension  Curves  of  Small  Short 
Stranded  Cables  (7/- 166). 

the  grips  was  14  in.  A  Ewing  extensometer  was 
used  to  measure  the  strains  which  were  observed  on 
a  length  of  8  in.  The  primitive  limit  of  proportionaUty 
and  the  modulus,  at  first  loading,  were  obtained  by 
loading  up  in  equal  steps  to  a  point  just  beyond  the 
load  where  the  limit  of  proportionality  was  observed. 
The  load  was  then  removed  and  a  second  modulus 
obtained   by  loading  up  again  to  the  same  point. 

It  will  be  noted  that  the  strains  thus  obtained  were 
tliose  due  to  the  outside  wires  only  while  the  corre- 
sponding stresses  were  calculated  for  the  total  area 
of  the  cable  under  test.  After  a  number  of  cables 
had  been  tested,  a  comparison  of  the  results  obtained 
with  those  of  the  single  wire  tests  showed  great  differ- 
ences. In  nearly  every  case  the  hmit  of  proportionality 
and   the   value   of   Young's   Modulus   obtained   for   the 


cable  were  much  higher  and  lower  respectively  than 
those  obtained  for  the  single  wires.  At  the  same 
time  the  regularity  of  the  plotted  points  shows  that 
the  results  obtained  are  the  true  strains  for  the  outside 
wires  and  indicates  that  the  stress  distribution  across 
the  cable  is  not  uniform.  It  was  thought  that  if  the 
loading  were  repeated  a  sufficient  number  of  times, 
the  value  obtained  for  the  modulus  would,  perhaps, 
tend  to  approach  the  true  value  for  the  material  of 
which  the  cable  was  composed.  Accordingly  for  the 
remainder  of  the  cables  the  modulus  was  determined 
for  the  first,  second,  third,  fourth,  fifth  and  tenth  load- 
ings. The  results  show  that  the  modulus  under 
successive     loadings    tends    to     approach     a     limiting 


5-0 

-9-0 


2  50 

1 

M  Z-5 

S 
.|  z-o 

% 

-§ 

U3   hS 


t-0 
0-5 

0 


Limit  of 
proportiondlity 


J 


4/^ 


71 


/ 


VI 


NOTE: 
Subsequent 


loddings  not 


■shown,  forsdl^e  ofckdrness 


Z  5  4         5     ' 

Load,  tons 

Fig.  5. — Typical  Load-E.xtension  Curves  of  Large  Short 
Stranded  Cables  (19/- 166). 


maximum  value,  but  in  the  majority  of  cables 
tested  this  limiting  value  was  much  below  the 
true  value  of  the  material  of  wliich  the  cable  was 
composed. 

The  results  of  the  tests  on  long  lengths  of  cable 
reveal  some  interesting  facts  on  this  point  and  seem 
to  indicate  that  the  value  of  the  limit  of  proportionaUty 
and  modulus  obtained  by  tensile  tests  on  short  lengths 
of  cables  are  unreliable  and  inaccurate. 

Results. — Table  11  gives  the  values  obtained  on  short 
lengths  of  cable  for  the  limit  of  proportionality  and 
Young's  Modulus  under  successive  loadings.  The  results 
of  similar  tests  on  the  single  wires  supplied  separately 
are  included  for  purposes  of  comparison. 

Representative  load-extension  curves  obtained  are 
shown  in  lags.  4  and  5. 
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III.  MECHANICAL  TESTS  ON  LONG  STRANDED 
CABLES. 

Details  of  the  stranded  cables  on  which  the  tests 
were  carried  out  are  given  in  Table  8  in  Section  II. 

The  cables  numbered  a  total  of  13.  The  tests 
required  were  the  determination  of  Young's  Modulus 
{E)  under  tensile  loading  emplo3ang  a  test  length  of 
100  yards. 

Method   of  Test. 
The  cable  under  test  was  maintained  in  a  horizontal 
plane  and  was  floated  in  mid-air  b\-  means  of  suspenders 
attached  to  suspension  cables  tightly  stretched.     Load- 
ing  was   applied   at   both   ends   by  means   of  screwed 


A  stout  naU  was  driven  into  the  side  of  each  post, 
the  position  of  each  nail  being  calculated  from  the 
known  error  on  the  top  of  each  post.  A  final  Una 
of  levels  was  taken  on  the  nails  and  in  no  case  was 
an  error  found  of  more  than  1/100  part  of  a  foot  from 
the  true  horizontal.  A  long  length  of  No.  8  S.W.G. 
steel  wire  (60  tons  per  sq.  in.)  was  stretched  from 
end  to  end  of  the  apparatus  and  strained  to  a  stress 
(estimated)  of  about  40  tons  per  sq.  in.  This  wire 
rested  on  the  tops  of  the  nails  and  served  as  a  hori- 
zontal datum  line.  Two  steel  cables  (7/16-60  tons 
per  sq.  in.)  were  used  *as  suspension  \«res.  These 
rested  on  the  tops  of  the  supporting  posts  and  were 
secured  at  the  ends  to  standard  P.O.  stay  rods  (6  ft. 


Table  11. 
Limit  of  Proportionality  and  Young's  Modulus  for  Short  Cables  and  for  Single  Wires  supplied  separately. 


Tests  on  Short  Cables 

Tests  on  Single  Wires  supplied  separately 

N.P.L. 

Maker 

T5Te 

Cross 

Sectional 

Area, 

sq.  in. 

Primitive  Limit 
of  Proportionality 

Modulus  (E).  lb./in.2  X  IQ-s 

Maker 
A 

Diameter, 
in. 

0-166 

Stress  at 
Limit  of 

Modulus  {El 
lb./in.2  X  10-« 

Load, 
tons 

.stress, 
tons/iu.2 

1st 

2nd 

3rd 

4th 

51h 

10th 

ality, 
tons/in.* 

1st 

2nd 

AKL4A 

A 

3/166 

0-0647 

0-66 

10-2 

13-2 

16-6 

53 

18-3 

18-5 

AKL4B 

A 

7/. 166 

01512 

1-70 

11-2 

13-4 

16-2 

16-7 

16-5 

16-7 

16-5 

A 

0-166 

5-3 

18-3 

18-5 

AKL4C 

A 

7/215 

0.2525 

2-50 

9-9 

11-9 

15-5 

14-2 

14-3 

143 

14-4 

A 

0-215 

4.0 

16.7 

17-0 

AKL4D 

A 

19/144 

0 • 3063 

3-60 

11-8 

11-6 

14-9 

14-8 

14-8 

14.8 

14-8 

A 

0-144 

62 

18-7 

19-6 

AKL4E 

A 

19/166 

0-4057 

5-80 

14-3 

10-2 

14-7 

15-5 

16-0 

16-0 

16-2 

A 

0  166 

5-3 

18-3 

18-5 

AKL4F 

A 

37/144 

0-5920 

5-40 

9-1 

7-3 

11-6 

12-1 

13-5 

13-0 

13-8 

A 

0-144 

6-2 

18-7 

19-6 

AKX4A 

B 

3/166 

0  0656 

0-65 

9-9 

11-8 

13-7 





. . 

B 

0-166 

6-9 

18-2 

18-8 

AKX4B 

B 

7/166 

0   1506 

1-60 

10-6 

13-8 

15-3 

15-6 

15-6 

15-6 

15-6 

B 

0  166 

6-9 

18.2 

18-8 

AKX4C 

B 

7/ .215 

0-2297 

2-20 

9-6 

121 

13-1 

12-8 

12-8 

12-9 

12-9 

B 

0-215 

8-2 

16-4 

17.2 

AKN-4D 

B 

19/144 

0-3068 

3-20 

10-4 

12-5 

15-3 

14-7 

14-7 

14-8 

14-8 

B 

0-144 

6-8 

17-5 

18-1 

AKN-4E 

B 

19/166 

0-4049 

4-00 

9-9 

12-2 

14-2 

14-1 

14-6 

14-6 

14-7 

B 

0-166 

6.9 

18-2 

18-8 

AKN4F 

B 

37/144 

0-5983 

5-80 

9-7 

10-6 

138 

13-9 

13-9 

14. 1 

13-9 

B 

0-144 

6.8 

17-5 

181 

AK04A 

C 

3/166 

0-0648 

0-80 

12-4 

14-2 

16-9 

— 

— 

— 

— 

C 

0-166 

61 

18.3 

18-8 

bars.     Two  measuring  microscopes,   spaced    100  j-ards 
apart,  were  used  to  observe  the  resulting  strains. 

Description  of  Apparatus. 
A  preUminars^  Une  of  levels  along  the  site  chosen 
revealed  a  rise  in  the  ground  of  about  6-5  in.  on  the 
100-yard  length.  It  was  decided  to  keep  the  cable 
under  test  and  the  suspensory-  supporting  posts  truly 
horizontal.  The  posts  carn,-ing  the  suspension  %\ires 
were  spaced  at  10-ft.  intervals.  They  were  fitted  with 
substantial  footings  and  a  cross-piece  to  prevent  end 
movement.  A  2-in.  slot  was  provided  tlirough  which 
the  cable  under  test  passed.  Great  attention  was 
given  to  correct  ahgnment,  and  when  the  posts  were 
finally  erected,  a  line  of  levels  showed  that  no  post 
was  more  than  0-3  in.  out  of  the  mean  horizontal 
line  containing  the  top  of  the  posts.  It  was  considered 
that  this  error  was  too  great  to  allow  this  line  of  posts 
to  be  used  as  a  reference  line  for  the  cable  under  test 
and   the   final   reference   line   was  obtained  as  follows  : 


0  in.  X  f  in.)  and  were  strained  evenly  at  intervals  of 
2  ft.  A  hoop-iron  clip  maintained  these  cables  at  a 
distance  of  2  in.  apart  and  served  as  bridges  for  ad- 
justable ^^■ire  suspenders  supporting  the  cable  under 
test.  The  tops  of  these  suspenders  were  screwed  and 
gave  the  adjustment  necessary  to  bring  the  cable  under 
test  into  a  horizontal  plane.  This  was  effected  by 
placing  a  spirit  level  resting  on  top  of  the  cable  under 
test  and  the  datum  wire  prev-iousl}'  referred  to.  No 
trouble  was  experienced  in  levelUng  up,  half  an  hour 
being  the  usual  time  necessarj'  to  level  the  cable  at 
the  150  points  of  suspension.  The  regularity  of  the 
stress-strain  curves  obtained  during  the  tests  indicates 
that  this  method  of  levelling,  although  simple,  was 
satisfactory  and  accurate. 

The  load  was  recorded  at  one  end  by  means  of  the 
dynamometer  belonging  to  the  N.P.L.  Engineering 
Department.  It  consisted  essentially  of  an  accurately 
fitting  piston  of  2  in.  diameter  sliding  in  a  cylin- 
der.    The  load  on  the    cable   (and  piston)  was  trans- 
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mitted  as  a  pressure  tlirough  the  contained  fluid  (castor 
oil)  to  a  pressure  gauge.  The  total  load  on  the 
cable  was  thus  equal  to  the  pressure  gauge  reading 
multiplied  by  Jr  (3-142).  A  prehminary  dead-weight 
cahbration  of  the  dynamometer  showed  that  it  was 
correct  to  about  5  lb.  per  sq.  in.     Two  pressure  gauges 


thread.     To  reduce  friction,   each  nut  was  fitted  with 
a  pair  of  spherical  washers. 

Two  centre  punch  marks  were  made  on  the  cable 
under  test  at  a  distance  of  100  yards  apart.  The 
movement  of  each  of  these  marks  was  observed  by 
means  of  a  measuring  microscope  reading  to  1/100  mm. 


Table   12. 
Limit  of  Proportionality  and  Young's  Modulus  for  100-yard  Lengths  of  Cables. 


N.P.L.  Mark 

AKL4A 

AKL4B 

AKL4C 

AKL4D 

AKL4E 

AKL4F 

AKN4A 

AKN4B 

AKN4C 

AKN4D 

AKN4E 

AKN4F 

AK04A 

Maker            

A 

A 

A 

A 

A 

A 

B 

1        B 

B 

B 

B 

B 

c 

Tvpe              

3'lG6 

7/166 

7/ -215 

19/ -144 

19/166 

37/ -144 

3/166 

7/-16G 

7/-215 

19/144 

19/- 166 

37/ -144 

3/160 

Area,  square  inch  . . 

0-0647 

0-1512 

0-2525 

0-3063 

0-4057 

0-5920 

0-0650 

0-1500 

0-2297 

0-3068 

0-4049 

0-5983 

0  -  0648 

Load    at   limit   of    propor- 

1 

tionality,  tons     . . 

0-41 

0-63 

1-42 

— 

— 

— 

0-71 

1-02 

2-67 

2-79 

2-83 



0-47 

Stress  at   limit  of   propor- 

tionalitv,  tons  per  in. 2  .. 

6-3 

4-2 

5-6 

— 

— 

— ■ 

10-8 

6-8 

116 

91 

7-0 

7  3 

Modulus    (A'),    lb.    per  in. 2 

X  10-6;— 

1st  loading 

16-8 

17-1 

12-3 

9-5 

17-1 

15-1 

12-2 

15-0 

12-4 

130 

16-0 

15-5 

14-8 

2nd       „ 

18-2 

18-4 

160 

15-2 

18-2 

15-3 

15-7 

16-7 

17-0 

16-1 

16-4 

15-3 

18-1 

3rd       „ 

18-2 

18-4 

18-5 

16-4 

18-4 

17-4 

16-4 

17-3 

17-4 

17-6 

16-7 

15-4 

18-0 

4th       „ 

•    18-4 

18-4 

18-4 

17  3 

18-9 

16-6 

17-8 

17-3 

18-2 

17-7 

16-3 

15-3 

18-0 

5th        „ 

18-4 

lS-4 

15-5 

18-7 

18-8 

16-7 

18-0 

17-8 

18-2 

17-7 

16-7 

15-7 

18-9 





— 





16-9 

— 









Temperature    during     test. 

°C 

13 

8 

13 

5 

4 

4 

12 

5 

11 

6 

4 

12 

8 

Test 

s  on  sing! 

!  wires  su 

pplied  separately,  for 

comparison. 

Maker            

A 

A 

A 

A 

A 

A 

B 

B 

B 

B 

B 

B 

C 

Diameter,  inch 

0-166 

0-106 

0-215 

0-144 

0-160 

0-144 

0-166 

0  166 

0-215 

0-144 

0-166 

0  144 

0-166 

Stress   at   limit   of    propor- 

tionality, tons  per  in. 2  . . 

5-3 

5-3 

4-0     ' 

6-2 

5-3 

6-2 

6-9 

6-9 

8-2 

6-8 

6-9 

6-8 

6-1 

Modulus   (A'),    lb.  per   in.2 

X  10-6:— 

1 

1st  loading 

18-3 

18-3 

16-7     1 

18-7 

18-3 

18-7 

18-2 

18-2 

16-4 

17-5 

18-2 

17-5 

18-3 

2nd      „ 

18-5 

18-5 

17-0    1 

19-6 

18-5 

19-6 

18-8 

18-8 

17-2 

181 

18-8 

18-1 

18-8 

*  This  cable  (AKN4F)  unfortunately  became  kinked  in  one  place  while  uncoiling  from  the  drum.     The  kink  was  apparent  throughout 
the  test,  and  pp.rtly  accounts  for  the  low  values  obtained  for  the  Modulus  (£). 

Table  13. 
Alteration  of  Modulus  of  100-yard  Lengths  of  Cables  by  Repeated  Loadings. 


Modulus  of  Elasticity,  lb.  per  sq.  in. 

1      Percentage  of 
Breaking  Load 
applied 

N.P.L.  Mark 

Maker 

Type  of  Cable 

j  Ratio-jg  per  cent 

A 

B 

1st  Loading 

5th  Loading 

AKL4A 

A 

3/166 

16-8  X  106 

18-4  X  106 

91 

50 

AKL4B 

A 

7/- 166 

17-1 

18-4 

93 

33 

AKL4C 

A 

7/-21.5 

12-3 

18-5 

66 

52 

AKL4D 

A 

19/144 

9-5 

18-7 

51 

38 

AKL4E 

A 

,  19/166 

17-1 

18-8 

91 

31 

AKL4F 

A 

37/144 

15-1 

16-7 

90 

25 

AKN4A 

B 

3/-ie6 

12-2  X  106          1          18-0  X  106 

68 

58 

AKN4B 

B 

7/- 1(6 

15-0                               17-8 

84 

36 

AKN4C 

B 

7/-2.5 

12-4 

18-2 

68 

53 

AKN4D 

B 

19/144 

13-0 

17-7 

73 

40 

AKN4E 

B 

19/1  lie 

160 

16-7 

96 

32 

AKN4F 

B 

37/144 

15-5 

15-7 

99 

25 

AK04A 

C 

3/166 

14-8 

18-9 

78 

42 

were  used,  of  1-5  tons  per  sq.  in.  and  1  600  lb.  per 
sq.  in.  capacity  respectively,  and  were  cahbrated  at 
frequent  intervals  between  the  tests. 

The    actual    straining    was    done    by    means    of   two 
straining  blocks,  one  at  each  end,  fitted  with  a  fine 


Site    of  Apparatus. 

The  apparatus  was  erected  alongside  a  wall  in  the 

N.P.L.    sports   field    and    was    completely    shaded    by 

trees.     Each  test  was  carried  out  on  a  dull,   windless 

day,  and  it  is  believed  that  the  errors  due  to  varying 
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temperature  were  inappreciable.  A  preliminary  experi- 
ment was  made  to  determine  the  variation  of  temperature 
along  the  apparatus.  Fourteen  thennometers  were 
distributed  along  the  test  length  and  gave  the  following 
readings  (degrees  centigrade)  : — 

3-8,  3-7,  3-8,  3-7,  3-8,  40,*  3-65,  3-8,  3-9,  3-8.  3-7, 
3-8,   3-7,  3-7. 

In  view  of  the  regularity  of  these  readings  it  was 
considered  only  necessar>'  to  record  temperatures  at 
each  end  of  the  apparatus  during  test.  The  tempera- 
ture readings  were  taken  frequently  during  the  test, 
and  during  no  test  was  a  greater  variation  than  1°  C. 
recorded.  The  modulus  given  in  the  results  may, 
therefore,  be  taken  as  the  true  modulus  for  the  tem- 
perature stated. 

Effect    of   Temperature   Coefficient   on 
Young's   Modulus. 

The  usual  formula  for  temperature  coefficient  on 
Young's  Modulus  is  as  follows  : — 

^  =  ^15   {l  -  a   (t-  15)} 

where     E  =  value  for  Young's    Modulus   at  tempera- 
ture t°  C. 
-Ei5  =  value  for  Young's    Modulus   at   tempera- 
ture 15°  C. 
a  =  constant. 

The  following  values  for  a  are  taken  from  "  Physical 
and  Chemical  Constants,"   by  Kaye  and  Laby  : — 


Material 

Aluminium 

Copper 

Steel 


Value  of  a 

21-3  X  10-* 
3-64  X  10-* 
2-4  X  10-* 


Inserting  these  values  for  ;  =  5°  C.  we  obtain  :- 


(1)  For  aluminium 

(2)  For  copper     . . 

(3)  For  steel 


£3  =  £15  X  1-0213 
^6  =  .©15  X  1  •  0036 
^5  =  -5?i5  X  1-0024 


The  minimum  temperature  recorded  during  an 
actual  test  was  4°  C.  It  will  be  seen  that  the 
temperature  correction  for  aluminium  cables  is 
just  within  the  accuracy  of  the  experiment,  whilst 
it  can  be  neglected  in  the  case  of  copper  and  steel 
cables. 

Results    of   Tests. 

The  results  of  the  tests  are  given  in  Table  12.  For 
purposes  of  comparison,  the  limit  of  proportionality 
and  modulus  obtained  from  the  teiits  on  single  wires 
are  included. 

A  typical  load-extension  curve  is  shown  in  Fig.  6. 
In  nine  of  the  thirteen  tests  recorded  the  Unlit  of 
proportionaUty  was  strongly  marked.  For  two  of  the 
cables,  N.P.L.  Nos.  AKL4D  and  AKL4E,  the  Hmit  of 
proportionaUty  was  masked  by  other  strains.  For 
cables  Nos.  AKL4F  and  AKN4F  the  maximum  safe 
load  for  the  dynamometer   (3-8  tons)   was  insufficient 

•  This  thermometer  was  placed  at  a  portion  of  the  cable  where 
it  passed  a  small  hut  used  for  storing  hay. 


to  disclose  the  Umit  of  proportionality.  It  will  be 
noted  that  the  results  show  that  cables  consisting  of, 
and  up  to,  19  wires  give  a  value  for  the  Modulus  {E) 
approximately  equal  to  that  obtained  for  a  single  wire. 
Two  of  the  19-wire  cables  and  the  two  37-wire 
cables  give  lower  values  of  E.  To  ascertain  whether 
the  low  value  for  a  large  cable  was  due  to  small  non- 
elastic  strains  wliich  would  disappear  \vith  application 
of  load  for  considerable  time,  a  special  test  was  carried 
out  on  a  cable  (37  wires),  N.P.L.  No.  AKL4F.  The 
cable,  on  removal  from  the  drum,  was  loaded  to 
3-8  tons.  This  load,  which  was  probably  slightly 
lower  than  the  "  primitive  "  Umit  of  proportionaUty, 
was  appUed  to  the  cable  for  two  days.  The  load  was 
then  removxd  and  applied  five  times,  load-elongation 
diagrams  being  obtained  Ln  eacU  case.  The  cable  was 
removed  from  the  machine  and  allowed  to  rest  for  a 
fortnight  under  no  load.  The  cable  was  replaced  in 
the  machine  and  the  load  of  3-8  tons  appUed  con- 
tinuously for  one  week.  .At  the  end  of  the  week,  a  load- 
elongation   diagram   was   again   obtained.     The   values 


3-Z 


Fig.   6.- 


3  -f  5  6 

Total  extension,  inches 

-Typical  Load-Extension  Curves  of  100-yard 
Lengths  of  Cables  (7/- 215). 


obtained  for  the  Modulus   {E)  are  as  follows   (see  also 
Table  12)  :— 


N.P.L.  Mark 

Maker  

Type 

Value  of  Modulus   (£),  lb.  per  in.- 
X  10-«:— 

1st  loading 

2nd 

3rd 

4th 

5th 

6th 
(After     appUcation     of     maximum 

for  one  week). 


AKL4F 

A 
37/144 


15-1 
15-3 
17-4 
16-G 
16-7 
16-9 
load 


To  ascertain  the  amount  of  increase  of  the  modulus 
of  elasticity  due   to  repeated  loadings,  the  loading  of 
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Table   14. 
Pitch  and  Lay  of  Constituent  Wires  of  \0^-yard  Lengths  of  Cables. 


Colunm  1 


N.P.L. 
iMark 

Maker 

AKL4A 

A 

AKL4B 

A 

AKL4C 

A 

AKL4D 

A 

AKL4E 

A 

AKL4F 

A 

AKN4A 

B 

AKN4B 

A  l-T'W An 

B 

AKN4D 
AKN4E 
AKN4F 

AK04A 


Type  of 
Cable 


3/- 

166 

7/ 

166 

V 

215 

19/ 

144 

19/ 

166 

37/ 

144 

3/ 

160 

'/ 

160 

7/ 

215 

19/ 

144 

19/ 

166 

37/ 

144 

3/ 

106 

Measured  Pitch  Diameter,  in. 


0-169 
0-334 
0-445 
0-580 
0-664 
0-861 

0-109 
0-334 
0-45-' 
0-581 
0-669 
0-S7J 

0169 


Column  3 


Measured  Pitch  of  Wires,  in. 


0-296 
0-329 
0-581 


0-291 
0-329 
0-581 


0-291 


0-291 


4-25R 

6-5    R 

9-5 

8-0 
10-5 
13-0 

3  R 
5  R 
5  R 
7iL 
61  R 
81  R 

7iL 


9-OL 

10-OL 

8-5L 


61  R 
51  L 
71  L 


8-OR 


6JR 


Coliunn  4 


Lay  of  Wires 


b 


25    R 

191  R 
21  R 
131  R 
16  R 
15    R 

18  R 
15  R 
11  R 
13    L 

91 R 

io'r 

441  L 


301  L 

301  L        — 

141  L      271  R 


22iR 
161  L 
13    L 


22JR 


Table  15. 
Conductivity  Tests  on  Single  Wires  supplied  separately  (see  Table  1a). 


Malicr 

Koraiual  Diameter  of 

Resistivity  at  20°  C,  Microhms 
for  a  Centimetre  Cube 

Percentage  relative  Mass  Conductivity 
at  20°  C. 

Hard 

After  Annealing 

Hard 

After  Annealing 

'0104 

1  -  75j 

l-71s 

98-4 

100-4 

0-130 

1  -  75i 

l-71i 

98-4 

100-8 

A 

- 

0-144 

n  •  1  lit) 

1-745 
l-74o 

1-715 
l-71i 

98-8 
99-1 

100-5 
100-8 

■  0-185 

l-73o 

l-70o 

99-2 

101-4 

'l_^  0-215 
Mean      . . 

l-73o 

1-7  t4 

l-71o 

99-2 

100-8 

l-71i 

98-9 

100-8 

0-104 

1-7.-0          ;          l-70s 

98-5 

101-0 

0-136 

l-75o 

1-688 

98-5 

102-1 

B 

- 

0-144 
0-106 

1-70., 
1-745 

1-725 
1-704 

97-9 
98-8 

100  0 
101-2 

0-185 

1-745 

I-7O7 

98-8 

101-0 

Lo-215 

1-lr.e 

1  -  70.J 

98-2 

100-9 

Mean 

l-75i 

I-7O7 

98-45 

101-0 

0104 

1-765   • 

1-735 

97-7 

99-4 

0-136 

l-76i 

1  -  72., 

97-9 

100-1 

C 

0-144 

l-7fi.. 

1  -  73., 

.     97-9 

99-6 

0-166 

1  -  76, 

1-733 

97-9 

99-5 

0-185 

1-708 

1  -  73., 

97-5 

99 -fi 

[o-215 

1-704 

l-72o 

97-7 

100-3 

Mean 

1  -  7(14 

,..„ 

97-8 

99-75 
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every  cable  was  carried  out  five  times  and  the  modulus 
of  elasticity  obtained  for  each  loading.  In  most  cases 
the  load  applied  during  the  second  and  subsequent 
loadings  was  above  the  primitive  limit  of  proportionality. 
The  effect  of  repeated  loading  is  seen  from  the  results 
given  in  Table  13. 

IV.   PITCH  AND  L.\Y  OF  CONSTITUENT  WIRES 
OF    LONG    STRANDED    CABLES. 

The  data  given  in  Table  14  refer  to  the  long 
stranded  cables  on  which  the  tensile  tests  were 
made  : — ■ 

Column  1  gives  particulars  of  the  cable. 

Column  2  gives  the  mean  diameters  of  the  laj-ers 
of  constituent  wires ;  a,  b,  c  referring  to  the  layers 
commencing  from  the  outside. 


Column  3  gives  the  measured  pitch  of  the  wires. 
Column  4  gives  the  calculated  lay  where 


lav  = 


measured  pitch 


mean  diameter  of  layer  of  wires 

Note. — The  suffixes  R  and  L  refer  to  right-hand 
and  left-hand  winding  respectively. 

V.    CONDUCTHTTY    TESTS    ON    SINGLE   WIRES 
SUPPLIED    SEPARATELY. 

The  wires  were  tested  both  in  the  condition  in  which 
they  were  received  and  also  after  they  had  been  annealed. 

The  values  are  given  in  terms  of  the  International 
Standard  of  Resistance  for  Annealed  Copper,  the 
standard  value  for  a  wire,  1  metre  in  length,  and 
weighing   1  gramme,  being  0-1533  ohm  at  20°  C. 

The  results  of  the  tests  are  given  in  Table  15. 
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Introduction. 

This  report  deals  with  the  results  of  the  tests  carried 
out  at  the  National  Physical  Laboratory  on  hard 
drawn  aluminium  wires  and  cables,  both  short  and 
long  lengths.  The  methods  employed  were  similar  to 
those  adopted  in  the  tests  on  hard  drawn  copper  wires 
and  cables,  which  are  described  in  Technical  Report 
Ref.  F/T5.* 

Scope  of  Investigation. 
The  physical  propertiss  and  tests  to  which  special 
attention  was  directed  were  as  follows  : — 

Ultimate  tensile  strength. 
Extension  on  fracture. 
Limit  of  proportionality. 
Modulus  of  elasticity. 
Twist  and  wrap  tests. 

M.\TERI.\L    UNDER    TEST. 

The  material  on  which  the  tests,  dealt  with  in  the 
report,    were    carried    out    consisted    of    hard    drawn 
aluminium  as  furnished  for  overhead  line  construction. 
*  See  foun,„l  I.E.E.,  1923.  vol.  01.  p.  MT. 

Vol.  6i. 


Single  wires  (see  Table  l.\)  were  obtained  at  the  same 
time  as  the  cables  (see  Table  1b),  and  purported  to  be 
of  the  same  material.  This  was  not  borne  out  in  one 
or  two  instances  by  the  results  obtained.  For  the 
purpose  of  determining  the  efficiency  of  the  cables  a 

Table  1a. 
Single  Wires  supplied  separately. 


N.P.L.  Mark 

Maker 

Nominal  Diameter  of 
Wire,  inch 

ro-133 

0-151 

AKM 

D 

. 

0167 

0187 

^0-212 

'0-133 

0-151 

AKP 

E 

< 

0-167 
0-187 
0-212 

Table   1b. 
Stranded  Cables. 


N.P.L.  Mark 

Maker 

Type 

AKM4A 

D 

r  3/151 

AKM4B 

D 

7/151 

AKM4C 

D 

<j 

19/151 

Aiai4D 

D 

19/-212 

AKM4E 

D 

137/- 208 

AKQ4A 

E 

1    3/151 

AKQ4B 

E 

7/151 

AKQ4C 

E 

< 

19/151 

AKQ4D 

E 

19/-212 

AKQ4E 

E 

L37/-208 

AUD3 

E 

"   7/146 

AUD2 

E 

19/146 

AUDI 

E 

^37/146 

comparison  was  therefore  made  also  with  tests  on  single 
wires  taken  from  the  individual  cables  (see  Table  10). 
As  a  considerable  difference  was  noticed  in  the 
character  of  samples  supplied  by  Makers  D  and  E, 
more  particularly  in  respect  of  electrical  conductivity, 
analyses  were  made  which  indicated  a  \-er\-  appreciable 
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difference  in  purity.  Maker  D  samples  showed  an 
average  purity  of  99- 13  per  cent  and  those  of  Maker 
E  99-68  per  cent.  The  corresponding  conductivities 
in  terms  of  the  annealed  copper  standard  were  57-3 
per  cent  and  61-9  per  cent  respectively  (see  Table  15). 

An  explanation  of  these  differences  is  most  probably 
to  be  found  in  the  wide  variation  in  the  quality  of 
aluminium  produced  during  war-time,  and  it  is  considered 
that  the  samples  supplied  by  Maker  D  were  most 
probably  drawn  from  war-time  stocks  of  naetal  which 
at  the  time  were  still  upon  the  market. 

In  view  of  the  wUhngness  of  aluminium  producers 
to  guarantee  a  conducti\-ity  of  aluminium  wire  of  60 
per  cent  of  annealed  copper,  the  samples  of  Maker  D 
cannot  be  considered  as  representative,  having  been 
manufactured  from  a  material  which  would  not  normally 
be  suppUed  lor  electrical  purposes.  On  the  other  hand, 
the  first  samples  from  Maker  E  were  above  the  usual 
commercial  standard  of  purity.  Additional  cables 
were  suppUed  by  Maker  E  and  conductivity  tests  on 
the  constituent  wires  showed  an  average  conductivity 
of  60-8  per  cent  (see  Table  16).  It  appears  that  the 
material  of  these  additional  cables  may  properly  be 
taken  as  more  closely  representing  present-day  practice 
as  to  the  degree  of  purity  and  conductivatj'  of  hard 
drawn  aluminium  for  overhead  transmission  lines. 


Range  of  Samples  Tested. 

Tests  were  carried  out  on  single  wires  of  diameters 
ranging  from  0-133  inch  to  0-212  inch,  and  on  stranded 
cables  consisting  of  3,  7,  19  and  37  wires  respectively, 
the  diameters  of  the  wires  ranging  from  0  ■  146  inch 
to  0-212  inch. 

(a)  Single  wires  supplied  separately  (see  Table  1a). 

Tests  were  carried  out  on  short  lengths  (10  inches) 
of  straightened  single  wire.  The  tests  show  close  agree- 
ment between  the  behaviour  of  short  lengths  of  wire 
and  long  lengths  of  cable. 

The  prevailing  practice  of  determining  the  physical 
properties  of  single  wires  by  tests  on  short  specimens 
is  regarded  as  satisfactory. 

(6)  Stranded  cables  (see  Table  1b). 

The  tests  on  short  lengths  of  cable  give  results  which 
are  different  from  those  of  tests  on  long  lengths  of 
cable,  except  in  so  far  as  they  refer  to  ultimate  strength 
and  on  the  single  wires  of  which  the  cables  are  com- 
posed. In  short  lengths  of  cable  subjected  to  tension 
it  is  apparent  that  the  stress  is  not  shared  equally 
between  the  wires.  The  results  of  tests  on  short  lengths 
of  cable  must  be  rejected  on  this  account,  with  the 
exception  of  the  ultimate  strength  tests. 

The  tests  on  long  lengths  of  cables  are  consistent 
with  one  another  and  (important  to  note)  with  tests 
on  the  individual  straightened  wires  supplied  separately 
(see  Table  12). 

Ultimate  Tensile  Strength. 

The  ultimate  tensile  strengths  of  the  various  single 
wires  tested  are  not  in  very  close  agreement. 


The  generally  accepted  figure  of  11-5  tons  per  square 
inch  as  the  breaking  stress  is  not  supported  by  the 
present  tests. 

In  previous  tests  on  hard  drawn  wires  a  fairly  definite 
relationship  has  been  observed  between  breaking  stress 
and  diameter,  the  strength  decreasing  as  the  diameter 
increases.  The  present  tests  show  a  relationship  of 
the  same  character,  but  the  results  are  too  irregular 
to  admit  of  the  deduction  of  figures  for  the  relationship. 
It  is,  therefore,  advisable  to  adopt  a  separate  value 
of  the  ultimate  strength  for  each  size  of  wire. 

The  breaking  stress  of  the  cables  was  found,  in 
general,  to  be  less  than  that  of  their  constituent  wires  ; 
this  could  be  accounted  for  by  the  assumption  of 
unequal  loading  of  the  individual  vsdres. 

The  strength  of  a  cable  in  terms  of  the  sum  of  the 
strengths  of  the  individual  constituent  wires  was  found 
to  vary  appro.ximately  as  follows  : — 


3  wires 
7  wires 
19  wires 
37  wires 


100  per  cent 
99  per  cent 
96  per  cent 
92  per  cent 


The  tests  showed  some  inconsistencies,  and  the  ratios 
of  strengths  given  above  should  not  be  regarded  as 
finally  proved. 

Extension  on  Fracture. 

The  percentage  extension  on  fracture  varies  with 
the  length  of  wire  tested,  and  if  elongation  is  to  be 
specified  the  length  of  the  test  specimen  must  be 
stated. 

The  tests  show  that  the  percentage  extension  varies 
with  the  diameter  of  the  wire  and  with  the  tensile 
strength.  If  the  results  of  the  tests  be  grouped  in 
the  order  of  ultimate  stress,  a  relationship  is  obtained 
between  breaking  stress  and  extension  which  in 
general  indicates  greater  elongation  with  small  tensile 
strength.  The  relationship  is,  however,  far  from 
definite. 

A  minimum  extension  of  4  per  cent  on  a  10-inch 
gauge  length  appears  to  be  indicated  by  the  tests. 

Limit  of  Proportionality. 

The  limit  of  proportionality  between  stress  and  strain 
is  not  a  physical  constant  and  should  therefore  have 
no  place  in  a  specification  for  the  material  of  a  wire. 

It  is  advisable,  however,  that  the  working  stress  of 
overhead  wires  shall  be  determined  with  due  regard 
to  the  degree  of  proportionality. 

The  tests  show  that  the  limit  of  proportionality, 
though  at  first  much  lower  than  the  generally  recognized 
values,  increases  with  repeated  loadings.  The  limits 
given  in  Table  12  are  those  found  on  a  first  loading, 
and  in  view  of  the  characteristic  increase  of  the  limit 
on  repeated  loading  should  not  be  taken  as  a  basis 
for  deciding  the  maximum  working  stress  of  an  over- 
head wire. 

The  limit  of  proportionality  corresponding  to  the 
higher  values  of  the  modulus  of  elasticity  after  repeated 
loadings  is  not  given  in  the  results  of  the  tests. 
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Modulus  of  Elasticity. 
The   effect   of   repeated  loading  to   a   point   beyond 
the  limit  of  proportionality  is  to  increase  the  apparent 
modulus. 

Table  2. 
Dimensions  of  Coils  of  Single  Wire  as  supplied. 


Diameter  of  Coil  as  received 

Maker 

Diameter 

of  Wire, 

inch 

N.P.L.  Mark 

Internal, 
inches 

External, 
inches 

ro-133 

16-0 

200 

0-151 

16-0 

20-0 

AKM 

D 

s 

0-167 

160 

20-5 

0-187 

15-5 

20-5 

[o-212 

16-0 

20-5 

ro-133 

160 

20-a 

0-151 

15-5 

200 

AKP 

E 

< 

0-167 

160 

20-5 

0-187 

15-5 

20-5 

[_0-212 

160 

20-5 

On  repeated  loading  the  apparent  modulus  increases 
towards  a  maximum  value  which  is  the  true  modulus 
of  the  material. 

A  value  of  9-6  X  10^  lb.  per  square  inch  is  indicated 
by  the  tests  on  the  long  cables,  whereas  the  single 
wires  on  the  second  loading  show  a  verj-  consistent 
value  of  9-9  X  10®  lb.  per  square  inch.  If,  however, 
the  long  cables  had  been  loaded  as  heavilj'  as  the  single 
wires  the  modulus  might  have  been  higher. 

The  three  long  cables  supplied  last  are  more  repre- 
sentative, and  the  value  of  the  modulus  given  by  these 
cables  was  9-6  X  10^  lb.  per  square  inch. 

A  practical  point  arises  from  the  fact  that  the  true 
modulus  of  the  material  is  higher  than  the  value 
obtained  on  the  first  loading.  In  traction  and  trans- 
mission line  work  it  has  been  suggested  it  %vould  be 
desirable  if  the  wires  and  cables  could  have  the  true 
value  of  the  modulus  when  first  erected.  If  the  repeated 
loadings  were  applied  in  the  wire-maker's  works  before 
coiling  on  to  drums,  uncertainty  would  exist  as  to  the 
effect  of  coiling  and  uncoiling  on  the  final  value  of 
the  modulus  when  the  wire  was  strung  up  on  site. 
Further  elongation  tests  would  be  necessary  to  ascertain 


Table  3. 
Tensile  Strength  and  Extension  of  Single  Wires  supplied  separately  (see  Table   1a). 


Extension  on 

Maker 

Diameter  of  Wire, 
iach 

Cross-sectional 
Area  of  Wire, 

Breaking  Load, 
tons 

Ultimate  Stress, 
tons  per  sq.  inch 

N.P.L.  Mark 

sq.  in. 

10  inches 

2  inches 

(-0-1565 

11-1 

0 

48 

0 

20 

AKMIA 

D 

0-134 

0-0141 

■|  0-1600 

11 

35 

0 

48 

0 

18 

10-1565 

11 

1 

0 

50 

0 

21 

(-0-1935 

10 

7 

0 

38 

0 

16 

AKMIB 

D 

01518 

0-0181 

J  0-1925 

10 

6 

0 

48 

0 

19 

lo-1930 

10 

7 

0 

37 

0 

15 

(-0-2255 
\  0-2270 
I  0-2225 

10 

3 

0 

61 

0 

22 

AKMIC 

D 

0-167 

0-0219 

10 

4 

0 

57 

0 

21 

10 

2 

0 

50 

0 

22 

(-0-2715 

9 

9 

0 

60 

0 

23 

AKMID 

D 

0-1867 

0-0274 

<  0-2700 

9 

85 

0 

58 

0 

22 

1-0-2730 

10 

0 

0 

55 

0 

22 

rO-3415 

9 

5 

0 

51 

0 

23 

AKMIE 

D 

0-2132 

0-0357 

<  0-3450 

9 

5 

0 

51 

0 

24 

U-3335 

9 

35 

0 

48 

0 

22 

r 0-1535 

10 

7 

0 

38 

0 

165 

AKPIA 

E 

01355 

0-0144 

<  0-1535 

10 

7 

0 

31 

0 

14 

"-0-1550 

10 

8 

0 

36 

0 

16 

('0-1990 

11 

1 

0 

38 

0 

18 

AKPIB 

E 

0-1515 

0-0180 

<  0-1940 

10 

8 

0 

40 

0 

17 

U-1945 

10 

8 

0 

33 

0 

18 

r- 0-2230 

10 

2 

0 

35 

0 

18 

AKPIC 

E 

016G5 

0-0218 

<  0-2250 

10 

3 

0 

39 

0 

18 

lo-2210 

10 

1 

0 

37 

0 

18 

1-0-2685 

9 

7 

0 

48 

0 

23 

AKPID 

E 

0-1878 

0-0277 

i  0-2700 

9 

8 

0 

48 

0 

23 

lo-2770 

10 

0 

0 

47 

0 

22 

^0-3315 

9 

4 

0 

61 

0 

23 

AKPIE 

E 

0-2118 

0-0352 

J  0-3485 

9 

9 

0 

49 

0 

22 

1 0-3330 

9-5 

0-63 

0-25 
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Table  4. 
Litmls  of  Proportionality,  Modulus  and  Extension  of  Single  Wires  supplied  separately  (see  Table   1a) 


N.P.L.  mark,  AKM 


Maker,  D 


Diameter  of  wire,  inch 

Cross-sectional  area  of  wire,  square  inch 

Primitive  limit  of  proportionality,  ton  .  . 

Primitive  limit  of  proportionality,  tons  per  square  inch 

Maximum  load,  ton 

Ultimate  stress,  tons  per  square  inch    .  . 

Modulus  (1st),  lb.  per  square  inch  x  10^6 

IModulus  (2nd),  lb.  per  square  inch  x  10—6 

Extension  on   10  in.,  inch 

Extension  on  2-in.,  inch    . . 


0-1334 

0-01397 

0-055 

3-9 

0-149 
10-7 
10-1 
10-1 

0-41 

016 


0-1517 

0-01807 

0-06 

3-3 

0-1735 

9-6 

9-7 

9-9 

0-50 

0-20 


0-167 

0  -  0209 

0-087 

4-0 

0-218 

9-95 

9-6 

9-9 

0-52 

0-21 


0-1867 

0-02737 

0-124 

4-5 

0-264 

9-65 

9-2 

9-8 


0-50 
0-22 


0-213 

0-03563 

0-127 

3-6 

0-317 

8-9 

9-9 

9-9 

0-47 

0-22 


N.P.L.  mark,  AKP 
Maker,  E 


Diameter  of  wire,  inch 

0-1352 

0-1517 

0-1663 

0-1878 

0-2117 

Cross-sectional  area  of  wire,  square  inch 

0-01436 

0-01807 

0-02172 

0-0277 

0-0352 

Primitive  limit  of  proportionaUty,  ton 

0-041 

0-0515 

0-075 

0-09 

0-092 

Primitive  limit  of  proportionality,  tons  per  square  inch 

2-9 

2-85 

3-5 

3-25 

2-6 

Maximum  load,  ton            .  .          

0-142 

0-183 

0-223 

0-262 

0-326 

Ultimate  stress,  tons  per  square  inch    . . 

9-9 

10-1 

10-3 

9-5 

9-3 

Modulus  (1st),  lb.  per  square  inch  x   10—^ 

9-8 

9-7 

9-7 

9-5 

9-6 

Modulus  (2nd),  lb.  per  square  inch  x  10"^ 

9-9 

9-05 

10-1 

9-8 

9-7 

Extension  on   10  in.,  inch 

0-20 

0-38 

0-28 

0-40 

0-40 

Extension  on  2  in.,  inch  .. 

0-11 

0-16 

0-15 

0-20 

0-22 

0       0-01     0-OZ    0-05    0-04     0-05    0-06     0-07     0-08    0-OS 
Load,  tons 

KiG.  1. — Typical  Load-extension  Curves  of  Single  Wires 
supplied  separately  by  Maker  D. 

whether  the  coiling  and  uncoiling  reduced  the  modulus 
from  the  true  value.* 

*  The  wire-makers  on  the  Sub-Committee  have  stated  that  it 
would  be  impracticable  to  caiTy  out  the  repeated  loadings  at  the 
manufactiurer's  works. 


0-?l . 1 1 ^ ^ ' ■ ' . 

0       0-01     0-OZ    0-05    0-04    0-05     0-06     0-07    0-08    0-03 
Lodd,  tons 

Fig.  2. — Typical  Load-e.xtension  Curves  of  Single  Wires 
supplied  separately  by  Maker  E. 

Twist  axd  Wrap  Tests. 

The  results  of  these  tests  show  no  direct  relationship 
to  the  percentage  elongation  referred  to  above.  The 
tests  are  of  interest,  but  there  is  not  suf&cient  evidence 
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to  show  that  the  specification  of  such  tests  is  of  more 
than  general  value. 

It  should  be  borne  in  mind,  however,  that  twist 
and  wrap  tests  can  be  carried  out  so  easily  that  wire- 
makers  prefer  these  tests  to  extension  tests. 

RESULTS    OF   TESTS. 

Details  of  the  methods  of  test  employed  at  the 
N.P.L.  are  given  in  Technical  Report  Reference  F/T5. 

Table  5. 

Twist    Tests   on   Single    Wires  supplied    separately   (see 
Table   U). 


Number  of  Twists  on 

Maker 

Nominal 
Diameter 
of  Wire, 

N.P.L.  Mark 

6-in. 

inch 

6-in. 
Length 

Lengtli 
(Repeat) 

3-in. 
Len^tli 

r42 

40 

AKM2A 

D 

0133 

<^45 

— 

39 

I  42 

— 

381 

r41 



. — 

AKM2B 

D 

0-151 

<^  421 

— 

— 

,-39" 

— 

— 

AKM2C 

D 

0-167 

43 

— 

— 

I  43 

— 

— 

.41 

— 

— 

AKM2D 

D 

0-187 

J  44 

— 

— 

146 

— 

— 

f-35 

— 

— 

AKM2E 

D 

0-212 

\  37i 



— 

Uo 



— 

r22i 

22 

15 

AKP2A 

E 

0-133 

{■21 

23 

14i 

I  24 

23 

14 

r21 

— 

10 

AKP2B 

E 

0-151 

12^ 

— 

10 

1-20 

— 

11^^ 

fisi 

— 

AKP2C 

E 

0-167 

<^19 

— 

. — . 

I  20 

— 

— 

r23i 

— 

— 

AKP2D 

E 

0-187 

<!  2l| 

— 

— 

1 22 

— 

— 

.22 

— 

— 

AKP2E 

E 

0-212 

J  23i 

— 

— 

I22J 

- — 

— 

The  results  of  the  tests  on  the  ahuninium  wires  and 
cables  are  given  on  the  following  pages.* 

I.  MECHANICAL   TESTS   ON    SINGLE   WIRES 
SUPPLIED    SEPARATELY. 

The    samples    of   single    wire   were    supplied    in    the 

form   of  coils,   the   dimensions   of  which   are   given   in 

Table  2. 

*  The    original   Report  was  arroinpanied  by  dr.iwings  showing 
the  apparatus  used.     These  can  be  inspected  at  the  E.R.A.  oflice. 


Determination  of  Breaking  Load. 

The  results  of  the  tensile  strength  tests,  in  general, 
on  three  samples  of  each  wire  are  given  in  Table  3. 
All  the  test  pieces  from  each  coil  were  cut  from  the 
sample  end,  and  were  not  straightened  before  test. 
The  air  temperature  was  about  22°  C.  in  every  case. 
The  breaking  load  was  ascertained  by  applying  9/10 
of  the  load  in  5  seconds  and  the  remaining  1/10  in 
5  seconds. 

Table  6. 

Wrap   Tests   on  Single   Wires   supplied    separately    (see 
Table  1a). 


N.P.L.  Mark 

Maker 

Nominal 

Diameter  of 

Wire,  inch 

statement  of  Results 

1-9,   6,   6,   6,   6,   6,   6,   I 

AKM3A 

D 

0-133 

J  9,  6,  6,  6,  6,  6,  6,  1 
19,  6,  6,  6,  6,  6,  6,  2 
1-9,   6,   6,   6,   6,  6,  6,   1 

AKM3B 

D 

0151 

J  9,  6,  6,  6,  6,  6,  6,  1 
19,  6,  6,  6,  6,  6,  6,  1 
r9,   6,   6,   6,   6,  6,   2 

AKM3C 

D 

0-167 

<^  9,  6,  6.  6,  6,  6,  6,  1 
19,  6,  6,  6,  6,  6,  6,  1 
r9,   6,   6,   6,   6,   6,  6,   2 

AKM3D 

D 

0-187 

■i  9,  6,  6,  6,  6,  6,  6,  1 
19,  6,  6,  6,  6,  6,  6,  3 
r  12,   6,   6,  6,   6,  6,  6,    6 

AKM3E 

D 

0-212 

i  12,   6,  6,   6,   6    6,   6,    5 
1 12,  6,  6,   6,  6,  6,  6,   2 
(-9,   6,   C,   6,  6,   6,   6,   3 

AKP3A 

E 

0-133 

<^  9,  6,  6,  6,  6,  6,  6,  2 
1 9,  6,  6,  6,  6,  6,  6,  4 
f9,   6,   6,  6,   6,   6,  6,   1 

AKP3B 

E 

0-151 

<  9,  6,  6,  6,  6,  6,  6,  1 
1 9,  6,  6,  6,  6,  6,  6,  4 
r9,   6,   6,  6,   6,  6,   6,   1 

AKP3C 

E 

0167 

<^  9,  6.  6,  6,  6,  6,  6,  1 
19,  6,  6,  6,  6,  6,  6,  2 
r9,   6,   6,   6,   6,   2 

AKP3D 

E 

0-187 

J  9,  6,  6,  6,  6,  6,  6,  3 
19,  6,  6,  6,  6,  6,  6,  5 
C  12,   6,   6,   6,   6,  6,   6,    1 

AKP3E 

E 

0-212 

^  12,  6,   6,   6,   6,   6,  6,    1 
112,   6,  6,   6,  6,   6,   6,    1 

Determination  of  the  Limit  of  Proportionality, 
Modulus,  and  Extension. 

Tensile  tests  were  made  on  straightened  lengths  of 
wire  having  10  inches  between  the  grips.  The  extension 
on  a  2-inch  middle  portion  of  the  wire  was  measured 
by  means  of,  a  Marten's  mirror  e.xtensomcter.  The 
primitive  limit  of  proportionality  and  the  modulus  at 
first  loading  were  obtained  by  loading  up  in  steps  to 
a  point  just  beyond  the  limit  of  proportionality.  The 
load  was  then  removed,  and  a  second  modulus  obtained 
by  again  loading  up  to  the  same  point. 

The  results  are  given  in  Table  4. 
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It  was  found  that  a  straight  elastic  line,  and,  there- 
fore, the  limit  of  proportionality,  could  not  be  obtained 
by  tests  made  on  bent  wires,  so  that  all  the  wires  had 
to  be  straightened  before  test.  Figs.  1  and  2  give 
the  results  of  typical  tests  on  wires  previously 
straightened. 

It  will  be  noted  that  the  values  of  the  limit  of  pro- 
portionality are  much  lower  than  the  generally  recognized 
values.  They  are  the  loads  or  stresses  at  which  the 
first  de\dations  from  Hooke's  Law  were  observed  upon 
the  first  loading  of  the  wires.  The  values  of  these 
limits  of  proportionality  depend,  to  a  large  extent, 
upon  the  accuracy  with  which  the  strains  can  be 
observed,  and  it  may  be  assumed  that,  in  general,  the 
lower  the  accuracy  the  higher  will  be  the  value  of  the 
apparent  limit  of  proportionality. 

The  value  of  the  primitive  limit  of  proportionality 
is  not  of  very  great  importance.  If  the  wire  is  re- 
loaded after  the  limit  of  proportionality  has  been 
exceeded  a  new  and  higher  value  of  the  limit  is  ob- 
tained, the  amount  of  the  increase  depending  on  the 
amount  by  which  the  primitive  limit  of  proportionality 
has  been  e.xceeded. 

The  maximum  load  was  also  obtained  during  these 
tests  and  the  results  are  given  in  Table  4.  The  final 
1/10  of  the  load  was  applied  in  approximately  two 
minutes,  and  the  results  are  referred  to  subsequently 
as  "slow  loading  tests"   (see  Tables  7  and   10). 


Twist  Tests. 

The  wires  were  straightened  before  test,  and  were 
cut  from  the  same  end  of  the  coil  as  the  tensile  test 
pieces.  The  distance  between  the  jaws  was  set  at 
6  inches  for  all  the  samples,  but  additional  tests  on 
3-inch  lengths  were  made  on  the  small  diameter  wires. 

The  results  of  these  tests  are  given  in  Table  5. 


Wrap  Tests. 

The  British  Engineering  Standards  Association  Speci- 
fication for  hard  drawn  copper  wire  states  that 
"  the  test  sample  shall  be  closely  lapped  six  times 
round  wire  of  its  own  diameter,  unlapped,  and  again 
closely  lapped  round  wire  of  its  own  diameter  in 
the  same  direction  as  the  first  lapping  without 
breaking." 

Tests  were  made  on  these  lines,  but  the  wrapping 
and  unwrapping  was  continued  until  fracture  occurred. 
It  was  found  necessary  to  wrap  on  9  or  12  turns  in  the 
first  wrapping,  and  then  wrap  and  unwrap  6  turns  as 
required  in  the  test,  so  as  to  make  the  unwrapping 
operation  easier  during  the  last  few  turns. 

The  results  of  these  tests  are  given  in  Table  6.  In 
this  table  the  results  are  stated  in  the  following  form — 
the  1st,  3rd,  5th,  etc.,  numbers  represent  the  wrapping 
operation,  the  intermediate  numbers  the  unwrapping 
operation. 

Summary  of  Results. 

The  results  given  in  the  previous  tables  have  been 
summarized   in   Table   7,   average   values    being  given 


in  place  of  the  full  detail  results,  and  the  relative 
conductivity  at  20°  C.  and  the  percentage  of  aluminium 
have  also  been  included. 


II.  MECHANICAL  TESTS   ON    SHORT 
STRANDED    CABLES. 

Details  of  the  stranded  cables  on  which  the  tests 
were  carried  cut  are  given  in  Table  8. 

Determination  of  Breaking  Load. 

Strength  of  constituent  wires  of  the  cables. — To  deter- 
mine the  efficiencies  of  the  cables,  it  was  originally 
intended  to  compare  the  breaking  stress  of  the  cable 

Table  8. 
Stranded  Cables. 


N.P.L.  Mark 

Maker 

Type 

Diameter  of  Cable, 
inches 

AKM4A 

D 

3/151 

0-28 

AKM4B 

D 

7/-151 

0-31 

AKM4C 

D 

19/151 

0-75 

AKM4D 

D 

19/-212 

106 

AKM4E 

D 

37/ -208 

1-44 

AKQ4A 

E 

3/- 151 

0-28 

AKQ4B 

E 

7/- 151 

0-31 

AKQ4C 

E 

19/- 151 

0-75 

AKQ4D 

E 

19/212 

106 

AKQ4E 

E 

37/208 

1-44 

AUD3 

E 

7/- 146 

0-44 

AUD2 

E 

19/- 146 

0-72 

AUDI 

E 

37/ -146 

1-02 

with  the  results  of  the  tests  on  single  wires.  Preliminary 
tests  showed,  however,  that  great  differences  existed 
between  the  stated  and  the  actual  tensile  strengths  of 
the  constituent  wires  of  the  cables.  One  cable  (advised 
as  7-strand  aluminium)  proved  to  have  a  steel  core. 
It  was  also  found  that  up  to  as  much  as  25  per  cent 
difference  in  tensile  strength  existed  between  individual 
wires  of  the  same  cable.  It  was  decided,  therefore, 
to  determine  the  breaking  load  of  all  the  constituent 
wires  of  the  cables. 

Extension  at  fracture. — Gauge  marks,  8  inches  apart, 
were  made  on  the  cable  at  the  commencement  of  the 
tests.  In  many  cases  the  cable'  unstranded  in  the 
vicinity  of  the  fracture  and  it  was  found  impossible 
to  measure  the  extension.  In  the  majority  of  cases, 
corresponding  ends  of  broken  wires  were  misplaced 
and  it  was  extremely  difficult  to  place  the  fractured 
ends  in  their  true  relative  positions.  The  measured 
extensions  are,  therefore,  given  chiefly  for  their  relative 
values.  The  accuracy  of  their  values  cannot  be  relied 
upon. 

Conditions  of  tests.^The  length  of  cable  between 
the  grips  was  14  inches.     The  tests  on  the  cables  were 
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carried  out  as  nearly  as  possible  in  conformity  with 
the  British  Engineering  Standards  Association  Specifica- 
tion for  hard  drawn  copper  wire,  viz.  9/10  of  tlie  breaking 
load  was  appUed  in  5  seconds  and  the  remaining  1/10 
in   5  seconds.     The  latter  condition  was  not  always 


stresses  of  the  short  lengths  of  cables  and  compares 
them  with  the  total  strength  of  their  constituent  wires 
and  also  the  results  of  the  single  wire  tests. 

Column   1  gives  particulars  of  the  cables  and  their 
ultimate  stresses. 


Table  9. 
Tensile  Strength  of  Short  Cables  and  of  Constituent  Wires. 


Maker 

Type 

Cable 

Constituent  Wires 

N.P.L.  Mark 

Cro5s-sectional         Breaking  Load, 
Area,  sq.  in.       >              tons 

Ultimate  stress, 
tons/in.2 

Per  cent 
Extension 
on  8  inches 

BreaS-n^Load,        '''^^^^^-^^ 

AKM4A 
AKM4B 
AKM4C 
AKJM4D 
AKM4E 

AKQ4A 
AK04B 
AKQ4C 
AKQ4D 
AK04E 

D 
D 
D 
D 
D 

E 

E 
E 

E 
E 

3/151 

7/151 

19/151 

19/-212 

37/ -208 

3/151 

7/- 151 
19/151 
19/-212 
37/ -208 

0-0535                0-56 
01254                 1-40 
0-3330  ■             3-55 
0-6607                6-65 
1-241                11-65 

0-0544       i         0-61 
0-1255       '          1-35 
0-3359                3-74 
0-6647                6-48 
1-231                11-2 

10-5 
11-2 
10-7 
10-1 
9-4 

11-2 

10-8 

11-1 

9-8 

9-10 

4 
4 
2 
2 
2 

4 
4 
3 
3 
2 

0-56                  10-5 
1-38                  11-0 
3-71                   111 
6-82                  10-3 
12-6                     10-2 

0-61                   11-2 
1-41                   11-2 
3-96                  11-8 
6-84                   10-3 
12-2                      9-9 

Table  10. 
Tensile  Strength  of  Short  Cables  and  their  Constituent  Wires  and  of  Single  Wires  supplied  separately. 


Column  1 

Column  2 

Column  3 

Column  4 

Column  5 

Column  6 

Tests  on 

Short  Cables 

Tests  on  Single  \\ 

ires  supplied  separately 

Tests  on 

Constituent 

Wires, 

Ultimate 

Stress  of 

Wires  Forming 

Cable, 

tons/in.s 

Efficiency  on 

Constituent 

Wires, 

percent 

Efficiency  on 

Single  Wire, 

Slow  Loading, 

per  cent 

N.P.L. 
Mark 

Maker 

Type 

Ultimate 
Stress  of 

Cable, 
tons/in.2 

Maker 

1 

Diameter, 
in. 

Ultimate  Stress 
ton5/in.2 

Slow        ;       Quick 

Efficiency  on 
Single  Wire, 
Quick  Loading, 
,       per  cent 

AKVI4A 

D 

3/151 

10-5 

10-5 

D 

0-151 

9-6          10-6 

100 

109 

99 

AIOI4B 

D 

7/- 151 

11-2 

11-0 

D 

0-151 

9-6          10-6 

102 

117 

106 

AKM4C 

D 

19/151 

10-7 

11-1 

D 

0-151 

9-6          10-6 

96 

HI 

101 

AK:\I4D 

D 

19/-212 

101 

10-3 

D 

0-212 

8-9            9-5 

98 

113 

106 

AKM4E 

D 

37/ -208 

9-4 

10-2 

D 

0-212 

8-9            9-5 

92 

106 

99 

AKQ4A 

E 

3/151 

11-2 

11-2 

E 

0-151 

10-1          10-9 

100 

111 

103 

AKQ4B 

E 

7/-151 

10-8 

11-2 

E 

0-151 

10-1          10-9 

96 

107 

99 

AKQ4C 

E 

19/151 

11-1 

11-8 

E 

0-151 

10-1          10-9 

94 

110 

102 

AK04D 

E 

19/-212 

9-8 

10-3 

E 

0-212 

9-3            9-6 

95 

105 

102 

AKQ4E 

E 

37/ -208 

9-1 

9-9 

E 

0-212 

9-3            9-6 

92 

98 

95 

fulfilled,  as,  usually,  after  the  apparent  maximum  load 
had  been  appUed  and  the  beam  of  the  testing  machine 
began  to  fall,  the  cable  seemed  to  recover,  and  further 
load  had  to  be  applied.  The  results  of  tests  to 
fracture  on  the  cables  and  constituent  wires  are  given 
in  Table  9. 

Table  10  gives  the  collected  results  of  the  breaking 


Column  2  gives  the  ultimate  stress  of  the  constituent 
wires. 

Column  3  is  a  summary  of  the  single-wire  tests. 
Ths  values  obtained  for  slow  and  quick  loading  are 
inserted. 

Column  4  gives  the  percentage  strength  of  the  cable 
as  compared  with  that  of  the  constituent  wires,  so  that 
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Efficiency  on  constituent  wires,  per  cent 

Ultimate  strength  of  cable  (tons  per  sq.  in.) 

Total  ultimate  strength  of  constituent  wires 

(tons  per  sq.  in.) 


X  100 


used  to  measure  the  strains  which  were  observed  on 
a  length  of  8  inches.  The  primitive  limit  of  propor- 
tionaUty  and  the  modulus,  at  first  loading,  were 
obtained  by  loading  up  in  equal  steps  to  a  point  just 
beyond    the   load    where   the   limit   of   proportionality 


Table  11. 
Limit  oj  Proportionality  and   Young's  Modulus  for  Short  Cables  and  for  Single  Wires  supplied  separately. 


Tests  on  Short  Cables 


Tests  on  Single  Wires  supplied  separately 


N.P.L. 

Maker 
D 

Type 

Cross- 
sectional 
Area, 
sq.  in. 

Primitive  Limit 
of  Proportionality 

Modulus  (jB), 

Ib./in.a 

X  10-« 

Maker 

Diameter, 
in. 

stress  at 
Limit  of 
Proportion- 
ality, 
tons/in. 2 

Modulus  (E), 
lb./in.2  X  10-6 

Mark 

Load, 
tons 

Stress, 
tons/in.2 

1st 

2nd 

3rd 

4th 

5  th 

10th 

Ut 

■2nd 

AKM4A 

3/151 

0-0535 

0-19 

3-6 

5-4 

'7-0 

D 

0-151 

3-3 

9-7 

9-9 

AKM4B 

D 

7/- 151 

0-1254 

0-62 

4-9 

6-9 

9-0 

— 

— 

— ■ 

— 

D 

0-151 

3-3 

9-7 

9-9 

AKM4C 

D 

19/- 151 

0-3330 

0-65 

2-0 

4-8 

6-2 

6-2 

6-2 

6-2 

6-2 

D 

0-151 

3-3 

9-7 

9-9 

AKM4D 

D 

19/-212 

0-6607 

3-20 

4-8 

5-4 

8-3 

7-8 

7-9 

7-9 

7-9 

D 

0-212 

3-6 

9-9 

9-9 

AKM4E 

D 

37/ -208 

1-241 

4-5 

3-6 

2-6 

5-6 

6-9 

7-0 

7-1 

71 

D 

0-212 

3-6 

9-9 

9-9 

AKQ4A 

E 

.3/151 

0-0544 

0-16 

2-9 

7-3 

7-9 





. . 



E 

0-151 

2-8 

9-7 

9-9 

AKQ4B 

E 

7/151 

0-1255 

0-37 

3-0 

6-7 

8-7 

— ■ 

— ■ 

— 

— 

E 

0-151 

2-8 

9-7 

9-9 

AKQ4C 

E 

19/151 

0-3359 

0-85 

2-5 

5-2 

8-3 

8-8 

8-8 

8-8 

8-9 

E 

0-151 

2-8 

9-7 

9-9 

AKQ4D 

E 

19/-212 

0-6647 

2-0 

30 

3-8 

5-5 

6-0 

7-5 

7-3 

7-3 

E 

0-212 

2-6 

9-6 

9-7 

AKQ4E 

" 

37/- 208 

1-231 

3-0 

2-4 

2-4 

6-6 

6-9 

7-0 

71 

7-1 

E 

0-212 

2-6 

9-6 

9-7 

Columns  5  and  6  give  the  percentage  strength  of  the 
cable  as  compared  with  the  results  obtained  on  the 
single  wire  tests. 


0-15  0-ZO  0-15 

Lodd,  tons 


0-35 


Fig.  3.  — Typicil  Load-extension  Curves  of  Sm.iU  Short 
Stranded  Cables  (3/- 151). 


Efficiency  on  single  wire,  per  cent 

_  Ultimate  strength  of  cable  (tons  per  sq.  in.) 
Ultimate  strength  of  single  wire  (tons 
per  sq.  in.) 


X  100 


Determination   of   the   Limit   of   1'koportionality 
AND  Modulus. 

The  length  of  cable  under  test  between  the  edges  of 
the  grips,  was  14  inches.     A  Ewing  extensometer  was 


was  observed.  The  load  was  then  removed  and  a 
second  modulus  obtained  by  loading  up  again  to  the 
same  poitit. 

It  will  be  noted  that  the  strains  thus  obtained  were 
those  due  to  the  outside  wires  only  while  the  corre- 
sponding  stresses   were   calculated   for   th3   total   area 
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Fig.  4. — Typical  Lond-e.\tension  Curves  of  Large  Short 
Stranded  Cables  (19/-212). 

of  the  cable  under  test.  After  a  niunber  of  cables 
had  been  tested,  a  comparison  of  the  results  obtained 
with  those  of  the  single  wire  tests  showed  great  differ- 
ences. In  nearly  every  case  the  limit  of  proportionality 
and  the  value  of  Young's  Modulus  obtained  for  the 
cable  were  much  higher  and  lower  respectively  than 
those  obtained  for  the  single  wires.  At  the  same 
time  the  regularity  of  the  plotted  points  shows  that 
the  results  obtained  arc  the  true  strains  for  the  outside 
wires  and  indicates  that  the  stress  distribution  across 
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Table  12. 
Limit  of  Proportionality  and  Young's  Modulus  for  \QQ-yard  Lengths  of  Cables. 


N.P.L.  mark 

AKM4B 

AKM4C 

AKM4E 

AUD3 

AUD2 

AUDI 

Maker    . . 

D 

D 

D 

E 

E 

E 

Type 

7/- 151 

19/-151 

37/ -208 

7/- 146 

19/- 146 

37/- 146 

Area,  square  inches  . . 

0  1254 

0-333 

1-241 

0-114 

0-314 

0-611 

Load  at  limit  of  proportionality,  tons     . . 

0-36 

0-73 

— 

0-476 

113 

— 

Stress  at  limit  of  proportionality,  tons  per  sq.  inch 

2-85 

2-2 

— 

4-18 

3-6 

— 

Modulus  (E),  lb.  per  square  inch  X  10-^: — 

1st  loading 

9-2 

8-2 

7-2 

8-9 

7-3 

8-4 

2nd        „                

9-2 

91 

8-0 

9-8 

9-2 

9-0 

3rd         „                

9-0 

8-8 

8-3 

9-8 

9-8 

9-5 

4th        ,,                

9-2 

9-6 

8-6 

9-6 

9-3 

9-6 

5th         ,,                

90 

9-6 

90 

9-6 

9-4 

9-6 

Temperature  during  test,  °  C. 

IH 

9 

9 

9 

10 

5 

Tests  on  single  wires  supplied  separately  for  comparison. 

Maker 

D 

D 

D     ■ 
0-212 

• 

Diameter,  inch 

0151 

0-151 

No  tests  have  been  made 

Stress  at  limit  of  proportionality,  tons  per  sq.  inch 

3-3 

3-3 

3-6     1 

on  the  constituent  wires  on 

Modulus  {E),  lb.  per  square  inch  x  10-®  : — 
1st  loading 

9-7 

9-7 

9-9 

short  lengths  of  these  cables 

2nd        „               

9-9 

9-9 

9-9    J 

the  cable  is  not  uniform.  It  was  thought  that  if  the 
loading  were  repeated  a  sufficient  number  of  times, 
the  value  obtained  for  the  modulus  would,  perhaps, 
tend  to  approach  the  true  value  for  the  material  of 
which  the  cable  was  composed.  Accordingly  for  the 
remainder  of  the  cables  the  modulus  was  determined 
for  the  first,  second,  third,  fourth,  fifth  and  tenth 
loadings.  The  results  show  that  the  modulus  under 
successive  loadings  tended  to  approach  a  limiting 
maximum  value,  but  in  the  majority  of  cables  tested 
this  limiting  value  was  much  below  the  true  value  of 
the  material  of  which  the  cable  was  composed. 

The  results  of  the  tests  on  long  lengths  of  cable 
reveal  some  interesting  facts  on  this  point  and  seem 
to  indicate  that  the  value  of  the  limit  of  proportionality 
and  modulus  obtained  by  tensile  tests  on  short  lengths 
of  cables,  are  unreliable  and  inaccurate. 

Results. — Table  11  gives  the  values  obtained  on 
short  lengths  of  cable  for  the  limit  of  proportionality 
and  Young's  Modulus  under  successive  loadings.  The 
results  of  similar  tests  on  the  single  wires  supplied 
separately   are  included  for  purposes  of  comparison. 

Representative  load-extension  curves  obtained  are 
shown  on  Figs.  3  and  4. 


III.  IMECHAXICAL  TESTS  ON  LONG  STRANDED 
CABLES. 

Details   of  the  stranded   cables   on   which   the  tests 

were  carried  out  are  given  in  Table   8  in  Section  II. 

The  test  required  was  the  determination  of  Young's 


Modulus    (E)    under  tensile   loading   emplojdng   a  test 
length  of  100  yards. 

In  the  first  instance  three  cables  were  selected  for 
the  tests  on  the  100-yard  lengths.     On  the  completion 
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Fig.  5. — Typical  Load-extension  Curves  of  100-yard  Lengths 
of  Cables  (19/-144). 

of  these   tests   three   further  cables   were   tested   in   a 
similar  manner. 

The  tests  were  carried  out  as  described  in  Technical 
Report  upon  Tests  on  Hard  Drawn  Copper  Wires  and 
Cables  for  Overhead  Transmission  Lines,  Ref.  F/T5. 
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Table  13. 
Alteration  of  Modulus  of  100-yard  Lengths  of  Cables  by  Repeated  Loadings. 


N.P.L.  Mark 

Maker 

TjTe  of  Cable 

Modulus  of  Elastic 

ty,  lb.  per  sq.  in. 

Ratio-W ,  per  cent 

Percentage  of 

Breaking  Load 

applied 

A 
1st  Loading 

B 
5th  Loading 

AKM4 

D 

7/- 151 

9-2   X    106 

9-2  X  106 

100 

32 

AKiM4 

D 

19/151 

8-2  X  106 

9-6  X  106 

85 

32 

AKM4 

D 

37/ -208 

7-2  X   106 

9-0  X   106 

80 

32 

AUD3 

E 

7/ -146 

8-9  X   106 

9-6  X   106 

93 

— 

AUD2 

E 

19/146 

7-3  X   106 

9-4  X   106 

78 

— 

AUDI 

E 

37/- 146 

8-4  X   106 

9-6  X   106 

87 

— 

Table  14. 

Pitch  and  Lay  of  Constituent  Wires  of  lOO-yavd  Lengths  of  Cables. 


Column  1 

Column  2 

Column  3 

Column  4 

llaker 

Type  of 
Cable 

Measured  Pitch  Diameter,  in. 

Measured  Pitch  of  Wires,  in. 

Lay  of  Wires 

N.P.L,  Mark 

a 

* 

e 

A 

B 

c 

a 

S 

b' 

c 

c 

Aiai4B 

D 

7/151 

0-304 

ejR 

201  R 

ak:m4C 

D 

19/-151 

0-599 

0-299 

— 

81  R 

10  L 

— 

14    R 

33iL 

— 

AKM4E 

D 

37/ -208 

1-242 

0-817 

0-417 

19    R 

19  L 

8R 

151  R 

23iL 

19    R 

AUD3 

E 

7/- 144 

0-291 



6    L 



— 

20JL 

. 

AUD2 

E 

19/144 

0-586 

0-291 

9    R 

6    L 

— 

151  R 

20|L 

— 

AUDI 

E 

37/- 144 

0-881 

0-581 

0-291 

lllL 

8|R 

6L 

13    L 

14|R 

20JL 

Table  15. 

Conductivity  Tests  on  Single  Wires  supplied  separately. 


Resistivity  at  20°  C. 
Microhms  for  a  Centimetre  Cube 

Percentage  Relative  Conductivity  at  20^ 

C.  compared  with  .\nnealed  Copper  of 

Maker 

Nominal  Diameter 
of  Wire,  inch 

Hard 

After  Annealing 

Equal  Mass 

Equal  Volume 

Hard 

After  AnneaUng 

Hard 

After  Annealing 

'0-133 

3-OO1 

*3-096 

188-5 

*182-7 

57-4 

*55-8 

0-151 

2-985 

2-9O4 

189-5 

194-8 

57-8 

59-4 

D 

J 

0-167 

3-026 

3-00., 

187-0 

188-4 

57-0 

57-5 

0-187 

3-026 

2-977 

187-0 

190-0 

57-0 

58-0 

Lo-212 

3-02i 

2-959 

187-3 

191-2 
tl91-l 

57-1 

58-4 

Mean 

3-OI0 

t2-96o 

187-9 

57-3 

t58-3 

ro-133 

2-798 

2-777 

202-2 

203  -  7 

61-6 

62-1 

0151 

2-79, 

2-763 

202-5 

204-8 

61-7 

62-4 

E 

< 

0-167 

2-789 

2-71o 

202-8 

208-7 

61-8 

63-7 

0-187 

2-773 

2-744 

204-0 

206-2 

62-2 

62-9 

0-212 

2-773 

2-698 

204-0 

209-7 

62-2 

640 

Mean 

2-786 

2-73^ 

203-1 

206-6 

61-9 

63-0 

•  This  wire  was  apparently  overheated  in  annealing  and  the  result  is,  therefore,  not  reliable. 

t  In  computing  the  mean  the  first  value  has  been   discarded. 
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The  results  of  the  tests  are  given  in  Table  12.  For 
purposes  of  comparison,  the  limit  of  proportionality 
and  modulus  obtained  from  the  tests  on  single  wires 
are  included. 

There  was  a  kink  in  cable  AUDI,  and  to  remove  it 
a  preliminary  stress  of  4-6  tons  per  square  inch  was 
applied  to  the  cable  for  two  days.  On  subsequent 
loading,  a  limit  of  proportionaUty  appeared  at  this 
stress.  The  primitive  limit  of  proportionality  was, 
therefore,  either  at  or  below  this  value  (4  ■  6  tons  per 
square  inch). 

A  typical  load-extension  diagram  is  shown  in  Fig.  5. 

To  ascertain  the  amount  of  increase  of  the  modulus 


Column  1  gives  particulars  of  the  cable. 

Column  2  gives  the  mean  diameters  of  the  layers 
of  constituent  wires  ;  a,  b,  c  referring  to  the  layers 
commencing  from  the  outside. 

Column  3  ^  gives  the  measured  pitch  of  the 
strands 

Column  4  gives  the  calculated  lay  where 


lay  ■■ 


measured  pitch 


mean  diameter  of  layer  of  wires 


Note. — The   suffixes    R   and    L   refer   to   right-hand 
and  left-hand  winding  respectively. 


Table   16. 
Conductivity  Tests  on  Constituent  Wires  oj  Cables. 


N.P.L.  Mark 

Maker 

Type 

Position  in  Cable 
of  Wire 

N.P.L.  Mark  for 
Wire 

Resistivity  at  20°  C. 
Microhms  for  a 
Centimetre  Cube 

Percentage  Relative  Conductivity 

at  20°  C.  compared  with  Annealed 

Copper  ot 

, 

Equal  Mass 

Equal  Volume 

r      Core 
<.  2nd  layer 
L  3rd  layer 

AUDla 

2-839 

199  3 

60-7 

AUDI 

E 

37/146 

AUD16 

2-845 

198-8        [       60-6 

AUDlc 

2-823 

200-4        1       61   1 

r      Core 

AUD2a 

2-842 

199-1        !       60-7 

AUD2 

E 

19/146 

J   1st  layer 

AUD26 

2-83i 

199-8        1       60-9 

I  2nd  layer 

AUD2C 

2-836 

199-5        1       GO-8 

.      Core 
J   1st  layer 
1^  1st  layer 

AUD3a 

2-839 

199-3              60-7 

AUD3 

E 

7/ -146 

AUD36 

2-83o 

199-9              60-9 

AUD3c 

2-836 

199-5        i       60-8 

i 

Table   17. 
Chemical  Analyses  of  Single  Wires  supplied  separately  (see  Table  1a). 


Nominal  Diameter  '    ci-  ^    i      t 

of  Wire  inch  Silicon,  per  cent   1     Iron,  per  cent 

i  '  { 


N.P.L.  .Mark 


MO  186 
MO  187 
M0188 
MO  189 


D 
D 
E 
E 


0-151 
0-212 
0151 
0-212 


0-44 
0-43 
0-18 
0-17 


0-45 
0-43 
0-15 
0-14 


Copper 

trace 
trace 
trace 
trace 


Aluminium,  per  cent 
(by  difierence) 


99-11 
99-14 
99-67 
99-69 


of  elasticity  due  to  repeated  loadings,  the  loading  of 
the  cables  was  carried  out  five  times,  and  the  modulus 
of  elasticity  obtained  for  each  loading.  In  most  cases 
the  load  applied  during  the  second  and  subsequent 
loadings  was  above  the  primitive  limit  of  proportionality. 
The  effect  of  repeated  loading  is  seen  from  the  results 
given  in  Table  13. 

IV.  PITCH  AND  LAY  OF  CONSTITUENT  WIRES 
OF   LONG   STRANDED    CABLES. 
The  data  given  in  Table  14  refers  to  the  long  stranded 
cables     on     which     the     tensile     tests     were     carried 
out : — 


V.  CONDUCTIVITY    TESTS    ON    SINGLE    WIRES. 

Single  wires  supplied  separately  by  Makers  D  and  E 
were  tested  both  in  the  condition  in  which  they  were 
received  and  also  after  they  had  been  annealed. 

The  values  are  given  in  terms  of  the  International 
Standard  of  Resistance  for  Annealed  Copper,  the 
standard  value  for  a  wire,  1  metre  in  length,  and 
weighing  1  gramme,  being  0-1533  ohm  at  20°  C. 

The  results  of  the  tests  are  given  in  Table  15. 

Conductivity  tests   were   also   carried   out   on   wires 

taken  from  the  second  set  of  aluminium  cables  supplied 

i   by  Maker  E.     Three  wires  were  taken  from  each  cable. 
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Table  16  gives  the  results  obtained  together  with 
the  position  in  the  cable  of  the  wires  tested.  The 
layers  of  wires  are  numbered  from  the  core  outwards. 

The  density  of  the  aluminium  was  assumed  to  be 
2-71.     The  wires  were  tested  as  received. 

VI.  CHEMICAL  ANALYSES  OF  SINGLE  WIRES 
SUPPLIED    SEPARATELY. 

Four  samples  of  single  wire  were  submitted  to 
chemical  analyses  and  the  results  are  given  in  Table  17. 


APPENDIX. 

A   Note  on   the   Resistance  Measurement   of 
Aluminium  Wire. 

An  International  Standard  of  resistance  for  alu- 
minium has  not  yet  been  defined. 

Wliilst  the  recognized  method  of  expression  of 
resistivity  is  in  microhms  for  a  centimetre  cube,  the 
resistivity  or  conductivity  of  aluminium  is  frequently 
expressed  for  convenience  in  terms  of  standard 
annealed  copper.  The  International  Standard  of 
lesistance  for  annealed  copp?r  is  expressed  either  as 
0-15328  ohm  for  a  metre-gramme,  or  as  1-7241 
microhms  for  a  centimetre  cube.  These  two  methods 
of  expressing  the  standard  only  agree  if  the  specific 
gravity  is  8-89. 

Whilst  the  volume  resistivity  is  the  most  useful 
practical  unit,  in  actual  measurement,  the  mass 
resistivity  is  usually  determined  owing  to  the  greater 
accuracy  of  weighing.  The  conversion  of  the  one 
into  the  other  is  effected  by  assuming  that  the  specific 
gravity  of  copper  is  8  -  89,  and  though  small  variations 
in  the  specific  gravity  may  occur  with  different 
samples,  the  universal  acceptance  of  this  procedure 
results  in  the  attainment  of  identical  values  for  the 
same  sample,  however  and  wherever  the  tests  are  made. 

In  the  case  of  aluminium  there  is  no  internationally 
accepted  \alue  for  specific  gravity,  and  the  conversion 
of  measured  values  of  mass  resistivity  into  volume 
resistivity  will  give  different  results,  according  to 
the  figure  assumed  for  specific  gravity.  Any  specific- 
ation of  aluminium  resistance  unless  expressed  in 
ohms  for  a  metre-gramme  should,  therefore,  state  the 
valu3  of  the  specific  gravity  to  be  taken  for  conversion. 

Various  types  of  apparatus  such  as  the  Kelvin 
Double  Bridge  and  Potentiometer  are  available  for 
the  measurement  of  resistance.  In  making  such 
measurements,  however,  cjrtain  precautions  are  neces- 
sary to  ensure  accuracy  : — 

(1)  The    arrangement    of    the    apparatus    should    be 

such  that  the  resistance  of  the  contacts  at 
the  sample  will  not  affect  the  values. 

(2)  The   current   connections   should   be   such   as   to 

minimize  distortion  of  stream  lines.  In 
general,  the  potential  points  should  be  taken 
off  at  positions  at  distances  from  the  main 
current  connections  of  not  less  than  three 
times  the  width  of  the  strip,  or  the  diameter 
of  the  wire. 


(3)  The    testing    current    should    be    small    so    that 

the  temperature  of  the  sample  will  not 
be  raised  so  as  to  alter  the  resistance 
appreciably. 

(4)  To   ehroinate  the  effect  of  thermal  E.M.F.   two 

sets  of  readings  with  the  current  flowing  in 
opposite  directions  should  be  taken.  The 
mean  of  the  two  results  should  be  taken. 

(5)  To  ensure  true  determination  of  the  temperature, 

either  the  apparatus  should  be  so  arranged 
that  the  specimen,  including  the  current  and 
potential  contacts,  is  immersed  in  oil,  or  the 
specimens  should  be  left  for  some  hours  in 
the  test  room  previous  to  testing,  and,  during 
the  tests,  be  protected  from  draughts. 

Of  the  various  types  of  apparatus,  the  Kelvin  Double 
Bridge,  which  measures  the  resistance  of  the  sample 
directiv  in  terms  of  an  invariabl2  resistance  is  pro- 
bably the  most  accurate  and  convenient,  although 
when  the  apparatus  is  necessarily  at  a  distance  from 
the  sample  a  potentiometer  may  be  more  suitable. 

For  commercial  testing,  the  specimen  is  sometimes 
compared  with  a  "  standard  copper  bar  "  which  maj-, 
or  mav  not,  be  exactly  in  accordance  with  the  Inter- 
national Standard  for  copper.  Such  a  method  is 
probably  convenient  and  suitable  for  testing  samples 
of  copper  having  nearly  the  same  characteristics  as 
the  "  standard  copper  bar,"  but  it  is  not  satisfactory 
for  testing  a  sample  of  which  the  specific  gravity  and 
temperature  coefficient  are  appreciably  different  from 
those  of  the  "  standard  copper  bar."  In  the  case  of 
the  comparison  between  copper  and  aluminium,  the 
difference  between  the  specific  gravities  of  the  two 
metals  is  very  large,  and  unless  a  correction  be  applied 
the  results  of  the  test  will  be  inaccurate.  Moreover, 
a  further  correction  is  necessary  owing  to  the  differ- 
ence in  the  temperature  coefficient  of  the  two  metals. 
The  absence  of  an  International  Standard  for  alu- 
minium renders  this  type  of  apparatus  unsuitable  for 
the  satisfactory  comparison  of  copper  and  aluminium, 
as  the  corrections  applied  by  one  observer  may  differ 
from  those  used  by  another,  and  the  results  of  the  two 
tests  will,  therefore,  not  be  comparable. 

The  best  method  of  dealing  with  aluminium  is  by 
measurement  of  the  actual  resistance  of  the  specimen, 
and  by  the  use  of  appropriate  corrections  for  specific 
gravity  and  temperature  in  obtaining  the  resistivity. 

The  temperature  coefficient  for  aluminium  is  not 
greatly  different  from  that  for  copper,  but  no  value 
has  yet  been  adopted  as  an  International  Standard. 
Hence,  unless  resistance  measurements  are  made  at 
exactly  20°  C,  a  source  of  error  is  introduced,  which 
may  lead  to  discrepancies  in  results  obtained  b)'^ 
different  experimenters  at  different  times. 

The  growing  importance  of  aluminium  as  an  electrical 
conductor  makes  the  evolution  of  standard  values  for 
resistivity,  specific  gravity  and  temperature  coefficient 
verv  desiraljle,  and  coincidence  between  conducti\-ity 
values  obtained  by  different  experimenters  cannot  be 
looked  for  until  such  standards  are  internationally 
adopted. 
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the  efficiency  of  the  cables  a  comparison  was  therefore 
made  also  with  tests  on  single  wires  taken  from  the 
individual  cables  (see  Table  10). 

Range  of  Samples  Tested. 
Tests  were  carried  out  on  single  wires  of  diameters 
ranging    from    0-064    inch    to    0-160    inch,    and     on 
stranded  cables  of  4,   7  and   19  wires,  respectively,   of 
the  above  diameters. 

(a)  Single  wires  supplied  separately  (see  Table  1a). 

Tests  were  carried  out  on  short  lengths  (10  inches). 
The  tests  on  samples  cut  from  the  same  coil  are  fairly 
consistent.  Large  variations  of  breaking  stress  are 
shown,  however,  between  wires  of  different  diameters. 

Table  1a. 
Single  Wires  supplied  separately. 
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Introduction. 

This  report  deals  with  the  results  of  the  tests  carried 
out  at  the  National  Physical  Laboratory  on  galvanized 
steel  wires  and  cables,  both  short  and  long  lengths. 
The  methods  employed  were  similar  to  those  adopted 
in  the  tests  on  hard  drawn  copper  wires  and  cables 
which  are  described  in  Technical  Report  Ref.  F/T5.* 

Scope  of  Investigation. 

The  physical  properties  and  tests  to  which  special 
attention  was  directed  were  as  follows  : — 

Ultimate  tensile  strength. 
Extension  on  fracture. 
Limit  of  proportionaUty. 
Modulus  of  elasticity. 
Twist  and  wrap  tests. 

Material  under  Test. 

The  material  on  which  the  tests,  dealt  with  in  this 

report,  were  carried  out  consisted  of  galvanized  steel 

wires  and  cables  as  furnished  for  stays  and  supports 

for    overhead    line    construction. f       Single    wires    (see 

Table  1a)  were  obtained  at  the  same  time  as  the  cables 

(see  Table  1b)  and  purported  to  be  of  the  same  material. 

This  was   not   borne  out  in   one   or  two   instances   by 

the  results  obtained.     For  the  purpose  of  determining 

•  See  yoiirniil  I.E.E..  1923.  vol.  61,  p.  997. 

t  The  wires  and  cables  referred  to  in  this  Report  are  not 
intended  for  use  as  conductors. 


N.P.L.  Mark 

Maker 

Nominal  Diameter  of 
Wire,  inch 

strength  stated  by 

Makers,  tons  per 

square  inch 

-0-080 

30 

0 

128 

30 

0 

160 

30 

0 

080 

40 

AKR 

F 

" 

0 

128 

40 

0 

160 

40 

0 

064 

60 

0 

080 

60 

LO 

128 

60 

-0 

080 

30 

0 

128 

30 

0 

160 

30 

0 

080 

40 

AKS 

G 

c 

0 

128 

40 

0 

160 

40 

0 

064 

f-0 

0 

080 

60 

.  0128 

60 

There  is  also  a  wide  variation  between  the  samples  of 
each  maker,  though  declared  to  be  of  the  same  quality, 
viz.  30,  40  or  60  tons  quality. 

(6)  Stranded  cables  (see  Table  1b). 

It  would  appear  for  reasons  stated  in  Technical 
Report  on  Hard  Drawn  Copper  Wires  and  Cables  for 
Overhead  Transmission  Lines,  Ref.  F/T5,  that  tests  on 
short  lengths  of  cable  are  unreliable  and  inaccurate, 
except   in   so   far   as   they    refer   to    ultimate   strength. 
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The  results  show  that  material  different  from  that 
submitted  for  single-wire  tests  was  used  for  the  cables 
submitted.  Several  samples  showed  a  strength  as  a 
cable  greater  than  the  sum  of  the  strengths  of  the 
constituent  wires. 

In  view  of  the  discrepancies  mentioned  above  only 
those  cables  showing  consistent  results  in  the  single 
wire  tests  and  short  length  cable  tests  were  selected 
for  tests  on  long  lengths.  Thus  only  4  cables  were 
tested  in  long  lengths  (100  yards),  and  although  these 
gave  similar  results  to  the  copper  cables,  viz.  an 
increasing  value  of  modulus  on  repeated  loadings,  the 

Table  1b. 
Stranded  Cables. 


strength  stated  ,by 

N.P.L.  Mark 

Maker 

Type 

Makers,  tons  per 
square  inch 

AKR4A 

F 

7/080 

30 

AKR4B 

F 

7/- 128 

30 

AKR4C 

F 

4/- 160 

30 

AKR4D 

F 

7/- 160 

30 

AKR4E 

F 

19/- 160 

30 

AKR4F 

F 

7/ -080 

40 

AKR4G 

F 

7/- 128 

40 

AKR4H 

F 

4/160 

40 

AKR4I 

F 

7/- 160 

40 

AKR4J 

F 

19/160 

40 

AKR4K 

F 

7/064 

60 

AKR4L 

F 

7/ -080 

60 

AKR4M 

F 

7/- 128 

60 

AKS4A 

G 

7/ -080 

30 

AKS4B 

G 

7/- 128 

30 

AKS4C 

G 

4/- 160 

30 

AKS4D 

G 

7/160 

30 

AKS4E 

G 

19/160 

30 

AKS4F 

G 

7/ -080 

40 

AKS4G 

G 

7/128 

40 

AKS4H 

G 

4/160 

40 

AKS4I 

G 

7/- 160 

40 

AKS4J 

G 

19/160 

40 

AKS4K 

G 

7/064 

60 

AKS4L 

G 

7/080 

60 

AKS4M 

G 

7/- 128 

60 

information  is  too  slender  from  which  to  draw  general 
conclusions. 

Ultimate  Tensile  Strength. 
Large   variations   of   ultimate  tensile  strength   were 
found,    and    no   definite  values  can   be  recommended. 
The  results  obtained  by  the  tests  are  different  from  the 
declared  strengths. 


The  variation  with  diameter  is  irregular  and  in- 
definite. 

The  cable  strength  was  in  some  cases  found  to  be 
less  than,  and  in  other  cases  greater  than,  the  sum  of 
the  strengths  of  the  individual  wires.  No  reliable 
estimate  of  this  ratio  can  be  given. 

The  average  efficiency  of  the  26  cables  tested  was 
99  per  cent,  the  lowest  value  being  94  per  cent  and  the 
highest  107  per  cent. 

Extension  on  Fracture. 

No  definite  relation  was  observed  between  extension 
and  breaking  stress  as  in  the  case  of  copper. 

If  the  values  of  ultimate  stress  and  extension  be 
grouped  and  averaged,  it  is  found  that  in  general  the 
greater  the  extension  the  less  is  the  ultimate  stress. 

Limit  of  Proportionality. 
The  values  of  the  primitive  limit  of  proportionality 
are  relatively  unimportant,  as  these  alter  with  succes- 
sive loadings.  Higher  values  maj'  be  expected  with 
the  increasing  values  of  the  modulus  obtained  on 
repeated  loadings,  but  these  are  not  given. 

Modulus  of  Elasticity. 

A  fair  value  appears  to  be  28-5  X  10^  lb.  per  square 
inch,  as  this  is  the  figure  which  is  approached  after 
repeated  loadings  of  the  long  cables. 

A  practical  point  arises  from  the  fact  that  the  true 
modulus  of  the  material  is  higher  than  the  value 
obtained  on  the  first  loading.  In  traction  and  trans- 
mission line  work  it  has  been  suggested  that  it  would 
be  desirable  if  the  wires  and  cables  could  have  the 
true  value  of  the  modulus  when  first  erected.  If  the 
repeated  loadings  were  applied  in  the  wire-maker's 
works  before  coiling  on  to  drums,  uncertainty  would 
exist  as  to  the  effect  of  coiling  and  uncoiling  on  the 
final  value  of  the  modulus  when  the  wire  was  strung 
up  on  site.  Further  elongation  tests  would  be  necessary 
to  ascertain  whether  the  coiling  and  uncoiling  reduced 
the  modulus  from  the  true  value.* 

Twist  and  Wrap  Tests. 

In  general,  a  wire  withstanding  a  large  number  of 
twists  or  wraps  has  a  large  extension,  but  the  tests 
cannot  be  considered  an  indication  of  the  quaUty  of  the 
wire  as  regards  tensile  strength. 

It  should  be  borne  in  mind,  however,  that  twist 
and  wrap  tests  can  be  carried  out  so  easily  that  wire- 
makers  prefer  these  tests  to  extension  tests. 

General  Conclusions. 

The  results  of  the  tests  show  no  close  agreement 
such  as  was  found  in  the  tests  on  hard  drawn  copper. 

This  may  be  accounted  for  by  reference  to  the  known 
complexity  of  the  structure  of  steel. 

A  complete  specification  of  the  material  would  call 
for  a  declaration  of  chemical  composition  and  of  the 
method  of  manufacture. 

*  The  wire-makers  on  the  Sub-Committee  have  sLited  that  it 
would  be  impracticable  to  carry  out  the  repeated  loadings  at  the 
manufacturer's  works. 
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For  the  purposes  of  overhead  line  construction  the 
specification  of  breaking  stress  and  extension  at  fracture 
maj-  be  sufficient,  provided  that  the  factor  of  safety- 
is  greater  than  that  adopted  for  materials  of  less  variable 
nature. 

The  effect  of  galvanizing  on  ultimate  strength  and 
on  the  behaviour  under  twist  and  wrap  tests  should 
be  studied,  as  some  part  of  the  variations  noted  may 
be  a  consequence  of   this  treatment. 


RESULTS    OF   TESTS. 

Details  of  the  methods  of  test  are  given  in  Technical 
Report  upon  Tests  on  Hard  Drawn  Copper  Wires  and 
Cables  for  Overhead  Transmission  Lines,  Ref.  F/T5.* 
The  results  of  the  tests  at  the  N.P.L.  on  galvanized 
steel  wires  and  cables  are  given  on  the  following  pages. 


I.  MECHANICAL   TESTS   ON    SINGLE   WIRES 
SUPPLIED   SEPARATELY. 

The  samples  of  single  wire  were  supplied  in  the  form 
of  coils,  the  dimensions  of  which  are  given  in  Table  2. 

Deter.mination  of  Breaking  Load. 

The  load  was  applied  slowly,  the  time  of  application 
being  from  one  to  three  minutes,  depending  on  the 
extension  of  the  sample  under  test.  The  temperature 
of  the  air  was  appro.ximately  22°  C.  in  each  case. 

»  The  original  Report  was  accompanied  by  drawings  showing 
the  apparatus  used.     These  can  be  inspected  at  the  E.R.A.  office. 


The  results  of  the  tensile  tests,  in  general,  on  three 
samples  of  each  wire  are  given  in  Table  3.  All  the 
specimens  from  each  coil  were  cut  from  the  sample  end, 
and  were  not  straightened  before  test. 

Table  2. 
Dimensions  of  Coils  of  Single  Wire  as  supplied. 


N.P.L.  Mark 


,AKR 


AKS 


Maker  and 

Nominal 

S  trench, 

tons  per 

sq.  in. 


Xoininal  Di- 
ameter of  Wire, 
ioch 


rF30 

0- 

F  30 

0- 

F30 

0- 

1  F40 

0- 

<j  F40 

0- 

F  40 

0- 

F60 

0- 

F60 

0- 

If  60 

0- 

rG  30 

0- 

G  30 

0- 

G  30 

0- 

G  40 

0- 

<^  G  40 

0- 

G  40 

0- 

G  60 

0- 

G  60 

0- 

LG  60 

0- 

-080 
-128 
-160 
-080 
-128 
-160 
-064 
-080 
-128 
-080 
-128 
-160 
-080 
-128 
-160 
-064 
-080 
-128 


Diameter  of  Coil  as  received 


Internal, 
inches 


21-0 
22-5 
28-5 
20-5 
23-0 
28-5 
16-0 
17-0 
29-0 
20-0 
21-5 
21-0 
20-0 
19-5 
20-5 
20-0 
20-5 
20-5 


External, 
inches 


23  0 
25-5 
32-0 
23-0 
26-5 
32-0 
18-0 
19-0 
31-5 
22-5 
26-5 
25-5 
22  0 
23-0 


24 
21- 
22- 


24-0 


Table  3. 
Tensile  Strength  and  Extension  of  Single  Wires  supplied  separately  (see  Table  1a). 


Sample 

N.P.L.  Mark 

Maker 

Diameter  of 
Wire,  inch 

Cross-sectional 

Area  of  Wire, 

sq.  in. 

Yield  Load, 
tons 

Yield  Stress 

tons  per 

sq.  in. 

Breaking  Load, 
tons 

1    Ultimate 
Stress, 
tons  per 
sq.  in. 

Extension  on 

10  in. 

2;n. 

30  tons 

AKRIA 

f 

0-0815 

0-00522 

rO-128 
■\  0-126 

24-5 
24-1 

0-1490 
0-1475 

28-5 
28-2 

in. 

1-62 
1-46 

in. 
0-41 
0-36 

U-126 

24-1 

0-1480 

28-3 

1-83 

0-50 

30  tons 

AKRIB 

F 

0-127 

0-01266 

rO-283 
<J  0-286 

92-3 
22-6 

0-357 
0  -  359 

28-2 
28-4 

1-96 
1-89 

0-57 
0-51 

1-0-286 

22-6 

0-3575 

28-3 

1-80 

0-47 

30  tons 

AKRIC 

F 

0-162 

0-02061 

ro-607 
■\  0-636 

29-5 
30-9 

0-738 
0-726 

35-8 
35-3 

0-99 

0-88 

0-34 
0-33 

•-0-635 

30-8 

0-7385 

35-8 

1-04 

0-31 

40  tons 

AKRID 

F 

0-080 

0.00503 

(-0-2515 
<  0-2510 

50-0 
49-8 

0-2515 
0-2510 

50-0 
49-8 

0-07 
0-06 

006 
0-05 

U-2450 

48-7 

0-2450 

48-7 

0-08 

0-06 

40  tons 

AKRIE 

F 

0-1285 

0-01296 

rO.587 
■|  0-576 

45-3 
44-5 

0-614 
0-616 

47-4 
47-6 

0-77 
0-82 

0-22 
0-22 

I0-573 

44-3 

0-601 

46-4 

0-76 

0-24 

40  tons 

AKRIF 

F 

0-160 

0-0201 

(-1-036 
<  1-043 
ll-0415 

51-5 
51-9 

1-093 

1-092 

54-4 
54-3 

0-54 
0-57 

0-18 
0-16 

51-8 

1-094 

54-4 

0-57 

0-18 
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Table  3 — Continued. 
Tensile  Strength  and  Extension  of  Single  Wires  supplied  separately — continued. 


N.P.L.  Mark 

Maker 

Diameter  of 
Wire,  inch 

Cross-sectional 

Area  of  Wire, 

sq.  in. 

Yield  Load, 

Yield  Stress, 
tons  per 

Breaking  Load, 

Ultimate 
Stress, 

Extension  on 

Sample 

ton 

sq.  in. 

ton 

tons  per 
sq.  in. 

10  in. 

2  in. 

' 

rO-187 

58 

1 

0-219 

68-0 

in. 

0-47 

in. 

0-13 

60  tons 

AKRIG 

F 

0-064 

0-00322 

lo 

190 
190 

59 
59 

0 
0 

0 
0 

220 
220 

68 
68 

3 
3 

0-45 
0-44 

0-13 
0-11 

fO 

313 

60 

0 

0 

366 

70 

1 

0-48 

0-13 

60  tons 

AKRIH 

F 

0-0815 

0-00522 

0- 

lo- 

313 
315 

60 
60 

0 
3 

0 
0 

364 
364 

69 
69 

8 
8 

0-49 
0-47 

0-14 
0-14 

rO- 

670 

51 

3 

0 

738 

56 

5 

0-51 

0-17 

60  tons 

AKRII 

F 

0-129 

0-01307 

^ 

u 

680 
671 

52 
51 

0 
3 

0 

0 

727 
740 

55 
56 

6 
6 

0-46 
0-52 

0-16 
0-15 

rO- 

176 

34 

2 

0 

285 

55 

3 

1-02 

0-26 

30  tons 

AKSIA 

G 

0081 

0-00515 

0- 
'    0- 

171 
1755 

33 
34 

2 
1 

0 
0 

288 
286 

55 
55 

9 
5 

1-09 
1-00 

0-29 
0-28 

.0- 

177 

34 

3 

0 

288 

55 

9 

1-07 

0-29 

'0 

268 

20 

5 

0 

369 

28 

2 

1-06 

0-30 

30  tons 

AKSIB 

G 

0-129 

0-01307 

0- 
'    0- 
.0 

269 
264 

20 
20 

6 

2 

0 
0 

361 
363 

27 

27 

6 

8 

1-25 
1-11 

0-35 
0-31 

275 

21 

0 

0 

3645 

27 

9 

1-18 

0-37 

'0- 

767 

38 

2 

0 

8145 

40 

5 

0-62 

0-20 

30  tons 

AKSIC 

G 

0-160 

0-0201 

0 

741 
723 

36 
36 

9 
0 

0 
0 

789 
796 

39 
39 

3 
6 

0-50 
0-50 

0-19 
0-20 

.0 

748 

37 

2 

0 

8125 

40 

4 

— 

— . 

fo 

204 

40 

5 

0 

2735 

54 

3 

0-03 

0-03 

40  tons 

AKSID 

G 

0-080 

0-00503 

<    0 
0 

235 
240 

46 

47 

7 
7 

0 
0 

2680 
2580 

53 
51 

2 

2 

0  -  03 
0-04 

0-03 
0-04 

lo 

238 

47 

3 

0 

2590 

51 

5 

0-06 

0-06 

rO 

405 

31 

3 

0 

6445 

49 

8 

— 

0 

463 

35 

8 

0 

5985 

46 

2 

0-34 

0-18 

40  tons 

AKSIE 

G 

0-1285 

0-01297 

0 
^    0 

450 
620 

34 

47 

8 
8 

0 
0 

6045 
7000 

46 
54 

7 
0 

0-40 

0-19 

0 

538 

41 

6 

0 

6980 

53 

9 

0-34 

0-15 

• 

U 

599 

46 

3 

0 

6860 

53 

0 

0-40 

0-14 

(-0 

860 

41 

2 

0 

9415 

45 

2 

0-37 

016 

0 

875 

42 

0 

0 

9770 

46 

8 

— 

— 

40  tons 

AKSIF 

G 

0-163 

0-02087 

0 

- 

0 

896 
790 

43 
37 

0 
9 

0 
0 

9840 
9210 

47 
44 

2 
2 

0-53 
0-54 

017 
0-21 

0 

839 

40 

2 

0 

9150 

43 

8 

0-46 

0-21 

.0 

830 

39 

8 

0 

9220 

44 

2 

— . 

— 

ro 

177 

54 

2 

0 

2015 

61 

6 

0-54 

0-14 

60  tons 

AKSIG 

G 

0-0645 

0-00327 

0 
'    0 

170 
172 

52 
52 

0 
6 

0 
0 

2015 
2015 

61 
61 

6 
6 

0-43 

0-47 

0-12 
0-13 

u 

1735 

53 

0 

0 

2015 

61 

6 

0-46 

0-15 

'  0 

365 

69 

1 

0 

3995 

75 

6 

0-44 

0-12 

60  tons 

AKSIH 

G 

0-082 

0-00528 

0 
'    0 

348 
358 

65 
67 

9 

8 

0 
0 

3985 
3990 

75 
75 

4 
5 

0-50 
0-50 

0-14 
0-15 

.0 

357 

67 

5 

0 

3970 

75 

2 

0-47 

0-14 

ro 

616 

49 

4 

0 

7770 

62 

3 

0-67 

0-20 

60  tons 

AKSII 

G 

0-126 

0-01247 

0 

< 

0 

621 
605 

49 

48 

-8    ■ 
5 

0 
0 

7745 
7740 

62 
62 

-1 
-1 

0-62 
0-68 

0-20 
0-20 

lo 

•621 

49-8 

0-7765 

62-3 

0-66 

0-18 

Vol.  61. 


G8 


1030      REPORT   UPON   TESTS  ON   GALVANIZED   STEEL   WIRES   AND   CABLES 


o 
S 

nS 

H 


^ 


■Pi, 


t/5 


►4 

> 

n 

< 

a 

H 

_o 

H' 

kJ, 

-^ 

e, 

s 

s 

•» 

s 


■ft, 


1287 
0130 
170 

00         o 
^  CO  to  t'  o 

^   CO 

«    CD    'il"    rt 

o  o  o 

CO   O  00  o  ■* 

rt       ■*       in 

X  CO  o  o 

IN    IN 

C5 

C     LO    O 
OC    O   C5 

o  o  o 

1-0           CO 

t-   CO    O   CO    CO 

Cl    CO    •*    rH 

o  o  o 

I>  o  o  o  -< 

^H           CO           I> 

00    C5    O    O 
!N   IN 

00 

cc  cc  :d 

?f  ? 
o  o  o 

00           00 

(M    ^    O   (M    t^ 

O  O  CO  O  00 
CO           lO           CO 

CO   CO 
-*   CO    T)l    --< 

t~  00  O  O 
<N    <N 

1603 

02018 

260 

GO        r- 

Ci    O!    lO    O    LO 

O    5-J    ■*    '^ 

o  o  o 

05   O  ir^  >— t   O 
I— 1         -^         lO 

t-    00    O    O 
IN   (N 

0-130 

0-01327 

0-140 

O         IN 

CO           05 

CO  LO  o  m  t~ 

o  o  o  o  ■* 
rt       ■*       ■* 

LO    CO 
l:~  CO  t>  IN 

C^  00  o  O 
<N    IN 

< 

OS 

a 

ft 


fo 


ClJ 


CO   2  "O 

O  >0  lO  rH          CO                       „   -, 

00  o  CO  IN        •*                   CO  e^ 

OOO  t-C^CSINCO(Nt>^^'— ' 


o  o  o 


WOCOOOOOOOOOO 
rt  ■*  -*   (N   (N 


CO  o 

—  o 

CO  IN    ■^ 

rt  O    CO 


CO  CO  CO  00  r- 


00   o 
O    CO    X    CO 


OOO 


OOOC5XXOO 
CO  CO    IN    tN 


■* 

r~    (N    CO  r^           O                           ,-    _ 

M  rt  «  t^       >n                 "^  °2 

^oo  xc<icoco»oo»nc^-^ 


©  o  o 


CO    O   — ' 


O  t~-  t^  f-  I— '  o 
^q  IN  rN 


OS 


in 


LO  o  >o 

§gS        ^ScoiSl^co^^S 
iii       «i«cbgi^-o 


ego 
CIS  >,^r 


■■5  "^ 

§•£ 

■+J    1-1 
h   ° 

a, 


^     CD 

I    I 

o  o 


o  X  X 

•S  j3  ^ 

«>  c  c 

L^  *^  .-^ 


CJ     O 


cii 

3 


;3     O     t> 

«  g  g 

o    o:    yi 


CI 
f  1     r1 


o  o 


■t!  -^ 


rv  y:    C  ^--  ^-^ 

"so  .  .: 

m    O   ■t^  _Q  ^ 

O       .    ifl  -  ' 


HI 

1^    > 

(U 

f  •*^  "S 

b 

« i  E 

ni 

O  .-  •?! 

Q 

(J  PM  ft 

CB 


lU 
nJ 

cr 

to  t3 


.  a! 
K  o 
en  -^ 

bo 
C 


rf  /i 


1—* 

1257 
0124 
252 

CO 

O 
IN 

CO 

o 

o 

t-   IN 

>o 

^ 

CO 

2     ' 

OOO 

O 
(N 

O 

o 

O    IN 

CO 

<x> 

IN 

O 

o 

IN    CO 
IN    LO    T)< 

LO 

LO 

■-Jl 

ci 
S 


o 


^, 

CO 

LO 

o 

X 

CO 

o 

o 

5^ 

CO 

o 

CO 

CO 

-* 

IN 

111 

— ' 

o 

o 

o 

LO 
IN 

o 

CO 

CO 

o 

-* 

X 

IN 

o 

o 

00 

CO 

IN 

■^ 

CO 

n> 

lO 

.—1 

CO 

CO 

o 

Tf 

o 

o 

o 

»— 1 

F— 1 

CO 

l>i 

CO 

X 

in 

in 

1— t 

o 

o 

o 

IN 

o 

o 

o 

CO 

IN 

X 
<N 

o 

o 

IN 

<N 

o 

CO 

n 

i-> 

o 

02 

CO 

OJ 

X 

X 

LO 

c^ 

.— 1 

o 

CO 

t^ 

t- 

03 

02 

X 

^ 

-* 

^ 

o 

o 

o 

cc 

o 

CO 

o 

LO 

IN 

X 
IN 

o 

o 

o 

0  CO    CO 

01  ^    CO 

«  o  -< 


LO  I> 

in  IN  in  IN  CD 


—    X 

■*      -H 


OOO 


OOlNO'^t^XOO 
rt  -"H  ■*   IN   IN 


CO 
CO   O  >o 

o  in  CO 
X  o  X 

OOO 


O  CO 

oj       ■* 

LO    IN    CO    IN    O 


OOO 


omoxt^xoo 

-*  •*   IN   <N 


LO 

O    Ci  IN 

LO  r-  l^^ 

— ,  o  eo 


in 
o  m 
-*        o  t~  X 

.-Ht^^-Ht^O^ININ'^^^ 


OOO 


i>  o  C5  X  X  o  o 

CO  CO    (N    (N 


t~  o 

X  CO  CO 
IN  ^  CO 
rt   O  -H 

OOO 


o 

CO 
CO    ^1 


CO     LO 
-H    O    CO 


o  X  t-  X  ^  o 

IN    <N    IN 


O 
CO  i-H 
—     LO 

X  o  o 
OOO 


t~        X  m  X 

COrtCOINCOIN-*01N 


OOO 


t^ocoomc^xi— to 

rH  CO  in    IN    (N 


CL, 


g-S 


cS    1 
3    - 

cr'- 


,15  ^ 
o   o 

C 


S    CI. 
o    S 


3 


(U 


<U   ' 


u    cd 

o  g 


•t:  -=  e 


B  .5  .S 


0) 


CO 


4)     1) 
>     > 


E  E 

CL,  Ph 


•a 
"3 


o 

+■» 

■n 

. 

c^ 

C/1 

n 

(1) 

u 

en 

,2 

2 

/si 

I    I 

^  o  o 

S  X  X 

""I 

tr  lu  Ji 
"  S  2 

t-     -3     -^ 
"^     ^     OJ 

§  S.^ 

w 

-M 


^ 

o 

rt 

(-: 

o 

■  rH 

c 

rn 

O 

J= 

CJ 

CJ 

,c 

C 

o 

■1-3^ 


W  W 


(J 

•a 


_3 

a 

■a 


lU 

_3 

> 


xi 
H 


FOR   OVERHEAD   TRANSMISSION   LINES. 


1031 


Table  5. 

Twist  Tests  on  Single  Wires  supplied  separately 
(see  Table  1a). 


Number  of  Twists  on 

N.P.L.  Mark 

Maker 

Nominal 
Diameter  of 

Sample, 

Wire,  inch 

6 -in. 
Length 

3-in. 

Length 

r44 

26 

30 

AKR2A 

F 

0-080 

<  44 
146 
r33 

23 

18 

30 

AKR2B 

F 

0128 

31 
I  33 

.25 

— 

30 

AKR2C 

F 

0160 

{21 

l24i 

r20 

11 

40 

AKR2D 

F 

0-080 

17 
I  19 

r  51 

10 

40 

AKR2E 

F 

0-128 

I    4i 

r  '^ 

— 

40 

AKR2F 

F 

0-160 

rl2 

12 

60 

AKR2G 

F 

0-064 

111 

r  "^ 

7 
8 
5 

60 

AKR2H 

F 

0-080 

<^     6i 

r  * 

5 
4 

60 

AKR2I 

F 

0-128 

f  30 

16 

30 

AKS2A 

G 

0-080 

27 
130 
f  161 

16 
17 

30 

AKS2B 

G 

0-128 

16 
I  16 

— 

30 

AKS2C 

G 

0-160 

I    6 
r32 

14 

40 

AKS2D 

G 

0-080 

21 
I18 

r  ^ 

lOi 
17 

40 

AKS2E 

G 

0-128 

1  =^ 

— 

40 

AKS2F 

G 

0-160 

r  ^ 

4i 

60 

AKS2G 

G 

0-064 

(-14* 

5 

5 

13 

60 

AKS2H 

G 

0-080 

\  20 
ll5 

r  ^ 

9 
9 

60 

AKS2I 

G 

0-128 

i 

{■J 

■— 

Table  6. 

Wrap  Tests  on  Single  Wires  supplied  separately 
(see  Table  1a). 


Sample, 
tons 


30 


30 


30 


40 


40 


40 


60 


60 


60 


30 


30 


30 


40 


40 


40 


60 


60 


60 


N.P.L.  Mark 


AKR3A 


AKR3B 


AKR3C 


AKR3D 


AKR3E 


AKR3F 


AKR3G 


AKR3H 


AKR3I 


AKS3A 


AKS3B 


AKS3C 


AKS3D 


AKS3E 


AKS3F 


AKS3G 


AKS3H 


AKS3I 


Maker 


Nominal 

Diameter 

of  Wire, 

inch 


0-080 


0-128 


0-160 


0-080 


0-128 


0-160 


0  064 


0-080 


0-128 


0-080 


0-128 


0-160 


0-080 


0-128 


0-160 


0-064 


0-080 


0-128 


statement  of  Results 


9,  6,  6,  6,  6,  2 

9,  6,  6,  6,  6,  2 

9,  6,  6,  6,  6,  1 

9,  6,  6,  6,  6,  6,  6,  6,  6,  1 

9,  6,  6,  6,  6,  6,  6,  3 

9,  6,  6,  6,  6,  6,  6,  6,  6,  3 

9,  6,  6,  6,  6,  6,  6,  2 

9,  6,  6,  6,  6,  6,  6,  1 

9,  6,  6,  6,  6,  6,  6,  2 
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More  than  three  tests  were  carried  out  on  each  sample 
of  galvanized  steel  wire  by  maker  G  in  view  of  the 
marked  differences  that  were  noted  in  the  breaking 
loads  of  specimens  from  both  the  samples  of  wire 
AKSIE  and  AKSIF,  especially  the  former.  The 
additional  values  were  obtained  as  a  check  on  the 
previous  set   of   values.     Xo   change   in  the   diameter, 


The  load  was  then  removed,  and  a  second  modulus 
obtained  by  again  loading  up  to  the  same  point. 

The  results  are  given  in  Table  4. 

All  the  wires  were  straightened  previously  to  testing. 
Results  of  typical  tests  are  shown  in  Figs.  1  and  2. 
The  value  of  the  limit  of  proportionality  has  been 
taken  as  that  load  at  wliich  the  first  deviation  from 


Table  7. 
Summary  of  Results  of  Tests  on  Single  Wires  supplied  separately  (see  Table  1a)  . 


Sample 


Nominal 
Diameter  of 
Wire,  inch 


Primitive 
Limit  of 

Proportion- 
ality, tons 
per  sq.  in. 


Ultimate 
Stress,  Average 

\'alue5  from 

Tables  3  and  4, 

tons 

per  sq.  in. 


Extension,  Average 

Values  from  Tables  3 

and  4,  on 


10  inches,        2  inches. 


Modulus  of  Elasticity, 
lb.  per  sq.  in.  x  10-® 


Average  Twists 


6  inches    3  inches 


Minimum  Value  for 
Wrap  Test 


X.P.L.  Mark,  AKR. 


30  tons 


40  tons 


60  tons 


0-080 
0-128 
0-160 
0-080 
0-128 
0-160 
0-064 
0-080 
0128 


Maker,  F. 

8-4 

28-6 

1-58 

0-42 

26-3 

27-2 

6-8 

28-1 

1-90 

0-51 

27-0 

27-5 

16-6 

36-6 

0-95 

0-32 

28-0 

28-3 

12-7 

49-2 

0-09 

0-07 

28-2 

28-7 

10-6 

46-5 

0-78 

0-23 

27-7 

28-3 

12-9 

53-4 

0-53 

0-17 

27-9 

28-2 

38-2 

68-3 

0-45 

0-13 

27-4 

28-3 

17-7 

71-2 

0-48 

0-14 

28-9 

29-3 

13-1 

55-8 

0-48 

015 

28-8 

28-9 

45 

22 

32 

— 

26 

— 

19 

10 

oi 

— 

H 

— 

10 

9 

7 

5 

4i 

— 

9,  6,  6,  6,  6 

9.  6,  6,  6.  6,  6,  6 

9,  6,  6,  6,  6,  6,  6 

9,  6,  6 

9,  1 

9,  6,  6,  6,  6,  6,  6 

9,  6,  6,  6,  6 

9,  6,  6 

9,  1 


N.P.L.  Mark,  AKS. 
]\Iaker,  G. 


ro-080 

17-3 

55-6 

1-05 

0-28 

27-2 

28-4 

29 

17 

9,  6,  6,  6, 

6 

30  tons 

^0-128 

10-4 

27-9 

1-13 

0-34 

27-7 

28-1 

16 

— ■ 

9,  6,  6 

0-160 

11-1 

40-0 

0-52 

0-19 

28-2 

28-2 

5 

— 

9,  6,  6,  6, 

6 

ro-080 

16-5 

51-6 

0-06 

0-06 

27-7 

28-7 

24 

14 

9,  6,  6 

40  tons 

}  0-128 

10-4 

49-7 

0-38 

0-17 

27-6 

28-7 

H 

9,  6,  6 

0-160 

8-6 

49-3 

0-47 

0-18 

27-8 

28-1 

o 

— 

9,  6,  6 

f0064 

24-1 

61-6 

0-49 

0-14 

27-8 

28-5 

8 

5 

9,  6,  6,  6, 

6 

60  tons 

i  0-080 

25-2 

75-2 

0-48 

0-14 

28-4 

29-2 

17 

lOj 

9,  6 

-    0128 

20-3 

62-2 

0-66 

0-20 

28-5 

291 

10 

9,  6 

or  the  presence  of  kinks  or  other  damage,  was  observed 
between  the  specimens  in  each  set,  and  each  piece  was 
cut  from  the  same  end  of  the  coil. 

Determixation   of  the   Limit  of  Proportionality, 
Modulus,  and  Extexsiox. 

Tensile  tests  were  carried  out  on  straightened  lengths 
of  wire  having  10  inches  between  the  grips.  The 
extension  on  a  2-inch  middle  portion  of  the  wire  was 
measured  by  means  of  a  Marten's  mirror  extensometer. 
The  primitive  limit  of  proportionality  and  the  modulus 
at  first  loading  were  obtained  by  loading  up  in  steps 
to   a  point  just  beyond   the  limit  of  proportionality. 


Hooke's  Law  was  observed  upon  the  first  loading  of 
the  wire. 

The  value  of  the  primitive  limit  of  proportionality 
is  not  of  very  great  importance.  If  the  wire  is  reloaded 
after  the  limit  of  proportionahty  has  been  exceeded  a 
new  and  higher  value  of  the  limit  is  obtained,  the 
amount  of  the  increase  depending  upon  the  amount 
by  which  the  primitive  limit  of  proportionality  has  been 
exceeded. 

Twist  Tests. 

The  twist  tests  were  carried  out  in  accordance  with 
the  British  Engineering  Standards  Association  Specifi- 
cation for  Hard  Drawn   Copper  Wire.      The  specimen 


FOR   OVERHEAD   TRANSMISSION    LINES. 
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0  04  0  05 

Load,     Tons 
Fig.  l.-Typical  Load-Extension  Curves  o£  Single  Wires  supplied  separately  by  Maker  F  (30  tons) 

J/5 


001 


002  0  0.^ 


004 


005  006  007 

Load,    Tons. 


0  08         0  09 


010 


on 


012 


Fig.  2.-Typical  Load-Extension  Curves  of  Single  Wires  supplied  separately  by  Maker  G  (30  tons). 
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was  gripped  in  two  jaws  one  fixed  in  the  fast  headstock 
of  a  small  lathe,  and  the  other  fixed  in  a  loose  headstock, 
but  allowed  to  move  axiall^^  The  lathe  was  made  to 
rotate  at  40  revolutions  per  minute  until  fracture 
occurred,  and  the  number  of  twists  was  indicated  by 
the  spiral  formed  by  a  mark  pre\dously  painted  along 
the  wire.  All  the  wires  were  straightened  before  test 
and  were  cut  from  the  same  end  of  the  coil  as  the  tensile 
test  specimens.  The  distance  between  the  jaws  was 
set  at  6  inches  for  all  the  samples,  but  additional  tests 
on  3-inch  lengths  were  carried  out  on  the  small  diameter 
wires.     The  results  of  these  tests  are  given  in  Table  5. 


Wrap  Tests. 

The  British  Engineering  Standards  Association 
Specificarion  for  Hard  Drawn  Copper  Wire  states  that 
"  the  test  sample  shall  be  closely  lapped  round  wire  of 
its  own  diameter,  urilapped,  and  again  closely  lapped 
round  wire  of  its  own  diameter  in  the  same  direction 
as  the  first  lapping  witliout  breaking." 

Tests  were  carried  out  on  these  lines,  but  the  wrap- 
ping and  unwrapping  was  continued  until  fracture 
occurred.  It  was  found  necessary  to  wrap  on  9  or 
12  turns  in  the  first  wrapping,  and  then  wrap  and 
unwrap  6  turns  as  required  in  the  test,  so  as  to  make 
the  unwrapping  operation  easier  during  the  last  few 
turns. 

The  results  of  these  tests  are  given  in  Table  6.  In 
this  table  the  results  are  stated  in  the  following  form  : 
the  first,  third,  fifth,  etc.,  numbers  represent  the  wrap- 
ping operation,  the  intermediate  numbers  the  un- 
wrapping operation. 

Summary  of  Results. 

The  results  given  in  the  previous  tables  have  been 
summarized  in  Table  7,  average  values  being  given  in 
place  of  the  full  detail  results. 


II.  MECHANICAL  TESTS   ON   SHORT 

STRANDED    CABLES. 

Details  of  the  stranded  cables  on  which  the  tests 
were  carried  out  are  given  in  Table  8. 

Determinatiox  of  Breaking  Load. 

Strength  of  the  constituent  wires  of  the  cables. — To 
determine  the  efficiencies  of  the  various  cables,  it  was 
originally  intended  to  compare  the  cable  breaking 
stress  with  the  results  of  single  wire  tests.  A  few 
preliminary  tests  showed  that  great  differences  existed 
between  the  actual  and  stated  strengths  of  the  wire 
used  in  the  cables.  The  labels  on  three  cables  had 
become  mixed,  and  the  actual  strength  of  a  fourth 
cable  bore  no  relation  to  the  stated  strength.  It  was 
also  found  that  up  to  as  much  as  25  per  cent  difference 
in  strength  e.xisted  between  wires  of  the  same  cable. 
It  was  decided,  therefore,  to  determine  the  breaking 
load  of  the  wires  by  testing  to  destruction  each  wire 
of   which   the   cable   was    composed.     Thus,    218   wire 


tests  have  been  carried  out,  in  addition  to  the  53  samples 
of  cable  tested  to  destruction.*  The  wire  tests  were 
carried  out  on  the  2-ton  single-lever  machine. 

Selection  of  samples. — A  length  of  9  feet  was  cut  off 
from  each  cable.  One  length  of  4  feet  was  cut  off 
each  end  of  this  length,  one  such  length  being  used 
for  the  determination  of  the  breaking  load  and  the 
other  for  the  determination  of  the  limit  of  propor- 
tionality, modulus,  etc.  The  central  portion  was 
unstranded,   and  each  wire  tested  to  destruction. 

Table  8. 
Stranded  Cables. 


Strength 

N.P.L.  Mark 

Maker 

Type 

stated  by 
Maker,  tons 
per  sq.  in. 

Diameter  of 
Cable,  inch 

AKR4A 

F 

7/ -080 

30 

0-25 

AKR4B 

F 

7/- 128 

30 

0-38 

AKR4C 

F 

4/- 160 

30 

0-38 

AKR4D 

F 

7/- 160 

30 

0-47 

AKR4E 

F 

19/- 160 

30 

0-78 

AKR4F 

F 

7/ -080 

40 

0-25 

AKR4G 

F 

7/-128 

40 

0-38 

AKR4H 

F 

4/160 

40 

0-38 

AKR4I 

F 

7/- 160 

40 

0-47 

AKR4J 

F 

19/- 160 

40 

0-78 

AKR4K 

F 

7/064 

60 

0-19 

AKR4L 

F 

7/  •  080 

60 

0-25 

AKR4M 

F 

7/- 128 

60 

0-38 

AKS4A 

G 

7/080 

30 

0-25 

AKS4B 

G 

7/- 128 

30 

0-38 

AKS4C 

G 

4/- 160 

30 

0-38 

AKS4D 

G 

7/- 160 

30 

0-47 

AKS4E 

G 

19/- 160 

30 

0-78 

AKS4F 

G 

7/ -080 

40 

0-25 

AKS4G 

G 

7/- 128 

40 

0-38 

AKS4H 

G 

4/160 

40 

0-38 

AKS4I 

G 

7/160 

40 

0-47 

AKS4J 

G 

19/160 

40 

0-78 

AKS4K 

G 

7/ -064 

60 

0-19 

AKS4L 

G 

7/ -080 

60 

0-25 

AKS4M 

G 

7/- 128 

60 

0-38 

Elongation  at  fracture . — Gauge  marks,  8  inches  apart, 
were  made  on  the  cable  at  the  commencement  of  the 
tests.  In  many  cases  the  cable  unstranded  in  the 
vicinity  of  the  fracture,  and  it  was  found  impossible 
to  measure  the  elongation.  In  the  majority  of  cases 
corresponding  ends  of  broken  wires  were  misplaced, 
and  it  was  extremely  difficult  to  place  the  fractured 

•  Out  of  the  53  cables  tested  to  destruction  only  one  broke  in 
the  grips. 
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>  ends  in  their  true  relative  positions.  The  measured 
elongations  are,  therefore,  given  chiefly  for  their  relative 
values.  The  accuracy  of  their  values  cannot  be  relied 
upon. 

Conditions  of  tests. — The  length  of  cable  between  the 
grips  was  14  inches.  The  results  of  tests  to  fracture 
on  the  cables  and  constituent  wires  are  given  in  Table  9. 

It  will  be  noted  from  the  results  that  the  strengths 
do  not  agree  with  those  stated  by  the  makers  in  tlie 
case  of  four  cables  all  manufactured  by  maker  G. 


J- 75 
5-5 

3-0 


-5  Z-5 


I 


Z-0 


I 


&    /•5 


^ 


/■OV 


Limit  of 
prcportiondliti/ 


//I 


^1 


/ 


0-5 


rt 


I 


/ 


J 


T 


\L 


yL 


If 


^ 


-A 


Subsequent  lodding;s  not 
—sliOKn,  for  sake  of  dedrnesa 


/ 


H 


0-2     0-6      1-0      /-f      1-8      2-2      2-6 
Lodd,  fons 

Fig.  3. — Typical  Load-Extension  Curves  of  Medium  Short 
Stranded  Cables  (7/-160). 


The  four  cables  are  as  follows  :- 


N.P.L.  Mark 


AKS4B 
AKS4E 
AKS4J 
AKS4M 


7/- 128 
19/- 160 
19/- 160 

7/- 128 


stated  Strength  of  Wire 
of  which  Cable  is  com- 
posed, tons  per  sq.  in. 


30 
30 
40 
60 


The  results  indicate  that  the  maker's  labels  on  AKS4B 
and  AKS4M  have  been  mixed.  This  is  also,  probably, 
the  case  with  the  other  pair  of  cables,  i.e.  AKS4E  and 
AKS4J,  though  the  results  do  not  indicate  this  so 
clearly,  but  rather  indicate  different  material. 

In  the  case  of  three  cables,  made  by  maker  F,  whose 
N.P.L.  marks  are  AKR4H,  AKR4I,  AKR4J,  the 
difference  in  ultimate  strengths  of  the  cables  and  of 
the  single  wires  indicates  that  different  material  has 
been  used  for  the  cables  to  that  submitted  for  the  tests 
on  the  single  wires. 


.5-5 


3-0 


^  2-5 


2-0 


I 


/■O 


0-5 


Limit  of 
'proportiondlity 


1 


-V 
/ 


O 


/ 


// 


t 


VII 


-/i 


Ttr 


vi 


/ . 
n 


I 


U 


J 


k; 


s^^ 


y^ 


if  f^off-    I 

//      Subsequent  loddings  not 

sliown,  forsdite  ofdedrness — 


0        /         2       3         ^56 

Lodd,  tons 

Fig.  4. — Typical  Load-Extension  Curves  of  Large  Short 
Stranded  Cables  (19/- 160). 

Table  10,  showing  the  efficiencies  of  the  cables  as 
compared  with  the  constituent  wires  and  single  wire 
tests,  will  make  this  point  clear. 

Column  1  gives  particulars  of  the  cables  and  their 
ultimate  stresses. 

Column  2  gives  the  ultimate  stress  of  the  constituent 
wires. 

Column  3  is  a  summary  cf  the  single  wire  tests. 

Column  4  gives  the  percentage  strength  of  the  cable 
as  compared  with  that  of  the  constituent  wires, 
so  that 
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Table  9. 
Tensile  Strength  of  Short  Cables  and  of  Constituent  Wires. 


N.P.L.  Mark 

Maker 

T>-pe 

Short  Cables 

Constituent  Wires 

Sample 

Cross-sectional 

Breaking  Load, 

LTltimate  Stress, 

Per  cent 
Extension 

Total 
Breakins  Load, 

Ultimate  Stress, 

Area,  sq.  in. 

tons 

tons  persq.  in. 

on  8  in. 

tons 

tons  per  sq.  m. 

r  AKR4A 

F 

7/ -080 

0  0365 

1-16 

31-8 

5 

109 

29-9 

AKR4B 

F 

7/128 

0  0889 

2-60 

29-2 

20 

2-65 

29-8 

30  tons     ■ 

AKR4C 

F 

4/- 160 

0-0792 

2-63 

33-2 

13 

2-56 

32-3 

AKR4D 

F 

7/- 160 

01385 

4-6 

33-2 

11 

4-66 

33-6 

AKR4E 

F 

19/160 

0-3793 

12-7 

33-5 

14 

13-1 

34-5 

-  AKR4F 

F 

7/ -080 

0-0361 

1-63 

45-2 

8 

1-74 

48-2 

AKR4G 

F 

7/- 128 

0  0905 

3-95 

43-6 

9 

3-9 

43-1 

40  tons     . 

AKR4H 

F 

4/- 160 

0-0814 

3-13 

38-4 

13 

3-22 

39-6 

AKR4I 

F 

7/- 160 

0-1443 

5-51 

38-2 

12 

5-62 

38-9 

AKR4J 

F 

19/- 160 

0-3925 

14-9 

38-0 

— 

15-5 

39-5 

'AKR4K 

F 

7/064 

0  0224 

1-57 

70-1 

— ■ 

1-57 

70-1 

60  tons 

AKR4L 

F 

7/080 

0-0352 

2-60 

73-9 

7 

2-54 

72-2 

AKR4M 

F 

7/- 128 

0-0911 

6-23 

68-4 

4 

6-30 

69-2 

'  AKS4A 

G 

7/080 

0  0355 

1-86 

52-4 

11 

1-88 

52-9 

AKS4B 

G 

7/128 

0-0879 

5-74 

65-3 

10 

5-84 

66-4 

30  tons 

AKS4C 

G 

4/- 160 

0-0800 

3-05 

38-1 

8 

2-86 

35-7 

AKS4D 

G 

7/160 

0-1363 

5-0 

36-7 

8 

5-06 

37-1 

AKS4E 

G 

19/160 

0-3818 

16-6 

43-5 

11 

17-12 

44-8 

r  AKS4F 

G 

7/080 

0-0358 

1-82 

50-8 

4 

1-90 

53-1 

AKS4G 

G 

7/- 128 

0-0903 

4-28 

47-4 

4 

4-35 

48-2 

40  tons 

AKS4H 

G 

4/160 

0-0813 

3-54 

43-5 

7 

3-58 

44-0 

AKS4I 

G 

7/- 160 

0-1410 

5-75 

40-8 

7 

5-80 

411 

AKS4J 

G 

19/- 160 

0-3722 

13-86 

37-2 

11 

14-3 

38-4 

'  AKS4K 

G 

7/ -064 

0-0226 

1-54 

68-1 

4 

1-47 

65-0 

60  tons 

AKS4L 

G 

7/080 

0-0374 

2-78 

74-3 

3 

2-84 

75-9 

AKS4M 

G 

7/- 128 

0-0909 

2-70 

29-7 

~ 

2-68 

29-5 

Efficiency  on  constituent  wires,  per  cent 

Ultimate  strength  of  cable  (tons  per  sq.  in.)   ^  ^^^ 
~       Total  ultimate  strength  of  constituent 
wires  (tons  per  sq:  in.) 

Column  5  gives  the  percentage  strength  of  the  cable 
as  compared  with  the  results  obtained  on  the  single 
wire  tests. 

Efficiency  on  single  wire,  per  cent 

Ultimate  strength  of  cable  (tons  per  sq.  in.) 


Ultimate  strength  of  single  wire  (tons  per 
sq.  in.) 


X   100 


Determination   of   Limit   of   Proportionality  and 
Modulus. 

The  length  of  cable  under  test  between  the  edges  of 
the  grips  was  14  inches.  A  Ewing  extensometer  was 
used  to  measure  the  strains  which  were  observed  on 
a  length  of  8  inches.  The  primitive  limit  of  propor- 
tionality and  the  modulus  at  first  loading  were  obtained 


by  loading  up  in  equal  steps  to  a  point  just  beyond 
the  load  where  the  limit  of  proportionality  was  observed. 
The  load  was  then  removed,  and  a  second  modulus 
obtained  by  loading  up  again  to  the  same  point. 

It  will  be  noted  that  the  strains  thus  obtained  were 
those  due  to  the  outside  wires  only,  while  the  corre- 
sponding stresses  were  calculated  for  the  total  area  of 
the  cable  under  test.  After  a  number  of  cables  had 
been  tested,  a  comparison  of  the  results  obtained  with 
those  of  the  single  wire  tests  showed  great  differences. 
In  nearly  every  case  the  limit  of  proportionality  and 
the  value  of  Young's  modulus  obtained  for  the  cables 
were  much  higher  and  lower  respectively  than  those 
obtained  for  the  single  wires.  At  the  same  time  the 
regularity  of  the  plotted  points  shows  that  the  results 
obtained  are  the  true  strains  for  the  outside  wires  and 
indicate  that  the  stress  distribution  across  the  cable 
is  not  uniform.  It  was  thought  that  if  the  loading 
was  repeated  a  sufficient  number  of  times  the  value 
obtained  for  the  modulus  would,  perhaps,  tend  to 
approach  the  true  value  for  the  material  of  which  the 
cable  was  composed.  Accordingly,  for  the  remainder 
of  the  cables,  the  modulus  was  determined  for  the 
first,   seconi,   third,   fourth,   fifth  and   tenth  loadings. 
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The  results  show  that  the  modulus  under  successive 
loadings  tended  to  approach  a  limiting  maximum 
value,  but  in  the  majority  of  cables  tested,  this  limiting 
value  was  much  below  the  true  values  of  the  material 
of  which  the  cable  was  composed. 

The  results  of  the  tests  on  long  lengths  of  cable 
reveal  some  interesting  facts  on  this  point,  and  seem  to 
indicate  that  the  values  of  the  limit  of  proportionality 


III.  MECHANICAL  TESTS  ON  LONG  STRANDED 
CABLES. 

Details  of  the  stranded  cables  on  which  the  tests 
were  carried  out  are  given  in  Table  8  in  Section  11. 

It  was  decided  that  tests  should  be  carried  out  on 
four  long  galvanized  steel  cables  only.  These  were 
selected,  as  representative,  from  those  cables  submitted 
by   the    maker    whose    material    had    given    consistent 


Table  10. 
Tensile  Strength  of  Short  Cables  and  their  CoJislitueiit  Wires  and  of  Single  Wires  supplied  separately. 


Column 

1 

Column  2 

Column  3 

Column  4 

Column 

Tests 

on  Short 

Cables 

Tests  on 

Constituent 

Wires. 

Ultimate  Stress 

•   of  Wires 
Forming  Cable, 
tons  per  sq.  in. 

Tests  on  Single  Wires  supplied  sep.irately 

Efficiency 

on 

Constituent 

Wires, 

per  cent 

Efficiency 

on 

Single  Wire, 

per  cent 

Sample 

N.P.L.  Mark 

Maker 

Type 

Ultimate 

Stress  of  Cable, 
toni  per  sq.  in. 

Maker 

Diameter,  inch 

Ultimate 
Stress, 

tons  per 
sq.  in. 

'  AKR4A 

F 

7/ -080 

31-8 

29-9 

F 

0- 

080 

28^6 

106 

111 

AKR4B 

F 

7/- 128 

29-2 

29-8 

F 

0- 

128 

281 

98 

104 

30  tons 

AKR4C 

F 

4/160 

33-2 

32-3 

F 

0- 

160 

366 

103 

91 

AKR4D 

F 

7/- 160 

33-2 

33-6 

F 

0- 

160 

36^6 

99 

91 

.  AKR4E 

F 

19/160 

33-5 

34-5 

F 

0- 

160 

36-6 

97 

92 

'  AKR4F 

F 

7/080 

45-2 

48-2 

F 

0 

080 

49^2 

94 

92 

AKR4G 

F 

7/128 

43-6 

43- 1 

F 

0 

128 

46^5 

101 

94 

40  tons 

'    AKR4H 

F 

4/160 

38-4 

39-6 

F 

0 

160 

534 

97 

72 

AKR41 

F 

7/160 

38-2 

38-9 

F 

0 

160 

534 

98 

72 

..  AKR4J 
' AKR4K 

F 
F 

19/160 
7/ -064 

38  0 
70-1 

39-5 
70- 1 

F 
F 

0 
0 

160 
064 

53-4 
683 

96 
100 

71 

102 

60  tons 

-    AKR4L 

F 

7/ -080 

73-9 

72-2 

F 

0 

080 

71^2 

102 

104 

AKR41M 

F 

7/- 128 

68-4 

69-2 

F 

0 

128 

55^8 

99 

122 

'  AKS4A 

G 

7/ -080 

52-4 

52-9 

G 

0 

080 

556 

99 

94 

AKS4B 

G 

7/- 128 

65-3 

66-4 

-{ 

0 
0 

128  (30  ton) 
128  (60  ton) 

279 
62^2 

98 

26 

105 

30  tons 

-    AKS4C 

G 

4/- 160 

38-1 

35-7 

G 

0 

160 

400 

107 

95 

AKS4D 

G 

7/- 160 

36-7 

37-1 

G 

0 

160 

40  0 

99 

92 

AKS4E 

G 

19/- 160 

43-5 

44-8 

H 

0 
0 

160  (30  ton) 
160  (40  ton) 

40-0 
49-3 

97 

109 
88 

-  AKS4F 
AKS4G 

G 

7/ -080 

50-8 

53- 1 

G 

0 

080 

51-6 

96 

98 

G 

7/- 128 

47-4 

48-2 

G 

0 

128 

497 

98 

95 

40  tons 

AKS4H 

G 

4/- 160 

43  5 

440 

G 

0 

160 

493 

99 

88 

AKS4I 

G 

7/- 160 

40-8 

41-1 

G 

0 

•160 

49-3 

99 

83 

AKS4J 

G 

19/- 160 

37-2 

38-4 

^{ 

0 
0 

•160  (40  ton) 
•160  (30  ton) 

493 
40^0 

97 

76 
93 

'  AKS4K 

(; 

7/ -064 

68-1 

65-0 

G 

0 

•064 

61-6 

105 

110 

60  tons 

J  AKS4L 

G 

7/ -080 

74-3 

75-9 

G 

0 

•080 

75-2 

98 

99 

AKS4M 

G 

7/- 128 

29-7 

29-5 

«{ 

0 
0 

•128  (30  ton) 
•128  (60  ton) 

27^9 
62-2 

101 

106 
48 

and  modulus  obtained  by  tensile  tests  on  short  lengths 
of  cables  are  unreliable  and  inaccurate. 

Results. — Table  11  gives  the  values  obtained  on  the 
short  cables  for  the  limit  of  proportionality  and  Young's 
modulus  under  successive  loadings.  The  results  of 
similar  tests  on  the  single  wires  supplied  separately  are 
included  for  comparison. 

Representative  load-extension  curves  obtained  are 
shown  in  Figs.  3  and  4. 


results  under  the  tests  carried  out  on  single  wires  and 
on  short  lengths  of  cables. 

The  tests  required  were  the  determination  of  Young's 
Modulus  {E)  under  tensile  loading,  employing  a  test 
length  of  100  yards. 

The  tests  were  carried  out  as  described  in  Technical 
Report  upon  Tests  on  Hard  Drawn  Copper  Wires 
and  Cables  for  Overhead  Transmission  Lines, 
Rcf.  F/T5. 
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The  results  of  the  tests  are  given  in  Table  12.  The 
limit  of  proportionality  and  modulus  for  the  sipgle 
wires  are  included  for  comparison. 

The  maximum  safe  load  for  the  d3-namometer 
(3'8  tons)  was  insufficient  to  reveal  the  limit  of  pro- 
portionality of  cable  No.  AKR4E. 

The  limit  of  proportionality  of  cable  No.  AKR4L 
was  masked  bv  other  strains. 


IV.     PITCH  AND  LAY  OF  CONSTITUENT  WIRES 
OF    LONG    STRANDED    CABLES. 

The  data  given  in  Table  14  refer  to  the  long 
stranded  cables  on  which  the  tensile  tests  were 
made  : — 

Column   1  gives  particulars  of  the  cable. 

Column    2   gives   the   mean   diameters   of   the   layers 


Table   12. 
Limit  of  Proportionality  and  Young's  Modulus  for  100-yard  Lengths  of  Cables. 


Table  13. 

Alteration  of  Modulus  of  100-yard  Lengths  of  Cables  by  Repeated  Loadings. 


Maker  and  Nominal 

Strength, 

tons  per  sq.  in. 

Type  of  Cable 

Modulus  of  Elasticity,  lb.  per  sq.  in. 

Ratio  :^ ,  percent 

Percentage  of 

A,  1st  Loading 

B,  5th  Loading 

Applied 

AKR4A 

F30 

7/- 080 

26-0  X  lOfi 

26-0  X  106 

100 

39 

AKR4C 

F  30 

4/- 160 

27-9  X  10« 

28-6  X  106 

98 

54 

AKR4E 

F  30 

19/160 

23-1  X  106 

28-5  X  106 

81 

30 

AKR4L 

F60 

7/ -080 

22-1  X  IftG 

28-7  X  106 

77 

27 

A  typical  load-extension  diagram  is  shown  in  Fig.  5. 

To  ascertain  the  amount  of  increase  of  the  modulus 
of  elasticity  due  to  repeated  loadings,  the  loading  of 
the  cables  was  carried  out  five  times,  and  the  modulus 
of  elasticity  obtained  for  each  loading.  In  most  cases 
the  load  apphed  during  the  second  and  subsequent 
loadings  was  above  the  primitive  limit  of  proportion- 
ality. The  effect  of  repeated  loading  is  seen  from  the 
results  given  in  Table  13. 


of    constituent    wires  ;     a,    b     referring    to    the    layers 
commencing  from  the  outside. 

Column  3  gives  the  measured  pitch  of  the  wires. 
Column  4  gives  the  calculated  lay  where 
measured  pitch 
^^  "  mean  diameter  of  layer  of  wires 
Note.— The  suffixes   R   and   L  refer  to   right-hand 
and  left-hand  winding  respectively. 
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Table   14. 

Pitch  and  Lay  of  Constituent  Wires  of  \00-yard  Lengths  of  Cables. 


Column  1 

Column  2 

Column  3 

Column  4 

Malcer 
and  Nomina] 

Strength, 
tons  per  sq.  in. 

Type  of 
Cable 

Measured  Pitch,  Diameter,  in. 

Measured  Pitch  of  Wires,  in. 

Lay  of  \Vire5 

N.P.L. 

a 

6 

A 

B 

A^ 
a 

B 

b 

AKR4A 
AKR4C 
AKR4E 
AKR4L 

F30 
F  30 
F  30 
F  60 

7/ -080 

4/- 160 

19/- 160 

7/- 080 

0-170 
0-247 
0-667 
0170 

0-342 

3|L 

71  L 

8L 

3|L 

4L 

22  L 
30iL 
12  L 
22  L 

lU  L 

20  25  30 

Total  Extensfon,   inches. 
Fig.  5. — Typical  Load-Extension  Curves  of  100-yard  Lengths  of  Cables   (4/ -160). 
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Introduction. 


In  the  preparation  of  specifications  for  overhead 
transmission  line  materials  by  the  British  Engineering 
Standards  Association,  it  was  found  that  there  was 
a  lack  of  information  as  to  the  mechanical  properties 
of  bare  steel-cored  aluminium  cables. 

Tests  were  carried  out  at  the  National  Physical 
Laboratory  on  two  samples  of  seven-wire  strand,  each 
consisting  of  a  central  galvanized  steel  wire  approxi- 
matelj-  0  146  inch  in  diameter  with  six  aluminium  wires 
of  equal  diameter  laid  round  it.  The  chief  difference 
between  the  two  samples  was  that  the  steel  core  of  one 
was  of  considerably  higher  tensile  strength  than  that 
of  the  other. 

In  view  of  the  results  obtained  on  stranded  copper 
and  aluminium  conductors  (see  Technical  Reports, 
Ref.  F/T.5  and  Ref.  F/T6),*  the  tests  were  carried  out 
on  lengths  of  100  yards  as  well  as  on  short  lengths 
of  cable  and  individual  wires.  Further  tests  were 
made  on  short  specimens  of  cable  and  on  individual 
wires  cut  from  one  of  the  100-yard  samples  after  the 
latter  had  been  subjected  to  prolonged  straining  at  a 
load  of  3  050  lb.  and  after  an  interval  of  rest  of  157 
days.  In  this  report,  these  different  specimens  are 
distinguished  as  "  Cable  1,"  "  Cable  2  "  and  "  Cable  2 
after  straining." 

Tensile  Tests. 

Tensile  tests  were  carried  out  on  short  lengths  of 
cable  {4  ft.)  and  on  the  constituent  wires,  and  the 
results  are  given  in  Table    I. 

The  mechanical  efficiency  of  the  cables,  defined  as 
the  breaking  load  of  the  cable  divided  by  the  sum 
of  the  breaking  loads  of  the  constituent  wires,  is  calcu- 
lated to  be  93  per  cent,  93-2  per  cent  and  94-6  per 
cent  for  the  three  specimens  respectively.  These 
values  are  interesting,  in  view  of  the  wide  difterence 
between  the  physical  properties  of  the  component 
metals.  In  all  cases,  it  was  found  that  the  aluminium 
wires  broke  first,  the  whole  of  the  load  then  being 
thrown  upon  the  steel  core,  which  at  once  pulled  through 
the  grips.  It  should  be  remarked  that  the  load  on  the 
cable,  when  the  aluminium  wires  broke,  greatly  exceeded 

>      *  Journal  I.K.I'..,   1923,  vol.   01,  pages  997  and  1013. 


the  breaking  load  of  the  steel  core,  so  that,  had  the 
latter  not  pulled  through,  it  must  have  broken.  The 
load  at  which  the  aluminium  wires  broke  is  consequently 
the  true  ultimate  strength  of  the  cable. 

Previous  experiments  on  aluminium  cables  (Technical 
Report,  Ref.  F/T6)  showed  that  the  mechanical  effi- 
ciency of  a  seven-wire  cable  was  approximately  98  per 
cent.  If  it  is  assumed  that,  when  a  steel-cored  alu- 
minium cable  is  broken,  the  total  load  on  the  aluminium 
wires  is  98  per  cent  of  the  sum  of  the  breaking  loads 


4  6  3/0/2 

fjQj[._  Total  extension,  inches 

Between  the  5^i  6'^^ loadings  the  cable  ms  subjected  to  d  load  of  J050 
lbs.  for  8  ddj/s  continuously  and  then  allowed  to  rest  for  I57  ddus. 
To  avoid  confusion,  curves  for  Z"'',i'^,-f"'.5V',6i'' i?^  lodd/ng-s  have 
been  displaced  to  the  rig-ht. 

Load-extension  curves  of  steel-cored  aliiminiuiu  cable 
(Cable  2). 

of  the  individual  aluminium  wires,  an  estimate  may 
be  made  of  the  load  on  the  steel  core  at  the  instant 
of  fracture,  and  hence  an  approximate  formula  may 
be  derived  for  estimating  the  strength  of  the  composite 
cable  from  known  particulars  of  the  components. 
These  calculations  are  summarized  in  Table  2. 

From  the  values  given  in  Table  2,  it  would  appear 
that  the  breaking  load  of  a  steel-cored  aluminium, 
cable  would  not  be  less  than  98  per  cent  of  the  sum 
of  the  breaking  loads  of  the  aluminium  wires  plus 
85  per  cent  of  the  breaking  load  of  the  steel  core,  and 
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that   when   the   cable   has   been   erected   and   has   been 
subjected     to    repetitions     of    stress,     the     mechanical 


yards  length  of  Cable  2  are  shown  in  the  diagram  on 
page    1041.     It   will  be  noticed  that  after  the   second 


efficienc}'  is  increased.     For  the  purpose  of  calculation,  1  loading  the  load-extension  diagrams  are  similar.     The 


T.\BLE    1. 

Tensile  Tests  on  Short  Lengths  of  Cable  and  on  Constituent  Wires. 


Diameter 

TeDsile 

strength 

Extension 

Cable   1. 

inch 

tons 

tons  per  sq.  in. 

per  cent 

Complete  cable    .  . 

0-438 

1-93 

16-4 

— 

Steel  wire .  . 

0-147 

0-886 

52-2 



Aluminium  wire  (average) 

0-146 

0-198 

11-9 

— 

Sum  of  all  six  aluminium  wires 

— 

1194 

11-9 



Cable  2. 

Complete  cable    .  . 

0-434 

2-28 

19-8 

2-3  (on  8  in.) 

Steel  wire . . 

0   143 

1-34 

83-3 

6-5  (on  2  in.) 

Steel  wire  (galvanizing  removed) 

0-137 

1-30 

88-2 

7-0  (on  2  in.) 

Aluminium  wire  (average) 

0-145 

0-184 

11-2 

5-2  (on  2  in.) 

Sum  of  all  six  aluminium  wires 

— 

1-102 

11-2    . 

— 

Cable  2  after  straining. 

Complete  cable    .  . 

0-433 

2-28 

19-8 

2-0  (on  8  in.) 

Steel  wire . . 

0   143 

1-32 

82-2 

6-0  (on  2  in.) 

Steel  wire  (galvanizing  removed) 

0- 1.3.5 

1-21 

84-6 

— 

Aluminium  wire  (average) 

0-145 

0-181 

110 

5-4  (on  2  in.) 

Sum  of  all  six  aluminium  wires 

— 

1-085 

11-0 

— 

it  might  be  desirable  to  take  the  average  of  the  three  ' 
values,  i.e.   89  per  cent,  as  the  efficiency  of  the  steel. 

Limit  of  Proportiokality. 
As  in  the  case  of  copper  and  aluminium  cables,  the 
limit    of    proportionality    of    a    steel-cored    aluminium 

Table  2. 

Determination  of  the  Strength  of  a  Composite  Cable  from 
the  Strength  of  the  Components. 


Cable  1 

Cable  2 

Cable  2  after 
straining 

tons 

tons 

tons 

Breaking  load  of  cable  (a) 

1-93 

2-28 

2-28 

08    per    cent    of    sum    of 

breaking    loads    of    alu- 

minium wires   (6) 

1-17 

1-08 

1-062 

Load    taken    by    steel    at 

instant  of  fracture   [i.e. 

(a)  -  {b)] 

0-76 

1-20 

1-218 

Breaking  load  of  steel  wire 

0-886 

1-34 

1-32 

Percentage  of  load  on  steel 

at  failure  of  cable 

85-8 

88-5 

92-3 

cable  is  not  a  fixed  value  but  is  raised  by  increasing 
the  loading.     The  results  of  a  series  of  tests  on  a  100- 


curve  is  a  straight  line  up  to  a  definite  limit  of  pro- 
portionaUty,  and  after  this  has  been  passed  the  curve 
again  becomes  a  straight  line  terminated  by  a  second 
limit  of  proportionality.  The  first  limit  of  propor- 
tionality is  quickly  raised  to  1  917  lb.,  corresponding 
to  39  per  cent  of  the  breaking  load  of  the  cable,  and 
subsequent  loadings  have  no  effect  on  this  value.  This 
first  limit  of  proportionality  is,  however,  of  less  practical 
importance  than  the  second,  the  value  of  which  is 
steadily  raised  by  increased  loading.  By  this  means 
the  second  limit  of  proportionality  was  raised  to 
3  050  lb.,  corresponding  to  60  per  cent  of  the  ultimate 
load  of  the  cable. 

This  load  was  maintained  on  the  cable  for  eight 
days,  and  additional  stress-strain  curves  were  afterwards 
obtained  with  two  further  cycles  of  loading,  the  results 
of  which  are  also  shown  in  the  diagram.  No  abnormal 
features  are  noticeable,  and  the  results  indicate  that 
the  cable  is  still  mechanically  sound. 

The  results  of  the  tensile  tests  on  specimens  cut 
from  Cable  2,  after  straining,  are  given  in  Table  1. 
It  will  be  observed  that,  as  regards  the  ultimate 
strength  and  percentage  extension  of  the  cable  and 
of  the  individual  wires,  the  repetition  of  stress  on  the 
cable  and  the  prolonged  application  of  a  load  exceeding 
half  the  breaking  load  have  had  no  deleterious  effect, 
these  properties,  both  for  the  steel  and  aluminium  and 
for  the  complete  cable,  being  practically  unaltered. 

The  values  of  the  limit  of  proportionality  and  modulus 
of  elasticity  are  given  in  Table  3  and  show  that,  in 
respect  of  these  properties  also,  the  steel  is  unaffected. 
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but  that  the  hmit  of  proportionahty  of  the  aluminium 
wires  has  been  increased  and  tlie  modulus  decreased. 
These  results  indicate  that  the  aluminium  wires  have 
received  a  permanent  set,  and  it  may  be  assumed 
that  this  is  the  normal  operating  condition  of  this 
class  of  cable.  This  suggests  the  desirability,  already 
noted  with  copper  and  aluminium  cables,  of  pulling 
up  a  steel-cored  cable  very  taut  when  erecting,  before 
finally  adjusting  the  sag,  in  order  to  give  the  aluminium 
strands  the  necessary  permanent  set,  and  thus  assure 
the  constancy  of  behaviour  of  the  cable  within  the  limits 
of  loading.  This  initial  load  may  be  as  high  as  60  per 
cent  of  the  ultimate  strength  of  the  cable. 

T.^BLE    3. 

Limit  of  Propoyiionality  and  Modulus   of  Elasticity  of 
Constituent  Wires  of  Cable  2. 


Aluminium 
Steel 


Wire  from  Cable  2  as 
received 


Limit  of  pro- 
portionality 


tons  persq.  in 

2-58 
27-8 


Modulus  of 
elasticity 


lb.  per  sq.  in. 

9-42x106 
9-79xlO« 

28-8    XlO*"^ 


Wire  from  Cable  2  after 
straining 


Limit  of  p;o- 
portionality 


tons  persq.  m, 

}  '■''  { 

27-6 


Modulus  of 
elasticity 


lb.  per  sq.  in. 

8-36xlO« 

9-02X10'' 

29-9  XlO" 


It  should  be  noted  that  the  permanent  elongation 
of  the  aluminium  wires  was  small,  and  that  the  specimen 
showed  no  tendency  to  "  bird  cage  "  on  the  removal 
of  the  load. 

Modulus  of  El.\sticity. 

The  tests  on  the  long  lengths  of  cable  show  that, 
as  with  copper  and  aluminium  cables,  the  modulus  of 
elasticity  increases  with  repetition  of  loading  up  to  a 
maximum.  In  the  tests  on  Cable  1,  in  which  the 
maximum   loads    apphed    did    not    greatly    exceed    the 


primitive  limit  of  proportionality,  the  modulus  of 
elasticity  increased  to  12-7  x  10^  lb.  per  sq.  in.  It 
is  interesting  to  note  that  the  value  of  the  modulus 
as  calculated  on  the  assumption  that  the  cable  behaves 
as  a  compound  bar  in  which  the  strains  of  both  materials 
are  equal,  and  that  the  stresses  are  proportional  to 
the  moduh  of  the  component  metals,  is  12-6  X  10^  lb. 
per  sq.  in. 

In  the  case  of  Cable  2,  repeated  loadings  up  to  the 
first  limit  of  proportionality  gave  a  value  of  the  modulus 
of  12-7  X  10''  lb.  per  sq.  in.  as  shown  in  the  diagram, 
the  calculated  value  from  the  moduli  of  the  constituent 
wires  being  12-5  X  10"  lb.  per  sq.  in. 

After  the  first  limit  of  proportionality  the  cable 
stretched  ^^ith  a  somewhat  smaller  modulus,  varjnng 
from   11-0  X   106  to   12-1  X   106  ji,.  per  sq.  in. 

Conclusions. 

This  tj'pe  of  cable  behaves  similarly  to  a  homo- 
geneous copper  or  aluminium  cable,  its  tensile  strength 
closely  approaching  the  sum  of  the  breaking  strengths 
of  the  constituent  wires,  and  its  limit  of  proportionahty 
increasing  wdth  repeated  increasing  loads.  The  limit 
of  proportionahty  may  be  safely  raised  by  this  means 
to  at  least  60  per  cent  of  the  breaking  load  of  the  cable. 

\^'ith  a  seven-\\'ire  strand  the  breaking  strength  may 
safely  be  taken  as  93  per  cent  of  the  sum  of  the  strengths 
of  all  the  wires.  A  more  general  rule  which  it  is 
suggested  may  apply  to  steel-cored  aluminium  cables 
having  more  than  seven  wires,  is  to  assume  that  the 
breaking  strength  is  98  per  cent  of  the  sum  of  the 
breaking  loads  of  the  aluminium  wires  plus  89  per  cent 
of  the  sum  of  the  breaking  loads  of  the  steel  wires. 

For  the  purpose  of  overhead  line  calculations  the 
modulus  of  elasticity  may  be  computed  on  the  assump- 
tion that  the  stresses  in  the  two  materials  will  be  pro- 
portional to  their  moduli  of  elasticity.  The  value  of 
the  modulus  of  elasticity  of  the  aluminium  wires  is 
consistent  with  the  values  obtained  from  tests  on 
single  wires  of  other  diameters  (see  Technical  Report 
Ref.  F/T6). 
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ELECTRIC    LINE    CALCULATIONS:     THEIR    PRACTICAL    APPLICATION 
TO   TRANSMISSION   AND   DISTRIBUTION   PROBLEMS. 

By    W.    T.    J.    Atkins,    B.Sc.(Eng.).    Student. 

(Abstract  of  paper  read  before  the  North  Midland  Students'   Section,  21lh  March,   1923.) 


Summary. 

The  type  of  network  usually  found  in  practice,  i.e.  one 
feeding  scattered  loads  and  having  a  complicated  lay-out, 
is  nearly  always  neglected,  or  at  best  receives  summary 
treatment,  in  literature  dealing  with  the  subject  of  line 
calculations. 

The  fundamental  principles  are  here  briefly  reviewed,  and 
methods  based  on  the  principle  of  superposition  are  described, 
enabling  problems  of  any  degree  of  complexity  to  be  solved 
by  successive  approximation. 

The  work  involved  in  the  solution  is  much  less  than  that 
necessitated  by  a  direct  method,  as  the  limits  of  accuracy 
of  the  data  are  generally  fairly  wide. 

The  calculation  of  short-circuit  currents  and  of  their 
heating  effect  is  also  described  and  examples  are  given. 


I.  Fundamental  Principles. 

The  E.M.F.  and  current  at  one  end  of  any  uniform 
system  of  parallel  conductors  are  related  to  the  E.M.F. 
and  current  at  the  other  end  by  the  expressions 


E 


AEo  ±BIo:  1  =  AI,)  ±  CEo 


A,  B  and  C  are  comple.x  operators  or  ratios,  i.e.  quanti- 
ties of  the  same  type  as  impedance  or  admittance,  and 
consequently  the  line  can  be  replaced,  for  calculation 
purposes,  by  a  system  of  concentrated  or  "  lumped  " 
impedances  and  admittances  which  will  be  its  exact 
electrical  equivalent. 

The   most   useful   of   such   substitutions   is 
replacing  the  actual  impedance,  Z,  by 


given   by 


Zil  + 


ZY       Z^Y-^ 


3! 


5! 


...) 


and   tlie   admittance,    Y,   by  two   admittances,   one   at 
each  end,  the  value  of  each  being 


fZY 


22  y  2 


■■)/<■ +  1?  + 


ZY      Z-Y2 


■) 


It  follows  that  every  electrical  transmission  system 
may  be  replaced  by  a  network.  This  statement,  as 
will  be  shown  later,  is  subject  to  considerable  qualifica- 
tion, but  for  the  present  it  will  be  assumed  to  be  true. 

The  problem  of  calculating  the  electrical  quantities 
in  any  network  composed  of  conductors  of  which  the 
E.M.F./current  ratios  do  not  vary  in  any  circumstances, 
admits  of  rigorous  solution  by  the  application  of 
Kirchhoff's  laws  and  the  solution  of  the  resulting 
simultaneous  equations. 

Further,  it  is  a  direct  consequence  of  the  linearity 


of  the  fundamental  differential  equations  of  such  a 
circuit  that  the  phenomena  resulting  from  any  particular 
cause  (e.g.  an  E.M.F.  applied  between  two  points)  are 
entirely  independent  of  the  phenomena  resulting  from 
all  other  simultaneous  causes  (E.M.F. 's)  and  may  be 
superposed  on  the  latter,  so  that  the  total  of  the  effects 
in  the  network,  each  of  wliicli  may  be  separately  calcu- 
lated from  its  own  cause,  correctly  represents  the  effect 
of  all  the  causes  acting  in  conjunction. 

It  also  follows  that  the  variation  of  an  electrical 
quantity  at  one  point  causes  a  linear  variation  of  the 
electrical  quantities  at  some  or  all  of  the  other  points 
in  the  network,  which  variation  may  be  calculated 
without  regard  to  any  other  existing  circumstances. 
This  principle,  wth  slight  modifications,  is  of  great 
practical  utility. 

II.  Limitations  of  Network  Calculations. 

The  foregoing  theory  is  based  upon  assumptions 
which  are  not  justified  in  most  practical  cases,  therefore 
it  becomes  necessary  to  examine  the  conditions  arising 
in  existing  distributing  systems,  in  order  that  the 
methods  employed  may  be  modified  so  as  to  avoid  the 
errors  (which  might  in  some  cases  be  extremely  great) 
involved  in  neglecting  the  violation  of  the  assumptions 
on  which  the  calculation  is  based. 

These  assumptions  are  : — 

(a)  That  the  "  steady  state  "  has  been  attained. 

(6)  That  loads  and  line  constants  may  be  represented 
as  ratios  of  E.M.F.  to  current  which  are  inde- 
pendent of  the  absolute  values  of  those  quantities 
and  also  of  the  frequency. 

(c)  That  the  wave-form  in  the  alternating-current 
case  is  a  pure  sine-wave. 

{d)  That  the  currents  have  no  reaction  on  the  applied 
E.M.F.'s. 

(a)  The  "  steady  state  "  will  always  exist  in  the 
absence  of  abnormal  conditions,  wliich  are 
dealt  with  later. 

(6)  The  resistance  or  impedance  of  any  conductor 
or  piece  of  apparatus  may  be  defined  as  the 
ratio  of  the  E.M.F.  across  it  to  the  current 
flowing  through  it,  and  hence  it  is  by  no  means 
correct,  in  general,  to  represent  a  load  in  this 
waj^  A  more  correct  representation  is  given 
bv  the  product  of  E.M.F.  and  current,  but  even 
this  is  of  doubtful  validity,  and  in  any  case  is 
impracticable  as  it  leads  to  cumbrous  quadratic 
equations. 


APPLICATION   TO  TRANSMISSION   AND   DISTRIBUTION   PROBLEMS. 


1045 


It  is  clear  that  the  "  constants  "  of  both  loads  and 
Unas  are  complicated  functions  of  the  frequency. 

(c)  If  E.M.F.'s  containing   harmonics  in  addition  to 

the   fundamental  wave   are  impressed   upon   a 
network,  or  even  upon  a  single  impedance,  and 
I  the  currents  are  calculated  from  the  "  equiva- 

lent sine-waves  "  of  the  E.M.F.'s,  the  values 
so  obtained  are  not,  in  general,  equal  to  the 
"  equivalent  sine-currents."  This  is  especially 
the  case  where  apparatus  with  negative  react- 
ance (e.g.  static  condensers  for  power  factor 
correction)  is  in  circuit,  as  the  harmonic 
components  of  the  currents  are  disproportion- 
ately magnified.  The  legitimate  method  of 
dealing  with  this  case  is  to  split  up  the  E.M.F. 
wave  into  its  components,  calculate  the  resulting 
currents  separately,  and  recombine  them  in 
accordance  with  the  principle  of  superposition. 
Since  the  wave-shape  of  modern  alternators 
closely  approximates  to  the  sine-wave,  only 
the  fundamentals  will  here  be  considered. 

(d)  The  applied  E.M.F.'s,  i.e.  the  busbar  voltages  of 

the  generating  stations,  will  normally  be 
artificially  adjusted  to  a  constant  value,  or 
raised  to  compensate  in  some  degree  for  the 
regulation  of  the  mains,  etc. 

III.  The  Art  of  Approxim.\tion. 

It  is  evident  that  no  form  of  direct  mathematical 
analysis  can  be  devised  to  take  into  account  all  the 
factors  bearing  on  the  problem  without  being  excessively 
complicated.  Methods  of  approximation  must  there- 
fore be  substituted  ;  but  it  should  be  clearly  understood 
that  this  does  not  imply  a  lesser  degree  of  accuracy  in 
the  result.  The  method  of  successive  approximation, 
or  "  trial  and  error,"  is  capable  of  yielding  results  to 
any  desired  degree  of  accuracy  with  far  less  labour 
than  the  direct  method  in  problems  of  this  nature,  and 
is  not  in  any  sense  confined  to  its  usually  accepted 
meaning  among  engineers. 

The  considerations  wliich  limit  the  extent  of  the 
calculations  are  :  (a)  the  accuracy  of  the  data,  and 
(b)  the  desired  accuracy  of  the  result.  Only  (a)  will  be 
examined  in  detail  here,  as  (6)  is  merely  a  matter  of 
additional  arithmetic. 

Line  constants. — The  calculation  of  the  line  constants 
is  based  on  the  effective  resistance,  etc.,  per  unit  length, 
i.e.  on  the  E.M.F./current  ratios  which  actually  obtain 
under  service  conditions.  It  is  the  author's  opinion 
that  ±  5  per  cent  are  the  narrowest  limits  within  which 
such  figures  can  justifiably  be  placed  if  they  are  calcu- 
lated from  the  dimensions  of  the  conductors,  etc.  The 
alternative  of  measurement  would  be  rather  difficult 
and  scarcely  more  accurate  except  in  the  case  of  an 
extremely  long  line. 

The  calculation  of  the  "lumped"  constants  from 
the  expressions  given  presents  no  difficulty  and,  in 
fact,  will  usually  merely  involve  taking  the  first  terms 
dnly  in  each  case. 

Loads. — It  is  generally  with  regard  to  the  loading, 
or  assumed  loading,  of  any  network  that  the  most 
serious  limitation  is  placed  on  the  calculation.  In 
Vol.  61. 


addition  to  the  uncertainty  which  may  exist  as  to  the 
values  of  the  loads  themselves,  the  diversity  factor, 
in  so  far  as  it  affects  the  incidence  of  the  loads  where 
their  positions  are  scattered,  and  the  individual  power 
factors  in  the  a.c.  case,  so  greatly  affect  the  regulation 
of,  and  the  current  distribution  among  the  mains,  that 
it  is  often  only  possible  to  discover  the  "best"  and 
"  worst  "  conditions  in  any  particular  instance. 

IV.  Cl.\ssificatiox  of  Problems. 
The  problems  encountered  in  practice  may  arbitrarilj- 
be  divided  into  four  classes,  which,  in  order  of  complexitj-, 
are  : — 

(1)  Single  untapped  line  supplying  load. 

(2)  Single  line  with  tapped  loading. 

(3)  Networks    fed    from    a    single    point    and    loaded 

in  any  way. 

(4)  Networks  loaded  in  any  way,  but  fed  from  two 

or  more  points. 
These  cases  will  be  considered  in  order. 

(1)  Single  untapped  line. — So  much  has  been  written 
on  this  form  of  transmission  that  it  will  be  sufficient 
to  remark  that  it  is  more  convenient  in  practice  to  use 
the  fundamental  equations  rather  than  the  equivalent 
circuits. 

(2)  Single  line  with  tapped  loading. — This  case  and 
the  following  ones  are  much  more  frequently  met  with 
than  (1),  and  will  therefore  receive  greater  attention. 

The  first  step  is  to  determine  the  equivalent  admit- 
tances to  be  placed  at  the  ends  of  each  section  of  the 
line.  These  will  often  be  negligible,  but  with  compara- 
tively long  lengths  of  cable  they  may  considerably  affect 
the  results,  and  must  therefore  be  taken  into  account. 

After  a  little  experience,  an  intelligent  guess  may 
next  be  made  as  to  the  voltage  at  each  point  of  the 
line,  and  this  enables  the  load  currents  to  be  found 
approximately.  Since  the  line  admittances  have  been 
calculated  for  the  ends  of  each  section,  the  resulting 
currents,  which  are  deduced  from  the  assumed  voltages, 
may  be  added  directly  to  the  load  currents,  in  order 
to  obtain  the  total  currents  flowing  in  the  sections. 

The  voltage  drop  in  each  section  for  these  currents 
may  now  be  worked  out,  and  it  will,  in  general,  be 
found  that  the  voltages  so  obtained  differ  by  small 
amounts  from  those  originally  guessed.  In  consequence 
of  this,  the  load  currents  must  be  corrected  in  order 
that  the  loads  (in  kVA)  may  have  the  values  given. 
Tliis  process  is  assumed  not  to  affect  the  voltages. 
This,  of  course,  is  not  the  case  ;  but  the  important 
point  is  that  the  changes  in  the  voltages  so  produced 
are  of  the  next  lower  order  of  small  quantities.  The 
additional  currents  (not  the  corrected  currents)  are 
now  assumed  to  flow,  and  the  additional  drops  thereby 
caused  are  calculated.  (This  is  justified  by  the  principle 
of  superposition.)  The  corresponding  current  incre- 
ments are  again  of  the  next  lower  order  of  small 
quantities,  and  ..so  on. 

The  advantages  of  performing  the  calculation  in  this 
way  are  that  each  stage  merely  involves  simple  arith- 
metic, and  that  the  calculation  is  less  laborious  than 
the  direct  method,  for  it  can  readily  be  determined 
by  inspection  wiien  tlie  desired  degree  of  accuracy 
has  been  obtained.  >     -;i 
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There  are  many  cases,  however,  in  which  this  method 
would  be  an  unnecessary  refinement.  To  deal  with 
these  cases,  use  may  be  made  of  the  fact  that  the  drop 
in  a  given  length  of  conductor  for  1  ampere  at  a  power 
factor  of  cos  cf)  is  nearly 

R  cos  (f)  +  X  sin  cf) 

where  i?  is  the  resistance  and  X  the  reactance.  This 
expression  neglects  the  component  of  the  drop  which 
is  in  quadrature  with  the  applied  voltage,  and  is  only 
strictly  true  when  X/R  =  tan  (f),  but  it  is  a  sufficient 
approximation  to  the  algebraic  drop  when  the  latter 
does  not  exceed  about  5  per  cent. 

It  \vill  be  found  useful,  where  many  such  calculations 
are  contemplated,  to  draw  up  a  table  based  on  this 
approximation,  of  drops  per  1  000  yards  per  10,100  or 
1  000  kVA,  for  the  standard  t)rpes  of  line  employed. 

(3)  Networks  fed  from  a  single  point. — The  use  of 
simultaneous  equations  in  the  first  approximation  is 
unavoidable.  The  working  tends  to  become  formidable 
if  the  network  is  at  all  complicated,  and  is  most  readily 
accomphshed  by  determinants.  After  this  first  step 
has  been  taken,  the  remainder  of  the  solution  is  carried 
out  exactly  as  before.  It  is,  of  course,  essential  that 
the  complete  expressions  for  the  drops  be  used  for 
calculating  all  network  problems,  as  the  same  algebraic 
voltage-drop  may  correspond  to  an  infinite  variety  of 
"vectorial"  drops  and,  therefore,  of  currents. 

The  process  of  successive  approximation  will  generally 
be  found  to  produce  voltage  differences  between  points 
which  are  actually  electrically  connected.  This  does 
not,  however,  invahdate  the  method  or  cause  any 
practical  difiiculty,  as  all  that  is  necessary  is  to  superpose 
such  a  circulating  current  as  will  equaUze  the  voltages 
in  question.  The  value  of  the  circulating  current  is 
simply  the  quotient  of  the  voltage  difference  by  the 
impedance  of  the  current  path. 

(4)  Networks  fed  at  more  than  one  point. — This  case 
may  be  dealt  with  by  a  sUght  modification  of  the 
previous  method. 

The  most  convenient  of  the  feeding-points  is  chosen, 
and  it  is  assumed  that  all  the  loads  are  fed  from  that 
one  point,  and  the  first  approximation  worked  out. 
Next,  the  loads  are  completely  disregarded,  and  a  set 
of  tables  of  drops  and  currents  is  compiled  for  the  other 
feeding  points  taken  separately,  on  the  assumption  that 
each  one  sends  a  current  equivalent  to  its  actual  share 
of  the  total  load  to  the  originally  chosen  feeding-point. 
The  various  drops  and  currents  are  then  all  superposed, 
and  further  approximation,  if  necessary,  is  carried  out 
as  before. 

It  is  an  easy  matter  to  determine  the  operating 
characteristics  (e.g.  interchange  of  load  and  wattless 
currents)  of  such  a  system  when  once  the  problem  has 
been  solved  in  any  particular  case.  All  that  is  necessary 
is  to  assume  everything  except  the  quantities  at  two 
points  to  be  constant,  and  add  the  effect  of  their  varia- 
tions to  the  existing  conditions,  correcting  if  necessary. 

V.  Losses  and  Efficiency. 
The   line   losses   consist   almost  wholly   of  resistance 
losses  if  the  load  factor  is  reasonably  high,  the  dielectric 
losses  being  then  small  in  comparison.     In  any  case. 


their  calculation  presents  no  difficulty,  and  may  generally 
be  most  easily  accomplished  in  the  form 

^r-hr  +  •E.E-^Sg 

VI.  Abnormal  Conditions. 

Only  tbe  condition  of  short-circuit  \vill  be  considered 
here. 

The  thorough  investigation  of  the  problem  is  very 
complex,  because  it  necessarily  has  to  be  based  on  the 
electrical  characteristics  of  the  generating  and  trans- 
forming plant  as  well  as  those  of  the  lines,  and  it  is 
doubtful  whether  all  of  the  physical  quantities  could 
be  taken  into  account  by  ordinary  mathematical 
methods. 

Fortunately,  however,  the  short-circuit  current  of 
modern  generators  may  be  approximated  to  by  curves 
having  fairly  simple  exponential  laws,  which  are  sup- 
ported by  much  experimental  evidence  in  the  form  of 
oscillograph  records. 

In  the  opinion  of  the  author,  the  most  practically 
useful  form  into  which  these  curves  have  been  put  is 


1-0 
Time,  in  seconds 

Fig.  1. 


the  series  of  "  American  standard  short-circuit  factors  " 
shown  in  Fig.  1.  These  show  the  factor  by  which  the 
full-load  current  of  any  system,  consisting  of  the  genera- 
tors and  apparatus  connected  between  them  and  the 
short-circuit,  must  be  multiplied  to  obtain  the  short- 
circuit  current  in  terms  of  time.  The  curves  cover  a 
wide  range  of  values  of  total  impedance,  and  this 
impedance  is  expressed  as  a  percentage  based  on  the 
capacity  of  the  generators  in  circuit.  What  is  meant 
is  that,  if  normal  full-load  current  flows,  the  impedance 
drop  is  the  given  percentage  of  the  voltage  of  generation, 
so  that 

Percentage  impedance 

=  (100  VA/V-)  (Impedance  in  ohms) 

In  order,  therefore,  to  discover  the  short-circuit 
current  at  any  point  in  a  system,  all  that  is  necessary 
is  to  calculate  the  percentage  impedance  from,  and 
including,  the  generators  up  to  the  point  in  question, 
when  the  value  and  time  variation  of  the  current  may 
immediately  be  obtained.  Of  course,  if  the  voltage 
is  stepped  up  for  transmission  purposes,  the  impedance 
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must  be  reduced  to  that  corresponding  to  the  voltage 
of  generation,  by  dividing  by  the  square  of  the  ratio, 
exactly  as  is  done  for  reducing  secondary  quantities 
to  primary  in  the  case  of  transformers,  etc.  Care  must 
also  be  exercised  where  generators  or  mains  are  in 
parallel. 

In  addition  to  the  problem  of  determining  the 
necessary  rupturing  capacity  of  switchgear,  the  question 
of  the  minimum  size  of  conductor  that  may  safely  be 
employed  is  one  which  often  arises.  The  author  has 
made  a  number  of  calculations  based  on  the  American 
curves  and  has  found  that,  to  a  sufficient  degree  of 
approximation  for  this  purpose,  the  current  flowing 
from  the  instant  of  short-circuit  for  any  reasonably 
short  time   (up  to  about  5  seconds)   may  be  replaced. 
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so  far  as  its  effective  or  "  mean  square  "  value  is  con- 
cerned, by  an  equivalent  constant  current  flowing  for 
the  same  time,  the  magnitude  of  which  is  the  instanta- 
neous value  of  the  short-circuit  current  at  one-quarter 
of  the  period  in  question.  Fig.  2  shows  some  of  the 
cases  considered,  and  on  which  this  approximation 
was  based. 

VII.  General  Remarks. 

It  is  not  claimed  that  the  methods  described  in  this 
paper  have  any  particularly  original  features  ;  they 
merely  represent  the  method  of  practical  apphcation 
of  first  principles  which  the  author  has  found  most 
suited  to  his  own  point  of  view,  and  it  has  therefore 
not  been  considered  advisable  to  go  into  great  detail, 
as  such  matters  vary  with  the  ideas  of  the  individual. 

Line  calculations  are  often  highly  comphcated, 
although  they  only  involve  simple  principles,  and 
everything  depends  upon  intelligent  approximation. 
There  is  wide  scope  for  mathematical  ingenuity,  but 
after  a  Uttle  practice  a  faculty  of  intuition  is  developed 
which  is  more  to  the  point,  and  which  enables  interme- 
diate steps  to  be  omitted,  with  a  considerable  reduction 
of  laborious  "spade-work."  The  most  important 
pc  int  is  not  to  lose  sight  of  the  wood  on  account  of  the 
trees.  In  this  connection,  a  rough  graphical  representa- 
tion of  the  problem  is  useful  in  preserving  a  sense  of 
proportion. 


Example. 

Fig.  3  shows  diagrammatically  a  33  kV  three-phase 
network  fed  Jrom  the  two  power  stations  A  and  G. 
In  practice,  it  would  probably  be  more  comphcated, 
but  it  has  been  made  comparatively  simple,  as  the 
present  purpose  is  to  illustrate  the  principles  involved 
in  the  calculation  of  its  operating  characteristics. 


An 


9  oooyds. 

U/G 


at  cos  (4  =  0-23^ 


17000  yds. 
0/B 


14  000  kVA    f 
at  cos  <f>  =  0-29  ' 


5000yds. 
U/G 


12  oooyds. 
0/H 


•i  000  Yds. 

u/r. 


Line  constants  per  1  000  yards  :— 
Underground  (Duplicate  0-1  sq.  in.  cable)  : — 

rZ  =  0-U\  +  0-052; 
XIc  =  0-10  4-  l-90i 
Overhead  (Duplicate  3/0  S.W.G.     Spacing  36  in.)  : 
fZ  =  0-112  +  0-158^ 

\/c  =  o-i2y 

Total  load  current  (42,000  kVA  at  cos^  =  0-85) 

■=.  650  -  440/ 
With  charging  current  (1-7  -f-  31f) 

=  650  -  400J 
Load  on  G  =  30  000  kVA  at  cos  ^  =  0-83 
Current  GFC      _  0-410  -  0-083J 
Current  GEDC  ~  0-590  +  0-083y 

The  approximate  load  current  is  first  found,  and  to 
this  is  added  the  total  charging  current  of  the  network. 

Assume  all  the  loads  to  be  fed  from  A. 

Starting  from  A,  the  current  in  each  section  is  deter- 
mined by  successively  subtracting  the  load  currents  as 
each  point  of  supply  is  passed. 

On  arriving  at  C,  assume  a  current  /  to  flow  via 
CF.  Calculate  the  drops  CFG  and  CDEG.  These 
must  be  equal.  A  simple  equation  results  from  wliich 
I  is  found. 

The  approximate  currents  in  all  the  sections  are 
now  known  (Table  1). 
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Table  1. 


Section 

Amps. 

AB 

650  -  400y 

BC 

570  —  375; 

CF 

190  -  150; 

CD 

195  -     30; 

DE 

70  -     15; 

FE 

0  -     10; 

Now  calculate  the  current  corresponding  to  the  load 
on  G,  and  assume  that  it  flows  straight  tlirough  to  A 
without  any  being  distributed  en  route.  It  is  divided 
between  the  paths  GFC  and  GEDC  in  the  inverse  ratio 
of  their  impedances. 

The  currents  so  found,  added  to  those  of  Table  1, 
are  shown  in  Table  2,  and  are  the  first  approximation 
to  the  line  currents. 

T.\BLE    2. 


Section 

Amps. 

Drop 

AB 

215  -  150; 

315  —     60; 

BC 

135  -     55; 

410  +  255; 

CF 

40  +       5; 

5  +     15; 

FG 

-  115  +  160; 

-  460  —       5; 

CD 

-     85  +  105; 

-     55  4-     30;- 

DE 

-  210  +  120; 

-  155  +     15; 

EG 

-  280  -^  145; 

-  215  -  110; 

The  drops  CFG  and  CDEG  for  these  currents  are 
next  worked  out,  and  a  difference  V  is  discovered. 
From  the  known  impedance  Z  of  the  ring  CFGEDC, 
and  this  voltage,  the  circulating  current  necessarj-  to 
rectify  this  is  easily  calculated  [I  =  VIZ). 


Drop  CFG  =  —  455  4- 
Drop  CDEG  =  —  425  - 
Difference  =  30  —  75;'. 
Ring  impedance  =  3-0" 
Circulating  current  =  —  7  •  S 


10;. 
-  65;. 


3-36;". 

16;  (—  10  —  15;). 


The    corrected    currents    and    voltages    are    given    in 
Table  3. 


If  it  were  desired,  it  would  be  a  simple  matter  to 
continue  the  process  of  approximation  to  any  degree  of 
accuracy,  but  Table  3  is  as  near  to  the  actual  state  of 
affairs  as  would  probably  be  required  in  practice. 

Suppose,  now,  it  is  required  to  find  the  efiect  of 
transferring  current  at  any  given  power  factor  from 
one  station  to  the  other.  All  that  is  necessarv  is  to 
calculate  the  drops  produced  by  this  current  flowing 
straight  through,  subtract  them  from  the  existing 
voltages,  and  the  new  voltages  will  be  obtained.  The 
currents  are  also  found  by  simple  addition. 

Total  impedance  (straight  through)  =  3-81  -\-  3-93;'. 

Drop  for  10  000  kVA  at  cos<^  =  0-7  lag  (125  —  130;') 
transferred  from  one  station  to  the  other  =  985  —  5; 
volts,  i.e.   1  700  volts  drop  between  lines. 

Again,   if  sjmchronous   condensers  were  installed   at 

C,  their  effect  could  be  determined  with  great  ease  by 
imagining  so  much  leading  quadrature  current  to  flow- 
to  C  from  A  and  G. 

As  an  example  of  the  calculation  of  short-circuit 
currents,  suppose  a  short-circuit  to  occur  at  the  point 

D,  with  generators  of  a  total  capacity  of  50  000  kVA 
connected  to  the  bars  at  A  and  G.  The  current  fed 
into  the  fault  passes  tlirough  two  paths  in  parallel : 
(a)  GED,  (b)  ABC  and  GFC  in  parallel,  and  then  CD. 
The  total  impedance  is  easily  found  to  be  0  ■  616  -;-  0  •  565; 
ohms. 

Expressed  as  a  percentage  this  is 

(0-616  —  0-565;)  x  100  x  50  000  X  1  000/(33  000)2 

=  (0-616  -r  0-565;)  X  4-59  =  2-8%  +  2-6;"% 

The  probable  impedance  of  generators  and  step-up 
transformers  will  be  of  the  order  of 

2  %  4-  15;  % 

making  the  total  impedance 

4-8%  4-  17-6;%  =  18-2% 

The  short-circuit  current  (expressed  as  a  multiple  of 
the  full-load  current),  may  now  be  read  directly  off 
the  curves. 

At  0-2  second  it  is  about  4-3  times  full-load  current, 
i.e.  215  000kVA  (4  000  amperes). 

If  the  short-circuit  were  maintained  for  5  seconds 
before  being  cleared,  the  heating  in  the  conductors 
would  be  approximately  the  same  as  that  produced 
by  the  short-circuit  current  at  1-25  seconds  (2  600 
amperes)  flowing  for  5  seconds,  or,  what  is  the  same 
thing,  5  800  amperes  flowing  for  1  second. 


Table  3. 


Section 

Amps. 

P.F. 

Drop 

Volts 

AB 

215  —  150; 

260 

0-82 

315  -     60; 

B 

18  735  - 

-     60; 

32  500 

BC 

135  —     55; 

145 

0-93 

410  -F  255; 

C 

18  325  - 

-  195; 

31  800 

CF 

30  -     10; 

30 

0-95 

10  4-     10; 

F 

18  315  - 

-  205; 

31800 

FG 

-  125  4-  145; 

190 

0-65 

-  440  —     40; 

G 

18  755  - 

-  165; 

32  500 

CD 

-     75  -f  120; 

140 

0-53 

—     55  4-     40; 

D 

18  380  - 

-  235; 

31  800 

DE 

-  200  4-  135; 

240 

0-83 

-  155  4-     30; 

E 

18  535  - 

-  265; 

32  100 

EG 

-  270  -r  160; 

315 

0-89 

-  220  -  100; 

G 

18  755  - 

-  165; 

32  500 
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WIRELESS    DIRECTION-FINDING    IN    STEEL    SHIPS. 

By  C.  E.   HoRTON. 

{Paper  received  1st  May,  and  read  before  the  Wireless  Section  6th  June,   1923.) 


Summary. 

The  problems  of  direction-finding  which  are  pecuhar  to 
ships  are  discussed. 

A  method  of  re.^arding  the  action  of  a  ship  on  wireless 
waves  is  given,  as  well  as  means  of  correcting  for  the  devia- 
tions so  produced. 

The  precautions  to  be  observed  in  the  calibration  of  a  ship 
direction-finder  are  Indicated. 

A  laboratory  method  of  investigating  the  action  of  metal 
structures  is  described,  and  the  use  of  multiple-aerial  systems 
is  considered. 


To  ascertain  a  ship's  position  at  sea  by  means  of 
directional  wireless  it  is  necessary  to  obtain  the  true 
bearing  of  at  least  two  stations,  the  positions  of  which 
are  known.  Either  the  ship  must  make  the  observa- 
tions herself  or  she  must  ask  shore  stations  to  take 
bearings  while  she  transmits  a  suitable  signal.  The 
responsibility  for  the  accuracy  of  the  work  rests,  in  the 
first  case,  with  the  ship  and,  in  the  second,  with  the 
shore  stations. 

There  are  some  obvious  advantages  in  having  the 
direction  finder  located  on  board  rather  than  on  shore. 
For  the  ship  is  no  longer  dependent  on  shore  direction- 
finding  stations,  which,  in  this  country,  are  few  and  far 
between.  It  can  make  use  of  just  those  transmitting 
stations  out  of  the  large  number  now  working  which 
are  most  conveniently  situated  for  obtaining  an  accurate 
fix  of  position  ;  and  there  is  no  reason  to  restrict  the 
work  to  one  wave-length  or  one  type  of  station.  Con- 
sistent bearings  of  three  or  more  stations  give  a  far 
greater  certainty  to  the  result  than  is  obtained  by 
relying  on  two  fixes  only. 

Again,  an  experienced  operator  can  form  an  estimate 
of  the  reliability  of  any  bearing  which  he  obtains. 
He  knows  just  how  much  to  allow  for  such  interfer- 
ence as  he  may  have  experienced.  The  captain  of  the 
ship  can  likewise  form  an  estimate  of  the  reliability 
of  his  apparatus  and  staff.  Where  the  observations  are 
taken  by  the  ship  the  captain  is  therefore  in  a  position 
to  know  how  far  to  trust  the  figures  submitted  to  him. 
Should  a  mistake  occur  the  responsibility  rests  clearly 
with  the  ship. 

These  are  great  advantages  which  may  at  some  future 
time  reduce  the  need  for  shore  direction-finding  stations, 
and  create  a  demand  for  suitable  beacon  stations  in 
their  stead.  Unfortunately,  the  first  requirement  of  a 
good  direction-finding  service,  which  is  accuracy,  is 
very  much  more  difficult  to  achieve  in  a  ship  than  on 
shore,  where  conditions  are  usually  more  favourable. 
The  work  about  to  be  described  is  concerned  with 
overcoming  the  special  difficulties}  which  arise  in  ships. 


These  difficulties  are  roughly  proportional  to  the  size 
and  congestion  of  the  metal  structures  in  the  vicinity 
of  the  direction  finder,  and  are  therefore  obtained  to 
full  perfection  in  a  modern  man-of-war. 

The  limitations  to  the  accuracy  of  direction  finders 
which  arise  from  atmospheric  effects  or  are  due  to  the 
peculiarities  of  wave  propagation  over  the  earth  will 
not  here  concern  us.  Only  those  disturbing  factors 
which  are  especially  characteristic  of  ship  work  will  be 
considered. 

Calibration  of  a  Ship  Direction-finder. 

To  determine  the  direction  of  propagation  of  a  train 
of  electromagnetic  waves  one  seeks  to  find  the  direction 
of  the  alternating  magnetic  and  electric  forces  of  the 
wave.  Then  for  plane  waves  in  an  isotropic  medium 
it  is  known  that  the  direction  of  propagation  is  per- 
pendicular to  the  plane  containing  the  magnetic  and 
electric  forces.  In  the  vicinity  of  a  metal  ship  the 
magnetic  and  electric  forces  due  to  a  wave  passing 
over  it  will  vary  in  direction  and  magnitude  from  point 
to  point ;  at  any  particular  point  they  will  probably 
not  be  the  same  as  the  directions  and  magnitudes  of 
the  forces  in  the  undisturbed  parts  of  the  field,  i.e.  at 
a  considerable  distance  from  the  ship. 

A  satisfactory  direction  finder  for  use  on  a  ship  has 
to  allow  for  this  complication.  It  has  to  determine 
the  directions  of  the  forces  appropriate  to  the  undis- 
turbed wave.  Although  it  is  necessary  to  determine  the 
directions  of  both  the  magnetic  and  electric  forces  in 
a  wave  in  order  to  obtain  the  direction  of  propagation, 
it  is  usual  to  assume  that  the  electric  force  in  a  wave 
travelling  over  salt  water  is  vertical.  This  seems  to 
be  justified  for  waves  which  have  travelled  without 
refraction  or  reflection.  But  where  long  distances  are 
concerned  the  possibility  that  a  portion  of  the  wave 
has  suffered  successive  refractions  and  is  not  travelling 
parallel  to  the  earth's  surface  at  the  moment  of  striking 
the  direction  finder  is  not  to  be  ignored.  Such  condi- 
tions apart,  the  problem  of  direction-finding  is  reduced 
to  that  of  finding  the  direction  of  the  magnetic  force. 

Perhaps  the  most  straightforward  method  of  doing 
this  makes  use  of  the  fact  that  the  direction  of  the  mag- 
netic force  at  any  point  near  a  ship  is  a  function  of  the 
direction  of  the  force  in  the  undisturbed  field  of  the  wave. 
The  exact  nature  of  this  functional  relation  cannot  be 
predicted  from  theory,  for  the  reason  that  the  boundary 
conditions  which  the  waves  have  to  satisfy  are  too 
complicated  for  analysis.  But  the  relation  can  be 
obtained  in  the  form  of  a  graph  by  experiment.  A 
search  coil,  which  need  not  be  greater  than  ,3  ft.  square, 
is  mounted  in  a  definite  position  in  the  ship  so^  as  to  be 
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capable  of  rotation  round  a  vertical  axis,  and  is  connected 
to  a  suitable  amplifier.  A  transmitting  station,  the  true 
bearing  of  which  can  be  obtained  by  visual  sights,  is 
directed  to  transmit  a  suitable  signal,  while  the  search 
coil  is  revolved  until  its  plane  is  parallel  to  the  magnetic 
force  in  the  region  where  it  is  situated.  Silence  is  then 
obtained  in  the  telephones.  The  true  direction  of 
incidence  of  the  wave  is  known,  and  the  apparent 
direction  is  perpendicular  to  the  plane  of  the  search 
coil  in  the  "  silence  "  position.  It  is  only  necessary 
to  repeat  the  experiment  for  waves  incident  in  many 
different  directions  to  enable  one  to  deduce,  on  any 
subsequent  occasion,  the  true  direction  from  the  apparent 
direction. 

The  operation  of  finding  the  amount  of  correction 
to  be  applied  to  a  direction  finder  is  referred  to  as 
"calibrating  the  set."  The  calibration  of  a  direction 
finder  after  it  has  been  installed  is  a  most  important 
operation  and  experience  has  indicated  certain  pre- 
cautions which  should  be  taken.  To  reduce  the  chance 
of  any  errors  due  to  atmospheric  effects  the  calibration 
should  be  performed  at  short  ranges.  At  the  same 
time  one  has  to  consider  the  effect  of  the  inductive 
field  of  the  transmitter.  At  short  ranges  this  modifies 
the  nature  of  the  total  field  considerably.  It  may 
sometimes  make  it  impossible  to  take  a  bearing  at  all. 
A  distance  of  four  wave-lengths  is  regarded  as  the  least 
distance  at  which  it  is  safe  to  calibrate  a  ship.  It  is 
found  that  the  shape  of  the  transmitting  aerial  is  of 
some  importance.  At  short  ranges  more  sharply 
defined  readings  can  be  obtained  from  a  station  which 
is  symmetrical  about  a  vertical  feeder,  such  as  an 
umbrella  aerial,  than  from  one  wliich  possesses  a  large 
roof  on  one  side  Only  of  the  feeder  and  is  therefore 
unsymmetrical  about  the  vertical. 

To  eliminate  altogether  the  use  of  the  coinpass, 
which  itself  is  liable  to  error,  and  also  a  knowledge  of 
the  ship's  position,  which  is  sometimes  difficult  to 
obtain,  the  transmitting  station  should  be  clearly 
visible,  so  that  its  bearing  relative  to  the  centre  line 
of  the  ship  may  be  taken  at  any  instant  by  pelorus 
or  equivalent  device.  It  is  important  to  see  that  all 
movable  metal  structures  near  the  coil  are  housed  in 
their  normal  positions.  It  is  particularly  important 
that  the  positions  of  all  stays  which  can  form  part  of 
closed  conducting  loops  should  be  known.  The  occa- 
sional opening  and  closing  of  conducting  loops  is  a 
prolific  source  of  erratic  bearings.  It  is  good  practice  to 
insulate  all  staj^s  near  the  direction  finder. 

Lastly  it  is  necessary  to  remember  that  all  wireless 
direction  finders  give  bearings,  in  the  first  place,  relative 
to  the  ship's  head.  As  it  is  sometimes  difficult  to  keep 
the  ship's  head  steady  throughout  the  period  (say  5 
minutes)  required  for  a  series  of  readings,  it  is  necessary 
to  arrange  that  each  visual  observation,  which  gives 
the  exact  bearing  of  the  transmitting  station,  is  taken 
at  the  same  instant  as  the  wireless  bearing.  Direct 
buzzer  communication  between  the  wireless  ofiice  and 
the  bridge  is  the  common  practice  in  H.M.  Navy.  It 
is  found  well  to  let  the  wireless  operator  choose  the 
instant  for  taking  the  bearing,  as  his  operation  is 
somewhat  more  delicate  than  that  of  taking  a  visual 
bearing. 


Deviations  due  to  a  Ship. 

The  number  of  degrees  by  which  the  true  bearing 
differs  from  the  apparent  bearing  depends,  of  course, 
on  the  position  of  the  rotating  coil.  It  is  greatly  influ- 
enced by  the  proximity  of  large  metal  structures  such 
as  funnels.  For  a  3  ft.  frame  coil  situated  between  the 
two  central  funnels  in  one  four-funnel  ship  the  apparent 
bearing  differed  from  the  true  bearing  by  as  much  as 
32°  for  waves  incident  approximately  on  the  bows  or 
quarters.  With  the  same  coil  situated  on  the  quarter 
deck  the  maximum  correction  to  be  applied  to  the 
apparent  bearing  was  10°.  A  correction  which  varies 
from  0°  to  32°  is  unsatisfactory  for  the  reason  that  a 
slight  error  in  the  observed  bearing  involves  a  further 
error  in  the  appropriate  correction  ;  and  these  errors 
will  sometimes  be  additive. 

Some  means  is  required  for  reducing  the  magnitude 
of  the  deviation.  The  exact  effect  of  a  body  of  finite 
conductivity  on  an  electromagnetic  wave  cannot  be 
found  theoretically.  By  assuming  the  conductivity 
infinite  or  by  neglecting  dielectric  currents  in  compari- 
son with  conduction  currents,  solutions  have  been  given 
for  certain  simple  cases,  notably  for  a  long  cylinder. 
The  form  of  the  solution  usually  differs  according  as 
we  consider  points  near  to  the  conducting  body  or 
at  a  considerable  distance.  In  the  latter  case  we 
are  said  to  be  dealing  with  the  scattered  wave.  In 
practical  direction-finding  this  hardly  concerns  us.  It 
is  the  field  in  the  immediate  neighbourhood  of  the 
conductor  which  matters.  This  varies  rapidly  in 
direction  from  point  to  point,  so  that  where  the  aerial 
system  is  large  it  is  a  question  of  line  integrals  of  electric 
force,  rather  than  of  a  uniform  magnetic  field  of  a  certain 
strength  threading  a  loop  of  a  certain  area. 

It  has  been  found,  as  a  result  of  experiments  in  many 
types  of  ship,  that  the  following  method  of  regarding 
the  action  of  the  metal  work  of  the  ship  leads  to  results 
which  are  supported  by  the  facts.  Every  conductor 
on  which  an  electric  wave  impinges  has  currents  induced 
in  it.  Every  filament  of  current  so  produced  possesses 
a  magnetic  and  an  electric  field,  and  sets  in  motion 
a  secondary  train  of  waves  which  spread  out  in  all 
directions  in  space. 

The  magnetic  and  electric  fields  which  act  on  the 
direction-finding  system  can  be  regarded  as  composed 
of  :— 

(a)  The  fields  due  to  ■  the  main  wave  itself  ;    and 

(b)  The  secondary  fields  due  to  currents  induced  in 

neighbouring  conductors  by  the  main  wave. 

To  find  the  resultant  field  at  any  point  we  have  to  add 
together,  with  due  regard  for  direction  and  phase,  all 
the  fields  which  result  from  the  innumerable  filaments 
of  current  induced  in  every  conductor  in  the  ship.  We 
have  to  consider  further  how  these  fields  depend  upon 
the  direction  in  which  the  waves  strike  the  ship,  their 
variation  with  wave-length,  and  how  they  are  modified 
by  the  tuning  of  other  aerials  in  the  ship.  Given  the 
form  of  the  undisturbed  field,  to  deduce  an  expression 
for  the  field  at  any  point  near  the  ship  is  beyond 
analysis.  But  as  in  the  analogous  case  of  the  deviations 
of  a  magnetic  compass,  the  general  form  of  the  result 
can  be  predicted  from  simple  considerations. 
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Imagine  a  wave  to  be  travelling  parallel  to  the  centre 
line  of  the  ship.  Consider  the  case,  which  is  common 
in  practice,  where  all  structures  and  stays  are  sym- 
metrical about  the  centre  line.  The  induced  currents 
which  flow  in  the  metal  structures  can  be  resolved  into 
two  components  :— 

(a)  Those  which  flow  in  closed  conducting  loops. 
■     (6)   Those   which  involve  capacity  currents   through 
the  dielectric. 

Except  at  shortwave-lengths  components  of  type  (a)  pre- 
dominate in  large  metal  structures  such  as  funnels,  while 
type  (6)  are  relatively  more  important  in  masts,  stays  and 
aerials.  Although  the  actual  distribution  of  structures 
may  be  very  complicated  they  can  be  replaced,  so  far  as 
their  effect  in  producing  a  secondary  magnetic  field  at  a 
point  on  the  centre  line  is  concerned,  by  a  loop  and  a,  ver- 
tical aerial.  The  loop  has  its  plane  in  the  centre  line  of 
the  ship  ;  the  aerial  also  lies  on  the  centre  line.  The  loop 
provides  a  component  of  the  secondary  magnetic  field 
which  varies  with  the  direction  of  the  incident  wave, 
while  the  aerial  gi^•es  a  component  which  is  independent 
of  direction. 

Similarly,  when  considering  a  wave  incident  athwart- 
ships,  we  can  replace  the  deck  structures  by  a  loop 
and  a  vertical  aerial.  The  aerial  will  be  on  the  centre 
line  and  the  plane  of  the  loop  athwartship.  Thus  there 
are  altogether  tivo  loops  and  two  aerials.  Of  the  loops 
one  lies  fore  and  aft  in  the  central  plane  of  the  ship 
and  the  other  lies  athwartship.  The  two  aerials  are 
both  on  the  centre  line  and  can  therefore  be  replaced  by 
a  single  aerial  also  on  the  centre  line. 

Although  it  is  impossible  to  predict  the  sizes  and 
positions  of  the  equivalent  loops  and  aerial,  their  main 
effects  can  be  deduced.  Let  F  be  the  fore  and  aft 
loop,  B  the  athwartship  loop  and  A  the  aerial.  Let 
H  sin  u>t  be  the  magnetic  field  of  a  wave  incident  in  a 
direction  d  to  the  centre  line  of  the  ship.  The  magnetic 
field  in  the  athwartship  direction  at  a  point  P  on  the 
centre  line  is  made  up  of : — 

H  cos  9  sin  uit  due  to  the  main  wave  ; 
/if  cos  6  sin  ojt  due  to  the  loop  F  ;   and 
aH  cos  cat  due  to  the  aerial  A. 

Here  /,  h  and  a  are  fractional  coefficients  depending 
on  the  dimensions  of  F,  B  and  A  and  the  position  of  the 
point  P.  The  coefficient  a  vanishes  ii  the  effects  due 
to  the  innumerable  antennae  currents  mutually  cancel 
at  the  point  P. 

It  will  be  noted  that  the  aerial  is  taken  to  be  far 
from  resonance.  Thus  while  the  currents  which  flow 
in  the  loops  are  opposite  in  phase  to  the  electric  force 
in  the  wave,  the  currents  which  flow  in  masts  and  stays 
are  in  quadrature. 

The  magnetic  field  in  the  fore  and  aft  direction  at  P 
is  made  up  of  : — 

H  sin  S^in  (x)t  due  to  the  main  wave. 
—  bH  sin  6  sin  oit  due  to  the  loop  B. 

The  angle  <f)  which  the  resultant  field  at  P  makes  with 
the  centre  line  is  defined  by  the  equation 

(\  -\-  f)  cos  d  sin  u)t  +  a  cos  to< 


It  will  be  noticed  : — 

(1)  That  unless  o  is  negligibly  small  the  field  is  not 
stationary  in  direction  but  rotates.  The  field  is  no 
longer  linear  and  cannot  therefore  be  said  to  have  a 
direction,  except  instantaneously.  Any  method  of  direc- 
tion-finding which  depends  upon  finding  the  steady  direc- 
tion of  the  magnetic  force  ceases  to  be  exact.  Instead 
of  getting  complete  silence  for  one  position  of  the 
frame  or  search  coil  the  most  that  can  be  obtained  is  a 
minimum  of  sound,  whereas  with  a  magnetic  field  which 
is  truly  linear  the  greater  the  amplification  the  more 
precise  the  position  of  silence.  With  a  rotating  field 
great  amplification  is  no  help ;  in  fact,  it  is  often  easier 
to  estimate  the  position  of  minimum  sound  by  reducing 
the  amplification  until  the  signal  is  just  inaudible  at 
the  minimum. 

(2)  When  a  is  very  small,  or  vanishes,  the  apparent 
direction  of  the  wave  relative  to  the  centre  line  of  the  ship 
is  i/r  =  ^  J-  90°.      This  is  related  to  0  by  the  equation 

I        1  -  & 

tan  111  =  tan  a 

^       1  +/ 
The  deviation,  i.e.  [9  —  ip),  is  quadrantal ;  for 

{b  +f)  tan  9 


tan  [9  -  4i) 


1  +  tan2  9 
=  i{b  +  f)  sin  29  (approx.) 


tan  (f)  = 


(1  —.6)  sin  9  sin  cut 


since  6  and  /  are  small  fractions. 

Thus  ijt  differs  from  6  by  a  small  angle  proportional 
to  sin  29. 

Relation    between    Wave-length   and    Deviation. 

The  current  which  flows  in  a  closed  untuned  loop 
depends  upon  : — - 

(a)  the  induced  E.M.F.,  and 
(6)  the  impedance  of  the  loop. 

(a)  increases  uniformly  with  frequency  ;  so  also  does 
(6),  provided  the  resistance  of  the  loop  is  small.  Thus, 
for  waves  of  the  same  field  strength  the  loop  current 
is  the  same  for  all  wave-lengths.  The  coeflicients 
/  and  b  are  independent  of  wave-length,  and  therefore 
the  quadrantal  deviation  is  also  independent  of  wave- 
length. 

The  current  which  flows  in  a  vertical  aerial  increases 
with  the  frequency  until  resonance  is  reached,  and  then 
decreases.  The  secondary  field  of  the  aerial  A  therefore 
changes  in  magnitude  with  wave-length.  The  coefficient 
a  is  not  constant.  Thus  the  deviations  due  to  capacity 
currents  vary  with  the  wave-length.  The  existence 
of  unbalanced  capacity  currents  is  the  most  serious 
difficulty  in  directional  wireless  in  ships.  AH  existing 
types  of  direction  finder  for  use  on  a  ship  fail  at  some 
sufficiently  short  wave-length,  depending  on  the  con- 
ditions. A  ship  which  is  able  to  take  bearings  on 
waves  of  150  m  is  exceptional.  The  theory  of  loop 
circuits  in  uniform  magnetic  fields  ceases  to  be  applicable 
at  very  high  frequencies,  and  dielectric  currents  become 
sufficiently  important  to  mask  the  simple  effects  which 
predominate  when  the  wave  is  very  long  compared 
with  the  ship.     Fortunately  tlie  effect  of  the  presence 
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of  appreciable  capacity  currents  is  not  so  much  to  cause 
wrong  bearings  as  to  spoil  the  readings  altogether,  so 
that  a  bearing  cannot  be  taken.  Their  presence  can 
easily  be  recognized  by  the  following  characteristic 
effects,  which  are  in  accordance  with  the  equations 
given  above  : — 

(1)  The  zeros  are  poor,  i.e.  for  every  position  of  the 
search  coil,  whether  within  a  goniometer  or  in  the  field 
of  the  wave  itself,  an  E.M.F.  is  induced  in  it.  A  posi- 
tion of  minimum  sound,  more  or  less  difficult  to  locate, 
is  all  that  can  be  obtained. 

(2)  The  minima  are  most  indefinite  when  the  waves 
are  incident  athwartship,  and  for  short  wave-lengths. 

(3)  The  derivations,  as  deduced  from  the  positions 
of  the  minima,  are  not  quadrantal.  For  the  position  of 
the  search  coil  for  minimum  sound  depends  not  only 
on  the  amplitudes  of  the  fore  and  aft  and  athwartship 
components  ot  the  field,  but  also  on  their  relative 
phase. 

(4)  The  deviations  vary  with  the  wave-length. 

Effects  of  Neighbouring  Aerials. 

Similar  effects  are  produced  by  the  action  of  other 
aerials  in  the  ship.  Several  aerials  are  commonly 
in  use  at  the  same  time  in  a  man-of-war.  These  aerials, 
according  to  their  disposition  and  tuning,  react  on  the 
direction  finder  and  may  completely  falsify'  its  readings. 
It  is  therefore  necessary  to  find  by  experiment  what 
the  magnitude  of  their  effect  is. 

The  procedure  adopted  is  as  follows,  and  can  be 
carried  out  with  advantage  in  harbour,  where  the 
ship's  head  is  fixed.  A  transmitting  station  is 
directed  to  transmit  a  signal  at  specified  times,  say 
on  2  000  m.  Bearings  are  taken  on  the  direction 
finder  while  the  main  aerial  is  tuned  for  reception, 
first  on  500  m  then  1  000  m  and  so  on  by  steps  up 
to  4  000  m.  A  record  is  kept  of  the  wave-lengths  (if 
any)  at  which  (a)  the  zero  becomes  blurred,  and  (6)  the 
zero  (or  minimum)  shifts.  The  experiment  is  then 
repeated  with  the  transmitting  station  on  a  different 
wave-length,  and  for  any  other  aerials  sufficiently 
near  to  the  direction  finder  to  be  suspected  of  affecting 
the  bearings.  It  is  generally  found  that  the  zero 
becomes  blurred  before  it  shifts  in  position.  For 
this  reason  it  is  unusual  for  an  error  of  bearing  to  be 
due  to  the  tuning  of  another  aerial.  With  an  experi- 
enced operator  the  quality  of  the  zero  is  seen  to  suffer  so 
noticeably  that  he  knows  that  something  is  wrong.  It  is 
laid  down  for  guidance  in  Admiralty  Orders  that  when- 
ever a  zero  is  blurred  and  not  sharply  defined  the  bearing 
is  to  be  regarded  with  suspicion  and  not  used  for  navi- 
gation purposes.  Whatever  may  be  the  cause,  whether 
the  waves,  the  apparatus,  or  the  ship,  the  presence  of  a 
blurred  zero  is  a  sure  indication  that  the  Dearing  is 
unreliable. 

In  one  ship  which  has  been  investigated  there  are 
four  funnels  and  the  directional  wireless  office  is  situated 
betiveen  the  two  foremost  ones.  For  waves  incident 
athwartship  there  is  therefore  great  lack  of  symmetry. 
This  soon  shows  itself  by  giving  poor  readings  for 
short  waves  incident  on  either  beam.  At  2  000  m  the 
effect  is  not  noticeable,  at  600  m  it  is  pronoimced,  while 
at  300  ra  it  is  sufficient  to  spoil  the  readings  altogether. 


When  cruising  parallel  to  a  coast  line  this  causes  much 
inconvenience,  for  good  bearings  cannot  be  taken  of 
nearby  600-m  stations  without  altering  the  direction 
of  the  ship's  head.  In  another  ship,  which  possesses 
only  one  funnel,  aerials  were  placed,  for  the  purpose 
of  experiment,  immediately  abaft  the  funnel.  Here 
again  it  was  found  that  the  great  lack  of  sjinmetry  pro- 
duced all  the  characteristic  effects  mentioned  above. 
To  a  smaller  degree  the  same  thing  has  been  observed 
in  ships  in  which  one  funnel  is  taller  than  the  other, 
but  it  is  necessary  to  go  down  to  450  m  in  these  ships 
before  the  quality  of  the  readings  varies  noticeably 
with  the  direction  of  incidence. 

The  Aerials. 
To  get  rid  of  the  a  components  two  means  are  avail- 
able. We  may  either  find  a  position  for  the  aerials  so 
far  removed  from  metal  work  that  the  amplitude  of 
the  secondary  field  is  very  small ;  or  we  may  select 
a  position  for  the  aerials  in  which  the  metal  work  is 
disposed  symmetrically  around  them.  As  an  example  of 
the  first  and  less  common  method  a  four- funnel  ship  may 
be  cited  in  which  a  special  platform  has  been  supported 
above  the  directional  wireless  office  between  the  two 
central  funnels.     The  platform  serves  two  purposes.     It 


Fig.  I. 

carries  a  frame  coil,  and  it  supports  the  insulators  for  the 
Bellini-Tosi  loops,  which  are  erected  so  that  they  lie 
entirely  above  the  level  of  the  tops  of  the  funnels  and 
midway  between  the  masts.  It  has  been  found  that 
this  arrangement  is  excellent  from  an  electrical  point 
of  view.  The  quality  of  the  zeros  is  uniformly  good, 
even  down  to  200  m.  By  using  sufficient  amplification 
the  readings  are  made  so  sharp  that  it  requires  no  skill 
or  experience  to  read  them  to  \°.  At  the  same  time 
the  quadrantal  deviation  has  a  maximum  of  2°. 

As  a  general  rule  in  a  man-of-war,  and  sometimes  in 
other  ships,  it  is  impossible  to  put  the  aerials,  whether 
of  the  rotating  frame  or  the  Bellini-Tosi  type,  in  a 
position  well  clear  of  metal.  Under  these  circumstances 
every  effort  has  to  be  made  to  utilize  the  symmetry  in 
the  distribution  of  the  metal  which  is  often  found  in  a 
ship.  Otherwise  the  curve  of  deviations,  even  in  the 
absence  of  rotating  fields,  becomes  unsymmetrical  and 
it  is  found  impossible  to  provide  suitable  correctors. 
For  this  reason  direction  finders  are  nearly  always 
located  on  the  centre  line. 

Aircraft  carriers  are  among  the  few  ships  which  are  un- 
symmetrical about  the  centre  line,  but  in  this  class  of 
ship  it  has  been  found  possible  to  put  the  direction  finder 
so  far  from  the  disturbing  metal,  which  forms  an  island 
OH  one  side  of  the  flying-off  deck,  that  its  effect  is  small. 

The  Bellini-Tosi  system  hsis  certain  advantages  in 
this  respect.  Take  the  case  of  the  single  funnel  (Fig.  1). 
A  loop  placed  as  at  (a)  is  unsatisfactory,  but  the 
arrangement  shown   at    [b),   in   which   two   aerials   are 
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disposed  symmetrically  with  respect  to  the  funnel  and 
connected  in  series,  is  free  from  objection.  Thus  by 
making  the  aerial  system  itself  a  composite  one,  the 
electrical  centre  of  the  whole  may  be  in  a  position  where 
no  actual  coil  or  aerial  could  be  placed.  Sometimes 
the  structure  the  influence  of  which  it  is  desired  to 
eliminate  permits  of  a  system  of  coils  being  built  into 
it.  Four  frames  A,  B,  C  and  D  may  be  used,  all  at 
45°  to  the  centre  line  and  disposed  symmetrically  round 
the  structure.  Opposite  frames  A  and  C  and  also 
B  and  D  are  joined  in  parallel,  and  the  whole  is  then 
equivalent  to  two  perpendicular  coils  on  the  centre 
line  and  inclined  at  45°  to  it.  By  connecting  A  and  B 
and  also  C  and  D  in  parallel  we  have  a  system  equivalent 
once  more  to  two  perpendicular  coils  on  the  centre 
line,  one  of  which,  however,  is  directed  fore  and  aft 
and  the  other  athwartships.  This  method  of  connection 
is  sometimes  an  advantage,  for  it  becomes  possible 
to  correct  a  quadrantal  error  by  suitable  adjustments 
inside  the  office. 

Laboratory  Method  of  Examining  Deviations. 
It  will  be  appreciated  that  to  build  a  system  of  coils 
into  the  metal  work  of  a  ship  is  a  costly  matter.  It 
is  therefore  very  desirable  to  feel  confident,  in  any 
particular  case,  that  the  results  will  be  satisfactory. 
The  difficulty  is  greatest  for  new  types  of  ships,  where 
the  positions  of  the  frames  have  to  be  decided  in  advance 

-of  construction,  and  full-scale  experiments  are  out  of 
the  question.  Some  kind  of  laboratory  method  of 
investigating  each  case  as  it  arose  was  felt  to  be  needed. 
Fortunately  a  method  of  sufficient  accuracy  is  available. 
Consider  a  perfectly  conducting  body  placed  in  a  field 
of    electromagnetic    waves.     At    the    junction    of    the 

.conductor  and  the  dielectric  the  tangential  electro- 
motive intensity  and  the  tangential  magnetic  force 
are  continuous.  For  a  perfect  conductor  it  follows 
that  the  magnetic  force  at  points  very  near  the  obstacle 
is  everywhere  tangential,  while  the  electric  force  is 
normal.  This  is  true  for  waves  of  any  frequency. 
At  wireless  frequencies  it  is  very  nearly  true  for  an 
obstacle  the  conductivity  of  which  is  not  perfect  but  is 
of  the  same  order  as  that  of  common  metals.  The 
magnetic  flux  is  unable  to  penetrate  the  obstacle, 
but  is  forced  to  slide  round  it. 

Now  consider  a  perfectly  diamagnetic  body  placed 
in  a  steady  magnetic  field.  Here  again  the  magnetic 
flux  cannot  penetrate  the  body.  Thus  the  boundary 
conditions  in  the  two  cases  are  identical,  and,  provided 
the  obstacle  considered  is  small  compared  with  the 
wave-length,  the  distribution  of  the  lines  of  magnetic 
force  is  very  nearly  the  same  in  the  two  cases. 

A  perfectly  diamagnetic  substance  is  not  known,  but 
the  same  kind  of  equations  which  are  satisfied  by  a  mag- 
netic field  are  true  of  the  motion  of  an  incompressible 
fluid.  For  instance,  imagine  a  liquid  flowing  steadily 
through  a  tank.  If  a  small  model  of  a  ship  is  introduced 
the  lines  of  flow  of  the  liquid  are  disturbed.  The  new 
positions  which  they  take  up  when  the  steady  state 
is  reached  are  similar  in  every  way  to  the  lines  of  mag- 
netic force  in  the  case  of  a  metal  ship  bathed  in  wire- 

;less  W9,ves,   provided  always  that  the  wa\es  are  long 

■compared   with  the  ship.     It  becomes   fairly  easy   to 


picture  the  effect  on  the  waves  of,  say,  a  12-inch  gun. 
It  is  clear,  too,  that  the  magnetic  field  near  a  ship  is 
very  different  from  the  field  of  a  plane  wave  travelling 
without  obstruction  over  a  horizontal  conductor.  At 
most  points  the  magnetic  force  is  not  horizontal  nor  is 
the  electric  force  vertical.  The  elementary  theory 
of  a  loop  in  a  field  of  plane  waves  needs  to  be  modified 
when  we  are  considering  a  ship.  It  is  a  question  of 
line  integrals  of  electric  force.  To  get  a  true  zero  on 
a  Bellini-Tosi  system  the  line  integral  of  the  electric 
force  taken  round  one  loop  must  have  a  resultant 
phase  which  coincides  with  that  of  the  line  integral  of 
the  electric  force  round  the  other  loop.  Hence  the  great 
need  for  symmetry. 

By  means  of  the  lines  of  flow  of  a  liquid  some  qualita- 
tive effects  can  be  demonstrated,  but  it  is  found  more 
convenient  to  get  quantitative  results  in  another  way. 
Suppose  we  are  considering  the  alternating  magnetic 
force  between  two  funnels,  which  in  light  cruisers  are 
often  of  different  section.  Take  a  large  sheet  of  zinc, 
say  8  ft.  by  3  ft.  by  0-02  in.  Pass  a  steady  current 
of  20  amperes  through  it  and  find  a  region  near  the  centre 
of  the  sheet  where  the  flow  of  current  is  uniform.  Cut 
out  a  pattern  to  scale  to  represent  a  section  through  the 
two  funnels.     We  have  then  two  holes  in  the  sheet  into 
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which  the  current  cannot  penetrate.  The  lines  of  flow 
of  the  steady  electric  current  in  the  zinc  sheet  are 
the  same  as  the  lines  of  magnetic  force  in  the  wireless 
case.  The  analogy  is  exact  only  for  very  long  funnels, 
but  valuable  approximate  results  have  been  obtained 
in  this  way.  For  example,  it  is  easy  to  find  at  what 
distance  from  a  funnel,  or  a  number  of  funnels,  the 
field  is  sufficiently  uniform  to  put  a  Bellini-Tosi  set. 
It  is  important  to  know  this  because  the  equality  of 
the  fields  acting  on  opposite  sides  of  the  loops  is  necessary 
to  get  sharply  defined  readings.  This  is  especially 
so  at  short  wave-lengths  where  unequally  distributed 
electrostatic  forces  within  the  goniometer  spoil  the 
readings.  For  a  single  funnel  it  is  found  that  a  safe 
distance  is  four  funnel  diameters. 

Another  example  is  to  find  a  suitable  disposition  of 
frame  coils  round  a  metal  structure.  Fig.  2  indicates 
how  the  zinc  sheet  was  cut  in  one  case.  Slits  1,  2,  3 
and  4  represent  metal  plating  running  roimd  a  platform. 
Holes  5,  6  and  7  represent  masts  and  otiier  metal  work. 
Spaces  A,  B,  C  and  D  represent  the  positions  of  the 
frame  coils,  which  are  at  45°  to  the  centre  line.  The 
current  can  stream  through  these  spaces  just  as  the 
magnetic  flux  in  the  wireless  case  streams  through  the 
frame   coils.     The   pattern    is   cut   so   that   the   centre 
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line  is  at  45°  to  the  (undisturbed)  line  of  current-flow 
in  the  sheet.  Take  the  case  where  A  and  C  are  joined 
in  parallel,  and  also  B  and  D.  We  wish  to  know  the 
ratio  of  the  magnetic  flux  through  A  and  C  to  the  flux 
through  B  and  D  for  waves  incident  at  45°  to  the 
centre  line.  Each  space  such  as  A  is  investigated  as 
follows.  Two  points  P  and  Q  2  mm  apart  are  taken 
so  that  PQ  is  perpendicular  to  the  frame.  The  potential 
difference  between  P  and  Q  for  a  total  current  through 
the  sheet  of,  say,  40  amperes  is  measured  by  the  deflec- 
tion of  a  galvanometer,  thermo-electric  E.M.F.'s  being 
allowed  for.  The  operation  is  repeated  for  a  number 
point  distributed  along  the  space  A.  The  sum  of  the 
deflections  of  the  galvanometer  is  then  a  measure  of  the 
magnetic  flux  threading  the  frame  coil.  The  other 
frames  are  treated  in  the  same  way.  In  one  case  the 
.following  figures  were  obtained  : — 

Deflections  (mm). 

Coil  A.     37,    23,     II,       6,      4,-2,-9.  Total       70 

Coil  C.       9,     13,     15,     17,     18,     20,     24.  Total      116 

Coil  B.   130,  154,  182,  210,  219,  228,  241.  Total  1  364 

Coil  D.  245,  223,  206,  173,  168,  163,  146.  Total  1  324 

The  apparent  direction  of  the  wave  relative  to  the 
frames  BD  is  given  by 


tanfl 


whence 


SA  +  SC 
2B  +  2D 

6  =  4°. 


186 

2  688 


The  deviation  is  therefore  4°.  As  the  analog^'  is  only 
strict  for  plates  of  metal  and  masts  indefinitely  tall  this 
is  likely  to  be  an  overestimate  of  the  actual  deviation. 

The  effect  of  a  long  conducting  cylinder  on  an  electro- 
magnetic wave  has  been  examined  theoretically  by  Mr. 
S.  Butterworth,  *  and  I  have  used  his  results,  to  verify 
that  the  zinc  sheet  gives  reliable  information.  Take 
the  direction  of  propagation  as  the  axis  of  x,  with 
the  electric  force  parallel  to  a,  which  is  also  the 
axis  of  the  cylinder.  Along  the  x  axis  the  magnetic 
force,  which  is  parallel  to  y,  is  greater  than  in 
the  undisturbed  field.  It  reaches  its  maximum  value 
at  the  two  points  where  the  x  axis  cuts  the  surface 
of  the  cylinder.  Here  it  has  double  the  normal  value. 
Along  the  axis  of  y  the  magnetic  force  is  everywhere 
less  than  normal,  and  at  the  surface  of  the  cylinder 
is  zero.  The  rate  of  variation  of  the  magnetic  force 
in  both  cases  is  large  near  the  surface  of  the  cylinder. 
This  indicates  that  it  is  necessary  to  be  very  careful 
of  the  exact  positions  of  frames  which  are  placed  near 
to  masses  of  metal.  Similarly,  where  ordinary  single- 
turn  loops  are  used  they  must  either  be  very  rigid 
or  else  kept  at  some  distance  from  such  structures  as 
funnels  if  small  changes  in  their  position  are  not  going 
to  matter. 

To  get  good  results  by  the  method  outlined  above  it  is 
essential  to  have  sheet  metal  of  uniform  thickness.  It 
is  advisable  to  examine  the  constancy  of  the  potential 
gradient  over  the  region  where  it  is  proposed  to  cut  a 
pattern.  Any  small  variations  of  thickness  or  con- 
ductivity can  then  be  allowed  for  in  the  measurements 
•  Philosophical  Transactions,  1922,  vol.  222,  p.  57. 


which  are  made  subsequently.  The  pattern  itself 
should  be  small  compared  with  the  dimensions  of  the 
sheet.  In  every  direction  round  the  pattern  it  should  be 
possible  to  find  places  where  the  current  has  become 
sensibly  uniform  once  again,  or  the  corrections  for  the 
finite  size  of  the  sheet  become  difficult. 

Methods  of  Correcting  for  Deviations. 

To  correct  a  quadrantal  error  it  has  been  the  custom 
for  some  time  to  place  the  aerials  in  the  Bellini-Tosi 
system  one  fore  and  aft  and  the  other  athwartship, 
and  to  make  the  area  of  the  fore  and  aft  loop  less  than 
that  of  the  athwartship  loop.  For  the  final  adjustment 
it  is  usual  to  reduce  the  effect  of  the  aerial  which  is 
receiving  too  strongly,  by  inserting  inductance  in  its 
]  circuit  where  the  loops  are  untuned,  or  resistance  where 
'    the  loops  are  tuned. 

With  untuned  loops  the  insertion  of  loading  induct- 
ance increases  the  impedance  of  the  circuit  by  the  same 
fraction  at  all  frequencies.  When  the  quadrantal 
deviation  is  eliminated  for  one  wave-length  it  is  auto- 
matically eliminated  for  other  sufficiently  long  wave- 
lengths, i.e.  long  compared  with  the  length  of  the 
ship. 

With  tuned  loops  the  correction  by  means  of  resist- 
ance is  dependent  on  the  frequency.  The  ratio  of 
the  added  resistance  to  the  total  resistance  of  the 
circuit  varies  with  frequency,  and  a  quadrantal  corrector 
needs  to  be  adjusted  for  each  different  wave-length. 

For  some  purposes  it  is  a  disadvantage  to  have  loops 
with  different  electrical  constants.  One  disadvantage 
is  that  a  limit  is  set  to  the  length  of  cable  which  can 
be  run  from  the  aerials  to  the  office  without  causing 
errors.  This  is  dealt  with  later.  Another  disadvantage 
is  that  the  time  constants  of  the  two  aerial  circuits  are 
very  unlikely  to  be  the  same.  This  is  immaterial  where 
continuous  waves  are  used,  but  for  spark  waves  the 
effect  is  to  blur  the  zero  and  flatten  the  readings.  The 
explanation  of  this  lies  in  the  fact  that  with  spark 
signals  a  steadv  state  of  oscillation  is  never  reached. 
Ever}'  second,  500  or  so  damped  oscillations  are  set  up 
in  each  of  the  two  aerial  circuits,  and  these  oscillations 
cannot  keep  step  with  each  other  unless  the  circuits 
have  identical  time  constants.  The  currents  in  the 
field  coils  get  out  of  phase  with  each  other  and  blurred 
zeros  result. 

If  an  E.M.F.  E  sin  pt  is  applied  to  a  circuit  the  induct- 
ance, capacity  and  resistance  of  which  are  L,  C  and  R 
respectively,  the  expression  for  the  current  produced 
contains  terms  of  the  form  : — 

e~  (^/2£)«(_4  ^Qg  qt  +  B  sin  qt) 


where 


^  =  ^|{-La  -  Ji?) 


The  frequency  g/27r  and  the  damping  both  depend 
on  the  time  constant  of  the  circuit.  Thus  if  two  circuits 
of  different  time  constants  are  acted  on  by  E.M.F.'s 
of  the  same  form,  the  resulting  currents  contain  oscilla- 
tory terms  of  different  frequency  and  damping.  With 
spark   signals   the    damped    oscillations    appear   every 
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time  a  spark  passes.  The  blurring  effect  operates 
continuously.  With  undamped  waves  the  transient 
terms  appear  only  at  the  instant  of  pressing  the  key 
and  soon  after  have  so  small  an  amplitude  as  to  be 
inappreciable. 

By  having  a  special  goniometer  it  is  possible  to  use 
aerials  of  identical  shape  and  size,  and  therefore  of 
identical  time  constants,  and  still  correct  for  a  quad- 
rantal  error  without  altering  the  aerial  circuits.  Such 
a  goniometer  has  been  used  recently  in  one  ship.  It 
has  two  fixed  coils  A  and  B  with  no  mutual  induction, 
each  coil  lying  entirely  outside  the  other.  Each  coil 
is  constructed  after  the  manner  of  a  Helmholtz  galvano- 
meter, so  as  to  give  the  most  uniform  possible  field. 
The  search  coil  is  a  composite  system  consisting  of  two 
coils  Sj,  S2  which  rotate  together,  one  within  the  field 
of  each  fixed  winding,  Sj  within  A  and  S2  within  B. 
Sj  and  S2  are  joined  in  series  and  arranged  so  that 
when  the  axes  of  Sj  and  A  are  parallel  the  axes  of  S2 
and  B  are  perpendicular,   and  vice  versa. 

The  behaviour  of  this  system  is  precisely  the  same 
as  that  of  an  ordinary'  goniometer,  but  it  has  the  advan- 
tage that  Sj  and  S2  can  be  adjusted  independently. 
For  instance,  if  coil  A  is  joined  to  the  fore  and  aft 
aerial  and  this  is  found  to  be  too  strong  for  the  athwart- 
ship  aerial,  a  few  turns  may  be  removed  from  the  coil 
Sj,  or  it  may  be  shunted  by  an  adjustable  inductance, 
which  can  conveniently  be  placed  external  to  the  coil 
system  and  have  no  coupling  with  it. 

Under  these  circumstances  several  desirable  results 
are  achieved.  First,  the  two  aerials  can  be  rigged 
identical  in  shape  and  size  and  then  left  untouched — a 
great  convenience  in  ship  work.  Secondly,  the  time 
constants  of  the  two  aerials  are  equal,  which  makes  them 
suitable  for  heavily  damped  spark  signals.  Thirdly,  it 
is  easy  to  use  tuned  aerials,  for  the  tuning  and  resistance 
of  the  aerials  are  identical.  Lastly,  the  correction  for 
quadrantal  deviation  is  true  for  all  frequencies  with 
both  tuned  and  untuned  aerials. 

The  Direction-Finding  Office. 

It  is  often  difficult  or  impossible  in  a  ship  to  provide  an 
ofiice  near  to  the  position  most  suitable  for  the  aerials. 
One  of  the  advantages  of  the  Bellini-Tosi  system  in  a 
man-of-war  is  that  the  office  can  be  placed  below  armour 
and  connected  to  the  aerials  bj^  cables.  In  order  not 
to  introduce  any  error  the  two  pairs  of  wires  which  come 
from  the  aerials  have  to  satisfy  two  conditions  :  first, 
that  no  mutual  induction  exists  between  them,  and 
secondly,  that  the  total  E.M.F.  in  each  pair,  due  to  the 
direct  action  of  the  wave,  vanishes.  This  is  not  difficult 
to  achieve  ;  but  it  is  necessary  to  have  regard  to  two 
additional  factors.  The  first  is  the  capacity  per  foot 
of  each  pair  of  wires,  and  the  second  is  the  power  factor 
of  the  cable.  With  the  circuit  employed  in  a  Bellini-Tosi 
system  the  capacity  C  in  the  cable  is  shunted  across 
the  goniometer  field  coils  L  (Fig.  3).  This  means 
that  only  a  portion  of  the  current  circulating  round  the 
loops  is  available  to  affect  the  search  coil  S.  The  higher 
the  frequency  the  more  serious  the  shunting  capacity 
of  the  cable  becomes. 

Under  ordinary  circumstances  and  for  untuned  aerials 
the  most  suitable  goniometer  to  use  is  one  in   which 


the  field  coils  have  an  inductance  equal  to  that  of  the 
aerials.  It  may  be  noted,  however,  that  the  shunting 
effects  of  cable  capacity  are  reduced  by  reducing  the 
inductance  of  the  goniometer.  Thus  where  it  is  desired 
to  use  long  cables  it  becomes  worth  while  to  use  a  gonio- 
meter the  field  coils  of  which  have  an  inductance  less 
than  that  of  the  aerials.  Goniometers  having  field- 
coil  inductances  of  10  ^H  are  used  in  this  way  in  ships, 
and  it  is  found  that  the  cable  capacity,'  can  then  amount 
to  0-0015  fjJP  before  any  trouble  is  experienced  on 
waves  of  450  m  and  above,  even  though  the  two  loops 
differ  considerably  in  inductance.  However,  when  the 
loops  have  different  inductance  the  effect  of  putting 
equal  capacities  across  the  goniometer  windings  is  to 
make  it  impossible  to  correct  quadrantal  errors  auto- 
matically for  all  frequencies.  If  E  is  the  ratio  of  the 
E.M.F.'s  in  the  two  loops  Lj,  L2,  and  C  the  ratio  of 
the  currents  in  the  field  coils  L,  E/C  varies  with 
the  frequency. 


E       ii  -f-  L{1  -  co-L^C) 


In   fact    -  =  , 

C       £2  -f-  £{1 


(approximately) 


o}~LoC) 

Waves  incident  in  the  same  direction,  but  of  different 
frequency,  have  the  same  value  for  E  but  different 
values  for  C  and  therefore  different  apparent  directions. 
The  deviation  is  a  function  of  the  frequency,  and  much 
simplicity  is  lost.  By  using  the  special  goniometer 
described  above,  the  aerials  can  be  made  identical  and 
there  is  no  limit  to  the  length  of  cable  which  may  be 
used,  except  loss  of  signal  strength. 

The  power  factor  of  the  cable  is  most  important 
with  tuned  loops  where  the  resistance  losses  in  the 
circuit  fix  the  amplitude  of  the  current.  A  twin- 
core  cable  in  which  the  cores  are  separated  by  6  mm 
of  pure  rubber  insulation  has  been  found  to  have  a  low 
power  factor  for  wireless  frequencies  as  compared  with 
ordinary  braided  rubber-insulated  cables. 

In  one  respect  less  trouble  is  e.xperienced  in  a  man-of- 
war  than  is  usual  at  shore  stations,  viz.  in  screening 
the  instruments  inside  the  office.  It  is  essential  in 
all  direction  finders  that  the  amplifier  should  receive  no 
energy  except  through  the  aerial.  If  appreciable 
E.M.F.'s  are  induced  in  the  receiving  apparatus  by  the 
direct  action  of  the  waves  or  by  re-radiation  from  the 
aerials,  the  bearings  are  spoiled.  Of  the  total  voltage 
applied  between  filament  and  grid  of  the  first  valve  of 
the  amplifier,  not  more  than  about  1  per  cent  should 
be  due  to  such  direct  action,  if  the  bearings  are  to  be 
accurate  to  |°.  At  shore  stations,  where  it  is  not 
common  to  have  screened  receiving  huts,  this  involves 
elaborate  screening  of  the  amplifier  and  other  instru- 
ments. In  a  man-of-war  the  steel  plating  of  the  office 
constitutes  an  effective  Faraday  cage  and  further 
screening  is  unnecessary. 

The  fact  that  all  direction  finders  give  bearings 
relative  to  the  centre  line  of  the  ship  adds  a  slight 
complication  to  ship  work.  To  get  true  bearings  it  is 
necessar)'^  to  allow  for  the  direction  of  the  ship's  head 
at  the  moment  of  taking  the  reading  of  the  direction 
finder.  For  this  reason  a  compass  repeater  is  fitted 
in  directional  wkeless  offices.  Immediately  after  taking 
the  wireless  bearing  the  reading  of  the  compass  is 
recorded.     It  is  then  a  simple  calculation   to  deduce 
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the  true  bearing.  But  the  necessity  for  calculation 
involves  the  possibility  of  mistake  and  loss  of  time. 
Where  observations  are  being  made  on  hostile  aircraft, 
speed  of  working  is  important.  A  direct-reading 
instrument  is  therefore  a  great  advantage  and  inci- 
dentally avoids  errors  of  calculation.  The  goniometer 
now  in  use  in  several  ships  of  the  Royal  Navy  provides 
a  direct-reading  scale  and  great  ease  of  manipulation. 


The  scale  of  the  instrument  is  made  to  follow  the  move- 
ment of  the  ship's  head  by  connecting  it  to  the  trans- 
mitter system  of  the  gyro-compass.  The  reading  oppo- 
site a  fixed  mark  is  always  the  same  as  the  reading 
of  the  master  compass.  The  reading  opposite  the 
pointer  of  the  instrument  when  the  "  zero  "  is  obtained 
is  the  true  geographical  bearing  of  the  transmitting 
station   or   ship. 


Discussion  before  the  Wireless  Sectiox,  6  June,  1923. 


Captain  C.  E.  Kennedy-Purvis,  R.N.  :  Before  the 
discussion  opens  I  should  like  to  make  a  few  remarks 
for  the  benefit  of  those  who  may  not  be  conversant 
with  Naval  requirements.  Direction-finding  in  the 
Navy  has  two  chief  functions  ;  the  first  is  the  location 
of  enemy  signals,  etc.,  and  the  second  for  navigational 
purposes,  as  in  the  Mercantile  Marine.  The  first 
function  is  the  more  important  and  necessitates  a 
large  range  of  wave-length  adjustments.  The  troubles 
which  are  inherent  as  regards  fitting  and  working  are 
several.  The  first,  as  may  be  seen  from  some  of  the 
figures,  is  extreme  congestion  on  the  upper  deck,  guns 
and  turrets  (which  have  a  habit  of  moving  at  the 
critical  time),  bridges,  masts,  funnels,  searchlight 
platforms,  control  towers,  etc.  These  often  make  it 
very  difficult  to  find  positions  which  are  suitable  for 
the  purpose.  In  certain  ships  it  has  been  found  to 
be  absolutely  impossible  to  find  room  for  the  Bellini- 
Tosi  type  of  aerial,  and  other  arrangements  have  had 
to  be  made.  Another  trouble  is  the  congestion  below 
decks,  which  renders  it  difficult  to  find  space  for  the 
instruments  within  a  reasonable  distance  of  the  aerials. 
Another  difficulty  touched  upon  by  the  author  is 
the  multiplicity  of  other  aerials — receiving  and  trans- 
mitting— nearly  all  in  action  at  once  and  necessarily 
in  the  neighbourhood  of  the  direction-finding  aerials. 
Gun-blast  and  its  effect  on  aerials  of  every  type  in 
the  immediate  vicinity  is  a  further  source  of  worry. 

Mr.  N.  Lea  :  It  is,  I  think,  to  be  regretted  that  the 
author  has  not  given  us  a  little  more  of  his  experience 
in  regard  to  the  relative  advantages  of  small  loops 
and  large  loops.  The  idea  of  using  a  small  loop  is 
introduced  in  the  early  part  of  the  paper  in  connection 
with  the  calibration  of  the  ship,  but  it  seems  to  have 
been  abandoned  quite  early.  The  author  points  out 
that  when  a  large  loop  is  used  it  is  necessary  to  introduce 
the  idea  of  integration,  in  order  to  form  some  kind 
of  mental  picture  as  to  what  is  happening  in  the  circuit. 
On  page  1053  he  says  :  "  To  get  a  true  zero  on  a  Bellini- 
Tosi  system  the  line  integral  of  the  electric  force  taken 
round  one  loop  must  have  a  resultant  phase  which 
coincides  with  that  of  the  line  integral  of  the  electric 
force  round  the  other  loop.  Hence  the  great  need 
for  symmetry."  Further  on,  he  says  :  "  For  example, 
it  is  easy  to  find  at  what  distance  from  a  funnel,  or  a 
number  of  funnels,  the  field  is  sufficiently  uniform  to 
put  a  Bellini-Tosi  set.  It  is  important  to  know  this 
because  the  equality  of  the  fields  acting  on  opposite 
sides  of  the  loops  is  necessary  to  get  sharply  defined 
readings."  There  are,  it  seems  to  me,  a  number  of 
mam  considerations  which  should  control  the  size  of 


the  loops.  First,  the  size  should  be  such  that  the 
integrated  field  passing  through  the  loop  is  upset  as 
little  as  possible  by  semi-movable  objects.  Looking 
at  it  from  rather  a  detached  point  of  view,  it  would 
seem  to  me  that  the  chances  of  finding  what  I  may 
call  a  quiet  spot  are  greater  with  a  small  loop  than 
with  a  large  loop.  Secondly,  the  loop  size  should  be 
such  that  it  is  possible  to  make  it  susceptible  to  the 
magnetic  wave  component  only,  and  so  avoid  the 
rotating  field  mentioned  by  the  author.  Small  loops 
can  be  screened  to  a  large  extent  by  a  metallic  mesh 
having  open  ends  in  the  form  of  a  comb,  but  this  is 
not,  of  course,  possible  in  large  loops.  Lastly,  the 
loop  should  be  free  from  deformation  at  all  times. 
Small  loops  can  be  quite  rigid  and  unaffected  by  wind, 
the  ship  rolling  in  a  sea-way,  and  rigging  stresses  when 
handling  cargo.  Then  the  small  loop  is  many  times 
simpler  from  a  circuit  point  of  view,  and  there  is  much 
less  chance  of  the  constants  being  upset  and  therefore 
errors  being  introduced.  In  the  most  up-to-date 
installations  having  large  loops  I  think  it  is  usually 
the  practice  to  abolish  tuning,  owing  to  phase  diffi- 
culties, and  the  large  loop  would  therefore  appear  to 
have  no  appreciable  advantage  either  from  the  point 
of  view  of  the  amplification  required  or  from  that 
of  the  range  obtained.  On  page  1055  the  author 
refers  to  the  use  of  large,  tuned  loops,  but  in  view  of 
a  great  deal  of  experience  this  seems  to  me  to  be 
somewhat'  risky.  The  small  loop  may,  of  course,  be 
rotated,  and  it  is  easy  to  apply  the  important  principles 
which  have  been  introduced  by  Dr.  Robinson,  and  I 
think  that  is  undoubtedly  of  valuable  assistance 
from  the  operator's  point  of  view,  since  it  is  easier 
to  judge  an  equality.  That  is,  I  realize,  to  some  extent 
a  debatable  point.  At  anv  rate,  there  is  no  doubt 
that  the  scheme  whereby  bearings  are  taken  on  an 
equality  of  signals  is  less  upset  by  the  poorness  of 
minimum  than  the  straightforward  Bellini-Tosi  method. 
The  installation  must,  for  general  purposes  at  any 
rate,  be  simple  and  should  not  require  the  attention 
of  the  whole  of  one's  technical  staff  in  adjusting  the 
circuits,  etc.  On  page  1049.  in  referring  to  the  relation 
between  the  true  direction  of  the  wave  and  the  apparent 
i  direction  when  in  the  neighbourhood  of  metal  objects, 
the  author  says  :  "  The  e.xact  nature  of  this  functional 
relation  cannot  be  predicted  from  theory,  for  the 
reason  that  the  boundary  conditions  which  the  waves 
have  to  satisfy  are  too  complicated  for  analysis.  But 
the  relation  can  be  obtained  in  the  form  of  a  graph 
by  experiment.  A  search  coil,  which  need  not  be 
greater    than    3    ft.    square,    is   mounted  in  a  definite 
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position  in  the  ship  so  as  to  be  capable  of  rotation 
round  a  vertical  axis,  and  is  connected  to  a  suitable 
amplifier."  It  seems  rather  a  pity  that  every  possible 
step  should  not  be  taken  to  employ  that  simple  arrange- 
ment by  finding  a  suitable  place  for  the  receiving 
apparatus  in  the  ship.  If  we  have  two  large  loops  it 
is  physically  impossible  to  adjust  the  two  loops  to  have 
exactly  the  same  constants,  and,  as  all  practical 
engineers  will  realize,  it  is  perhaps  even  more  difficult 
to  keep  those  constants  steady.  With  regard  to  the 
question  of  the  automatic  compensation  for  the 
quadrantal  errors,  I  realize  that  for  naval  purposes, 
where  speed  is  absolutely  essential,  this  has  some 
points  in  its  favour,  but  simply  from  the  point  of  view 
of  accuracy  I  think  it  is  a  mistake  ;  the  quadrantal 
error  varies  from  time  to  time  from  various  causes, 
and  if  the  operator  has  a  dial  from  which  he  can  read 
the  bearing  directly  he  is  liable  to  overlook  these  errors. 
The  automatic  compensation  introduced  by  the  author 
into  his  circuits  would  appear  to  legislate  only  for  the 
sine  law  of  deviation,  and  it  is  not  absolutely  certain 
that  the  error  is  always  strictly  quadrantal.  The 
author's  method  of  investigating  a  design  of  a  direction- 
finding  installation  by  means  of  a  zinc  plate  is  very 
interesting,  and  I  should  like  to  know  whether  he  has 
tried  the  introduction  of  a  partial  conductivity  in  the 
slits  in  order  to  imitate  the  effect  which  would  be 
produced  by  a  metal  rail. 

Dr.  R.  L.  Smith-Rose  :  ThedifSculties  in  operating 
a  direction-finding  station  on  shore  are  by  no  means 
few,  but  in  this  case  one  has  the  advantage  of  making 
observations  relative  to  some  fairly  permanent  base  ; 
whereas  in  the  case  of  a  ship  one  is  dealing  with  an 
object  which  very  frequently  has  a  three-dimensional 
motion,  in  addition  to  the  acute  local  disturbances 
due  to  the  ship  itself.  I  feel  rather  strongly  upon  the 
question  of  the  ultimate  necessity  for  the  direction- 
finding  observations  to  be  carried  out  on  the  ship 
instead  of  on  the  shore.  I  think  that  it  is  by  no  means 
easy  at  the  present  time  to  determine  with  any  accuracy 
by  ordinary  navigational  methods  the  position  of  a 
ship  which  is  not  in  sight  of  land  or  other  fi.xed  points  ; 
yet  the  reputation  of  wireless  direction-finding  at  the 
present  date  is  not  so  good  as  to  cause  the  average 
navigating  officer  to  repeat  a  calculation  of  his  position 
when  the  latter  does  not  agree  with  that  given  by  a 
group  of  direction-finding  stations  on  shore.  With 
the  wireless  observations  actually  carried  out  on  the 
ship  under  his  personal  supervision,  he  would  be  much 
more  likely  to  appreciate  the  accuracy  to  which  the 
readings  could  be  taken  and  repeated,  and  ultimately 
to  gain  the  confidence  in  the  art  which  is  so  necessary 
to  its  successful  application  in  this  direction.  The 
two  essential  points  which  increase  the  difficulties  of 
carrying  out  direction-finding  measurements  on  a 
ship  compared  with  those  on  shore  are  (1),  the  deter- 
mination of  the  direction  of  the  ship's  head,  and  (2), 
the  effect  of  the  local  metal  work.  The  first  point  is 
necessary  because  all  wireless  observations  are  taken 
relative  to  the  ship  itself,  and  the  direction  of  the  ship 
must  be  obtained  from  the  compass.  All  the  errors 
involved  in  obtaining  this  direction  are  included  in 
the  wireless  direction-finding  observations.     The  mag- 


netic compass  is  by  no  means  an  ideal  instrument 
with  which  to  obtain  the  direction  of  the  ship's  head, 
and  to  appreciate  this  fact  one  has  only  to  realize 
that  the  error  of  an  uncorrected  compass  on  a  steel 
ship  is  usually  greater  than  the  largest  quadrantal 
deviation  observed  with  a  wireless  direction  finder. 
Even  when  the  correcting  spheres  are  attached  to  the 
ship's  compass  one  is  inclined  to  place  too  much  faith 
in  its  readings.  The  calibration  of  the  magnetic 
compass  is  usually  carried  out  at  four  cardinal  points 
only,  and,  when  using  two  or  more  "  standard  " 
compasses  on  board  a  ship,  positions  can  often  be  found 
at  which  the  readings  of  the  respective  compasses 
differ  by  as  much  as  3  or  4  degrees.  Even  with  the 
compass  reading  correctly  in  its  steady  state  on  a. 
ship,  and  particularly  on  small  ships  which  are  rolling 
or  yawing  badly,  the  needle  may  attain  such  an  ampli- 
tude in  its  swing  as  to  cause  a  lag  of  several  degrees 
between  its  reading  and  the  instantaneous  direction' 
of  the  ship's  head.  No  such  lag  is  present  on  the 
direction  finder,  so  that  this  may  be  a  source  of  error 
under  these  conditions.  It  is  far  preferable  also  that 
the  compass  should  be  in  the  wireless  office  under  the 
direct  observation  of  the  direction-finder  operator, 
for,  however  precise  may  be  the  means  of  buzzer 
communication  to  a  remotely  placed  compass  observer, 
there  is  an  added  personal  error  and  possible  time-lag 
in  the  latter's  observation,  and  this  should  be  eliminated. 
The  gyro-compass  gives  possible  freedom  from  most 
of  the  errors  mentioned  above,  and  has  the  advantage 
that  a  repeater  dial  may  be  placed  beside  the  wireless 
instruments,  or,  as  stated  in  the  paper,  may  be  used 
actually  to  rotate  the  goniometer  scale,  so  that  the 
readings  of  the  latter  are  automatically  corrected  for 
the  direction  of  the  ship's  head.  In  any  case,  since 
our  present  knowledge  of  the  direction  finder  on  board 
ship  indicates  the  possibility  of  the  reduction  of  most 
of  the  errors  involved,  the  person  responsible  for  in- 
stalling a  wireless  direction  finder  on  a  ship  is  justified 
in  demanding  the  best  compass  available  for  use  in 
connection  with  his  work.  The  effect  of  the  local 
metal  work  on  a  ship  is  indeed  a  very  serious  matter, 
but  the  author's  analysis  of  this  is  ven,^  helpful  in 
showing  the  manner  in  which  the  quadrantal  deviation 
can  be  reduced  to  reasonable  proportions.  If,  as 
stated  in  the  paper,  the  deviation  can  be  reduced  to 
a  maximum  value  of  2°,  the  ship  direction  finder 
is  greatly  improving  its  position  ;  for  it  is  seldom 
that  a  land  direction-finding  station  has  an  error 
of  less  than  2"  in  every  direction.  The  author's 
laboratory  method  of  examining  deviations  must  be 
a  very  efficient  substitute  for  the  carrying  out  of 
costly  full-scale  experiments  on  difficult  types  of  ships. 
On  page  1053  the  author  remarks  that  "  the  elementary 
theory  of  a  loop  in  a  field  of  plane  waves  needs  to  be 
modified  when  we  are  considering  a  ship."  I  am  not 
quite  clear  in  w'hat  respect  this  theory  has  to  be  modi- 
fied, for  surely  this  elementary-  theory  may  be  considered 
as  a  line  integral  of  electric  force  around  the  loop  or 
as  a  surface  integral  of  magnetic  force  over  the  area 
of  the  loop  and  perpendicular  to  its  plane.  Calculation 
in  the  correct  manner  by  eitlier  method  should  give 
the  same  value  for  the  E.M.F.   induced  in  the  loop. 
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and  also  the  conditions  for  sj-mmetry  of  the  two  loops. 
Referring  now  to  the  leads  from  the  aerial  loops  to 
the  direction  finder,  would  it  not  be  better  to  employ 
paper-insulated  cables  instead  of  solid  rubber-insulated 
cables,  and  so  reduce  the  power  factor  of  those  leads  ? 
Although  it  is  not  usually  done,  it  is  a  comparatively 
easy  matter  to  screen  sufficiently  the  whole  of  the 
receiving  room  of  a  shore  station  in  order  to  avoid 
direct  pick-up  of  signals.  One  experimental  station 
screened  in  this  manner,  using  a  receiver  comprising 
t^\-o  tuned,  coupled  circuits  and  a  9-valve  amplifier, 
gives  complete  absence  of  any  audible  signal  from  a 
li  kW  ship's  transmitter  only  a  few  miles  away,  while 
observations  of  bearings  accurate  to  within  1-2  degrees 
are  easily  obtained  on  similar  transmitters  at  distances 
e.xceeding  100  miles  with  the  aerials  connected  up. 
This  screening  of  the  entire  station  from  direct  pick- 
up, however,  does  not  render  unnecessars^  the  screening 
or  adequate  spacing  of  the  individual  instruments 
inside  the  office  in  order  to  avoid  errors  due  to  mutual 
inductance  between  the  different  circuits  in\-olved  in 
the  receiver.  I  have  had  some  rather  concentrated 
experience  recently  on  the  operation  of  the  Bellini- 
Tosi  system,  the  Robinson  sj'stem,  and  also  the  single- 
frame  system  as  used  on  land.  I  have  not  used  these 
systems  on  board  ship,  but  the  actual  results  would 
appear  to  be  similar.  Neglecting  any  question  of 
cost  and  difficulty  of  erection,  I  think  that  the  Bellini- 
Tosi  sj-stem  is  rather  quicker  to  operate  than  either 
of  the  others.  It  is  much  easier  to  swing  a  small 
goniometer  search  coil  than  to  swing  a  frame  coil, 
even  if  the  latter  is  only  3  or  4  ft.  in  magnitude.  In 
the  case  of  a  shore  station  the  capital  cost  of  erection 
of  a  station  is  possibly  negligible  compared  with  the 
cost  of  maintaining  and  running  the  station,  but  in 
the  case  of  a  ship,  where  the  direction  finder  may  be 
used  on  relatively  few  occasions,  the  factor  of  cost  \ 
may  be  rather  an  important  one,  and  in  that  case  I 
think  that  the  frame  coil  has  an  advantage  over  the 
Bellini-Tosi  system,  and  I  certainly  think  that  on  all 
commercial  sliips  a  position  could  be  found  in  which 
the  quadrantal  errors  need  not  be  larger  than  is 
neccessary  to  secure  good  working  and  the  accuracy 
required  for  navigational  purposes.  The  Bellini-Tosi 
system  gives  one  the  impression  of  being  a  more  solid 
engineering  job,  wliile  the  mass  of  the  moving  part 
is  much  smaller,  but  it  has  the  disad\-antages  that  it 
has  more  loopholes  for  errors,  and  that  it  requires 
very  skilled  and  e.xperienced  engineers  for  its  installa- 
tion and  cahbration.  In  regard  to  the  relative  ad- 
vantages of  the  Robinson  system  and  the  single-coil 
system,  I  think  that  for  the  purpose  for  which  it  was 
designed  the  Robinson  system  certainly  scores  on  the 
question  of  precision.  One  also  gains  the  impression 
that  a  much  more  accurate  reading  is  obtained  on  a 
steady  scale  than  with  either  the  scale  or  pointer 
moving  as  in  swing  readings.  On  the  other  hand, 
the  chief  disadvantage  in  the  Robinson  s\-stem  is 
that  it  does  not  tell  the  operator  what  is  the  nature 
of  tlie  minimum,  and,  as  the  author  points  out,  the 
condition  of  things  at  the  minimum  often  affords  a 
good  indication  to  the  operator  as  to  the  reliability 
of   the   bearing.     It  is   verj-   difficult   to   detect  night 


errors  in  the  Robinson  system  if  one  does  not  know 
what  the  true  bearing  should  be.  The  paper  shows 
in  several  instances  that  the  errors  oh  a  ship  direction 
finder  increase  rapidly  as  the  wave-length  is  decreased. 
In  a  similar  manner  most  of  the  errors  and  difficulties 
experienced  at  shore  direction-finding  stations  are 
increased  as  the  wave-length  is  reduced.  1  should 
therefore  like  to  raise  the  question  as  to  whether  in 
the  author's  opinion,  and  possibly  that  of  other 
members,  450  m  is  the  most  desirable  wave-length 
to  be  allocated  to  direction-finding  in  this  country, 
or  whether  a  higher  wave-length  would  not  be  prefer- 
able. It  is,  of  course,  desired  to  keep  within  the  range 
of  adjustment  of  the  majority  of  the  low-power  ship 
and  shore  transmitting  sets.  On  600  m  the  normal 
interference  is  usuallv  too  bad  to  make  accurate 
direction-finding  possible  over  anv  appreciable  distance, 
especially  in  the  neighbourhood  of  land  and  ports 
when  it  is  probably  most  needed.  Again,  on  the  450  m 
wave  the  interference  is  at  times  so  bad  as  to  make 
accurate  observation  verv-  difficult,  so  that  a  longer 
wave,  such  as  750  m — or  possibly  800  m,  to  come  into 
line  with  American  direction-finding  stations — is  to 
be  preferred,  and  this,  if  standardized,  woiild  entail 
little  modification  of  the  majority  of  sliip's  transmitters. 
Care  would,  of  course,  have  to  be  taken  that  the  allo- 
cation of  such  a  wave  for  direction-finding  purposes, 
particularly  if  beacon  stations  are  to  be  set  up  on  an 
extended  scale,  did  not  itself  make  interference  a 
serious  disadvantage  on  this  wave-length. 

Mr.  L.  Bainbridge-Bell  :  The  author  describes  the 
electrical  method  of  correcting  quadrantal  error.  This 
method  appears  to  have  no  advantage  over  the  use 
of  a  table  of  corrections  in  cargo  ships,  in  which  the 
draught  varies  between  wide  limits.  In  the  curve 
sho\\Ti  on  the  lantern  slide,  a  change  of  draught 
from  26  ft.  to  14  ft.  changed  the  maximum  quad- 
rantal error  from  9i  degrees  to  5  degrees.  Using  the 
electrical  method  of  correction  (such  as  resistances 
or  inductances  in  the  loops)  in  this  and  similar 
cases,  it  would  be  necessary  to  re-calibrate  a 
ship  after  every  change  of  draught,  whereas  in 
using  a  table  or  preferably  a  chart  (like  the  one 
shown)  it  is  possible  to  interpolate  between  the 
extreme  values  given  and  to  get  a  suitable  correction. 
To  mv  mind  the  above  considerations  also  nulUfy 
the  advantage  of  incorporating  a  gj-ro-compass  dial 
in  the  direction  finder.  The  quadrantal  error  is  a 
function  of  the  bearing  of  the  distant  station  from  the 
ship's  head,  and  therefore  the  bearing  from  the  ship's 
head  would  have  to  be  observed,  in  addition  to  the 
bearing  measured  from  true  North,  in  order  to  deter- 
mine the  quadrantal  correction.  According  to  the 
author,  the  variation  from  point  to  point  of  the  field 
strength  is  likely  to  make  bearings  unrehable  owing 
to  "  blurrings  "  of  zeros.  When  taking  bearings  by 
the  Robinson  method,  using  coils  about  3  ft.  square 
enclosed  in  an  electrostatic  screen,  i.e.  a  screen  with 
no  closed  loops  in  it,  no  trouble  was  experienced  in 
the  case  of  a  ship  where  the  coils  were  only  two  funnel 
diameters  from  the  funnel,  although  the  funnels  were 
very  high.  The  next  slide  shows  the  position  of  the 
coils  in  one  of  the  Union  Castle  ships,  which  has  \ery 
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tall  funnels.  It  will  be  seen  that  the  coil  is  very  close 
to  the  funnels.  The  maximum  quadrantal  error 
obtained  in  this  case  was  18  degrees,  but  there  was 
no  difficulty  in  taking  the  bearings  and  a  perfectly 
regular  curve  of  quadrantal  error  was  obtained,  and 
the  quality  of  the  zeros  (observed  by  using  one  coil 
only)  did  not  suffer  at  all  as  a  result  of  the  position 
of  the  coils.  On  page  1050  the  author  describes  the 
method  of  calibrating  the  direction-finding  set  by  using 
a  land  station.  It  has  been  noticed  that  if  the  aerial 
on  land  is  situated  on  steeply  sloping  ground,  com- 
pletely erroneous  results  are  obtained.  Results  have 
been  obtained  which  make  the  apparent  position  of 
the  land  station  in  some  cases  J  mile  away  from  its 
real  position.  Therefore,  in  using  that  method,  care 
has  to  be  taken  that  the  configuration  of  the  land  is 
suitable  for  the  calibration.  In  discussing  his  special 
goniometer  with  two  coils,  each  completely  outside 
the  other,  the  author  states  that  the  correction  for 
quadrantal  deviation  is  true  for  all  frequencies.  Is  it 
not  a  fact  that  the  quadrantal  deviation,  apart  from 
the  system  of  direction-finding  used,  is  a  function  of 
the  ratio  of  the  size  of  the  ship  to  the  length  of  the 
wave  ? 

Major  H.  P.  T.  Lefroy  :  The  problem  dealt  with 
by  the  author  is  very  much  the  same  as  that  which 
Jias  to  be  solved  in  all-metal  aircraft  ;  not  quite 
the  same,  because  in  his  case  the  metal  is  almost 
entirely  underneath  and  around  his  coils,  whereas 
in  the  latter  case  it  is  almost  entirely  above  and  below  ; 
but  the  complexity  of  stays,  etc.,  is  the  same  in  both 
cases.  The  common  aircraft  direction-finding  method 
of  using  a  rotating  coil  will  have  to  be  abandoned  in 
metal  fuselages,  as  the  screening  is  too  great,  so  that 
fixed-wing  coils  must  be  used  ;  but,  if  fixed  wing-coils 
only  are  used,  the  course  of  the  aeroplane  must  be 
changed  to  find  the  direction  of  a  transmitting  station. 
This  is  a  disadvantage,  to  overcome  which  it  seems 
best  to  use,  in  conjunction  with  the  wing-coils,  the 
rotary  search-coil  of  the  Bellini-Tosi  system.  Has  the 
author  observed  any  practical  difference  between  the 
errors  due  to  steel  and  any  other  metal,  for  instance 
duralumin  ?  Again,  is  there  much  practical  difference 
between  the  errors  due  to  various  thicknesses  of  metal  ? 
If  so,  what  is  the  critical  thickness  ?  Lastly,  is  there 
a  minimum  critical  distance  from  a  mass  of  metal 
within  which  it  is  very  undesirable  to  put  any  wire 
of  a  loop  aerial  ? 

Major  B.  Binyon  :  As  some  remarks  have  been 
made  on  the  advantages  of  shore  directional  stations, 
I  think  it  is  worthy  of  note  that  at  least  one  instance 
has  occurred  of  a  ship  having  gone  aground  on  account 
of  its  inability  to  obtain  bearings  in  fog  from  a  coastal 
direction-finding  station,  and  such  stations  will  always 
have  the  disadvantage  that  in  time  of  fog  every  ship 
in  the  vicinity  may  require  bearings  and  considerable 
delay  must  arise.  However,  we  are  aiming  to-day 
at  the  prevention  of  accidents  as  far  as  possible,  and 
for  this  purpose  ships  must  be  fitted  with  direction 
finders  in  order  that  they  can  obtain  bearings  upon 
one  another  and  so  reduce  the  risk  of  collision.  Further, 
the  captain  of  a  vessel  is  the  sole  person  responsible 
for  the  safe  navigation  of  his  ship  and  he  is  likely  to 


place  much  more  reliance  on  bearings  which  have 
been  taken  by  his  own  navigating  officers,  and  which 
he  can  compare  with  his  dead-reckoning,  than  on  any 
bearings  given  him  from  coastal  stations  taken  by 
observers  whom  he  does  not  know  and  who  will  not 
accept  any  responsibility  should  such  bearings  prove 
inaccurate.  There  are,  of  course,  many  other  argu- 
ments in  favour  of  the  use  of  direction  finders  aboard 
ship  in  lieu  of  coastal  stations,  more  particularly  the 
reduction  of  interference  and  the  fact  that  as  many 
bearings  and  checks  may  be  obtained  as  is  desired. 
Also,  I  think  that  the  importance  of  this  method  of 
navigation  is  borne  out  by  the  fact  that  the  Navy 
have  seen  fit  to  entrust  the  author  and  others  with 
an  investigation  of  this  problem  in  so  thorough  a 
manner. 

Admiral  Sir  H.  B.  Jackson  :  A  good  many  questions 
have  been  asked  m  regard  to  the  accuracy  of  direction 
finders.  I  agree  that  it  is  better  for  a  captain  of  a 
ship  to  take  his  own  bearings.  The  paper  shows  the 
enormous  difficulty  which  the  Navy  has  had  in  getting 
accurate  direction-finding  on  board  their  ships  with 
their  various  shapes  of  funnels  and  masts,  etc.,  but 
ships  in  the  Mercantile  Marine  are  much  more  of  a 
standard  pattern  except  in  minor  details,  and  I  think 
that  if  the  matter  were  brought  before  the  Naval 
architects,  shipowners  and  builders  of  merchant  ships, 
they  would  take  an  interest  in  this  matter  and  would 
be  willing  to  design  a  special  platform  for  these  direction 
finders  in  the  fore  part  of  the  ship.  This  is  the  more 
important  end  when  approaching  land  ;  we  should 
then  be  freer  from  error,  as  Major  Binyon  has  de- 
scribed. If  a  Naval  architect  knows  that  he  has  to 
put  something  in  a  certain  place  he  can  do  it  without 
much  extra  cost  or  trouble  during  the  building  of  the 
ship.  I  hope  that  Naval  architects  will  take  the 
matter  up  carefully  in  order  to  assist  the  Mercantile 
Marine  in  fitting  direction  finders  on  board  ship. 

Mr.  E.  H.  Shaughnessy  :  First  of  all  there  is  the 
question,  referred  to  in  the  discussion,  of  the  most 
suitable  wave-length.  There  is  no  definite  wave-length 
fixed  for  this  country  for  direction-finding  at  the 
present  moment.  A  wave-length  of  450  m  appears 
to  be  used,  but  ships'  directions  are  given  by  the 
Post  Office  Niton  Station  on  600  m  wave-length,  and 
at  the  International  Technical  Conference  in  Paris 
two  years  ago  it  was  decided  that  wave-lengths  of  450  m, 
600  m  or  800  m  should  be  used  for  direction-finding. 
Probably  in  due  time,  with  the  experience  which  we 
are  now  obtaining,  the  best  wave-length  will  be  found, 
and  it  may  be  that  if  the  proposal  to  use  600  m  as  a 
calling  wave  and  800  m  as  a  working  wave  for  ships 
is  adopted,  800  m  will  not  be  possible  for  direction- 
finding,  but  600  m  may  be.  Another  question  referred 
to  in  the  discussion  was  as  to  whether  the  direction 
finder  should  be  on  the  ship  or  on  the  shore.  It  must 
be  remembered  that  the  cost  of  running  a  direction- 
finding  station  on  shore  is  fairly  high,  because  a  stafi 
is  required,  apart  from  the  capital  cost,  and  unless 
there  is  quite  a  large  amount  of  traffic  it  is  not  a  very 
paying  proposition.  If,  however,  the  apparatus  is 
fitted  on  board  ship,  and  if  we  can  get  results  such 
as  are  shown  in  the  paper  to  be  obtainable,   then  it 
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simply  means  that  the  ship  has  only  to  pay  for  a 
direction-finding  apparatus,  whatever  type  may  be 
used,  and  the  ordinary  operator  can  take  its  position 
without  having  to  keep  any  special  staff.  From  a 
general  point  of  view  it  would  appear  to  be  a  cheaper 
method  to  fit  the  direction  finder  on  the  ship.  It  would 
also,  as  has  already  been  pointed  out,  give  the  captain 
ot  the  ship  the  opportunity  of  deciding  definitely 
whether  he  thought  his  results  were  sufficiently  reliable 
for  him  to  act  upon,  or  not  ;  he  would  be  quite  inde- 
pendent of  some  other  organization  in  giving  him  results. 

Mr.  C.  E.  Horton  (m  reply)  :  Mr.  Lea  questions 
whether  there  is  ever  any  advantage  in  using  large 
loops  instead  of  small  framer.  It  is  a  ve.xed  question 
and  everything  depends  upon  the  particular  conditions 
which  obtain  on  the  ship  under  consideration.  I 
should,  however,  like  to  point  out  that  a  rotating  frame 
implies  an  office  not  far  from  it,  whereas  with  untuned 
loops  it  is  easy  to  arrange,  by  using  suitable  cables,  to 
have  the  office  several  hundred  feet  away.  I  cannot 
agree  with  Mr.  Lea  that  a  small  frame  is  any  protection 
against  the  evils  of  a  rotating  magnetic  field.  As 
regards  the  use  of  partial  conductivity  in  the  slits  in 
the  zinc  sheet,  I  do  not  think  such  an  arrangement 
would  provide  a  true  analogy. 

Dr.  Smith-Rose  observes  that  the  E.M.F.  induced 
in  a  loop  circuit  is  correctly  given  by  elementary  theory 
and  can  be  calculated  m  more  than  one  way.  But  on 
a  ship  the  distributed  capacity  to  other  metal  in  the 
vicinity  of  the  wires  comprising  the  loops,  involves  the 
existence  of  important  capacity  currents,  ignored  in 
the  elementary  theory  but  very  important  at  short 
wave-lengths.     The    merits    of    paper-insulated    cables 


are  considerable  but  I  have  not  found  such  cables  to 
possess  a  power  factor  at  high  frequencies  less  than 
that  of  cables  with  pure  rubber  insulation.  I  agree 
with  Dr.  Smith-Rose  that  the  technical  difficulties  of 
direction-finding  would  be  less  on  800  m  than  on  450  m, 
as  at  present. 

Mr.  Bainbridge-Bell  questions  the  advantages  of 
automatic  correctors  for  quadrantal  errors.  One  advan- 
tage is  precisely  that  they  make  it  possible  to  incorporate 
a  gyro-compass  dial  in  the  direction  finder.  It  is  just 
as  easy  to  alter  the  corrector  for  each  change  of  draught 
as  it  is  to  apply  a  fresh  correction  by  calculation,  and 
no  more  calibrating  is  required  in  one  case  than  in  the 
other.  Approximate  equality  in  the  fields  acting  on 
the  two  sides  of  a  loop  is  easier  to  obtain  with  a  small 
frame  than  with  an  extended  Bellini-Tosi  aerial.  The 
frame  can  therefore  be  placed  nearer  to  a  disturbing 
mass  of  metal  than  can  a  large  loop,  before  tne  zeros 
begin  to  suffer  in  quality.  Were  this  the  only  con- 
sideration the  small  frame  would  always  be  preferred. 

In  reply  to  Major  Lefroy,  I  have  not  found  any 
difference  in  the  errors  due  to  steel  and  other  common 
metals,  nor  any  effect  due  to  different  thicknesses  of 
metal  as  commonly  used  in  constructional  work.  The 
thickness  of  metal  would  probably  need  to  be  excessively 
small  before  it  became  important.  The  critical  distance 
from  a  mass  of  metal  within  which  it  is  undesirable  to 
put  a  loop  aerial  depends  on  the  dimensions  of  the 
metal  and  of  the  loop.  With  a  single  rotating  frame 
the  criterion  is  that  it  should  be  far  enough  away  from 
the  metal  to  lie  in  a  region  where  the  magnetic  field 
is  sensibly  uniform,  or  symmetrical  about  the  axis  of 
the  frame. 
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Summary. 

With  the  increase  of  alternating-current  apparatus  and 
the  spread  of  wireless  telegraphy,  the  calculation  of  air- 
space flux,  whether  electromagnetic  or  electrostatic ,  becomes 
daily  of  greater  importance.  At  present  the  old  formula; 
of  Forbes  are  used,  supplemented  by  certain  cases  developed 
by  Maxwell,  Thomson,  Carter  and  others.  This  paper 
extends  the  number  of  these  cases,  and  develops  therefrom 
close  approximations  in  forms  of  immediate  use  to  the 
designer.  The  results  thus  obtained  are  compared  with 
the  older  formulae,  by  means  of  examples.  The  following 
is  a  list  of  the  chief  cases  considered  : — 


I. 


II. 


III. 


The    flux    between    equal    equipotential    surfaces    in 

parallel  planes. 
The  flux  between  equal  parallel  equipotential  surfaces 

in  the  same  plane. 
Variation  in  Case  I  produced  by  surfaces  like  those 
in  Case  II. 
IV.  The  effect  of  the  outer  surfaces  of  two  equal  equi- 
potential surfaces  in  parallel  planes. 
V.  The  flux  issuing  from   a  taper  pole-shoe. 
VI.  The  flux  distribution  in  a  stepped  recess. 
VII.  Calculation    of    capacities    by    means    of    the    same 
theorems. 


Introduction. 


With  the  development  of  alternating-current  appa- 
ratus, the  correct  calculation  of  magnetic  and  electro- 
static flux  in  an  air-space  has  become  of  ever-increasing 
importance.  In  the  case  of  direct-current  apparatus, 
an  error  of  20  per  cent  in  a  leakage  factor  can  often 
be  covered  by  a  factor  of  safety  in  design,  and  rough 
methods  suffice  ;  whereas  such  an  error  in  the  estimation 
of  an  impedance  or  a  capacity  might  be  attended  by 
very  inconvenient  results.  In  any  case,  the  correct 
prediction  of  the  performance  of  a  piece  of  apparatus 
must  ever  be  the  desideratum  of  the  designer,  so  that 
e.xact  theorems  put  into  such  a  form  as  to  be  readily 
applicable  to  practical  cases  are  sure  to  be  welcome. 

In  a  region  of  uniform  permeability  or  permittivity 
whose  boundaries  are  equipotential  surfaces,  the  dis- 
tribution of  the  stored  energy  may  be  represented  by 
the  division  of  the  space  into  a  number  of  cells  each 
containing  the  same  quantity  of  energy.  In  two 
dimensions  each  cell  is  bounded  by  two  lines  having  a 
specified  potential  difference  between  them,  and  two 
perpendicular  to  these  and  proportional  to  them  enclosing 
a  specified  quantity  factor  usually  termed  "  flux." 

The  distribution  of  these  cells  is  always  difficult 
to    determine  .  and    depends    upon    the   principle  that 

•  The  Paper?  Committee  invite  written  communications  (with  a  view  to 
Duhlication  in  the  Journal  if  approved  by  the  Committee)  on  Papert;  pubhshed 
in  the  Journal  without  beint;  read  at  a  meetinq.  Comniunications  should  reach 
the  Secretary  oi  tlie  Institution  not  later  than  one  month  after  publication  of 
tlie  paper  to  which  they  relate. 


they  will  so  arrange  themselves  as  to  make  the 
potential  energy  of  the  system  a  minimum.  It  cannot 
yet  be  deduced  theoretically  except  in  the  simpler 
cases,  so  that  in  this  problem  at  present  the  electrical 
engineer  is  awaiting  the  progress  of  the  pure  mathe- 
matician. Several  cases  are  represented  in  the 
beautiful  plates  in  Maxwell's  treatise  and  to  these 
a  few  have  been  added  by  the  '  Recent  Researches  " 
of  Sir  J.  J.  Thomson ;  while,  to  meet  the  require- 
ments of  practice,  graphical  methods  have  been 
suggested  by  Lord  Rayleigh,  by  Richardson*  and 
by  Lehmann.f 

On  account  of  the  difficulties  in  exact  computation, 
engineers  until  1900  worked  almost  entirely  from 
approximations  derived  from  the  three  lemmas  of 
Forbes. J  In  that  year,  however,  and  subsequently, 
more  accurate  solutions  of  three  very  useful  cases  were 
given  by  Carter,  covering  the  effective  area  of  an  air-gap 
under  a  rectangular  pole,  the  efiect  of  slots  upon  the 
area  of  a  gap,  and  the  leakage  flux  at  the  mouth  of  a 
slot.  Upon  such  data,  extended  hy  useful  approximate 
integrations,  designers  have  hitherto  been  dependent, 
and  it  is  the  purpose  of  the  present  paper  to  extend 
the  work  of  Carter,  by  putting  the  results  of  a  few- 
more  cases  into  a  form  that  is  readily  applicable. 

In  order  to  render  our  work  more  general,  we  propose, 
as  far  as  possible,  to  divide  it  into  sections  suggested 
by  the  Forbes  cases  and  directly  comparable  thereto. 
As  we  proceed,  the  limitations  to  this  plan  will  become 
obvious  and  departures  from  it  inevitable.  It  is, 
however,  the  system  to  wliich  the  designer  is  already 
accustomed,  and  therefore  for  him  will  present  the  least 
difficulty. 

Theoretically  the  flux  crossing  an  air-gap  must  be 
treated  as  a  whole  for  each  individual  case.  But  the 
plan  of  dividing  up  the  charged  surfaces  into  parts, 
according  to  the  planes  in  which  they  lie,  and  treating 
each  part  independently,  has  the  convenience  of  enabling 
us  to  derive  approximate  formulae  applicable  to  a  wide 
range  of  examples  ;  and  further,  it  gives  results  imme- 
diately comparable  with  existing  methods.  Strictly, 
however,  it  is  not  legitimate,  since  it  involves  tlie 
suspension  of  an  integration  at  a  point  arbitrarily 
selected,  and  consequently  leads  occa.sionally  to  obvious 
discrepancies  when  limiting  cases  of  converging  approxi- 
mations are  compared.  This  disadvantage,  however, 
does  not  in  our, opinion  weigh  substantially  against  the 
practical  utility  secured,  provided  that  its  existence  is 
clearly  recognized. 

•  Philosophical  Magazine,  1908,  Series  il.  vol.  1.'),  p.  237. 

t  Elcctrotcckniuhe  HcilschriJI,  luim,  vol.  .in,  p.  '.iSI.I. 

j  Sec  W.  Cramp  :  "  Continuous  Current  Machine  Desicn."  pp.  220  and  227 
[Harper  Bros.].  Useful  integrations  are  also  given  on  pp.  227-22i».  and  Carter's 
results  on  pp.  ID,  41  and  17.  See  also  Electrical  World,  I'JOl,  vol.  3S,  p.  SSI  ; 
journal  I.E.E.,  lUUO,  vol.  211,  p.  02a  ;  and  Trai%saction^  of  the  American  Institute 
ol  Electrical  Engineers,  1915,  vol.  31,  pt.  1,  p.  lOGi. 
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L  The   Flux   between   Equal  Equipotential  Sur- 
faces IN  Parallel  Planes  {Fig.   1). 

According  to  Forbes's  first  lemma,  the  flux  produced 
by  each  ampere-turn  exciting  the  gap  of  length  2h  is 
(47T/10)  X  {A/2h),  where  A  is  the  area  of  one  of  the 
opposing  faces.  This  assumes  that  all  the  flux  lines 
are  uniformly  spaced,  of  equal  length  and  normal  to  the 
two  surfaces.  Also  it  assumes  that  the  regions  marked 
B  in  the  figure  do  not  affect  the  distribution  of  the 
flux.  Both  assumptions  are  entirely  unwarranted,  and 
the  expression  is  very  far  from  being  correct  for  any 
cases  except  those  in  which  AI2h  is  very  large.  If, 
however,  the  region  B  be  neglected,  the  flux  distribution 
is  similar  to  that  appertaining  to  the  lines  of  electrostatic 
flux  between  the  plates  of  a  parallel  plate  condenser, 
which  may  be  deduced  from  Maxwell's  "  Electricity  and 
Magnetism."  *  If  for  tlus  ideal  case  we  take  a  section 
through  Fig.  1  (a)  normal  to  the  gap  surfaces,  the  latter 
would  be  represented  by  the  two  parallel  lines  of  Fig.  1(b). 
If  these  be  supposed  to  be  in  the  pfene  of  x,  y,  with 
the  origin  on  the  median  line  as  shown.  Maxwell's 
equation  applied  to  the  magnetic  problem  becomes  : — 

x  +  iy  =  vr^  +  i-ijj (1  -f  e-(*  +  «*WJ^)    .    (1) 

where  M  is  the  magnetic  potential  difference  across  the 

semi-gap  h,  (f)  is  the  flux  and  ift  the  potential  function. 

Thus 

h  ,        h  ,      h     h      ,  .,,,,/        TT  .      .    .     TT    \ 
=^+*2'=l^^  +  *]J2'A----^~'"'-'^'*(cos  -i/r-t  sm  -^j 

And  if  for  the  upper  surface  ifj  =  M, 

a;  +  i^  =  Aj,  4-  j;^  _  ^  ^  'le-i'PDi'  .      .      (2) 

AV  TT         TT 

Now  between  the  surfaces  e-(f/J^)<f>  rapidly  diminishes, 
so  that 

,        Mf         h\ 

Or  the  flux  per  ampere-turn  per  cm  depth,  j  referred  to 
the  semi-gap,  is  : — 


„,  477  /  h\ 


(3) 


we  get 


27T   r/  2h 

F  =  iix  + 

I0h\\ 


")(' 


(4) 
(5) 


F  =  (47T/10)  X  (AI2h)    .      .      . 

")}    ■ 

where  F  is  the  flux  corresponding  to  each  ampere-turn 
exciting  the  total  air-space. 

•  2nd  edition,  arts.  19.5  and  202.  Also  J.  J.  Thomso.s  ;  "  Recent  Researches 
in  Electricity  and  Magnetism,"  art.  235. 

t  Throughout  this  paper  "  depth  "  is  always  measured  perpendicular  to  the 
plane  of  x,  y. 


Cases  in  which  Equation  (5)  is  of  use  do  occur  in 
practice,  especially  in  connection  with  eddy-current 
brakes,  electric  meters  and  the  like,  where,  to  obtain 
a  uniform  and  reasonable  density  over  a  long  gap,  pole- 
pieces  of  the  form  shown  in  Fig.  2  are  used.  Assume 
in  such  a  case  that  x  =  o  and  6  =  8,  so  that  A  =  40, 
and  suppose  that  2h  =  1,  then  the  Forbes  expression 
gives  F  =  50-24,  and  Equation  (5)  gives  56,  so  that 
the  error  by  Equation   (4)   is  more  than   10  per  cent. 


From  this  reasoning  it  is  clear  that  the  flux  fringe 
increases  the  effective  pole-face  by  the  fraction  h/n, 
and  that  if  the  linear  dimensions  of  the  area  ^  be  a; 
and  6,  so  long  as  h  is  smaller  than  x  and  b  the  allowance 
for  the  increased  permeance  due  to  the  bulging  of  the 
lines  in  the  centre  of  the  gap  is  obtained  by  increasing 
both  X  and  b  by  h/n,  and  this  correction  must  be  made 
wherever  such  bulging  can  take  place.  Thus  for  Fig.  1, 
instead  of  Forbes's  formula 


(b) 


h 
-h 

i_ 


Fig.   1. — Forbes's  first  lemma. 

and   gets   greater   as   2h  increases  in   comparison   with 
X  or  y. 

In  such  instances  Equation  (5)  is  sufficiently  accurate 
for  the  surfaces  considered,  but  takes  no  account  of  the 
backs  of  the  pole-pieces  marked  C  in  Fig.  2,  which 
will  be  dealt  with  later.  If,  however,  surfaces  rise 
perpendicular  to  A,  as  shown  at  B  in  Fig.  1,  the  whole 
distribution  in  the  gap  is  thereby  modified,  and  the 
correction  when  the  vertical  surfaces  are  very  long 
compared  with  the  gap  h,  is   obtained   at   once   from 


Fig.  2. — Eddy  brake  pole-shoes. 

Carter's  first  case.  We  show  later,  however  (see  p.  1065), 
that  under  these  circumstances,  for  the  usual  proportions 
existing  between  pole  face  and  air-gap  : — 


F'  = 


27T  r 
ioA 

27T 

loTA 


r        2^,        ,        T 
|x-f  —(1  -log2)| 


277/     ^  0-6138;j^^ 


+ 


7 


(6) 


so  that  the  presence  of  the  vertical  surfaces  reduces 
the  correction  for  the  flux  between  the  surfaces  in  the 
ratio  of  1  :  0-6138. 
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These  formulae  are  based  on  the  assumption  that 
h  is  smaller  than  x  or  b,  and  themselves  become  inac- 
curate when  either  x/h  or  fe/A.  approaches  unity.  This, 
however,  seldom  occurs  in  practice,  and  when  it  does 
the  value  of  F'  can  always  be  obtained  by  calculation 
from  the  original  equations. 

n.  Two  Parallel,  Equal,  Equipotential  Surfaces 
IN  THE  Same  Plane. 
Two  approximate  solutions  of  this  case  were  given 
by  Forbes.     The  first  (Fig.  3)  is  intended  to  meet  those 


Fig.  3. — Forbes's  second  lemma,  first  case. 

problems  in  which  the  gap  between  the  surfaces  is 
relatively  short,  while  the  other  (Fig.  4)  contemplates 
cases  in  wliich  d  is  larger  than  r.  In  such  instances, 
more  than  in  Case  I,  the  form  and  disposition  of 
the  adjacent  surfaces  affect  the  permeance  to  be 
calculated,  but  tliis  is  neglected  in  the  Forbes  lemma. 


Fig.  4. — B'orbes's  second  lemma,  second  case. 

The  form  of  the  lines  of  flux   assumed   by  Forbes  is 
indicated  in  the  figures,  and  his  formulae  are  : — 


For  Fig.  3,  F  =  0-Al  xloe 


and  for  Fig.  4,     F  =  0-41  x  log 


d      ■ 


•      (7) 


Now  it  is  well  known  that  the  distribution  of  the  flux 
is  not  in  the  least  like  that  supposed  in  Fig.  4,  even 
when  the  adjacent  surfaces  are  neglected.  Fig.  3  is, 
indeed,  much  nearer  the  truth,  and  becomes  substan- 
tially accurate  when  r^  is  very  small  as  compared  with  r.^. 
It  is  also  well  known  that  if  z  =  (a;  -f  iy)  represent  a 
plane  normal  to  both  of  the  surfaces  considered  and 


to  their  longer  edges,   so  that  the  trace  of  the  plane 

by  the  surfaces  is  the  x  axis,  then  the  elliptic  trans- 
formation 

X  4-  »)/  =  6  X  sn(ifi  +  {(j))      ...     (8) 

gives  the  equipotential  and  flux  lines  in  the  z  plane, 
ifj  being  the  potential  and  (f>  the  flux  function.  The 
value  of  6,  moreover,  is  such  that  if  the  origin  be  chosen 
midway  between  the  inner  edges  of  the  surfaces,  the 
gap  d  in  Fig.  4  is  26  and  the  length  r  is  6(1  —  k)lk, 
where  k  is  the  modulus  of  the  elliptic  functions.* 

This  is  a  perfectly  general  result  whatever  be  the 
ratios  of  d  and  r,  and  it  thus  covers  both  the  cases  of 
Forbes.  The  diagram  of  the  resulting  equipotential 
and  flux  lines  is  well  worth  comparing  with  those  of 
Figs.  3  and  4,  and  has,  so  far  as  we  are  aware,  never 
been  drawn  out  before.     It  is  shown  in  Fig.  5,  in  which 


Fig.    5. — Flux   and   equipotential   lines   of   two  surfaces   in 
one  plane. 

AB  and  CD  are  the  traces  of  the  surfaces  along  the 
X  axis,  and  O  is  the  origin.  The  labour  involved  in 
drawing  this  diagram  is  considerable,  for  while  with 
the  aid  of  Legendre's  tables  individual  points  can  be 
calculated,  the  points  corresponding  to  definite  constant 
values  of  ip  and  (f>  can  only  be  obtained  by  plotting 
curves  of  the  points  calculated  and  interpolating  from 
them.  The  method  of  arriving  at  the  lines  of  the 
diagram  is  outlined  in  Appendix  III. 

From  the  above  transformation  it  follows  that 
F'  =  K'l{2K)  y.  4-77/10,  where  F'  is  the  flux  per  ampere- 
turn  per  cm  of  depth,  and  where  4K  and  2iK'  are  the 
real  and  imaginary  periods  of  the  elliptic  functions. 
From  this  equation  in  turn  the  values  shown  in  the 

•  An  elementary  statement  on  the  elliptic  functions  is  siven  in  .\pp**ndix  II. 
For  a  more  extended  discussion  of  this  transformation  the  re.ider  is  referred 
to  J.  J.  Thomson,  "  Recent  Researdies  in  r.lectricity  and  Ma>:netism,"  p.  li.HtJ 
par.  24.5.  l-'or  a  lucid  account  of  coufomial  transformation  ajid  for  a  clear 
meaning  of  the  potential  and  flux  functions  the  reader  is  referred  to  the  excellent 
article  by  F.  W.  Carter  in  the  Electrical  WorUi  and  Engineer  of  Nov.  SO,  19U1 
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top  curve  of  Fig.  6  have  been  calculated  in  a  form 
useful  to  the  designer,  plotted  against  the  values  of 
m  as  abscissae,  where  m  is  the  ratio  (d  +  2r)ld. 

For  the  same  ratios  and  on  the  same  sheet  the 
corresponding  values  of  the  Forbes  equation  are  shown 
in  the  bottom  curve.  On  comparing  the  two,  it  will 
at  once  be  seen  how  great  is  the  error  of  the  older 
approximation  in  those  cases,  common  enough  in  prac- 
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Fig.    6. — ^\'alues   of    specific    flux    from    co-planar    parallel 
surfaces. 


tice,  where  m  is  small  ;  and  even  in  the  commonest 
cases  the  error  may  amount  to  100  per  cent.  The  new 
curve  compares  strictly  with  the  conditions  considered 
by  Forbes,  but,  as  it  also  neglects  the  effect  of  adjacent 
surfaces,  it  cannot  be  sufficiently  accurate  except  in  a 
few  instances.  We  will  therefore  consider  the  modifica- 
tions introduced  by  some  special  forms. 

One  of  the  commonest  cases  is  illustrated  in  Fig.  7. 


Fig.  7. — Tj'pical  magnet. 

Here  the  parallel  surfaces  in  the  same  plane  are  the 
ends,  EF  and  CD,  of  the  iron  magnet.  As  the  figure 
is  symmetrical  about  the  surface  represented  by  the 
trace  AB,  we  may  calculate  the  flux  issuing  from  either 
limb  and  this  surface,  regarded  as  being  produced  by 
half  the  ampere-turns  of  the  coil  M.  Further,  the 
distribution  of  the  flux  is  such  that  if  GN  is  small 
compared  with  EG,  a  very  close  approximation  is 
obtained  by  regarding  EG  as  semi-infinite,  and  the 
region    bounded    by  ANGEFL    may    be    represented 


in  the  z  plane  by  Fig.  8.  This  boundary  we  transform 
by  the  Schwarz-Christofiel  method  *  into  the  real  axis 
of  a  new  region  called  the  t  plane,  choosing  for  the 
purpose  the  values  of  t  as  shown  in  Fig.  8.  We  thus 
obtain  : — 


dz 
dt 


-r  =  C 


VWit  -  a) 

t-T    1 


(9) 


where  z  =  x  +  iy  and  C  is  a  constant. 

This    expression    may    be    integrated    as    shown    in 
Appendix  I,  and  we  then  obtain  : — 


=  (7{VV(«-a)^(l-f|)log 


2t  —  a  —  2y/t^/{t  —  a) 


^Vi"^- 


■v/(l  +  a)<+W(<-a) 
V(l  +  a)«-V'<V'(«-a) 


} 


+  A'     (10) 


where  K  is  the  constant  of  integration,  which  is  seen 
to  be  zero  if  the  origin  of  co-ordinates  in  the  z  plane 
is  taken  at  t  =  a.  It  then  follows  that  as  t  passes 
through  —  1,  the  value  of  y  changes  from  —  H  to 
—  H  +  h,  and  from  t  =  0  to  t  =  a  the  change  in  y  is 
from  —  H  -{-  h  to  zero.  C  must  therefore  be  deter- 
mined so  that  as  t  passes  through  —  \,  y  decreases  by  h. 
On  substituting  in  the  expression  for  z  first  the  value 
J  =  —  1  —  6  (where  e  is  a  very  small  positive  quantity) 


t=o 


E 


Fig.  8. 


oo 
oO 


-Boundary  conditions  for  Fig.  7. 


and  then  the  value  i  =  (  —  1  -f  e)  and  subtracting  the 
second  result  from  the  first,  we  find  the  change  as  t 
passes  through  —  1,  and  thus  arrive  at  the  result ; — 

evil  +  o)  X  7r=  ;» 

When  C  has  thus  been  determined  a  difficulty  arises 
with  Equation  (10)  owing  to  the  ambiguity  of  signs 
in  the  terms  involving  square  roots.  No  direct .  rule 
is  available  for  settling  this  matter,  and  we  were 
obliged  to  reach  a  solution  by  substituting  various 
values  for  t.  We  thus  found  that  to  represent  Fig.  8 
correctly  after  cancelhng  all  i's,  the  plus  sign  must  be 
taken  for  all  arithmetical  roots.  Further,  the  imaginary 
term  to  be  added  in  the  case  of  the  first  logarithm  is 
—  iiT,  while  for  the  second  logarithm  it  is  -f  vn. 
Then  when  t  =  ^,  y  =  —  H  +  h,  and  so  : — 

2  =  c{(l-Kia)(-J77)-|-v'(l  +  «)x(4-27r)  =  t:(-H  +  /t)} 
Thus  if  =  C7T(1  +  \a) 


h  =  CitV[\ 


(1  +  \a)l^[\ 


a) 
:  m  (suppose) 


11) 


and,  since 
HJh 

Solving  for  a  we  find  : — 

o  =  2{to2  -  1  ±  mV('«- -  1)}    •      •      (12) 

The  -|-  sign  must  be  selected,  for  a  must  always  be  -(-, 
and  as  m  is  always  greater  than  1  and  positive,  the  first 

*  For  an  account  of  this  method  and  worlcs  dealing  with  confonnal  transforma- 
tion, see  Appendix  IV. 
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term  is  positive  and  the  second  greater  than  the  first. 
Thus  a  =  2im-  —  1  +  m^{m^  —  \)\,  and,  when  m 
is  very  large,   a  =  4ot2. 

In  the  plane  of  ^  +  itfj  the  diagram  is  simply  two 
parallel  lines  as  shown  in  Fig.  9,  the  magnetic  potential 
diSerence  being  that  due  to  half  the  ampere-turns  of 
Fig.  7  (say  M') .     Then  : —  • 


d{(t>  +  ^) 


dt 


B{t  +  1)-1  where  B  is  a  constant  ; 


and 


^  +  /(/r  =  B{log  {«+!)-  irr}    .      .      (13) 

where  the  constant  has  been  chosen  so  as  to  make 
0=0  from  t  =  —  00  to  t  =  —  1.  Along  the  lower 
surface  (jj  must  be  negative,  and  as  t  passes  through 
—  l.ifi  changes  from  0  to  0  ■  4ttM',  so  that  B  =  —  0 •  4M', 
and  (j)  +  iij)  =  -  0-4{log  (t  +  1)  —  jt7}m'.  Then  the 
fiux  per  ampere-turn  per  cm  depth  along  the  surfaces 
CD  and  EF  is  : — ■ 

0-41og(a-M)  ^0-4Iog/2»i2  -1  +  2m^/{m-—  \)\    (14) 

Tills  function  has  been  plotted  against  values  of  m  in 
Fig.  6  and  gives  the  intermediate  curve  in  that  figure. 
It   is   much  nearer  to  the  Forbes  approximation,   but 


Fig.,  9. — Potential  conditions  for  Fig.  7. 

still  for  values  of  m  less  than  2  the  error  in  the  latter 
is  very  large,  and  amounts  to  about  100  per  cent  when 
m  =  i-3. 

in.  Variation  in  Case  I  produced  by  the  Surfaces 
OF  Case  II. 

We  have  already  remarked  upon  the  change  in  the 
value  of  the  flux  in  cases  like  Fig.  1  produced  by  the 
surfaces  B.  In  Fig.  7  the  surfaces  indicated  by  EG 
and  DH  should  fall  under  Case  I,  but  the  absolute 
value  of  the  depth  EF,  as  well  as  the  presence  of  the 
surface  FL,  %vill  modify  the  correction  already  introduced 
in  Equation  (3),  which  was  derived  on  the  assumption 
that  EF  was  very  small  compared  with  ED.  Now  in 
Equation  (10),  when  a  is  large  compared  with  1  and 
t  is  nearly  —  1  : — 


a         —  a  —  2-»/«-v/—  a 

a  -V  -^  log 5^-5^ 


-f  i/o  X  log 


2     -  a 

V(l  +  d)t  +  W(t  -  g) 
Vll  +  a)t  -  ^ty/(t 


a)/ 


Then  on  rationalizing  the  last  term  and   adhering  to 
the  convention  of  signs  already  established,  we  get  : — 


77-y  o  L  2 


log- 


a  -f-  2-^/(1 


+  Vaxlogi^^^l=LlI^L^^'l 
(1  -f  a)£-  -  t[t  -  o)  J 


so  that 


he  a        /         2  \  4'1 

h  f  x'a         I  2  \ 


Expanding  the  second  term  we  have 


V" 


io.fi_A^  =  Var-^_A 8__       ^ 

°  V  \'al  2    \  x'a        2a        3a  ^/o        '  '  7 


so  that 


=  —  1    (when  a  is  very  large) 
=•  -  2  4-  2  log  2  -  log  («  -I-  1) 


And    substituting   from    Equation    (13),    the    flux    per 
ampere-turn  of  the  complete  coil,  M,  is  :  — 


—  277  r  2h  ,  ^ 

^=ior{^  +  ^(^-^°»"")} 


(15) 


F"rom  these  expressions  it  is  seen  that  when  the 
thickness  CD  or  EF  is  small  the  same  approximation 
is  possible  as  in  Section  I,  viz.  the  increase  of  x  by  hjir. 
But  when  the  thickness  is  not  negUgible  the  value  of 
F'  is  decreased  as  the  thickness  increases  until,  when 
CD  and  EF  become  infinite  (so  that  a  in  Fig.  8  is 
infinite)  the  value  /1/77  is  decreased  by  0-386  }i\tt.  Thus 
the  limits  of  the  approximate  correction  for  the  fringing 
lie  between  0-318/t  for  a  very  thin  pole-face,  and  0-  195fe 
for  a  very  thick  one.  Obviously,  any  exact  case  can 
be  W'orked  out  from  the  equations  given,  where  this 
is  desirable,  but  in  most  cases  judgment  in  the  selection 
of  a  suitable  coefficient  lying  between  the  above  will 
be  near  enough.  An  example  is  given  later,  but  we 
may  here  point  out  that  the  value  J"  =  56  worked  out 
for  Fig.  2  becomes  i?"  =  52-3  in  a  case  like  Fig.  1,  so 
that  the  effect  of  the  thickness  is  of  some  importance. 

IV.  The  Effect  of  the  Outer  Surf.\ces  of  Two 
Equal  Equipotential  Surf.\ces  in  Parallel 
Planes. 

An  instance  of  this  occurs  in  the  surfaces  marked  C 
in  Fig.  2,  and  again  in  the  surfaces  indicated  by  FL 
and  CK  in  Fig.  7.  The  only  difference  in  these  two 
instances  is  the  thickness  (as  at  EF  in  Fig.  7)  wliich 
separates  the  interior  from  the  exterior  surfaces.  Where 
tills  is  very  thin  the  case  of  Fig.  7  degenerates  into  the 
equation  of  Maxwell's  article  202,  but  it  may  be  remarked 
that  it  then  seldom  accords  with  anything  likely  to 
occur  in  practice.  It  is,  however,  useful  as  a  limiting 
case  to  derive  from  Blaxwell's  equation  the  value  of 
the  flux  issuing  from  the  back  of  a  thin  pole-shoe. 

Now  from  Equation  (2)   we  have  : — 

.-«"•  =  (--^  +  SJ 

and  along  the  surfaces  we  are  now  considering 
—  {TTlM)(f)  is  positive,  and  therefore  the  left-hand  term 
above  is  increasing.'     Thus  , 


477  ,/      ,    h        h  : 

F    =  —rloglx  A —6 

10/i     *'  \  77       M^. 
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So  that  when  x  is  large  compared  \vith  h,  and  calculating 
now  upon  the  total  ampere-turns  impressed  upon  the 
gap  of  length  2h,  we  have  : — 


F'  =  0-2  log 


CTTX 


log 


} 


(16) 


to  a  first  approximation.  When,  as  frequently  happens, 
x/h  is  large,  even  this  may  be  simphfied  to 
F'  =  0-2log{TTxlh),  which  means  that  the  flux  lines 
are  semi-circles  with  radii  varying  from  Ji/tt  to  x, 
and  that  the  equipotentials  are  equally-spaced  radial 
Unes.  Gsmparing  the  error  introduced  by  this  last 
approximation  with  Equation  (16),  we  find  that  when 
x/h  is  10  the  difference  is  about  3-2  per  cent,  and  when 
x/h  is  100  it  becomes  quite  neghgible.  For  values 
of  x/h  less  than  10,  Equation  (16)  is  preferable,  and 
when  x/h  is  less  than  4  the  full  equation  should  be 
used. 

Having  thus  estabhshed  the  approximate  value  for 
the  flux  issuing  from  the  back  of  an  infinitely  thin  shoe, 
we  may  consider  the  case  when  the  shoe  has  a  sensible 
tluckness,  i.e.  when  EF  is  a  sensible  proportion  of  the 
semi-gap  h  in  Fig.  7.  Now  in  Equation  (9),  if  «  is  large 
compared  with  1  we  have  : — 


dt 


V*V^{i-"}* 


=  CJ^\-  2X7}    (approx.) 


Integrating  and  determining  the  constant  so  that  when 
<  =  a,  a;  =  0,  we  find  : — 


(17) 


as  simple  as  possible  in  practice.  Fig.  10  is  appended. 
This  gives  the  value  of  F'  for  the  back  of  a  pole-shoe 
of  sensible  thickness  plotted  against  x/h  for  various  values 
of  m,  where  as  before  m  =  H/h. 

Before   proceeding  with   any   further   cases   we   will 
work  an   example  to  indicate   the   apphcation   of   the 


0-4 


0-3 


E^ 


0-2 


0-1 


/- 

y 

/ 

/^ 

^ 

/ 

/ 

y 

/ 

t^ 

y 

k 

// 

/ 

/ 

V 

0  12  3  15 

Values  of  J% 

Fig.  10. — Specific  flux  from  the  back  of  parallel  pole-shoes. 

foregoing  analysis.  For  this  purpose  we  select  Fig.  7 
with  the  following  dimensions  in  cm  :  EG  =  40, 
ED  =  10,  EF  =  10,  PQ  =  12.  The  flux  issuing  from 
the  surface  FL  and  re-entering  CK  is  in  four  parts, 
viz.  for  half  the  length  there  is  a  component  indicated 
by  RS,  \vith  a  corresponding  portion  R'S'.  And  for 
each  half  of  the  width  there  is  a  component  indicated 
by  TV.     Then  %h  =  10,  H  =  15,  H/h  =  m  =  3. 


Surfaces  in  diagram 

Fiux  (/")  per 

amp.-tum  per  cm 

of  depth 

Derived  from 

Depth  from 
diagram 

Flux  per 
amp.-tum 

Flux  per  amp.- 
tum;  Forbes's 
lemmas 

EF 

PP' 

QQ' 
EG  or  P'Q' 
Flux  R'S' 
Flux  RS 
Flux  TV 
Flux  TV 

0-705 
0-705 
0-705 

0-28 
0-28 
0-155 
0-155 

Fig.  6  (Eqn.  14) 
Fig.  6  (Eqn.  14) 
Fig.  6  (Eqn.  14) 
Equations  3  and  15 
Fig.  10  {x/h  =  4) 
Fig.  10 

Fig.  10  {x/h=  1-2) 
Fig.  10 

12 

40 
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40 
40 

8-46 

28-2 

28-2 

72 

3-4 

3-4 

6-2 

6-2 

6-8 
22-7 

22-7 

61 
Neglected 
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Neglected 
Neglected 

156-06 

113-2 

and  C  has  the  value  h/n  \^(\  -f-  a),  as  in  Equation  (10). 
The  accuracy  of  tliis  simple  expression  is  very  remark- 
able. For  instance,  in  a  practical  example  where 
A  =  5,  H  =  15  and  x  =  20,  the  value  of  t  obtained 
from  (17)  and  substituted  in  (13)  gave  F'  =  0-27,  while 
the  similar  value  obtained  from  Equations  (10)  and 
(13)    was    0-28.      In   order  to   render  the   apphcation 


The  error  by  the  Forbes  formulae  is  thus  seen  to  be 
40  per  cent.  It  is  further  of  interest  to  compare  the 
values  of  the  fluxes  EF  and  PP'  with  those  obtained 
from  the  top  curve  of  Fig. '6.  We  find  that  the  results 
are  : — • 

Flux  EF     . . 

Flux  PP'    .  . 


Top  cur\'e 

11-76 
39-2 


Middle  curve 

8-46 

28-2 


i 
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The  chief  sources  of  error  in  the  above  calculation 
are  the  fluxes  from  the  sharp  corners  and  the  omission 
of  any  allowance  for  the  yoke — the  latter  case  is  one  of 
a  large  class  in  which  the  surface  potential  is  not  constant 
and  to  wliich  later  we  hope  to  return.* 

V.  The  Flux  Issuing  from  a  Taper  Pole-shoe. 

In  the  cases  discussed  so  far  the  polar  surfaces  have 
been  parallel.  In  practice,  however,  they  are  far  more 
often  inclined  to  one  another  and  have  rounded  edges. 
The  case  of  a  tapered  shoe  with  a  sharp  corner  f  can  be 
dealt  with  by  a  Schwarz-Christoifel  transformation,  but 
the  rounded  edge  is  not  amenable  to  that  treatment. 
A  sUght  extension  of  Equation  (1),  however,  enables 
us  to  solve  this    case  for  certain    curvatures   of    edge. 


Fig.  11. — Taper  pole-shoes. 

For  suppose  ijj  =  aM,  where  a  is  nearly  unity.     Then 
sin  mjjIM  =  sin7r(l  —  a)  =  77(1  —  a)    (approx.). 
Then 

''  +  ^y  =  -rA  +  io-h h  -^-(.-^lim  +  ih[\  -  a)e-("/J-f)'/' 

M  77        77 

whence 

-^  -f  1  +  logf  —  -j-  ij  I  (approx.) 

-'  +  '"-«'{?  +  '- (f  +  ')} 

The  second  portion  of  this  expression  is  the  value  of  y 
above  the  shoe  surface,  since  the  height  of  the  latter  is 
h  ;    and  y  ^=  h  when  a;  =  0. 

Again,  putting  y  =  h  and  i/r  =  aM  in  Equation  (1) 
we  get : — 

x  +  ih  =  j-cp  +  iah e-C''/'WM'(cosa7r  -  tsin  a77) 

M  77  77  ' 

1  =  a  -F  -e-('^AW)'/'  X  sin  a77 

77 

•  For   an    .iiulysis   of   some   cases  in  which   the  surface  potential  is  not 

constant,  the  icailer  is  referred  to  the  paper  liv  Mr.  li.  Hague  on  page  lOT'' 

t  Transactions  of  the  American  IinMiitco/ Eleclrical  Engineers,  1915   vol  34 


or 

so  that 

and 


a  -1-  (1  —  aje-W-WW  (approx.) 

9^  =  0 
(1  +  cos  a77)  =  0,  very  nearly 


Given,  therefore,  a  pole-piece  whose  angle  is,  say, 
6  and  air-gap  8,  with  a  magnetic  potential  difference 
Mg  across  the  gap  (see  Fig.  11)  the  flux  from  the  pole- 
face  and  the  sloping  surface  is  obtained  as  follows  : — 

77(1  -  a)  =  tan  ^  ;     A  =  S/a  ;     M  =  Mg/a 

Projected    length    of    pole-tip  =  .r^     (Fig.     11).     Half 
pole-arc  =  x. 

,        Mf  h\ 

0  =  -r-(  ^  H — )  per  cm  depth  for  half  the  pole-face 

Mf^         2h\ 
—  -r-\"x  -\ )  per  cm  depth  for  the  whole  pole-face 

under  the  shoe 


r 


477/  2S\ 

-g^pole-arc  +  -) 


And  in  the  case  of  the  sloping  back  of  the  shoe": — 
Xi  =  projected   length   of  slope  =  6  cos  9 

I  j  per  cm  depth  (appro.x. 
Mg         laTxh  cos  0 


Then     ^  =  —  lo 


/77.ri 


=  ^-^^log(° 
a77         \ 


F' 


0  •  4  ,       /77a6  cos  Q 


a 
0-92 
a 


/77a6  cos  0 
logio  (^ g 


Where  a  second  pole-face  exists,  as  shown  dotted  in 
Fig.  11,  the  air-gap  being  2§,  and  the  ampere-turns 
refer  to  the  whole  gap,  the  value  of  F'  in  each  of  the 
above  expressions  is  halved. 

The  thickness  of  the  shoe  at  the  tip  is  in  all  cases 
h{l  —  a)  and  its  form  is  approximately  that  shown  in 
Fig.  11.  The  formula  presuppose  that  x  and  xi  are 
considerably  greater  than  8,  wliich  of  course  is  almost 
invariably  the  case. 

As  an  example,  suppose  a  pole-shoe  having  an  arc~of 
20  cm,  an  air-gap  8  =  0-5  cm,  an  angle  6  =  30°,  and 
a  length  6  =  4  cm.  Also,  let  the  ampere-turns  acting 
across  the  gap  be  3  000,  and  the  depth  of  the  face 
be  20  cm.  Then  tan  0  =  0-58  =  77(1  —  a)  f  so  that 
a  =  0-814.  Then  the  flux  issuing  from  the  underside  of 
the  pole-face  is  : — 

477        /  2  X  0-5  \ 

f  20  -i 1  X  20 

0-05V  77  X  0-814^ 

=  3  074  X   10^  maxwells 


3  000  X 


10  X 


And   the  flux  issuing   from   the   sloping    backs   of   the 
shoe  is  : — 


0-92  /■ 

3  000 ■  login  ( 

0-814     ^^°\ 


77  X  0-814  X  4  X  0-866 


0-5 


+  1 


X  2  X  20  =  172-4  X  10-'  maxwells 
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That  is,  the  latter  is  about  5  •  6  per  cent  of  the  former 
and  by  no  means  negligble.  Also  the  fringing  correction 
under  the  face  (apart  from  the  backs  of  the  shoe)  is 
seen  to  account  for  74  000  maxwells. 

VI.  Flux   Distribution    in    a   Stepped    Recess.* 

Tliis  case  was  suggested  to  one  of  the  authors  as  the 
result  of  a  consideration  of  the  slot  used  by  Professor 
Miles  Walker  in  the  machine  described  j  by  him  before 
the  Institution  some  time  ago,  and  a  solution  was  at 
that  time  given  for  one  part  of  the  figure. 

t=i 
B 


H 

I 
_i 


t=a 


^-Ot 


C 


A'  B- 

Fig.   12. — Boundary  conditions  of  stepped  recess. 

The  problem  is  illustrated  in  Fig.  12,  and  selecting 
values  of  t  as  shown  therein  we  have  by  the  usual 
transformation  : — 


dz       CV{t  -  a) 


dt       ty/(t  —  1) 


(18) 


When  t  is  nearly  zero,  dzjdt  =  C\/alt.  Putting  t  —  Re'^ 
the  change  as  t  passes  through  zero  is 

corresponding  to  an  increase  in  z  of  ih  ;   so  that 
C  =  -  hlx'aTT 
When  t  is  very  large,  dzjdt  =  C/t,  so  that  the  change 

in  t  at  infinity  is  C    log  R  +  iO  \  =  iCn.      This   corre- 

*-  Jo 

sponds  to  an  increase  in  ?/  of  —  H. 

Thus  C  =  —  HJTT     and  so     v'»  =  hlH  =  1/w  .    (19) 

Integrating  Equation  (18)  with  respect  to  t  and 
determining  the  constant  so  that  a;  =  0,  when  t  =  a  and 
y  =  0  along  the  dotted  line  EF  we  have  : — 


+  zy  =  C-i  cosh    1 ^ 

I  a  —  1 


X  +  ty 


,       .  ,     .2a  -  {a+  in 

+  Vacosh-i '-  I      .      (20) 

[a  ~  l)t       J  '     ' 

Here,  as  earlier  in  the  paper,  a  difficulty  arises  regarding 
the  selection  of  signs,  and  it  must  be  settled  in  a  similar 

•  Since  Ihis  paper  was  written  our  attention  has  been  called  to  a  problem 
solved  by  Dr.  C.  H.  Lees  in  the  Philosophical  Magazine,  1908,  Series  6,  vol.  16, 
p.  734,  where  the  resistance  of  a  conductor  shaped  like  the  slot  in  Fig.  12  is 
determined.  Dr.  Lees  employs  a  transformation  analogous  to  Equation  (20) 
but  our  choice  of  arbitrary  values  has  led  to  a  form  simpler  than  his.  For  this 
reason  it  seems  worth  while  to  retain  our  equations,  instead  of  adopting  his  and 
deducing  the  geometrical  permeance  therefrom.  The  attention  of  members 
is,  however,  called  to  the  paper  by  Dr.  Lees,  as  an  excellent  example  of  the 
practical  application  of  conjugate  functions. 

t  Journal  I.E.E.,  1919,  vol.  67,  pp.  134  and  288. 


manner,  viz.  by  the  laborious  process  of  working  out  a 
table  for  a  given  case  and  selecting  the  signs  to  suit 
the  boundaries.     We  thus  find  : — 


=  ^/c 


X  -\-  ly  =  — <  cosh    ' 

77  L  a  —  \ 

+  Vacosh-i^°7'"u/''}      •      (-^) 
(a  —  \)t       J 

with  the  following  rule  ; — 

In  evaluating  the  first  term  the  real  part  is  always  to 
be  taken  negative,  wliile  in  the  second  term  the  real 
part  must  be  taken  positive.  In  both  cases  the  imaginary 
part  is  always  positive. 


t=o 


Fig.   13. — Potential  conditions  for  Fig.   12. 

The  diagram  in  the  plane  of  w  =  (jj  +  itjj  is  shown 
in  Fig.  13,  from  which,  as  in  a  previous  case,  we  obtain 

(j)  +  i,p  =  +  0-4(log  t  -  i7T)M'     .      .      (22) 

where  M'  is  the  number  of  ampere-turns  acting  across 
the  semi-gap. 

Thus  F'  =  +  0-4  log  t.  and  (f)  =  0  when  t  =  1. 

The  most  interesting  portion  of  the  problem  is  the 
flux  issuing  from  the  vertical  surfaces,  i.e.  between 
the  limits  t  =  a  and  *  =  1. 

Here     ii"  =  -|- 0-4{  -  log  a -f  o}  =  -  0-4  log  a 

A2 


=  -0-4  log  ^ 

=  1-84  logio  —  referred  to  M' 


(23) 


or  half  this  value  when  referred  to  the  ampere-turns 
acting  across  the  full  gap  2h. 

We  may  with  advantage  compare  this  flux  with  that 
issuing  from  the  end  surfaces  DC,  EF  of  Fig.  7,  choosing 
the  dimensions  adopted  in  the  previous  example  . 

Then  i*^'  =  0-92  logjo  H/h  =0-92  logjo  3  =  0-44,  as 
against  0-7 'from  Fig.  6  (middle  curve).  Thus  the 
surfaces  AB,  A'B'  of  Fig.  12  shelter  the  surfaces  BC, 
B'C  and  drive  in  the  end  flux,  reducing  it  in  the  ratio 
C"44:0-7,  as  compared  with  Fig.  7. 

Again,  the  flux  springing  from  the  surfaces  AB  and 
CD  in  Fig.  12  will  not  be  quite  the  same  as  from  EG 
in  Fig.  7,  nor  the  same  as  that  obtained  in  Section  I. 
For  a  point  some  distance  along  BA  from  B,  t  is  very 
large  and  positive,  and  then  from  Equation  (21)  : — 


ly 


H  ,      2t 

—  cosh~i 

77  a  — 


—  -!  cosh    ^  — ; 

1    ^  771  H-  -  h^ 


SO  that  for  the  surfaces  AB,  EF 


H,  4? 

77         1  —  a 


or 


TTX        h                 H2  +  }fi       ,       Ifi  -  h? 
-TT  —  -r.  COSh~l  r-; rr,  —  log 


[very  approx.^ 


H        H 


m      K^ 


H2 

F' 

=  —  log  4  —  log  t  =  —  log  4 [from  Eqn.  (22)] 
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And  thus  for  the  surfaces  AB,  A'B' 


J"  = 


10       \^H         77\ 


4ot2 


1       m        m      '  '  ' 


])} 


27r  f  .T 


I  (say 


where  a;  is  negative  and  P  represents  the  reduc- 
tion in  the  permeance  of  this  part  of  the  gap 
due  to  the  proximity  of  the  boundary  BCD.  The 
equation  is  therefore  similar  in  form  to  Equations 
(3),  (6)  and  (16)  ;  and  to  render  the  correction  P 
immediately  useful  its  value  has  been  plotted  in  Fig.  14 
against  such  values  of  m  as  would  ordinarily  arise  in 
practice.  It  will  be  noticed  that  when  m  exceeds  S, 
the  correction  is  practically  constant  and  equals  0-43. 


o  0-2 

(A.  0-1 

a; 

o 


_p. 

t^-yoo 

/ 

/ 

q' 

7-=o_ 

r 

r 

2  3 

Values  of  m 


Fig.  14. — Correction  factors  for  Fig.  12. 

Dealing  similarly  with  the  surface  CD,  we  note  that 
for  a  point  some  distance  to  the  right  of  C,  t  is  nearly 
zero,  and  Equation  (21)   becomes  : — 


ly. 


H 


A'°'''~'h-^ 


H-  +  7(2 


h  2A2 

-cosh    1- 


2/i2  -| 


log 


4/i2 


so  that,  as  before, 

TTX        H  H  -  h 

X  ~  1  °^  R  +  h 

or 

^,         „       fTTx    H     ,      H—h     , 
F'=-0-i^- — -xlog— — -log 


H2_ft2 


=  -logt  = 


4^2 


'  i  h       h 


'H  +  h 


m  -  h^ 


}-,. 


0-4 

say 


But  this  includes  the  flux  along  the  surface  BC,  since 
X  =  0  when  t  —  a.  The  value  of  F'  along  CD  is  there- 
fore Q  minus  the  value  of  F'  along  BC  ;  i.e.  for  the 
surfaces  CD,  C'D', 


^'=^[ 


2  log 


H       TTX         H  . 


H-h 


h 


27rrx        i  I 


h 

m  +  1 


—  log • 

h      ^  H+h 


log 


4fe2     -[ 
H2  -  K^J 


1 


-s?^)]  •  '»> 


2TTrx 

To\ji 


«■]. 


say 


(27) 


and  the 


where  Q    =  -^  log —  m  X  log >  , 

■n  I,        vx"  —  1  m  —  IJ 

equation  is  again  similar  in  form  to  Equations  (3),  (6), 

(16)  and  (25),  Q'  representing  the  increase  in  permeance 

due    to   the    fringing    at    C,    comparable   with    I/tt   in 

Equation  (3).     The  correction  Q'  is  shown  in  the  lower 

curve  of  Fig.   14,  and,  for  m  =  2,  amounts  to  0-1663 

instead  of  I/tt  or  0-317. 

VII.    C.\LCUL.\T10N    OF    CAPACITY. 

Since  magnetic  flux  and  electrostatic  flux  are  exact 
analogues  in  a  rational  system  of  units,  it  follows  that 
all  the  cases  here  considered  may  be  applied  to  the 
calculation  of  the  capacity  of  condensers  whose  plates 
are  of  the  shape  of  the  boundaries  illustrated  in  the 
diagrams.  The  easiest  and  most  reasonable  method 
of  applying  this  principle  is  by  making  use  of  the  quantity 
called  by  Heaviside  "  permittance,"  and  by  expressing 
the  electrostatic  flux  in  coulombs. 

Examination  of  such  equations  as  (3),  (6),  (16),  (25) 
or  (26)  shows  that  we  may  regard  the  quantity  47r/10 
as  the  specific  permeance  (or  permeability)  of  air,  and 
the  quantity  witliin  the  brackets  as  the  ratio  area/length 
(or  geometric  permeance)  by  wliich  this  permeability 
is  multiplied  to  give  the  permeance. 

Now  in  the  case  of  capacity  we  may  replace  this 
permeabihty  by  the  corresponding  "  permittivitj-  "  for 
air,  and  replace  F' ,  which  is  in  terms  of  flux  per  ampere- 
turn  per  cm  depth,  by  C'  —  the  corresponding  capacity 
in  coulombs  per  volt  per  cm  depth,  i.e.  in  farads  per  cm 
depth. 

But  the  farad  is  a  large  unit,  and  it  is  more  convenient 
to  express  C'  in  microfarads,  adopting  the  appropriate 
permittivity  for  air,  which  is  0-0884  x  10""^  microfarads 
per  cm  cube.  Tlius,  for  example,  the  capacity  of  the 
surfaces  AB,  EF,  in  Fig.  12  per  cm  depth  will  be  : — 


C"  =  0-0884  X  10-6 


il-^) 


microfarads 


and  half  this  value  for  the  surfaces  AB,  A'B',  where  P 
is  to  be  taken  from  Fig.  14.  And  the  capacity  per  cm 
length  of  two  long,  flat,  parallel  plates,  represented  in 
section  by  AB  and  CD  in  Fig.  5,  may  be  taken  direct 
from  the  upper  curve  of  Fig.  6,  by  multiplying  the 
required  ordinate  by  0-221/77  x  10^-'>. 

It  is,  perhaps,  desirable  to  add  that  if  the  dielectric 
be  other  than  air  the  equations  still  apply,  provided 
that  the  corresponding  permittivity  be  used. 


APPENDIX  I. 
Integration  of  Equation  9. 


therefore 

Let 
so  that 


df  ^  ^V'<V(t  -  g) 
dt  t  -\-\ 

J  «+ 1 

t =  -  cosh  Q 


dt  =  -  sinh  e  dO 
2 
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Then 


I 


sinh2  e  d9 


Ca- 


'  ?(coshe+  1)    +1 


Now  write  u  for  tanh  -  and  we  have 
2 


de 

sinh  0 

cosh  6 
and  2  becomes  2Co2 


2t;i, 


1  -m2 
2m 

1  +  m2 
1   -  m2 

•u-(£m 


(1  -  u^y-(l  +  a  -  u-)' 


Resolving   the   integrand  into  partial   fractions    and 
integrating  we  obtain  : — 

2  =  2Co^  ■<  5 —  log  —- 

\       2a-  ^  V(l  +aj  ~u 


2  +  g         1  —  u 

"^     4a2     °^  1  +  u  '^  2o(l  -  M-) 


^} 


+  if 


where  K  is  the  constant  of  integration,  and  transforming 
back  again  into  terms  of  t  we  have  : — ■ 


cJ^VW{t-a)  +  (^l  +  fjlog 


+  -v/(l  +  ")  log 


V(l  +  a)«  +  VWit 


a)  J 


Both  a;  and  2/  vanish  when  t  =  a,  so  that  K  =  0. 

APPENDIX  II. 

Note  on  Elliptic  Functions. 

Engineers  are  not  often  trained  to  solve  equations 
involving  elliptic  functions,  so  that  the  notation  employed 
on  page  1063  may  not  be  familiar  to  some  of  the 
readers  of  this  paper.  It  is  hoped,  therefore,  that  the 
following  outUne  of  the  meaning  of  the  symbols  may 
be  of  use,  for  in  engineering  problems  it  not  infrequently 
happens  that  expressions  arise  involvmg  integrals  of  the 
form  : — 


M=    (1  _  t-)-i{l  -  k-fi)-Ut 
u  =  \[\  -  k"sin^e)-idd 


where  the  second  form  is  derivable  from  the  first  by  the 
substitution  of  sin  6  for  t.  In  these  equations  k,  which 
is  always  positive  and  less  than  1,  is  called  the  modulus 
of  the  function  ;  and  if  in  the  first  form  j/  =  1,  or  in  the 
second  a  =  77/2,  the  integral  is  said  to  be  complete,- 
and  is  denoted  by  the  letter  K.  Also  y  is  said  to  be  the 
sine  of  the  amplitude  of  m,  and  is  generally  written 
y  =  sn{u,  k),  or  more  briefly  y  =  sn{u),  when  functions 
having  the  same  modulus  are  to  be  understood. 

Now  it  can  be  shown  that  sn{u  +  4JC)  =  sn{u),   so 


that  the  function  is  periodic  in  the  same  sense  as  the 
sine  of  an  angle  is  periodic,  for  sin  {x  +  2tt)  =  sin  x. 
And  just  as  we  say  that  the  function  sin  x  has  a  period 
27T,  so  the  elliptic  function  sn{u)  may  be  said  to  have  a 
real  period  4iC. 

The  "  sn "  is  only  one  of  a  complete  set  of  such 
functions,  all  inter-related,  much  as  the  trigonometrical 
or  hyperbolic  functions  are,  but  these  we  must  leave 
the  reader  to  discover  for  himself.  It  is  sufficient  here 
to  remark  that  if  (k-  +  k'-)  =  1,  then  k'  is  called 
the  "  complementary  modulus  "  ;  and  similar  sets  of 
expressions  involving  k'  instead  of  k  can  be  derived. 
In  this  way  we  obtain  a  value  K'  analogous  to  K,  such 

that   K'  =  I  (I  -  t-)-i{l  -  k'H-)-idt.     But   it   can   be 

shown  that  sn[u  +  2iK.')  =  sn{u),  so  that  we  may  look 
upon  2iK'  as  the  imaginary  period,  in  the  same  sense 
that  iK  is  the  real  period  of  the  function  sn[u).* 


APPENDIX  III. 
Derivation  of  Fig.  5. 

A  scale  for  Fig.  4  was  selected  in  which  d  =  8  and 
?-  =  4.  Then  d/(d  +  2r)  =  A;=l.  Also,  since  r=  6(1- i-j/^fc, 
it  follows  that  6  =  4. 

Now  the  transformation  x  +  iy  ^  h  X  sn[>p  -{-  i<f>]  may 
be  expanded  as  follows  : — 


X  +  iy  ■■ 


h\(snifi  X  cni^  X  dni(j)) -}- {s7ii<f>  X  cnifi  X  drnl;)f 
1  —  k:-sn~ip  X  snri<f> 

and  the  right-hand  side  of  this  equation  may  be  put  in 
terms  of  elliptic  functions  of  real  variables,  using  Abel's 
imaginarj'  transformation.     Thus  : — • 


x  +  iy 

b-\smf;xdn{(f>,  k')+isn{(j},  k')xcn{<f>,  k')xcr»//Xdnilif 
^  cn-{<f),  k']  +k^sn^ x  sn-{(j),  k') 

where   k'  =  y/[\  —  k-),    as   in   Appendix   II.     Also,    if 


(A) 


sn(<^,  k')  =  sin  a  then  ^  =    (1  -  ^'2  sin-  e)-Me. 

In  order  to  obtain  Fig.  5  we  took  a  set  of  values  of 
sn(^,  k']  ranging  from  sin  0°  to  sin  90°,  and  combined 
these  with  a  corresponding  set  of  values  of  sn[>li,  k)  over 
the  same  range.  Substituting  in  Equation  (A)  and 
equating  real  and  imaginary  parts,  gives  a  set  of  co- 
ordinates (x,  y)  for  the  points  of  intersection  of  the 
ip,  <f>  lines.  The  values  of  >fi  and  0  were  taken  from 
the    pubhshed    tables.      Thus    if    sn[<f),  k')  =  \,    then 

(-30° 

^  =    {1  _  i'2  sin2  e)-idd,  which  is  given  in  the  tables. 

Jo 
The  values  of  the  co-ordinates  of  the  intersections 
were  then  plotted,  and  from  the  resulting  graph 
we  took  readings  {by  interpolation)  of  the  points  of 
intersection  of  nine  equally-spaced  ijj  lines  \rith  an 
equal  number  of  equally-spaced  (f>  lines.     The   former 

•  For  a  full  discussion  of  these  functions  members  are  refered  to  Whittaker 
and  Watson-,-  "  Moderti  Analysis,"  2tid  ed.,  chap.  22. 
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were  taken  at  0,  K'/S,  2K'/}i  .  .  .  K'  and  the  latter  at  0, 
K/8,  .  .  .  A'. 

Now  2ii  is  the  potential  between  the  two  surfaces, 
while  K'  is  the  Hmiting  value  of  the  flux  at  the  extremity 
of  the  surfaces.*  Thus  the  "  geometric  permeance 
is  the  ratio  K'l2K,  and  between  each  pair  of  (f)  lines 
the  same  flux  is  included,  just  as  between  each  pair  of 
iji  lines  there  is  a  definite  magnetic  potential  difference . 


APPENDIX  IV. 

The  Methods  Employed  in  the  Paper. 

The  difficulty  of  dealing  with  problems  such  as  are 
considered  in  this  paper,  lies  in  the  fact  that  we  are 
usually  given  definite  boundaries  along  which  the 
potential  is  prescribed,  and  we  have  to  find  a  potential 
function  to  suit  the  boundaries.  The  general  method 
employed  is  that  of  conformal  transformation,  and  the 
only  direct  process  at  present  known  is  that  due  to 
Schwarz  and  Christofiel.  Apart  from  this,  problems 
have  been  solved  indirectly  by  selecting  a  transformation 
and  finding  the  boundary  conditions  that  it  solves. 
Cases  II  and  V  in  the  paper  are  examples  of  this,  but 
the  best  illustrations  are  those  of  Maxwell.     The  whole 

*  See  J.  J.  Thomson,  he.  cit. 


subject  of  conjugate  functions  and  the  transformations 
employed  with  them  is  of  surpassing  interest  and 
enormous  importance  to  the  electrical  engineer  The 
following  short  bibhography  may  therefore  be  of  use 
to  those  who  wish  to  pursue  the  subject  further  : — 

Maxwell  :  "  Electricity  and  Magnetism,"  2nd  edition, 
chap.   12. 

Forsyth  :  "  Theory  of  Functions,"  chaps.  19,  20 
and  21,  especially  pp.   646-649. 

Christoffel  :  Annali  di  Matematica,  1867,  vol.  1, 
p.  89. 

Schwarz  :  Journal  fiir  die  reine  und  angewandte  Maihe- 
matik,  1869,  vol.  70,  p.  105. 

MiCHELL  :  "  On  the  Theory  of  Free  Stream  Lines," 
Philosophical  Transactions,   1890,  ser.  A,  p.  389. 

Love  :  Proceedings  of  the  Cambridge  Philosophical 
Society,   1891,  vol.  7.  p.   175. 

Lamb:     "Hydrodynamics,"  chap.  4. 

Jeans  :  "  Mathematical  Theory  of  Electricity  and 
Magnetism,"  4th  edition,  p.  266. 

J.J.  Thomson  :  "  Recent  Researches  in  Electricity  and 
Magnetism,"  chap.   3. 

Rayleigh  :  Philosophical  Magazine,  1876,  vol.  2, 
p.   441. 

And,  in  addition,  the  papers  by  Carter,  Richardson, 
Lehmann  and  Lees,  references  to  which  have  already 
been  given. 
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THE   LEAKAGE   FLUX   BETWEEN    PARALLEL   POLE-CORES   OF 

CIRCULAR   CROSS-SECTION.* 


By  B.  Hague,  M.Sc,  Associate  Member. 

{Paper  first  received  22nd  May,   and  in  final  form   5th  July,    1023.; 


Summary. 

Some  of  the  formula;  used  by  designers  for  the  purpose 
of  calculating  the  leakage  flux  passing  between  circular  pole- 
cores  in  salient-pole  machines  are  far  from  satisfactory, 
since  they  cause  the  flux  to  be  considerably  under-estimated. 
The  object  of  this  paper  is  to  draw  attention  to  formulae 
and  curves  from  which  the  permeance  of  the  leakage  paths 
can  be  found  with  high  accuracy,  the  results  being  derived 
by  simple  mathematical  methods.  A  critical  comparison  of 
the  old  with  the  new  formula^  is  given,  illustrated  by  a 
numerical  example  to  show  the  use  of  the  new  results  in 
practice. 


Introduction. 

The  objects  of  this  short  paper  are  first,  to  draw 
attention  to  certain  formulse  which  have  been  sug- 
gested for  use  in  design  practice  to  enable  the  per- 
meance of  the  leakage  field  between  parallel  pole- 
cores  of  circular  section  to  be  calculated  ;  secondly, 
to  derive  from  first  principles,  by  the  use  of  simple 
mathematics,  a  closely  approximate  formula ;  and 
thirdly,  to  give  a  graphical  and  tabular  comparison  of 
the  various  expressions. 

The  problem  of  calculating  the  leakage  flux  between 
the  pole-cores  of  a  dynamo  is  complicated  by  the 
follo^\•ing  facts :  (i)  That  the  poles  are  of  finite  length 
and  are  attached  to  a  yoke-ring  ;  (ii)  that  the  poles  are 
spaced  uniformly  and  radially  round  a  circle  ;  (iii)  that 
a  pole-core  is  not  at  a  uniform  magnetic  potential 
over  its  whole  surface,  since  it  is  magnetized  by  a 
distributed  field-coil  carrying  the  exciting  current  ; 
and  (iv)  that  the  leakage  field  may  be  considerably 
affected  by  the  effects  of  magnetic  saturation  in  the 
cores.  Hence,  accurately  to  determine  the  leakage 
involves  the  solution  of  a  three-dimensional  problem 
in  which  the  bounding  surfaces  have  a  highly  compli- 
cated distribution  of  magnetic  potential.  Since  mathe- 
matical methods  are  not  sufficiently  powerful  to  enable 
the  exact  solution  to  be  obtained,  attention  must  be 
directed  to  the  provision  of  approximations  having  an 
accuracy  sufficient  for  all  practical  purposes. 

In  order  to  render  the  problem  even  approximately 
soluble,  it  must  first  be  reduced  to  two  dimensions. 
In  common  with  other  writers  on  the  subject,  the 
author  has  made  the  following  assumptions  : — 

*  The  Papers  Committee  invite  written  commimications  (with  a  view  to 
publication  in  the  Jourtialii  approved  by  the  Committee)  on  papers;  published 
in  the  Journal  without  being  read  at  a  meeting.  Communications  should  reach 
the  Secretary  of  the  Institution  not  later  than  one  month  after  publication  of 
the  paper  to  which  they  relate. 


(i)  The  pole-cores  are  treated  as  long,  parallel, 
circular  cylinders  maintained  alternately  at 
equal  positive  and  negative  magnetic  potentials. 
Variation  of  magnetic  potential  along  the  length 
of  the  cores,  due  to  the  presence  of  exciting 
coils,  is  ignored  ;  ways  of  taking  such  variation 
approximately  into  account  have  been  given  by 
various  writers  *  and  are  well  known  to 
designers.  The  surface  of  a  pole-core  is  there- 
fore taken  to  be  a  magnetic  equipotential 
surface, 
(ii)  As  a  consequence  of  (i)  the  cores  are  assumed 
to  have  a  very  great  permeability  compared 
^vith  that  of  the  surrounding  air  space  in  which 
the  leakage  of  flux  takes  place, 
(iii)  The  disturbing  effects  of  the  presence  of  pole- 
shoes  and  of  the  yoke  on  the  distribution  of 
the  leakage  field  are  neglected. 

The  permeance  calculated  under  these  assumptions 
will  only  be  accurately  applicable  to  the  leakage 
between  the  cores  in  an  ideal  machine  wdth  a  flat 
armature  and  long,  parallel,  pole-cores.  By  means  of 
the  designer's  artifices  just  referred  to,  the  results  are 
made  to  apply  approximately  to  the  short,  radial 
cores  of  an  actual  salient-pole  dynamo,  t 

HlSTORIC.\L. 

The  results  in  use  among  designers  at  the  present 
time,  by  means  of  wliich  the  leakage  from  circular 
pole-cores  is  calculated,  are  of  two  kinds  according  to 
the  means  adopted  to  simplify  the  mathematical 
analysis.  In  the  first  class,  certain  assumptions  are 
made  concerning  the  geometrical  shape  of  the  lines  of 
force  of  the  field.  Thus  Dr.  Pohl  |  has  given  an 
approximation  of  this  nature  by  assuming  the  lines  of 
force  to  consist  of  straight  lines  and  arcs  of  involutes 
of  a  circle.  Douglas, §  with  much  greater  approach  to 
the  truth,  has  given  a  result  based  on  the  assumption 
that  the  lines  of  force  are  sine  curves. 

Now,  in  accordance  with  a  principle  enunciated  by 
Lord  Rayleigh,||  the  lines  of  force  of  a  field  have  the 

*  See,  for  example,  C.  C.  Hawkins:  "  The  Dynamo,"  6th  edn.,  1922,  vol.  1, 
pp.  613  and  517. 

t  It  should  be  noticed  here  that  the  degree  of  accuracy  which  is  attained  in 
solving  the  two-dimensional  problem  is,  from  the  point  of  view  of  design  prac- 
tice, necessarily  far  in  excess  of  the  accuracy  with  which  this  two-dimensional 
simplification  represents  the  conditions  holding  in  an  actual  machine. 

t  R.  Pohl:  "The  magnetic  leakage  of  sabent  poles,"  Journal  I.E. E.,  1914, 
vol.  52,  p.  170. 

§  J.  F.  H.  Douglas  ;  "  The  approximate  determination  of  the  reluctance  of 
an  irregular  conductor,"  Physical  Review,  1914,  vol.  4,  ser.  2,  p.  391. 

II  See  "  The  Theory  of  Sound,"  2nd  edn.,  1896,  vol.  2,  p.  175. 
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physical  property  that  they  are  naturally  distributed 
so  as  to  make  the  permeance  of  the  field  a  maximum. 
Hence,  the  permeance  calculated  from  any  assumed 
distribution  of  Unes  of  force  other  than  the  true  dis- 
tribution must  of  necessity  be  too  small.  If  the 
boundary  conditions  be  given,  the  true  distribution 
of  a  two-dimensional  field  can  be  found  by  the  method 
of  conjugate  functions,  but  the  application  of  the 
method  when  one  of  the  bounding  surfaces  is  curved, 
as  in  the  present  problem,  is  hindered  by  almost 
insuperable  mathematical  difficulties.  This  trouble  is 
overcome  in  the  second  class  of  results  by  obtaining  a 
solution  of  the  leakage  problem  when  the  pole-cores 
are  bounded  by  certain  curves,  approximately  circular 
in  shape,  which  enable  the  field  to  be  simply  deter- 
mined. Douglas  *  has  given  an  expression,  con- 
sidered in  detail  later,  for  the  permeance  of  the  field 
between    pole-cores    of    very    nearly    circular    section. 


charges   the   equipotential  lines   can   be   shown   to   be 
very  nearly  circles. 

It  follows,  therefore,  that  if  the  field  due  to  such  a 
system  of  parallel  line  charges  can  be  found,  the  per- 
meance of  the  field  having  any  one  of  the  almost 
circular  equipotential  surfaces  for  a  boundary  can  be 
readily  calculated.  The  following  paragraphs  wU  be 
devoted  to  the  investigation  of  this  problem. 

In  Fig.  1,  let  1,  2,  3  .  .  .  l',  2',  3'  ...  be  the  points 
in  which  the  infinitely  long  line  charges  cut  the  plane 
of  the  paper  normally.  Then  it  is  easy  to  prove  that 
the  potential  at  a  point  in  the  plane  at  a  radial  distance 
r  from  an  infinite  hue  charge  of  linear  density  a  is 
equal  to  : — 

C  -  2ct  log  r 

where  C  is  a  constant  determined  from  the  conditions 
existing  at  the  ends  of  the  line  charge.* 


Fig.   I. — Illustrating  the  co-ordinates  used  in  Equation  (1). 
The  black  dots  indicate  where  the  alternate  positive  aad  negative  line  charges  cut  the  plane  of.  the  paper. 


The  object  of  the  present  paper  is  to  give  a  result 
similar  to  that  deduced  by  Douglas  but  derived  by 
simpler  mathematical  methods. 

Le.\k.\ge  Field  between  Approxi.mately  Circul.\r 
Pole-cores. 

It  occurred  to  the  author  that  the  field  could  be 
simply  investigated  by  considering  an  electrostatic 
analogy  and  by  making  use  of  an  artifice  adopted  by 
Maxwell  f  when  discussing  the  electrostatic  field  due 
to  a  grating  of  thin  wires  uniformly  charged  with 
electricity. 

Consider  an  infinite  number  of  co-planar,  equidistant, 
parallel  line  charges  of  infinite  length,  successive 
charges  being  of  equal  but  opposite  signs.  Then,  as 
is  fairly  obvious,  the  equipotential  surfaces  will  be 
cylinders  coaxial  with  the  charges,  these  surfaces  at 
small  distances  from  the  charges  being  approximately 
circular  cyhnders.     Even   at  large  distances   from  the 

•  J.  F.  H.  Douglas  :  "  The  reluctance  of  some  irregular  magnetic  fields," 
Transactions  of  the  Anu-rican  Institute  oj  Electrical  Engineers,  1915,  vol.  34, 
pt.  1,  p.  lUliT. 

t  J.  C.  Maxwell:  "A  Treatise  on  Electricity  and  Magnetism,"  3rd  edn., 
1892,  p.  310  and  Fig.  13  ;  also  see  H.  Lamb  :  "  Hydrodynamics,"  4th  edn.,  p.  08. 
For  a  full  discus.sion  of  the  general  theory  of  the  functions  used  in  the  solution 
of  the  present  problem  see  R.  K.  Sampson  ;  "  On  Stokes's  current  function," 
Philosophical  Transactions  of  the  Royal  Society,  A,  IS'.'l,  vol.  Isu,  p.  119. 


Now  potentials  are  superposable,  so  that  the  potential 
at  a  point  P  having  the  co-ordinates  {x,  y)  is  readily 
obtainable  by  adding  the  potentials  due  to  the 
individual  charges.  For  the  pair  of  charges  situated 
at  the  points   1'  and  1  the  potential  is  clearly 

Fi  =  2fflog{ri/r;) 

where  the  distance  r^  =  IP  and  r'  =  I'P.  The  con- 
stant G  vanishes  since  the  end  conditions  are  similar 
for  the  two  charges.  For  the  second  pair  at  2  and  2' 
the  potential  is  : — - 

F2=  -2alog(r2K) 

and,  in  general,  for  the  nth  pair 

V„={-\y--^  X  2a  log  {r J/) 

in  wliich  r„  =  nP  and  r'^  =  n'P.      The  total  potential 

is  therefore 

F  =  2a^i-l)"-ilog(rJ/)      .      .      (1) 

1 

•  J.  H.Jeans:  "The  Mathematical  Theory  of  Electricity  and  Magnetism,'  ' 
3rd  edn.,  19Ii,  p.  08.    The  logarithm  is  to  the  Napierian  base. 
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Now   from   the    geometry   of    Fig.    1,   if   2a   be   the 
spacing  of  the  charges. 


be    found.     On    any   hne    of   constant    potential,   V  is 
constant.     Thus  transforming  Equation  (4)  gives  : — 


{^ 


{a;  +  (2n 


(2«  -  l)o}2  +  2/- 
=  (x-2  +  2/2)  +  {2n 
-  l)a}2  +  2/2 
»-  +  y-)  +  (2n  -  l)2a2  +  2(2n 


\fa-  -  2(2)1  -  \)ax 
\)ax 


cosh  {m//2a) 
sin  {7Txl2a) 


-VI. 


1) 


[e-Vh  _  1) 


so  that  ,   by  reduction, 

^11^7  =  (m  -  C)  {m  -  ^)/(m  +  Q  {m  +  ^)     .     (2) 
where  m  =  2n  -  I.   C  =  {x  +  jy)/a,  f  =  (.r  -  jy)la 


where  A  is  a  parameter,  constant  on  any  equipoteutial 
line  but  varying  from  Une  to  line  ;  the  equipotentials 
are  therefore  given  by  the  equation 


,'^y 

cosh  — 

2a 


A  sin  ■ 


(5) 


j  being  the  positive  square  root  of  —  1. 

Inserting  the  values  from  Equation  (2)  in  Equation  (1)       P°^^^  ^^ 
gives  : — 


By  difierentiation  of  Equation  (5)  the  slope  at  any 

1 


00 


dy 
dx 


tanh  [nylia)  x  tan  (7tx/2o) 


1,3,5,... 


•l)(™-l)/2log 


[m-l] 


f) 


(m  +  i)  [m  +  a 
=  <7^[(  -  l)('"-i'/2|iog  („  _  ^)  _  log  [m  +  ^) 


1,3,5,. . • 


+  l0g(m-fj   _log(»l  +  f)}] 


(3) 


Now  by  expansion  in    infinite   series  it  can   readily 
be  shown  *  that  an  expression  of  the  form 


and,  since  the  lines  of  force  cut  the  equipotentials  at 
right  angles,  the  value  of  dyjdx  on  them  must  be 

dy  Try  ttx 

— -  =  —  tanh  -—  X  tan  — 
dx  za  2o 

which  on  integration  gives  as  the  equation  to  the  lines 
of  force  : — 


sinh  — 


„  TTX 

B  cos  — 
2a 


(6) 


CO 

^[(-1)(" 


-l)/2/ 


1,3,5,., 


--I'l'-i 


=  -  log  tan -(1  +  y) 

4 


(log  (m  -  y)  -  log  (m  +  y)}] 
1  \ 


1  1 

P  -   =3  + 


1 
55 


1 

75 


etc 


] 


where  B  is  an  arbitrary  constant. 

The  field  of  force  determined  by  Equations  (5)  and 
(6)  is  plotted  in  Fig.  2*  from  which  it  will  be  observed 
how  closely  the  equipotential  lines  in  the  neighbour- 
hood of  the  charges  approach  to  the  circular  shape. 

Perme.\nce. 


Reverting  now  to  the  corresponding  magnetic 
problem,  let  Equation  (4)  represent  the  magnetic 
potential  due  to  an  infinite  row  of  thin  wires,  suc- 
cessive wires  having  equal  and  opposite  magnetic 
Writing  ^  and  f  for  y  and  substituting  in  Equation  (3)  polarities.  Fig.  2  then  shows  the  corresponding 
gives  ; —  magnetic  field. 

From  the  potential  given  in  Equation  (-1)  the  mag- 
netic field  strength  is  readily  calculable.  The  com- 
ponent parallel  to  the  axis  of  x  is  ; — 


[• 


fflog  I  tan  -  (1 


^)X  tan-(l  -t- 
4 


«] 


^--~Tx- 


TTaF  cosh  (Try  12a)  X  cos  {TTxl2a)  ~\ 
a  Lcosh2  {Tfyi2a)  —  sin'-  (77.E/2a)  J 


Inserting  the  values  of  ^  and  ^  from  Equation  (2)  and 

making   use   of  the   well-known   relationsliips   between 

trigonometric    functions    of    a    complex    number    and 

the  real  hyperbohc  and  circular  functions,  gives  finally,       while  that  parallel  to  the  y  axis  is  : — 

for  the  potential  f  at  any  point  P  due  to  the   infinite  -.yr  r-    ■   u  1      10  \  ^    ■    ,      /o  n  -1 

number     of     successive     positive     aiid     negative     line       H,= -^±= -"^V  ^^"^  ^""'^'^"^  ^  ^^"  '^^^^°^  1   . 

charges  : —  ^  'dy  a  |_cosh-  (■7Tyl2a)  —  sin-  (7ra;/2a)  J 


(76) 


F  =  -  C7  l-:^gr'^°^'^  (W2a)  +  sin  (to/2o)~| 
Lcosh  (■nyl2a)  —  sin  (77-a72a)  J 


EQUIPOTENT1.A.LS  AND  Lines  of  Force. 


(4) 


To  determine  the  distribution  of  the  field  the  equa- 
tions to  the  equipotentials  and  the  lines  of  force  must 

•  Sir  G.  Greenhill  :  "  Differential  and  Integral  Calculus,"  2nd  edu  1891 
pp.  227  and  237.  ' 

t  For  a  verification  of  tfiis  expression  by  the  metfiod  of  images,  see  J.  Kunz 
and  P.  L.  Bayley  ;  "  Some  applications  of  the  method  of  images  "  Physical 
Rcviru.;   1921,  vol.  17,  p.  147. 


The  total  field  strength  at  the  point  P  is  thus  ; — 

u_ftj2  ,  „2,t_77-grsinh2(7T2//2a)-fcos2(7ra.72a)~| 
-  \.a.+a,jy.-  ^  1^^^^^,  ^^^^2^^  _^.^„  (TO/2a)J    '    ^"' 

in  the  direction  <j)  relative  to  the  x  axis,  0  being  given  by 

,        H,i  _  Try  TTX 

tan  (*  =  -/=—  tanh  — -  x  tan  —       .      [Id) 
^       Hj.  2a  2a  ^     ' 

*  For  a  similar  diagram  see  R.  S.  Brown  ;  "  Use  of  the  tangent  chart  for 
solving  transmission  line  problems,"  Jounutl  of  the  American  InstituU  of 
Electrical  Ettgineers,  1H21,  vol.  40,  d.  S54. 
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At  any  point  on  the  axis  of  y  the  field  strength  has  i^g  the  pole,  a  minus  sign  being  prefixed  to  indicate 

the  value  I  that   the    flux   is    entering   the   pole.     Since    this    flux 

TTCT  I  crosses  every  equipotential  surface  IjHng  between  the 

a  cosh  hryl^a)  '  pole  at  (a,  0)  and  the  zero  potential  planes  of  symmetry 
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Fig.    2. — Diagram    of    the    lines    of   force   and    equipotential  surfaces  due  to  the  line  charges  of  Fig.    I. 


from  Equation  (7c)  and  is  parallel  to  the  axis  of  x. 
From  Fig.  2  it  is  obvious  that  by  integrating  this 
field  strength  between  the  limits  of  —  qo  and  +  x  for 
y,  half  the  flux  which  enters  the  negative  charge   (or 


represented  by  the  lines  x  =  0  (or  YY)  and  x  =  2a, 
(or  Y'Y'),  it  follows  that  the  permeance  of  the  field 
between  the  zero  potential  planes  YY,  Y'Y'  in  Fig.  2 
and  any  equipotential  chosen  to  represent  an  approxi- 


Table   1. 


Arnold's 
formula 

Pohl's 
fonuula 

Pohl's 

formula 

+  2 

Douglas's 

sine 

approx. 

Douglas's 

exact 

formula 

Approximation  :    Equation  (8) 

ria 

P 

P 

P 

P 

P 

rv/a 

r.v/a 

Tylrx 

P 

0-05 
0-10 
0-20 
0-30 
0-40 
0-50 
0-60 

0-3644i 

0-7511i 

1 • 6039 

2-5955 

3-7805 

5-2478 

7-1491 

0 ■ 32459 

0-66879 

1-4338 

2-2753 

3-4012 

4-7394 

6-4910 

2-32459 

2-66879 

3-4338 

4-2753 

5-4012 

6-7394 

8-4910 

1-90 
2-40 
3-24 
4-20 
5-10 
6-40 
8-10 

1  -  9409 
2-4668 
3-3952 
4-3493 
5-4403 
6-7731 
8-5183 

005 

0-10 
0-20 
0-30 
0-40 
0-50 
0-60 

0-050o 
O-IOO4 
0-2033 
0-3177 
0-4292 
O-56O7 
0-7135 

l-OOo 
I-OO4 
I-OI7 
1-059 
1073 
l-12i 
1-189 

1-9409 
2-4716 
3-4098 
4-4036 
5-5893 
7-1300 
9-3184 

south  pole)  situated  at  the  point  {a,  0)  is  obtained. 
Hence,  per  unit  height  perpendicular  to  the  plane  of 
the  diagram,  the  total  flux  entering  this  pole  is  :^ 


2TTa 


dy 


a    I  cosh  (Tr(//2a) 


=  —  47ra 


This  also  follows  at  once  by  the  simple  application  of 
Gauss's  theorem  to  an  equipotential  surface  surround- 


mately  circular  pole-core    passing  through  a  point  Xj 
is  easily  obtainable. 

From  Equation  (4),  putting  x  =  Xj  and  y  —  0  gives 
as  the  potential  of  the  pole-core  : — 

fl  -F  sin  (77Xi/2o)-| 
F,=o  =  -  a  log  |^_^_^-_^J 

the   X   semi-diameter   of   the   core    being   rj.=^a~  x^. 
\\'ith  this  value  of  potential  and  x  —  a,  the  y  serai- 
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diameter  of  the  core  is  found  to  be  y^  =  Ty  from  the 
same  equation  ;  an  idea  of  the  degree  of  circularity  of 
the  pole-core  is  thus  obtained.  The  permeance  between 
this  equipotential  core  and  the  planes  of  symmetry  is 
then 

T,  4770-  47T 

?=-..—  =  .      (8) 


Vy^O 


p  +  Sin  (7r;ri/2a)-[ 
^  Ll  —  sin  (TOi/2a)J 


From    tliis    expression    it    is    easy    to    calculate    the 
leakage  permeance   between  an  approximately  circular 


lines  passing  across  to  the  interpolar  plane.  The 
side  leakage  lines  from  pole  to  pole  are  taken  as  being 
straight.  If  26  be  the  side  of  the  square,  6  =  ■\/{nl4:)r, 
and  the  permeance  of  the  field  between  the  core  and 
the  interpolar  planes  is  : — • 


'[r 


b/a 


+ 


;iog{ 


1  +  irr- 


b/a 


,}] 


[b/a)    ■   77"'°   L"    ■    -    1  -  (6/a), 

Dr.  Pohl  *  has  assumed  that  each  line  of  force  is 
composed  of  a  portion  of  an  involute  springing  from 
the  circular  core  and  a  straight  line  parallel  to  OX. 


0-1  0-2  0-3 

Values  of   r/a 


o-i 


0-5 


0-6 


Fig.    3. — Permeance   of   the   leakage   field   between   parallel  circular  pole-cores. 

Ordinates  give  the  permeance  P  of  the  field  between  the  core  and  the  planes  YY,  Y'Y'  per  tinit  height  of  the  pole-core, 
r  is  the  semi-diameter  of  a  truly  circular  pole ;  rx,  Tv  are  the  semi-diameters,  parallel  to  x  and  y  axes  respectively,  of  a 
slightly  oval  pole. 


pole-core  and  the  planes  YY,  Y'Y',  by  merely  inserting 
values  of  xi/a.  The  results  of  this  calculation  are 
shown  in  Table  1  and  in  Fig.  3,  P  being  given  as  a 
function  of  rja  and  rja. 

Comparison  of  Formul.?:. 

For  the  purpose  of  comparison.  Table  1  and  Fig.  3 
contain  the  results  obtained  from  other  formulse  which 
have  been  proposed  for  the  calculation  of  the  leakage 
flux  from  circular  cores. 

The  method  devised  by  Arnold  *  is  very  widely 
used  by  designers.  The  circular  core  is  first  reduced 
to  a  square  core  of  equal  cross-sectional  area  ;  the 
lines  of  leakage  flux  from  this  "  equivalent  square  " 
are  then  supposed  to  consist  of  circular  quadrants 
starting   from   the    flank   faces   continued    by   straight 

*  E.  Arnold  :  "  Die  Wechselstromtechnik,"  2nd  edn..  1913.  vol.  4,  p.  87 ; 
also  C.  C.  Hawkins,  S.  P.  Smith  and  S.  Neville  ;  ■'  Papers  on  the  Design  of 
Alternating-current  Machinery,"  p.  70, 


Pohl's  formula,  expressed  in  the  notation  of  this  paper, 

"■     T  =  di      '"-"^      )  arc  tan  1 177,/     ^^^"      \ 
V  1 1  -  {rja)  J  \  *    V  1  -  [r/a)  J 

where  r  is  the  radius  of  the  pole-core  and  2a  the  dis- 
tance between  the  centres  of  successive  cores. 

The  leakage  field  according  to  both  the  preceding 
assumptions  is  far  too  cramped  laterally  and,  in 
accordance  \vith  Rayleigh's  principle,  will  have  much 
too  low  a  permanence.  Comparison  of  the  curves  in 
Fig.  3  will  serve  to  confirm  this  fact :  it  is  noteworthy 
that  Arnold's  result  is  better  than  Pohl's,  but  both 
are  particularly  in  error  for  values  of  r/a  encountered 
in  design  practice.  Mr.  S.  Neville  has  pointed  out  to 
the  author  that  (Pohl's  result  -f  2)  is  very  close  to 
the  true  value  in  the  working  range  of  r/a  (see  Table  1). 

To    avoid    undue   lateral   contraction    of    the    field, 

*  R.  PoHL,  loc.  cit.,  Fig.  -i  and  Equation  (0). 
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Douglas  *  suggested  that  the  hues  of  force  might  he 
closely  represented  by  suitably  chosen  sine  curves  and, 
with  this  assumption,  he  calculated  the  permeance. 
As  can  be  seen  from  Table  1  and  tic  curve  plotted 
in  Fig.  3,  this  assumption  leads  to  values  wliich  are 
nearly  correct. 

To  show  the  nature  of  the  three  field  distnbutions 
just  described.  Fig.  4  has  been  prepared.  Four 
quadrants  are  shown  containing  the  true  field  plotted 
from  Equation  (6)  ;  superposed  thereon  in  three  of 
the  quadrants  are  the  field  distributions  suggested  by 
Arnold,  Pohl  and  Douglas.      It  will  be  seen  that  the 


Ctirvcs  much  more  nearly  circular.  His  result  thus 
applies  vc!y  exactly  to  truly  circular  poles,  and  from 
the  potential  formula  an  expreszion  for  the  pcrnicance 
is  found  in  the  form  : — 


cot2 h  coth2  — 

4a  4o 


coth-  —  log  cot 1-  cot-  —  log  coth — 

An  An.  in.  An.  -J 


4a 


4a 


4a- 


which  is  tabulated  as  the  "  exact  "  formula  in  Table  1, 
since    it    represents    the    most    accurate    result    which 


Pjg.   4. — Comparison   of   the   actual   field   distribution   from    circular  cores  with  the  various  approximate 

distributions  hitherto  suggested. 

Heavy  lines  are  the  true  lines  of  force.     Lighter  lines  are  : — 
Left   upper   quadrant  :   Arnold's  square-pole  approximation. 
Left   lower   quadrant  :    Pohl's  involute  approximation. 
Right   lower   quadrant  :    Douglas's  sine-curve  approximation. 


last  is  the  only  one  which  bears  the  least  resem- 
blance to  the  real  field  and  gives  the  closest  approxi- 
mation to  the  actual  permeance. 

A  little  later,  Douglas  [produced  'an  expression  for 
circular  poles  arrived  at  in  the  following  way.  Deriving 
first,  by  means  of  conjugate  functions,  a  formula  for 
the  potential  due  to  line  charges,  exactly  equivalent 
to  that  given  in  the  present  paper,  he  applied  a  small 
correction   term   intended   to   make   the   equipotential 

•  J.  F.  H.  Douglas;  Physical  Review,  he.  cit. 

Vol.  61. 


present  mathematical  methods  seem  capable  of  secur- 
ing-* .      ,  . 
Referring  now  to  the  permeance  formula  obtamed  m 

•  J.  F.  H.  Douglas:  TraiKaclions  of  the  American  Imlilule  of  Elrclrital 
Engineers,  loc.  «(.,  Equation  (40)  and  Fig.  '-'3.  Dr.  Douglas  has  askctl  thc 
author  to  draw  atteTition  to  two  important  errors  in  the  formula  as  printed 
in  his  paper.  The  +  sign  in  the  denominator  is  wrongly  printed  .as  -  .  and  the 
formula  when  corrected  in  this  respect  gives  the  permeance  of  only  one-quarter 
of  the  leakage  flux  per  pole.  The  plotted  results  arc  for  the  pcnneance  of  the 
total  Hux  per  pole,  and  the  external  multiplier  should  be  '2ir,  as  given  above, 
and  not  ir/2  as  in  Dr.  Douglas's  paper.  Thanks  are  due  to  Dr.  Douglas  for  his 
kindness  and  courtesy  in  correspondence  relating  to  this  matter  and  for  lus 
encouragement  while  this  paper  was  in  preparation. 
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Equation  (8),  it  will  be  seen  that  when  the  results  are 
plotted  as  a  function  of  rJa  they  are  slightly  higher 
than  Douglas's  exact  values  ;  wlule  when  plotted  as  a 
function  of  the  corresponding  Vyfa  for  the  slightly  oval 
equipotential  curves  they  are  a  little  too  low.  In 
practical  work  an  estimate  can  be  made  between  the 
two  curves,  slightly  nearer  to  the  former  than  to  the 
latter  ;  or  alternatively  the  upper  curve  can  be  used 
to  allow  for  a  margin  in  design. 

It  should  be  pointed  out  here  that,  with  one  excep- 
tion, the  figures  in  Table  1  are  calculated  to  a  degree 
of  accuracj'  far  in  excess  of  practical  requirements  in 
design,  the  object  being  to  show  the  extent  of  agree- 
ment between  the  various  formulse.  The  exception 
mentioned  is  the  sine-curve  approximation  of  Douglas, 
which  cannot  be  calculated  entirely  from  mathematical 
tables,  since  at  one  stage  it  requires  the  performance 
of  a  graphical  integration.  For  design  purposes  use 
will  be  made  of  values  taken  direct  from  the  curves 
of  Fig.   3. 

Numerical  Example. 

In  order  to  show  how  to  use  the  results  collected  in 
this  paper,  a  numerical  example  will  now  be  worked 
out.  The  process  of  calculating  the  leakage  flux  from 
slightly  divergent  poles  as  given  by  Arnold  *  and 
%videly  used  by  designers  will,  for  the  purpose  of 
illustration,  be  employed.  It  should  be  clearly  under- 
stood that  no  attempt  is  made  to  justify  Arnold's 
method  of  calculation,  the  object  being  merely  to  show 
the  relative  value  of  the  various  permeance  formulae. 
Briefly  the  method  is  to  take  the  poles  as  having 
parallel  cores  with  a  pitch  equal  to  the  average  pole- 
pitch  of  the  actual  cores  in  the  machine.  Since  the 
cores  are  magnetized  by  a  coil  they  are  subjected  to  a 
magnetomotive  force  which  increases  uniformly  from 
a  minimum  at  the  base  of  the  pole  to  a  maximum  at 
the  shoe.  It  is  assumed  to  be  sufficiently  correct 
to  suppose  that  the  core  leakage  is  produced  by  the 
average  magnetomotive  force,  i.e.  by  477.4r/(10  x  2), 
where  AT  is  the  number  of  ampere-turns  required 
for  the  gap,  teeth  and  armature  core. 

The  following  particulars  relate  to  a  300-kVA, 
3  000-volt,    three-phase,    50-period     alternator   with    a 

•  Arnold,  loc.  ciU,  and  also  Hawkins,  Smith  and  Neville,  loc.  cit. 


rotating-pole  system  having  18  poles.  The  diameter  of 
the  pole-ring  at  the  base  of  the  poles  being  141-0  cm, 
and  the  height  of  the  pole-cores  being  16  cm,  gives  as 
the  pole-pitch  half-way  up  the  cores  2a  —  7r(141  -f  16)/18 
=  27-4  cm.  The  pole-core  diameter  being  2r  =  15-7  cm, 
gives  for  the  ratio  rla  the  value  15-7/27-4  =  0-577. 
For  the  production  of  a  flux  per  pole  of  2-68  megahnes 
it  was  found  that  5  800  ampere-turns  per  pole  were 
required  for  the  air-gap,  armature  core  and  teeth.  The 
effective  magnetomotive  force  producing  pole-core 
leakage  is  then  0-47r  x  5  800/2  =  3  650  C.G.S.  units. 
If  P  be  the  permeance  per  cm  height  of  the  pole-core 
corresponding  to  the  above  value  of  rja,  the  leakage 
flux  per  pole  is  3  650  x  16P  =  58  400?  Unes  or 
0-0584P  megahnes.  Values  of  P  have  been  taken 
from  Fig.  3  for  each  of  the  methods  discussed  in  this 
paper,  the  results  being  set  forth  in  Table  2. 

Table  2. 


Method 

Value  of  P 

for 
r/d  =  0-577 

Leakage  flux 

per  pole,  in 

megalines 

Ratio  of 
approximate 
to  true  flux 

Arnold 

6-70 
6-09 
8-09 

7-75 
8-10 
8-80 
7-40 

0-391 
0-356 
0-472 
0-452 
0-473 
0-514 
0-432 

0-827 

Pohl        

0-753 

(Pohl  -1-2) 

0-999 

Douglas's  sine 
Douglas's  exact     .  . 
Equation  (8),  Tjja 
Equation  (8),  rJa 

0-957 
1000 
1-086 
0-914  % 

From  these  results  it  will  be  observed  how  seriously 
the  leakage  is  under-estimated  by  the  methods  of 
Arnold  and  Pohl,  even  in  such  an  example  as  the 
present  which,  owing  to  the  large  value  of  rla,  is  particu- 
larly favourable  to  them.  It  should  be  noted  in  passing 
how  very  closely  (Pohl  -I-  2)  is  capable  of  giving  the 
leakage.  The  calculated  value  from  the  curve  for 
rJa  provides  in  this  example  a  margin  of  8  -  6  per  cent  ; 
the  average  of  this  result  with  that  obtained  from  the 
curve  Ty\a  is,  however,  for  such  a  value  of  r\a,  exactly 
correct. 
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THE   EFFECT   OF    SHEARING    STRESS   ON   THE   SPAN    CALCULATIONS 

OF   A   SUSPENDED    CABLE.* 


By  Professor  Takashi  Ohtsuki. 

{Paper  first  received  'IQlh  December,    1922,   and  m  final  form  ZO!h  April,    1923.) 
Summary. 


The  paper  presents  the  complete  equation  of  a  suspended 
cable,  taking  into  account  its  density,  elasticity  and  rigidity, 
and  determines  the  extent  to  which  the  effect  of  shearing 
stress  should   be  considered  for  practical  span  calculations. 

The  criterion  of  the  importance  of  flexural  rigidity  can 
be  written  in  the  form 


100  X  2y 


100 


p[Sr2f 


per  cent 


where  e  is  the  percentage  error  caused  by  neglecting  fle.xural 
rigidity  in  calculating  the  span  from  the  usual  formulae, 
and  y  =  W(,EJ„/T'fi.  Here  d  is  the  diameter  of  the  wire,  p 
the  volume  density,  w„  the  linear  density,  I,,  the  moment 
of  inertia  of  the  section,  all  in  the  unstretched  condition, 
E  Young's  modulus,  Tg  the  lowest  tension,  D  the  deflection 
and  S  the  span. 

The  ordinary  catenary  equation  is  sufficiently  accurate 
for  most  practical  purposes,  but  when  X  <2y  with  the  lower 
tension,  where  A  =  TJEQ  and  Q  is  the  cross-sectional  area, 
the  effect  of  flexural  rigidity  is  more  important  th'an  that 
of  elasticity. 


Table  of  Contents. 


I. 
II. 


Introduction. 

Equations  of   a   suspended    cable,   taking   into    account 
elasticity  and  rigidity. 
III.   Practical  formula  for  dip,  tension,  length  and  tempera- 
ture effect. 
IV.  Numerical  examples. 
V.  Conclusion. 

I.  Introduction. 

Several  formulae  have  been  published  by  various 
authorities  for  the  calculation  of  cable  span,  the  form 
of  a  suspended  cable  being  assumed  to  be  a  parabola, 
a  catenary  f  or  an  elastic  catenary.  |  These  formulae 
are,  in  general,  based  on  the  assumption  that  the  cable 
is  perfectly  flexible.  They  are  sufficiently  accurate 
for  ordinary  practical  purposes  of  span  calculations 
in  such  a  case  as  an  electric  transmission  line.  But 
when   the   cross-section   of   the   cable   is   comparatively 

*  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  the  Journal  if  approved  by  the  Committee)  on  papers  published 
in  the  Journal  without  being  read  at  a  meeting.  Communications  should  reach 
the  Secretary  of  the  Institution  not  later  than  one  month  after  publication  of 
the  paper  to  which  they  relate. 

t  The  practical  formuKT  based  on  the  catenary  are  completely  developed 
and  plotted  in  curves  for  various  materials  of  cable  by  Mr.  E.  Parry  in  his  paper 
on  "  Cable  Spans,"  Proceedings  of  Ike  New  Zealand  Society  of  Civil  Engineers, 

X  Dr.  S.  Noda  has  very  conveniently  developed  the  expressions  for  an  elastic 
catenary  into  practical  formulae  in  terms  of  the  ma.ximum  tension  at  the  sus- 
pended points,  in  his  paper  "  On  the  I-'ormula;  for  Calculating  Wire  Spans," 
Journal  of  the  hnltliile  of  Eleclncal  Engineers  of  Japan,  lilUI.  Furthermore, 
with  respect  to  allowances  for  the  elastic  propertv  of  wires,  see  C.  A.  Pierce, 
F.  J  Aii.\MS  and  V,.  I.  Gii.chrf.st:  "Theory  of  the  Non-Elastic  and  ICIastlc 
Catenary  as  Applied  to  Transmission  Lines,"  Proceedings  of  the  American 
Institute  of  Electrical  Engineers,  11113,  vol.  32,  pt.  2,  p.  1373. 


large  and  the  tension  adopted  is  not  high,  it  will  be 
more  reasonable  to  take  into  account  its  rigidity  in 
the  equations  representing  the  form  of  the  suspended 
cable.  In  the  present  paper  the  cable  is  considered 
to  be  a  substance  having  elasticity  and  rigidity,  and 
the  equations  represent  its  correct  form,  for  which 
the  new  working  formulae  as  to  dip,  tension,  etc.,  are 
shown.  In  addition,  the  extent  to  which  the  effect 
of  shearing  stress  should  be  taken  into  account  for  span 
calculations  is  considered. 


n.  Equations  of  a  Suspended  Cable,  taking 

INTO    ACCOUNT    ELASTICITY    AND    RiGIDIIY. 

Let  ACB  in  Fig.  I  represent  a  wire  suspended  between 
two  points  A  and  B  on  the  same  level. 

Taking  an  elemental  length  ds  at  any  point  P  on  the 
wire,  for  the  condition  of  equilibrium  of  the  tangential 
and  vertical  forces  we  have  the  following  equations 
respectively  : — 


dT  —  Udijj  —  wds  sin  tjj  —  0 
dU  +  Tdifi  —  ivds  cos  i/i  =  0 


(1) 
(2) 


where  T  =  tangential  tension  at  P  ; 

U  =  shearing  stress  on  the  cross-section  at  P  ; 
w  =  linear  density  of  the   wire   in   its  stretched 

condition  ; 
*•  =  length    of    wire    from    the    lowest    point    C 

to  P  in  its  stretched  condition  ;   and 
i/f  =  the  deflection  of  T  from  the  horizontal. 


dib 
Remembering  that       M  =  El~^ 

ds 


we  have 


V 


dM 
ds 


El 


.d^ 
ds^ 


where  M  =  bending  moment  against  V  ; 

E  =  Young's  modulus  of  elasticity  ;  and 
I  =  moment   of    inertia    of    the   section   about 
its  horizontal  axis  in  the  stretched  con- 
dition. 

Substituting  these  values  in  Equations  (1)  and  (2), 
the  following  fundamental  differential  equations  are 
established  : — • 


dT       ^d-iLdd)  .     , 

—  -f  El-^^  =  wsm^ 
ds  ds-  as 


ds 


(3) 

(■<) 
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Although  it  would  be  impossible  to  obtain  its  complete 
solution,  we  may  be  able  to  determine  the  equation 
if  we  ascertain  the  correction  term. 


(3)  X  cos  i/f  —  (4)  X  sini/r  .  . 


d[T  cos  i/t)  +  EId(-^  sin  tjj)  =  0 


(5) 


If  we  assume  I  to  be  constant,  by  integrating  (5)  we 
have  : — 


/d~ilt 
T  cosdj  +  El{~  sin 
\ds- 


*) 


Tn 


(6) 


where  Tq  is  the  horizontal  tension  at  the  lowest  point  C. 
On  the  other  hand  : — 

(3)  X  sin  i/>  +  (4)  X  cosi/j  .  .  . 

d[T  sin  xfj)  -  Eldfcos  tfi  -^)  =  wds   .      .      (7) 

The  second  terms  in  Equations  (6)  and  (7)  correspond 
to  the  correction  for  flexural  rigidity. 


Fig.   1. — Sj'stem  of  a  suspended  wire  (side  view). 


If  we  omit  these  terms  andassume  w  to  be  constant, 
we  have  : — 

JTcosi/j  =  To (6a) 

ld{T  sin  ifi)  =  wds       ....    (7a) 


i: 


Therefore 


s  =  —  tan  lA 

w 


(8) 


which  is  the  well-known  equation  of  a  catenary. 

Now  let  Wq  and  Ig  be  the  corresponding  values  of 
w  and  I  in  the  unstretched  condition.  Then  we  have, 
generally  : — 


Wo 


1  +  {TIEQ)  ■ 


1  = 


lo 


[1  +  {TlmEQ)]i 


where  Q  is  the  cross-sectional  area  of  the  wire  and  m 
Poisson's  ratio  for  the  material. 

But  Poisson's  ratio  m  =  i  (approx.)  for  many  metals, 
so  that,  retaining  the  first  power  of  T/EQ,  w  and  I 
are  nearly  equally  affected  ;  and  even  if  the  wire  is 
stressed  to  half  its  elastic  limit,  TIEQ  does  not  exceed 
1/1  000  for  copper  or  aluminium,  so  that  w  and  I  are 
affected  by  less  than   1  part  in   1  000. 

This  being  the  case,  we  may  rewrite  Equation  (7) 
in  the  form 


(l  +  ^y(T  sin  >P)  -  £lorf(cos  </-  2)  =  ^'o^s 


{lb) 


Integrating  both  sides  of  Equation  {7b)  we  obtain  : — 

WqS  +  C     (9) 


T  sin  tf;  +  ^^Td{T  sin  if,)  -  EIo  cos  ,/j'^~'^  ■ 


ds- 

Although  the  second  term  on  the  left-hand  side  of 
Equation  (9)  gives  the  correction  for  an  elastic  property, 
we  cannot  obtain  its  particular  integral,  while  we  do 
not  know  the  correct  equation  required. 

But  since  its  value  is  so  small,  at  a  first  approximation 
we  may  be  able  to  substitute  the  value  of  T  given  by 
Equation  (6a)  for  this  correction  term. 

Then  we  have  : — 

m-    r  TO  / 

T  sint/j  +  -^\  sec^  ipdip  —  £Iq  cos  tjj  — £  =  WqS  +  C 

Therefore  T  sin  if;  -\ -—  [sec  ip  tan  ifj  +  gd^'^ifj] 

2EQ 

d^ 


—  EIq  cos  ip  ■— ^  =  WfjS 


(10) 


It  is  clear  that  the  integration  constant  becomes  zero 
in  the  present  case. 


-"     T       \      \ 
TI  wds 

Fig.  2. — Exaggerated  force  diagram  at  a  point  P. 

As  a  second  approximation,  substituting  for  T  in 
the  above  equation  the  value  given  in  Equation  (6), 
we  have : — 

(> 

a  =  ^»  tan  ^  +  2^  f''"  ^  tan  ^  4-  <,d- !</,] 


—  • — V[I  sin  iA  tan  lA 

Wq  ds-  ^  ^ 


IqCos^]      .     {11> 


The  effect  of  stretch  being  small,  we  may  quite 
legitimately  neglect  it  in  examining  the  effect  of  flexural 
rigidity  to  the  first  order  of  smallness. 

Assuming  I  =  Iq  in  the  last  term  of  Equation  (11), 
we  have : — 


(11a) 


T  T~ 

s  =  —  tanth  +  .      °    [sec  Ji  t&n  dt  +  gd-^ili] 

Wq  ^  2EQWq 

EIq  d^ 
sec  dj  — -, 

Wq  ds~ 

In  order  to  evaluate  this  correction  term,  taking  the 
equation  of  a  catenary  [Eqn.  (8)]  and  putting  w  =  Wq 
as  a  first  approximation,  we  obtain  : — ■ 


difi 
ds 


Wq 


cos^  ijl 


d-xfi  _ 

d^  ~ 


ZWo 


—  ■ — T  cos^  lA  sin  lA 
2^5 
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The  first  approximate  correction  is  : 
if  1  = sec  ijj  — ~- 


WqEIo 


sin  2i/f  cos  tp 


(12) 


(13) 


Therefore  the  required  equation  will  be  :^ 

T  T 

s  =  —  tan  i/r  -1 T^rrrsec  Jj  tan  Ji  -f-  gd~'^4'\ 

Wo         ^  ^  2woEQ'-       ^         r    '   J       Yi 

+  'fo^sin2^cos^ 
T'o 

Then  the  second  approximate  term,  K.i,  vnll  be 
ascertained  in  the  same  way  for  the  curve  represented 
by  Equation  (13). 

Neglecting  the  second  and  laigher  powers  of  TJEQ 
and  wqEIJT'u  and  their  products,  we  get : — 


Ko 


WtMo 


sin  iifi  I 


,r      3 


3^0  , 

—^^^  sec  til 
•2EQ        ^ 


— (27  cos-  til 

To 


14)  cos^ 


.] 


^^sin2^cos</,[ 


To 


0 


3^0 
2EQ' 


HwoEIq 


Tl 


1  2>p  cos^  tp 


(14) 


which  is  not  appreciably  different  from  K^,  for  TJEQ 
and  w^EIqITh  are  negligibly  small  compared  with  unity 
in  the  majority  of  cases. 

Consequently  we  may  say  that  even  if  the  third 
approximate  correction,  itg,  be  obtained  for  the  second 
approximate  equation,  there  would  be  no  appreciable 
difference  between  Ko  and  /V3,  and  so  on.  Therefore 
we  may  regard  Equation  (13)  as  being  the  required 
equation  of  an  elastic  catenary,  taking  into  account 
the  rigidity  of  the  substance. 

In  terms  of  Cartesian  co-ordinates  we  get  : — 

dx  =  ds  cos  ip 

'■"-•K'  +  l 


=  —  sec  I 
Wo 


;  tpfdip 


To 


=S^-'^+S^^"^] 


iTo  '^ 
Similarly 

dy  =  ds  sin  >fj 

=  -9  sec  ./.  tan  -A^l  +  ^  sec  (/.jd^ 

+  "   °.,   °(3  cos2  ijj- 2)  sin  ,ji  cos  ^d^p 
To 

i/  =  -?(sec0  +  ZLtan-0') 
u'o^  2EQ  ^) 

+  !:^0(4sin2^-6sin<^) 
4Tn 


(15) 


(16) 


The  integration  constants  for  x  and  y  are  zero,  if  the 
2/-axis  is  taken  through  the  lowest  point  C  and  the 
X-axis  is  chosen  so  as  to  be  a  distance  ToIwq  below 
the   point  C. 

Then   the   required   form   of   the   suspended   wire   is 
given  by  the  following  formulae  in  Cartesian  co-ordinates  : 

+  §"{^  +  sm2^(.V-3sin^^)}] 

",  /     1    1  To         .,  I 

2/=-|_sec^-fi— tan-^ 

o 

'  ->in-  i/((4  —  6  sin-  ip) 

TolEQ  =  A;    wIeIoIT'o  =  y ;  we 


iT?, 


(17) 


(17a) 


Or,  putting  To/wq  = 
obtain  ; — 

X  =  c    !/d~^ip  +  A  tan  ip 

+  ^{i/-  -f  sin  2^(,v  -  3  sin^  ^)}1 

2/  =  c    sec  ip  4-  JA  tan-  tp 

+  ^  sin-  i/f(4  -  6  sin2  ^)   | 

It  is  more  convenient  to  use  these  equations  than 
those  obtained  by  eliminating  ip,  which  is  a  very  compli- 
cated operation.*  It  is  interesting  to  note  in  Equations 
(17a)  that  the  first  terms  on  the  right-hand  side  corre- 
spond to  a  non-elastic  catenary ;  if  to  these,  be  added 
the  second  terms  we  get  the  equation  to  an  elastic 
catenary,!  3^nd  the  three  terms  together  represent  the 
elastic  and  rigid  catenary  at  present  under  review. 

It  is  clear  that  all  the  above  formulae  are  applicable 
to  both  wires  and  cables. 

m.  Pr.'vctical  Formula  for  Dip,  Tension, 
Length,  and  Temper.mure  Effect. 

(a)  Dip. — Let  S  =  span,  i.e.  the  distance  between  A 
and  B  (see  Fig.   1)  ; 
D  =  dip  of  the  suspended  wire  :  and 
Y  =  value  of  ip  at  the  suspension  points. 

Then  from  Equation  (Ht)   we  get: — 
S=  2crgd-^Y  -1- AtanT 


+  \{T  +  sin  2Y{1  -  3  sin2  T)}~| 
1  -f  U  tan2  ^r 
+  ^  sin-  T(i  -  6  sin-  T)  1 


Z>  =  c    sec  T  -  1  +  U  tan2  Y 


(18) 


•  The  equation  of  an  extensive  string  on  a  smooth  curve  is  given  in  the 
following  form  by  Dr.  G.  M.  Minchin  :^ 

2o       2a« 
where  «  =  c  cosh  (r/c)  ;  «  =  c  sinh  (x/r) ;  and  a  —  EQjw. 
Sec  p.  .'is.'),  vol,  1,  of  his  "Treatise  on  Statics." 
t  J.  McMaho.v  ;  "  Hv-perbolic  Functions,"  p.  61. 
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Expanding  the  triogonometric  and  gudermanian 
functions  into  potential  series,  and  neglecting  terms 
higher  than  the  third  order  of  ^',  we  get : — 

S  =  2c:(l  +  A  +  2y)  +  1(1  +  2A  -  16y)T-^T     •     (19) 


i)=-[l  +  A  +  2y]T2 


(20) 


As  the  values  of  A  and  y  are  both  so  small  compared 
with  unity  that  we  can  neglect  their  second  and  higher 
powers  and  their  products,  we  obtain  from  Equations 
(19)  and  (20)  :— 


T 


s 


2c(l  +A  +  2y)  +  §(1+A-  \8y)D 
From  Equations  (20)  and  (21)  we  get  : — 
52 


D 


8c(l  +  A  +  2y) 


r     -D    (1 


(1  +  A  -  18y)-|2 
A  4  2y)  J 


(21) 


(22) 


or,  neglecting  the  second  power  of  D/c 

2D 


Z>  =  g„-A 


r       2D  ~\ 

2y)  [l  _  _(1  -  20y)J 


-s^. 


n^~-il-X-2y) 


We  have  therefore 


^  =  &^-^ 


-^'-3^'^ 


^«^'E< 


£(l-^-2y)-|^(l-2A-24y)* 


1  -  A  -  2y)]' 

(22a) 


(6)   Tension. — The  value  of  Tq  for  a  given  dip  will 
be  expressed  in  terms  relating  to  span  and  size  of  ^vire 

by  substituting  c  =  To/^'o.  A  =  Tf.jEQ  and  y  =  wIeIqITI 
in  Equation  (22n),  but  the  equation  \\'ill  be  so  compli- 
cated as  to  give  Tq  in  terms  of  the  sixth  order. 

For   practical   purposes   it   will   be   more   convenient 
to  express  it  in  the  folIo\ving  form  of  Equation  (22)  : — 


Tn  = 


WqS^ 


8I>(1  +  A  +  2y)|^l  +  ^(1  -  20y)] 

8D  \_ 
WoS- 


l_A-2y-^(l-20y)]     .     (23) 


8D 


^t 


(23a) 


in  which  c.  A,  y  and  rj  are  all  the  functions  of  To,  but 
r)  is  so  near  to  unity  that  we  may  determine  the  approxi- 
mate value  of  Ty  for  a  given  span  and  dip  by  putting 

•  The  ordinary  dip  equations  are  as  follows  : — 
S3 


-D  =  —  (for  a  parabola) 


b-h%--l 


{for  a  catenary) 


■^  =  ^A^  ~  ^')  +  T"/hr-/t^  ~  ^')      (^o"^  ^^  elastic  catenar>-) 

where  c'  and  \'  represent  the  corresponding  values  of  c  and  X,  assuming  the 
maximum  tension  at  the  supporting  points.     See  S.  Noda,  loc.  cit. 
t  The  relation  Tq  =  lv:ii^/6D  holds  in  the  case  of  a  parabohc  curve. 


T(j  =  wqS-I{8D)  as  a  preliminary  assumption,  and 
accordingly  the  value  of  rj  and  consequently  the  correct 
value  of  Tq  will  be  obtained. 

The  tension  at  any  point  of  the  cable  is  shown   in 
terms  of  tfi  as  follows  : — 


T  =  Tq  sec  ip 


.d-'P. 


EV^  tan  i/r  [from  Eqn.  (6)],  and 
ds- 


-^  =  -  ^,  sin  2i/«  cos2  i/r  [from  Eqns.  (11a)  and  (13)] 
ds-  T- 

Assuming  I  =  Iq,  we  get  : — 
T  =  Tq  sec  ijj  + 

=  To  (sec  i/j  -i 


—  sin-  2>p 


2Tq 


in2  2i/.)    . 


(24) 


By  putting  ifj  =  W  and  expanding  the  trigonometric 
functions  in  the  above  equation,  the  maximum  tension 
r,„  with  respect  to  the  minimum  value  Tq  at  the  lowest 
point  will  be  as  follows  : — 


n 


[■ 


(25) 


i(l  +  4y)T-]ro 
1  -f  ^  (1  +  3A  -  2y)~^To  . 

=  -rimTo {25a) 

Now    the    criterion    of    the    importance    of    flexural 
rigidity  may  be  determined  as  follows  ; — • 

Let  S'  =  span  for  an  elastic  catenary, 

e  =  percentage  error  caused  by  neglecting 
flexural  rigidity  in  calculating  the  span 
for  an  elastic  catenary. 


Then 


and 


S'  =  2c[gd-^m-  +  A  tan  Tj 

=  2c:i  -f  A  -f  i(i  +  2A)t-:y 

e  =  100^^'  =  100^[1  -  |T-]T 


Substituting  the  corresponding  values  given  in  Equa- 
tions (20),   (21)   and   (23a)  we  get  : — 


100  X 


2y[ 


2y 


30 


Ed^D^ 
100    per  cent 


-(1  -  20/)   I  •=  100  X  2y 
....      (26) 


p(S/2)6 

where  d  =  diameter  of  the  wire, 

p  =  volume  density  of  the  wire. 

(c)  Length. — Let  I  =  length    of    the    wire    stretched 
between  A  and  B, 
Iq  =  ditto  unstretched,  i.e.  with  the 

tension  released, 
Sq  =  unstretched    length    of    s,  with 
the  tension  released. 

From  Equation  (13)  we  get,  as  in  the  dip  calculation  : — • 

I  =  2c  tan  T  +  cAisec  T  tan  T  +  9"^"^^] 

+  2cy  sin  2»F  cos  Y     ■      (27) 
=  2c[(l  -1-  A  -h  2y)  +  1(2  +  3X-  Uy)^^]^    •      (27a> 


J 
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From  Equations   (19)   and   (27a)  we  get  : — ■ 

l  =  S+  2c[l{l  +  A  +  2y)Y-W 

Substituting  in  the  above  equation  the  relation  shown 
in  Equations  (20),   (21)  and   (22)  we  get  : — - 


.  =  .  +  lf 


S 


8D 
~3S 


2c(l  +X  +  2y)^l  +  ~(1  -  20y)] 

] 


From   Equations    (31)    and    (31a)    it   may   clearly   be 
seen  that  when  the  condition 


D 


i>  = 


cX  -  DX{\  -  a  -  2y)  =  0 

3eA 

1  -  3A(1  -  A  -  2y)       ■ 
^  3cA 


•    (32) 
(32a) 


|.2p  n  ~\  I   ^^  satisfied,  the  unstretched  length  Iq  becomes  equal  to 

-     1  +  —(1  -  20y)        ....      (28)    i    the  span,  S. 
>'  L         3c 


Inserting  the   relation   rfsg  =  , _,■-,„     in     Equation 

1  +  T/EQ 
(7)  we  get  : — 

JT  \        El  J         ,dr-,f,\ 

dsn  =  a   —  sin  til d[  cos  w — |r  ) 

\wq        ^  I        M'o    V        ^ds-J 

Integrating  the  above,  assuming  that  I  =  Iq  and 
substituting  tlie  relation  sliown  in  Equation  (6)  for  T, 
we  have : — 

To,        ,        Mo  .d^ 

Sn  =  —  tan  ill sec  i/<-r4r 

Wq  Wq  '  ds' 

=  — 5  tan  i/i  +  ^^^5__5  sin  2i^  cos  i/r    .      (29) 
Wo  Ta 

Putting  ^  =  Y  in  the  above  equation,  from  Equation 
(27)  we  obtain  : — 


Iq  =  2cLtan  T  +  y  sin  2T  cos  T] 
=  I  -  cA[sec  T  tan  »F  +  gd-^Y] 


(29a) 


Expanding  and  neglecting  terms  higher  than  the  third 
order,  this  becomes  : — 

lo  =  l-  cA(2  +  Y-)Y 

or,  substituting  the  relations  shown  in  Equations  (20), 
(21)  and  (22), 


h  =  l- 


%cXD 
S 


[^+c-(I+^][^+|(^-2«>'0    •    ^''^ 


=.i~^-^[c  +  m 


(30a) 


or,  from  Equations  (28)  and   (30)  : — 

lo  =  S  +  ^[^  _  cA  -  DX{\  -  A  -  2y)] 

[l  +  |(i  _  20y)] 

•  The  usual  approximate  formula  for  /  are  as  follows  :^ 

j=  S  +  — —  (for  a  catenary) 

„    .    87)2       16A)3  ,,  .       . 

~  Ts*  ~  n  /;t-  ('or  an  elastic  catenary) 


(31) 
(31a) 


^  ^  ^  » 

Also,  when cA  —  -DA(1  —  A  —  2y)  <  0 


D  < 


3cA 


1  -  3A(1  -  A  -  2y) 
<  3cA  (approximately) 


•   (33) 
(33a) 


Iq  becomes  less  than  S. 

[d)   Temperature    effect. — Let  Tq  =  minimum  tension 

of  the  wire  at  the  datum  temperature, 
D  =  dip  at  the  datum  temperature, 
Tq  =  minimum    tension    of    the    wire    at    a    higher 

temperature, 
D'  =  dip  at  a  higher  temperature, 
t  =  temperature-difference     between     the     tensions 

To  and  t'q, 

a  =  temperature   coefficient  of  linear  expansion   of 
the  wire, 

Iq  =  unstretched  length  of  the  wire  at  a  temperature- 
difference  t, 
c',  A',  y',  7]'  =  values  corresponding  to  c.  A,  y,  tj  at  a 
temperature-difference  t. 

Then  ^0  =  ^0(1  +  at) 

=  \_S  +  ^{f  -  cA  -  DX{1  -  A  -  2y)} 

|l  -^^(1-20).)|](1  +  at) 

Taking    Wo/(l  +  at)    and    In(I  +  at)*    instead    of    w„ 
and  1(3  respectively,  we  liave  : — 


c'  =  —(1  +  at) 

Wq 


A' 


'0 


EQ  (I  +  at)- 


WqEIq  , 

y  =  — >— (.1  +  o.t)- 


^      (36) 


r   = — .*^2!f i_A'-2y'-— ,(1    20y') 

"       8D'{\+at)\_  '^       3o'^  '^'J 

W  S-Tj' 


8D'{1  +  at) 
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^  At  a  temperature-difference  t,  the  unstretched  length, 
^0.  of  the  wire  takes  tlie  following  form  [from  Equation 
(31a)l  :— 

Therefore    from    Equations    (34)    and    (36)    we    have 
the  following  : — 


«[..«..  g{. 


3A 


c  +  D       D 


D 


3c 


] 


Substituting  the   relations   shown  in   Equations    (35) 
and  rearranging,  we  obtain  : — 

^^1  +  2>'3  _    Sn-oS'D'S 


6iEQ{l  +  at) 


:=  0 


(37) 


from  which  the  dip  at  any  temperature-difference  t 
can  be  computed  if  the  material  and  size  of  wire,  span 
and  dip  at  the  datum  temperature  are  known. 

In  Equation  (37).  however,  the  coefficients  of  D"^ 
and  D'-  are  both  so  small  compared  with  the  others 
in  the  case  of  ordinary  spans  (say  200-500  ft.)  that  we 
may  neglect  those  terms  and  write  the  formula  in  the 
form  ; — 


D' 


zs-r 


3A 


D 


D  3c 

ZWiySi-q'- 
64£Q(1  +  a?)3 


]- 


0 


(38) 


The  value  of  t;'  approaches  unity  and  its  influence 
on  the  value  of  D'  is  neghgibly  small  in  the  majority 
of  cases. 

ni.  Numerical  Examples. 

In  order  to  give  a  clear  idea  of  the  effects  of  elasticity 
and  rigidity  on  cable  span  calculations,  some  numerical 
data  are  shown  in  the  table  on  page  1085,  compiled  from 
information  supplied  by  Mr.  E.  Parry,  Chief  Engineer 
to  the  English  Electric  Company,  Limited. 

Take  the  case  of  copper  wire  cf  No.  4/0  S.W.G. 
suspended  with  a  minimum  tension  of  S  500  lb.  per 
sq.  in.  on  a  span  of  500  ft.  in  still  air. 

Diameter  of  conductor  =  0-4  inch. 

£  =  18  X  103  lb.  per  sq.  in. 
Q  =  0-1257  sq.  in.  ;  wq  =  0-485  lb.  per  ft. 
To  =  1  068  lb.  ;  c  =  T^^Iwq  =  2  200  ft. 
A=  TolEQ  =  4-72  X  lO-*. 


■u'oMo         0-4852  X   18  X  10«  X  (■n-/64)  X  0-4* 


D 


Tl 


C2 


1  0683  X  122 


=  3-03  X   10- 


98c3 


(1  -  2A  -  24y) 


5002 


8  X  2  200 
=  14-14  feet 


X  0-9995  — 


500* 


96  X  2  200-^ 


X  0-9990 


^m  =  [l  +  ^  (1  +  3\  -  2y)J  Tu  =  1- 
„       8£>2       8D3 


0064r„ 


=  500  -)- 


8  X  14-142 
3  X  500 

=  501-07  feet 

i,.  =  5  +  ^^  I    1  -  3A 

8  X   14-142 


8  X  14-143 

9  X  2  200  X  500 

X  (1  -  20  X  3-03  X   10--') 


S  + 
500 


8Z)2  r  ^  c  +  D        D~\ 


3  X  500 


[ 


1  -  3  X  4-72  X  10-* 


X 


2  200  -I-  14-14 


14 


2  200j 


14-14  3  X 

=  500  -f  1-067  X  0-78 
I  =  500-83  feet 

I    3cA  =  3x2  200x4-72  X  10"*  =  3-12  feet  <  D  =  14-14 

which  proves  that  the  unstretched  length  of  the  wire 
is  a  Uttle  longer  than  the  span. 
!        Now  the  dip  at  a  temperature   50  degrees  F.   lower 
than  the  temperature  assumed  in  the  previous  calculation 
may  be  obtained  as  follows  : — 

3  X  5002 


3,S'2r  8D2  r 

at  -\ --!  1 

8   L  352 \ 


0-000473  +  0-001664) 


111-6 


also 


3u;_,S*,,'2 


628 


64£'a(l  +  a<)3 
therefore     D'^  —  111-6D'  —  628  =  0  (assuming  tj' =  1) 
whence  D'  —  12-7  feet 

0       %D'{\  -h  at) 
_    0-485  X  5002  X  1 
~  8  X  12-7  X  0-9995 
=  1  194  lb. 

The   tension   per   unit   sectional   area   at   the   lowest 
point  is  9  500  lb.  per  sq.  in. 

also       A' =  5-28  X   10-*;        y'  =  2-17xl0-8 


2D 

c'  =  2  460  ft.  ;  —^ 

3c' 


3-44  X  10-3 


therefore 
V=[l 


A' 


273' 


20/)J  =  0' 


9960 


which  clearly  shows  that  the  error  caused  by  assuming 
•jj'  =  1  is  neghgibly  small. 
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Properties  of  Materials  in  General  Use  for  Spans. 


Copper 

Aluminium 

High-carbon  steel 

Steel-cored,  aluminium 
cable 

Low-carbon 
steel  cable 

Iron  wire 

Wire 

Cable 

Wire 

Cable 

Wire 

Cable 

7-strand 

37-strand 

Modulus  of  elas-] 
ticity,    E,         '- 
Ib./sq.  in.          j 

18 

18 

10 

10 

30 

30 

12-85 

13-8 

30 

26 

X  10" 

X    106 

X    106 

X    106 

X  106 

X    106 

X  106 

X  106 

X  106 

X  106 

Tensile  strength. 

Ib./sq.  in. 

54  000 

50  000 

26  000 

24  000 

180  000 

166  000 

43  000 

49  000 

56  000 

56  000 

Elastic         limit, 

Ib./sq.  in. 

27  000 

25  000 

13  000 

12  000 

130  000 

120  000 

30  600 

36  000 

34  000 

22  500 

Specific  gravity. 

* 

rolled  or  drawn 

8-90 

— 

2-71 

— 

7-74 

- — 

- — • 

— 

7-74 

7-8 

^^'eight  in  lb.  per 

foot  per  sq.  in. 

section 

3-85 

3-93 

1-172 

M95 

3-36 

3-43 

1-51 

1-62 

3-43 

— 

Coefficient        of  \ 

linear    expan- 

9-45 

9-45 

13-3 

13-3 

6-4 

6-4 

11-0 

10-48 

6-8 

6-8 

sion  a,  per  de- 

X  10-6 

X  10-6 

X    10-6 

X  10-6 

X  10-6 

X    10-6 

X    10-6 

X  10-6 

X  10-6 

X   10-6 

gree  F.          ..) 

If  tliis  wire  be  suspended  under  a  tension  of  15  000  lb. 
per  sq.  in.,  we  have  : — 


To  =  1  886  lb.  ; 
y  =  0-55 


and 


3cA 


c=  3890  ft.;      A=  8-33x10-*; 
X  10-8;     D  =  8-03  ft., 
9-72  ft.  >  D  =  8-03  ft. 


which  proves  that  the  unstretched  length  of  the  wire 
is  shorter  than  the  span. 

In  the  present  cases,  it  will  be  seen  that  the  effect 
of  shearing  stress  need  not  be  taken  into  account. 

But  if  we  take  a  copper  wire  1  inch  in  diameter 
suspended  at  the  lowest  tension  of  1  500  lb.  per  sq.  in. 
we  have  : — 


Q  =  0-7854  sq.  in.  ;  wq  =  3-02  lb. 

To  =  1  177  lb.  ;  c  =  390  ft. 

A  =  0-833  X  10-*; 
X)  =  69 -2  ft.  at  500  ft.  span 


y  =  0-343  X  10-* 


and  at  the  lowest  tension  of  1  000  lb.  per  sq.  in., 


To  =  785-4  lb.  ; 
A=  0-556  X  10-*; 
X>  =  83-lft.  at  500  ft. 


c 

r 


260  ft. 

1-16  X  10-* 


span. 


It  will  be  seen  that  when  the  tension  is  reduced  the 
coefficient  y,  which  modifies  the  form  of  a  suspended 
cable  due  to  the  shearing,  becomes  more  important 
than  the  coefficient  A  due  to  the  elasticity,  and  that 
it  increases  rapidly  with  the  diameter. 

Let  us  now  consider  a  case  where  a  solid  copper 
conductor  (say  100  yards  long)  is  hung  under  tension 
and  supported  at  points,  say,  7  ft.  apart,  e.g.  a  trolly 
wire  for  an  electric  railway.  It  would  appear  as  though 
the  elastic  equations  should  be  used  to  investigate  tliis 
case,  but  it  is  an  exceptional  case  and  brings  to  light 
a   new  fact   which   makes   the   elastic   equation   super- 


fluous. If  we  allow  a  dip  of  0-03  ft.  between  supports 
for  No.  4/0  S.W.G.  copper  wire,  we  have  A  =  4-  36  x  IQ-^ 
and  e  =  7-6  X  IQ-^  per  cent.  The  inclination  of  the 
centre  line  of  the  -wire  to  the  horizontal  is  always  very 
small,  so  that  the  accurate  differential  equations  at 
once  break  down  into  very  simple  forms,  which  can 
be  handled  by  means  of  ordinary  hyperbohc  sines  and 
cosines. 

The  shearing  strength  of  copper  is  about  0-83  times 
the  tensile  strength.  In  the  case  of  No.  4/0  S.W.G. 
and  a  span  of  500  ft.,  the  shearing  stress  at  the  point 
of  suspension  is  only  0-485  X  250  X  (1/0- 1257) 
=  965  lb.  per  sq.  in.,  and  in  the  case  of  1  inch  diameter 
and  500  ft.  span  it  is  also  3-02  x  250  X  (1/0-7854) 
=  965  lb.  per  sq.  in.,  which  is  far  below  the  shearing 
strength.  There  will,  therefore,  be  no  likelihood  of  the 
cable  breaking  down  on  account  of  shearing  stress  due 
to  its  own  weight  at  the  customary  cable  spans. 

rV.  Conclusion. 
(1)  The    form    of    a    suspended    cable,    taking    into 
account  elasticity  and  rigidity,  is  shown  by  the  following 
formula;  : — 

s  =  c[tan  tji  -f  jA(sec  <ji  tan  ^  +  gd-^ip) 

+  y  sin  2^  cos  ijj)]      .      (13) 

a;  =  c    gd-^ift  +  X  tan  i/r 

-f  |l./r  +  sin  2i^(.V  -  3sin2./.)|J 
2/  =  c    sec  iji  -{-  JA  tan-  if; 

+  ^  sin2  i/r(4  -  6  sin2  ^)  j 
where  c  =  To/wq,  A  =  TqIEQ.  y  =  w^EhlTl 


I.    (17a) 
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(2)  The  tension  at  any  point  of  tlie  cable  is  given 
by  the  following  formula  in  terms  of  the  lowest  tension  : — ■ 


T  =  [sec  </<  +  |y  sin2  2i/.]ro     ■ 


(24) 


(3)  The  following  are  the  practical  formulae  for  span 
calculations  : — 


-  =  &^ 


2/)  -  ^.(1  -  '^  -  ''y^  ■ 


Tn  = 


8D 


[■ 


2D 
A-2y_-(l 


-20y)J. 


'-'  +  ^  +  ^^'-''y^ 

8AZ>/  4^\ 

8D-r  ,c  +  D       D~\ 

r  &D- f       ,c  +  D    Din 

i„^5Ll  +  a*+^,|l-3A^^+3-jJ 


6iEQ{l  +  at)'^ 


=  0 


(22a) 

(23) 

(25) 

{28a) 

(30a) 

(31a) 

■    (34) 

.     (38) 


(4)  If  elasticity  is  taken  into  account,  the  unstretched 
span  of  cable  is  shorter  than  a  given  span  when  the 
following  condition  obtains  : — ■ 


D  <3cX  = 


3^5 

tvoEQ 


(33a) 


(5)  The    effect    of   shearing    stress   increases   rapidly 
with  iff  and  the  diameter  of  a  cable. 

(6)  For  the  purpose  of  span  calculations  in  such  a 


case  as  an  electric  transmission  line  suspended  at  a 
greater  tension,  there  is  no  need  to  consider  the  effect 
of  shearing  stress.  With  the  lower  tension,  however, 
the  effect  of  shearing  stress  increases  rapidly  and  becomes 
more  important  than  the  effect  due  to  elasticity.  This 
is  quite  evident,  since,  when  Tq  is  zero,  the  cable,  if 
it  supports  itself  at  all,  will  do  so  entirely  by  flexural 
rigidity. 

(7)  The  criterion  of  the  importance  of  flexural  rigidity 
can  be  written  : — 

E     d^D^ 
e  =  100  X  2y  =  100-  X  — ^  per  cent     .      (26) 

/>       -S. 

where  e  is  the  percentage  error  due  to  the  neglect  of 
flexural  rigidity  in  calcula^g  the  span  by  the  usual 
formula.  In  this  formula  Sg  is  the  semi-span.  When 
A  <  2y,  the  effect  of  flexural  rigidity  is  more  important 
than  that  of  elasticity. 

(8)  For  hght  materials,  e.g.  an  aluminium  cable, 
the  effect  of  shearing  stress  is  less  for  a  given  tension, 
because  y  is  proportional  to  the  square  of  Wq.  For  a 
given  dip  it  becomes  greater,  because  e  is  inversely 
proportional  to  p. 

For  materials  capable  of  being  suspended  under 
greater  tension,  e.g.  a  steel  cable,  the  effect  of  shearing 
stress  is  smaller,  because  y  is  inversely  proportional  to 
the  cube  of  Tq. 

(9)  The  maximum  shearing  stress  at  the  suspended 
point,  due  to  the  weight  of  the  wire,  is  far  less  than  the 
shearing  strength  under  normal  span  conditions  ;  at 
the  same  time  it  is  desirable  that  both  ends  of  the  hanger 
of  the  suspended  cable  should  be  bent  downwards  by 
an  angle  ^  in  order  to  avoid  sharp  bends  at  the 
suspended  point. 

(10)  The  effect  of  shearing  stress  should  be  considered 
in  a  case  where  the  supporting  points  are  not  on  an 
horizontal  level,  for  the  value  of  ijj  on  one  side  is  increased 
according  to  the  difference  of  level. 

In  conclusion,  the  author  desires  to  express  his 
thanks  to  Dr.  S.  Noda  and  Mr.  E.  Parry  for  their 
valuable  suggestions  in  regard  to  the  ps^er. 
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THE  NATURE  OE  THE  MAGNETIC  EIELD  PRODUCED  BY  THE  STATOR 
OF  A  THREE-PHASE  INDUCTION  MOTOR,  WITH  SPECIAL  REFER- 
ENCE  TO    POLE-CHANGING    MOTORS.* 

By  F.  J.  Teago,  Member. 

{Paper  first  received  4th  April,  and  in  final  form   -ISth  May,   1923.) 

It  is  important  to  note  that  the  harmonics  in  the 
M.M.F.  curves  under  consideration  are  due  to  the 
pliase  windings  being  contained  in  slots,  and  are  not  due 
to  the  presence  of  harmonics  in  the  wave-shape  of  the 
supply  current. 

If  it  is  assumed  that  the  wave-shape  of  the  supply 
current  is  sinusoidal,  it  can  be  proved  that,  when  all 
three  phases  are  taken  together,  the  resultant  of  the 
third  harmonic  in  the  M.M.F.  curve  is  zero.  This  also 
applies  to  harmonics  which  are  a  multiple  of  the  third. 
For  this  reason  these  harmonics  are  not  considered  here. 

According  to  Fourier's  theorem,  it  is  possible  to  analyse 
any  perfectly  symmetrical  periodic  curve  into  a  funda- 
mental sine  curve,  together  with  a  number  of  sine 
curves  having  periodicities  which  are  odd  multiples  of 
the  fundamental  periodicity. 

I.  The  M.M.F.  Curve  Produced  by  the  St.\tor  of 
AN  Induction  Motor  with  Symmetrical  Coils 
OF    Normal    Distribution. 

Considering  any  one  phase  of  a  three-phase  winding 
where  the  turns  are  concentrated  in  one  unskewed  slot 
per  pole  per  phase,  the  space  distribution  of  the  M.M.F. 


Summary. 

In  dealing  with  the  subject  of  stator  and  rotor  windings 
it  has  been  usual  to  describe  a  coil  in  terms  of  its  slot  pitch, 
that  is,  in  terms  of  the  number  of  slots  spanned  by  the  coil. 

The  author  feels  that  a  certain  amount  of  confusion  arises 
when  it  is  attempted  to  describe  windings  in  terms  of  "  pitch," 
and  it  is  proposed  to  use  the  terms  "  Normal  Distribution  " 
and  "  Super-Distribution  "  which  are  definite  and  lend 
themselves  to  very  simple  mathematical  representation. 

A  case  of  normal  distribution  of  the  winding  is  one  in 
which  the  windings  of  one  phase  are  put  into  a  number 
of  consecutive  slots  per  pole  equal  to  the  actual  number  of 
stator  slots  per  pole  per  phase,  and  where  no  other  phase 
windings  are  interleaved  with  them. 

It  is  hoped  that  this  innovation  will  prove  useful  and 
convenient. 

It  is  shown  that  with  one  coil-side  per  slot  there  is  little 
benefit  to  be  derived  from  a  departure  from  a  normal  dis- 
tribution of  the  winding,  but  that  with  two  coil-sides  per 
slot  super-distribution  is  useful. 

In  Table  G  it  is  shown  how,  by  means  of  simple  mathe- 
matical expressions,  to  decide  upon  the  style  of  winding 
most  likely  to  suppress  a  tendency  to  "  crawl  "  in  any  given 
case. 

The  changes  in  the  flux  density*  and  magnetizing  current, 
with  changes  in  the  number  of  poles,  are  discussed,  together 
with   their  bearing  upon   the  phenomenon   of  crawling. 

The  influence  of  the  type  of  slot  employed  and  its  pro.ximity 
to  the  bore  is  also  examined. 


h-«-^ 


II, 

III. 

IV. 

V. 
VI. 


Synopsis  of  Contents. 

Introduction. 

The  nature  of  the  magnetic  field  produced  by  the  stator 
of  an  induction  motor  when  wound  with  symmetrical 
coils  of  normal  distribution. 

The  effect  of  symmetrical  super-distributed  coils, 
using  one  coil-side  per  slot. 

The  effect  of  symmetrical  super-distributed  coils,  using 
two  coil-sides  per  slot. 

Symmetrical  coils  with  and  without  initial  super- 
distribution   in   pole-changing   motors. 

The  changes  in  the  magnetizing  current. 

The  effect  of  saturation  in  the  iron  parts  of  the  circuit. 


Introduction. 

In  this  paper  it  is  assumed  that  the  motor  is  unloaded 
and  that,  during  the  preliminary  stages,  there  is  no 
saturation  in  the  iron  parts.  The  effect  of  saturation 
is  then  dealt  with. 

Only  those  cases  having  a  whole  number  of  slots  per 
pole  per  phase  are  considered. 

•  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  the  Journal  if  approved  by  the  Committee^  on  papers  published 
In  the  Journal  without  being  read  at  a  meetinR.  Communieations  should  reach 
the  Secrel.ary  of  the  Institution  not  later  than  one  month  after  publication  of 
the  paper  to  which  they  relate. 


Fig.  1. 


curve   over   one   pole-pitch,    at   the   instant   when   the 
current  is  a  maximum,  is  as  shown  in  Fig.   1. 

In  Fig.    1  let   .4,,  —  maximum  amplitude  of  the  nth 
sine  harmonic, 
A  =  distance  over  two    pole-pitches, 
X  =  distance   of  any  point  from  the 

origin, 
y'  =  height    of    the    curve    at    that 

point, 
y  —  maximum   height  of  the   curve, 
a  =  27r.r/A 

4  ri~ 

then  A^  =  —  \  y'  sin  na  ■  da 

TT  Jo 

In  this  case  >/  is  constant  and  equal  to  y,  the  maximum 
value  of  the  ampere-turns  per  pole  per  phase,  so  that 

"'- 

A^  =—^  \  sin  na  ■  da 
Jo 


iy 


iy 

=  —  ,  for  n  =  odd  integer. 
riTT 
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In  all  cases  where  the  turns  per  pole  per 'phase  are 
distributed  in  slots  in  such  a  manner  that  a  symmetrical 
M.M.F.  curve  is  produced,  it  is  found  that  an  expression 
of  the  form 

mr 

can  always  be  obtained.  In  tliis  paper  X  is  called 
the  reduction  factor,  because  if  the  maximum  amplitude 
of  any  harmonic  in  the  concentrated  case  is  multiplied 
by  this  factor,  then  the  maximum  amplitude  of  the 
corresponding  harmonic  in  the  distributed  case  is 
obtained,  though  it  must  be  distinctly  imderstood 
throughout  these  notes  that  the  reduction  factor,  by 
itself,  does  not  give  the  amplitude  of  a  harmonic. 


■"Az 


Fig.  2. 


The  jNI.M.F.  curve  ivr  a  winding  normall}'  distributed 
in  two  unskewed  slots  per  pole  per  phase  is  shown 
in  Fig.   2. 


Here 


4    -1^ 


77 


sin  na  .  da 

ir/12 


4;/  niT 
—  cos  — 
mr        12 


The  M.M.F.  curve  for  a  winding  normally  distributed 
in  an  infinite  number  of  unskewed  slots  per  pole  per 
phase  is  shown  in  Fig.  3. 

42/  r  6  f"/"  {"I-  -I 

Were     A„  =  —       -     a  sin  ?ia  .  da  +     sin  Jia  .  da 


^y. 


6     .    mr 
X  —  sin  — 

riTT       IITT  6 


In  a  similar  manner  expressions  can  be  obtained  for 
any  given  integral  number  of  unskewed  slots  per  pole 


_i_ 


l-«H 


% 


Fig.  3. 


per  phase.  A  few  reduction  factors  for  three-phase 
windings  with  coils  normally  distributed  are  set  out 
in  Table  1. 

It  will  be  noticed  that  these  expressions  are  of  definite 
formation  and  bear  a  common  likeness,  and  if  they  are 
put  into  the  form 

cos  .4  +  cos  (.4  +B]  +  cos  {A  +  2B)  +  ...tor  terms 

_  cos  [^  +  1  (r  -  1)  B]  sin  ^rB 
sin  |B 

and  putting  ijj  =  angle  between  successive  slots,  in  elec- 
trical degrees, 
m  =  number  of  slots  per  pole  per  phase, 
n  =  the  order  of  the  required  harmonic. 


they  are  all  represented  by  the  expression 

sin  ^nnuli 


reduction  factor 


m  sin  hntfi 

An  expression  of  tliis  form  has  already  been  used.* 
The  objection  to  a  pronounced  harmonic  in  the 
M.M.F.  curve  is  its  possible  appearance  in  the  flux 
wave.  If  this  happens  it  will  probably  appear  in  the 
rotor  current  and  make  its  presence  felt  in  the  torque 
characteristic  of  the  motor,  f 

Table  1. 


SloU  per 
per  pha 

pole 

Reduction  factor 

1 

1-0 

3 

§  (0  •  5  +  cos  n77/9) 

5 

f  (0-5  +  cosn77/lo  +  cos  2n7r/15) 

2 

cos  ?!.7T/12 

4 

i  (cos  n7r/24  +  cos  3fi7r/24) 

6 

1  (cos  n77/36  +  cos  3*177/36  +  cos  5?i7T/36) 

00 

6 

—  (sin  )i77/6) 

JITT 

Evaluating  the  reduction  factors  for  windings  of 
normal  distribution  in  unskewed  slots.  Table  2  is 
obtained. 


Table  2. 


Slots 

per 

pel 

e  per 

phase 

Order  of  harmonic 

2 

00 

Fundamental 

0-966 

0-955 

5th 

0-259 

0-191 

7th 

-0-259 

-0-136 

nth 

-0-966 

-0-087 

13th 

-0-966 

0-073 

It  should  be  noted  that,  although  some  of  the  reduc- 
tion factors  have  negative  values,  this  does  not  signify 
negative  torques  ;  the  reason  being  that  at  the  same 
instant  the  rotor  currents  are  also  negative. 

It  will  be  noticed  that  certain  harmonics  have  a  reduc- 
tion factor  numerically  equal  to  that  of  the  funda- 
mental ;    this  means  that  some  values  of  ?i  make 

sin  ^rmfi        sin  ^nrnxfj 
m  sin  \iji       m  sin  ^mjj 

and  it  is  easily  proved  that  these  values  are  given  by 

n  =  6sm  ±  1 

where  s  =  an  integral  number. 

*  S.  p.  Smith  and  R.  S,  H.  Boulding  :  "  The  Shape  of  the  Pressure  Wave 
in  Electrical  Machinery,"  Journal  I.E.E.,  1915.  vol.  53,  p.  205. 

t  J.  K.  Catterson-Smith  :  "Induction  Motor  Design,"  Journal  I.E.E., 
191-2,  vol.  49,  p.  6u5. 
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Thus,  the  greater  the  number  of  slots  per  pole  per 
phase,  the  greater  is  the  order  of  the  harmonic  involved. 

Since  it  is  not  a  practical  proposition  to  use  a  very 
large  number  of  slots,  the  alternative  of  skewing  the 
slots  through  a  full  slot-pitch  becomes  valuable.  If  a 
motor  were  provided  with  slots  skewed  one  slot-pitch, 
the  M.M.F.  curve  would  become  as  shown  in  Fig.  3,  for 


This  may  wrongly  be  regarded  as  a  case  of  short 
pitch  on  account  of  the  fact  that  the  coil-pitch  is  equal 
to  ten  slots.  In  reality  it  is  full  pitch  because  the  coil- 
sides  are  grouped  in  consecutive  slots  w-hich  are  one 
pole-pitch  apart.  Conductor  No.  7  could  easily  be 
connected  to  No.  19  and  this  scheme  followed  tliroughout. 

Thus,    although   the   "  pitch  "   is   a   rather  indefinite 


Style  of   windiag 


M-Ml".  curve 


Reduction  factor 
7i'?'liarmomc 


o  o  o  o 


'o^^/'f* 


1 


^  (cos  11+ cos  ^) 


Fig.  4. 


k 

y 

■ 

! ■ 

i(eos|f.cos^) 


<"?*     57r^4 


Fig.  5. 


y/i 

1 


i(^ 


[COS^  +  COS^24/ 


.rm\ 


i%^   in/^i: 


Fig.  6. 
Figs,  i,  5  and  6. — Two-pole  whole-coiled  three-phase  windings  ; 

side  per  slot. 


4   unskewed  slots   per   pole  per   phase ;    1   coil- 


which  Table  2  shows  that  the  harmonics  are  practically 
eliminated  and  that  no  harmonic  has  a  reduction  factor 
equal  to  that  of  the  fundamental. 

II.     The    Effect    of    Super-distributed  Windings, 
using  one  Coil-side  Per  Slot,  with  Perfectly 
Symmetrical  Windings   in   all  Three   Phases. 
Fig.  4  shows  one  phase  of  a  2-pole,  whole-coiled,  three- 
phase  winding,  the  number  of  slots  per  pole  per  phase 
being  four  and  the  distribution  normal.     It  also  shows 
the  M.M.F.   curve  for  the  winding,   together  with  the 
reduction  factor. 


term,  the  winding  is  definitely  described  when  referred 
to  as  "  normally  distributed." 

Fig.  5  shows  the  coil-pitch  of  this  winding  reduced 
to  nine  slots  ;  it  is  noticed  that  two  slots,  Nos.  6  and  9, 
containing  conductors  belonging  to  the  other  two  phases, 
are  introduced  between  the  slots  containing  the  con- 
ductors of  the  phase  under  consideration,  and  for  this 
reason  the  winding  is  termed  super-distributed. 

Fig.  6  shows  the  coil-pitch  of  this  winding  reduced  to 
seven  slots.  Here  it  is  noticed  that  four  slots,  Nos.  6,  8, 
9  and  II,  are  introduced  between  the  slots  containing 
the  conductors  of  the  phase  under  consideration. 
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It  will  be  noticed  that  the  general  form  of  the 
super-distributed  reduction  factors  resembles  that  for 
the  normal  distribution,  and  they  can  indeed  be  expressed 
in  forms  similar  to  those  given  for  normally  distributed 
windings  on  page  1088,  but  the  most  useful  form  is  the 
ratio  of  the  super-distributed  reduction  factor  to  the 
normally  distributed  reduction  factor. 

An  examination  of  Figs.  4,  5  and  6  shows  that  when 
the  distribution  of  the  u-inding  is  increased  above  the 
normal,  slots  containing  conductors  belonging  to  the 
other  two  phases  are  introduced  between  the  slots 
containing  the  conductors  of  the  phase  under  considera- 
tion. 

In  the  case  of  Fig.  5,  two  slots,  Nos.  6  and  9,  are 
introduced  between  the  four  slots  Xos.  5,  7,  8  and  10 
wliich  contain  the  conductors  of  one  phase.  In  the  case 
of  Fig.  6,  four  slots,  Nos.  6,  8,  9  and  11,  are  introduced 
between  the  four  slots,  Nos.  5,  7,  10  and  12,  which 
contain  the  conductors  of  one  phase. 

Let  ^  =  number  of  slots  introduced  between  the 
group  of  slots  containing  the  conductors  of 
any  one  phase  ; 

then,  with  unskewed  slots. 

Reduction  factor  of  nth  harmonic  super-distribution 


Reduction  factor  of  wth  harmonic  normal  distribution 

cos  (g  -f  l)^»i/» 
cos  inifj 

In  those  cases  of  one  coil-side  per  slot  where   super- 
distribution  is  used  the  reduction  factors  are  given  by 

sin  h>nn[i      cos  (f  -|-  IjJjii/f 
VI  sin  ^n>jj  cos  ^nifj 

Evaluating  the  reduction  factors,  for  the  case  of  four 
unskewed  slots  per  pole  per  phase.  Table  3  is  obtained. 

Table  3. 


Order  of 

Normal 
distribution 

Super-distribution 

harmonic 

f  =  0 

f  =2 

f  =  4 

Fundamental 

0-958 

0-892 

0-766 

5th 

0-205 

-0-099 

-0-257 

7th 

-0-158 

0-239 

0-034 

11th 

-0-126 

0-370 

-0-588 

13th 

0-126 

-0-370 

0-588 

23rd 

-0-958 

-0-892 

-0-766 

25th 

-0-958 

-0-892 

-0-766 

It  is  noticed,  in  each  case,  that  the  harmo''-  r,  \-.  i,._i. 
have  reduction  factors  numerically  equal  to  that  of  the 
fundamental  are  given  by 

n  =  Qsm  i  1 

^where  s  is  an  integral  number. 

Table  3  also  shows  that  with  a  coil-pitch  equal  to 
nine  slots,  the  fifth  harmonic  is  almost  zero,  and  with  a 
coil-pitch  of  se\-en  slots,  the  seventh  harmonic  is  practi- 


cally zero  ;  but  in  general,  both  cases  of  super-distri- 
bution give  a  more  undesirable  M.M.F.  curve  than  the 
normal  case. 

(Note. — If  the  numerical  value  of  the  reduction 
factor  for  the  fundamental  is  taken  to  represent  the 
maximum  amplitude  of  the  fundamental,  then  the 
maximum  amphtude  of  the  nth  harmonic  will  be  repre- 
sented by 

Reduction  factor  of  nth  harmonic 


Again,  with  a  coil-pitch  equal  to  seven  slots,  owing  to 
the  reduction  in  the  maximum  height  of  the  funda- 
mental, the  ampere-turns  would  have  to  be  increased 
about  25  per  cent  over  the  ampere-turns  required  with 
a  coil-pitch  equal  to  ten  slots,  if  the  flux  density  in  the 
air-gap  is  to  be  kept  constant.  (Thus  it  is  very  doubtful 
if  anv  advantage  is  to  be  gained  from  super-distribution 
when  using  one  coil-side  per  slot,  since  the  object  of  any 
scheme  of  winding  is  to  suppress  harmonics.) 

III.  The  Effect  of  Super-distribution  using  Two 
Coil-sides  Per  Slot  with  Perfectly  Sym- 
metrical Windings  in  all  Three  Phases. 

Fig.  7  shows  a  2-pole,  whole-coiled,  three-phase 
winding  with  two  unskewed  slots  per  pole  per  phase. 
The  pitch  of  the  coils  is  five  slots  and  the  winding  is 

Table  4. 


Ordtr  of  hairaonic 

Normal 
distribution 

Super  Hiistribution 

Coil-p.-tch  =  5, 

Coil-pitch  =  5, 
0^  =  1 

Coil-pitrh  =  4, 

(T  =  2 

Fundamental 

5th 

7th 
nth 
13th 

0-966 

0-259 

-0-259 

-0-966 

-0-966 

0-933 
0-067 
0-067 
0-933 
0-933 

0-836 
-0-224 

0-224 
-0-836 
-0-836 

normally  distributed.  The  only  difference  between  a 
slot-pitch  of  five  and  one  of  six  is  a  difference  in  the 
end  connections.  The  M.M.F.  curves  and  reduction 
factors,  for  the  phase  shown,  are  exactly  alike  for 
both  cases  and  are  represented,  over  one  pole-pitch, 
as  indicated. 

Fig.  8  shows  quite  a  different  arrangement  for  the 
position  of  the  conductors;  at  the  same  time  using 
a  coil-pitch  equal  to  five  slots.  Here  again  the 
term  "  pitch "  is  indefinite,  since  Figs.  7  and  8 
^uth  have  the  same  coil-pitch,  but  their  M.M.F.  curves 
and  reduction  factors  are  not  alike.  However,  by 
describing  Fig.  8  as  a  case  of  super-distribution,  all 
chances  of  confusion  are  avoided  and  it  is  observed  in 
this  case  that  the  conductors  of  either  phase  are  distri- 
buted in  three  slots  per  pole,  and  that  the  reduction 
factor  bears  a  resemblance  to  that  for  the  case  of  nor- 
mally distributed  coils  in  three  slots  per  pole  per 
phase  (see  page  1088). 
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Fig.  9  shows  the  -winding  set  out  with  a  coil-pitcli 
equal  to  four  slots  ;  the  M.M.F.  curve  and  reduction 
factor  are  also  shown. 

The  conductors  of  either  phase  are  now  distributed 
in  four  slots  per  pole  and  the  reduction  factor  resembles 
that  for  the  case  of  normally  distributed  coils  in  4  slots 
per  pole  per  phase.  (Note. — Further  distribution  can 
only  be  obtained  by  accepting  the  type  obtained  when 
one  coil-side  per  slot  is  used.) 


and  the  harmonics  are  relatively  as  large  as  they  are 
with  a  normally  distributed  pitch  of  five. 

With  regard  to  the  super-distribution  of  the  windings 
in  the  above  cases,  it  will  be  noticed  from  Table  4  that, 
although  the  conductors  of  any  one  phase  lie  in  an 
increasing  number  of  slots  per  pole  as  the  coil-pitch  is 
reduced,  the  order  of  the  harmonics  which  have  reduction 
factors  equal  to  that  of  the  fundamental  remains  con- 
stant.    If  the    actual   number  of   stator  slots  per  pole 


Style  of  wirLcLing 


M.M.r.  curve 


Reduction  factor 

a^*  liarmonic 


0    Viz 


Fig.  7. 


I 


0  % 


Fig.  8. 


COS 


12 


iO  +  cos^) 


% 


0    yi2     3%2 


Fig.  9. 


i(- 


?i7t 

COS  ^  + COS 


yrur) 
12  / 


Figs.  7,  8  and  9. — Two-pole  whole-coiled  three-phase  windings  ; 

sides  per  slot. 


unskewed  slots  per  pole  per  phase  ;    2  coil- 


Evaluating  the  reduction  factors  for  these  three 
cases  of  two  unskewed  slots  per  pole  per  phase  with  two 
coil-sides  per  slot,  Table  4  is  obtained. 

From  Table  4  it  is  seen  that  the  M.M.F.  curve  for 
super-distribution  with  a  coil-piljch  of  five  is  much  better 
than  that  for  the  normal  distribution  with  a  slot-pitch 
of  five,  whilst  the  M.M.F.  curve  for  super-distribution 
with  a  coil-pitch  of  four  is  much  worse  than  either  of  the 
other  two  ;  this  is  so  because,  with  a  coil-pitch  of  four, 
the  value  of  the  fundamental  is  very  much  reduced. 


per  phase   had   been    increased,  then  the  order  of  this 
harmonic  would   have  also  increased. 

An  examination  of  Figs.  7,  8  and  9  shows  that,  when 
super-distribution  of  the  windings  is  employed,  the 
conductors  of  either  phase  are  distributed  in  a  number 
of  slots  per  pole  greater  than  the  actual  number  of 
stator  slots   per   pole   per  pliase. 


Let  a  =  (slots  occupied  per  pole  per  phase) 
stator  slots  per  pole  per  phase). 


■  (actual 
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Then,  wth  unskewed  slots, 

Reduction  factor  of  nth  harmonic  super-distribution 
Reduction  factor  of  nth  harmonic  normal  distribution 

=  cos  ^anip 

In  those  cases  of  two  coil-sides  per  slot,  where  super- 
distribution  is  used,  the  reduction  factors  are  given 
by 

sin  Inmtjj  , 

^^— ; — ^  cos  iantp 

m  sm  intft 

Thus  super-distribution  in  stator  windings  with  two 
coil-sides  per  slot  may  be  of  very  great  assistance  where 
a  sinusoidal  distribution  of  the  air-gap  flux  is  desired. 

Skewing  the  slots  through  one  slot-pitch  would  also 


per  pole  per  phase  has  increased  to  eight.  That  the  wind- 
ing is  super-distributed  can  be  seen  from  Fig.  11  which 
shows  that  the  coils  of  one  phase  are  grouped  in  slots 
17,  18,  19,  20,  29,  30,  31  and  32,  and  that  the  coils 
of  the  other  phases  are  introduced  between  them. 

The  reduction  factors  for  the  M.M.F.   curve  in  this 
case  are  given  by 


Kc 


9«7r  llnTT  13)177  15«7t\ 

-— -   +  cos f-  cos 1-  COS  

48  48  48  48  / 


It  is  not  proposed  to  obtain  a  relationship  between 
the  reduction  factors  for  Fig.  10  and  those  for  Fig.  1 1, 
owing  to  the  fact  that  the  number  of  slots  per  pole 
per  phase  is  not  aUke  in  both  cases. 

The  reduction  factors  for  the  M.il.F.  curve  of  normally 


Pole  pitch 


(SOOOOOOOOO 


Fig.   1 0. — Four-pole  half-coiled  three-phase  winding  ;     normally  distributed  ; 

slots  per  pole  per  phase. 


4  unskewed 


improve  matters  because,  as  has  been  shown,  it  prevents 
any  harmonic  having  a  reduction  factor  equal  to  that 
of  the  fundamental. 

IV.  Coil  Distribution  in   Pole-ch.\nging  Induction 
Motors. 

In  these  motors  it  is  assumed  at  first  that  the  stator 
windings  are  normally  distributed  when  the  motor 
operates  with  the  greatest  number  of  poles,  and  that 
super-distribution  is  brought  about  when  the  number 
of  poles  is  decreased. 

Fig.  10  shows  one  phase  of  a  4-pole,  half-coiled,  tliree- 
phase  winding  with  four  unskewed  slots  per  pole  per 
phase  and  it  is  immaterial,  since  the  coils  are  normally 
distributed,  whether  there  are  one,  or  two,  coil-sides 
per  slot. 

The  reduction  factors  for  this  case,  as  shown  on 
page  1088,  are  given  by 


1  /        '"^ 

2  cos  — 
V        24 


3n7T\ 

cos 

24/ 


Fig.  1 1  shows  the  same  phase  when  the  stator  coils  are 
grouped  to  form  two  poles.  The  winding  is  now  whole- 
coiled  and  super-distributed,  and    the  number  of  slots 


distributed  coils  with  eight  unskewed  slots  per  pole  per 
phase  are  given  by  (see  page  1088) 


f  cos 1-  cos h 

*\        48  48 


5mT 

'  "is" 


7/i7r\ 

cos I 

48/ 


It  will  be  seen  that  the  expression  for  the  reduction 
factors  in  the  super-distributed  case  is  a  portion  of  the 

Table  5. 


Order  of 
harmonic 

4-pole,  normal  distribution  ; 
4  slots  per  pole  per  phase 

2-pole,  super-distribution 
8  slots  per  pole  per  phase 

Fundamental 

5th 

7th 

11th 

0-958 

0-205 

-0-158 

-0126 

0-70 
-0-534 

0-385 
-0-069 

same  series  as  that  which  expresses  the  reduction  factor 
for  the  normally  distributed  case,  using  the  same  number 
of  unskewed  slots  per  pole  per  phase.  Evaluating  the 
reduction  factors  for  the  normally  distributed  4-pole 
case  and  the  super-distributed  2-pole  case,  Table  5  is 
obtained. 
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From  Table  5  it  is  seen  that  the  most  noticeable 
features  of  the  change  from  four  to  two  poles  are  : — 

{a)  The  great  decrease  in  the  reduction  factor  of  tlie 
fundamental,  which  means  that  the  magnetizing  ampere- 
turns  are  inefficient  when  the  motor  operates  on  two 
poles. 


(Note. — In  this  case  there  are  two  coil-sides  per  slot 
and  cr  =  1  •  0  since  the  number  of  slots  occupied  per  pole 
per  phase  is  five,  and  the  actual  number  of  stator  slots 
per  pole  per  phase  is  four.) 

If,  now,  the  windings  are  regrouped  to  form  a  2-pole 
stator.  Fig.    13,  which   shows   one    pole-pitch   only,    is 


9rii.ri37ri57r 

-18  48  48  48 

Fig.    11. — Two-pole    whole-coiled    three-phase    winding;     super-distributed; 
8  unskewed  slots    per  pole  per  phase. 


(b)  The  large  increase  in  the  reduction  factors  of 
the  fifth  and  seventh  harmonics,  which  involves  a  serious 
risk  of  the  motor  crawling  at  a  sub-synchronous  speed 
if  it  is  started  up  from  rest  on  two  poles. 

Pole  pitch 


Fig.   12. — Four-pole  half-coiled  three-phase  whiding  ;  super- 
distributed  ;    i  uiiskcvvcd  slots  per  pole  per  phase. 

If  the  windings  had  been  initially  super-distributed 
on  four  poles  with  four  unskewed  slots  per  pole  per 
phase,  as  in  Fig.  12,  then,  as  has  been  shown,  the 
reduction  factors  would  be  given  by 


Vol.  61 


nw  3»77\  ,       , 

cos  ■—  +  cos  -- —    cos  iaiiili 

24  24  /  -      r 


obtained.  In  this  case  the  winding  also  has  super- 
distribution. 

If  Fig.  11  is  termed  the  2-pole  case  of  "no  initial 
super-distribution,"  i.e.  when  operating  as  a  4-pole 
machine  the  distribution  is  normal,  then  Fig.  13  can  be 
described  as  the  2-pole  case  of  "  initial  super-distri- 
bution," i.e.  there  is  super-distribution  when  operating 
as  a  4-pole  machine. 

The  reduction  factors  for  Fig.  11  (no  initial  super- 
distribution)  have  been  shown  to  be  equal  to 


i(c 


9(i7T 


llnTT  13(i7r 

cos  ■  -|-  cos 


48 


48 


15)(7T\ 


The  reduction  factors  for  Fig.   13  (initial  super-distribu- 
tion) are  given  by 

,  /  8U7r  lO/iTT  12/177 

\  I  cos  -;;;-  -(-  2  cos  —^ h  2  cos 


48 


48 


48 

14)i7r  16H7r\ 

-t-  2  cos  ■  -f-  cos  ■ 

48  48    / 


In  this   2-pole  case  also,   it  can  be  shown  that    the 
ratio 

Reduction  factor  Hth  harmonic  initial  super-distribution 

Reduction  factor  fitli  harmonic  no  initial  super-distribn. 

=  cos  i(7»)i/i,  where  a  is  the  amount  of  the  initial  (4-pole) 
super-distribution.  This  ratio,  therefore,  is  unatfectcd 
by  the  change  in  the  number  of  poles  except  in  so  far 
as  the  value  of  i/i  changes.  In  the  4-pole  case  con- 
sidered, ip  =  TT/Vi,  whilst  in  the  2-pole  case  <p  =  7r/24. 
In  Table  6  the  reduction  factors  have  been  evaluated 

72 
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for  different  values  of  ct,  that  is,  for  different  amounts       poles  is  changed,  it  must  be  remembered  that  the  back 


of  initial  super-distribution. 

(Note. — When    ct  =  0    the     initial    distribution     is 
normal.) 


E.M.F.  per  phase  is  a  function  of  the  manner  in  which 
the  conductors  of  that  phase  are  distributed  in  space. 
This  is  due  to  the  fact  that  the  E.M.F. 'sin  the  various 


Table  6. 

4  Poles 

2  Poles 

<r  =  0 

<r=   1 

<r  =  2 

,7    =    3 

T    =    0 

rr  =    1 

<r  =  2 

»  =  3 

Fundamental 

0-958 

0-95 

0-926 

0-885 

0-7 

0-698 

0-694 

0-686 

5th 

0-205 

0-163 

0  -  053 

-0-078 

—  0-534 

—  0-505 

-0-424 

-0-297 

7th 

-0-158 

-0-096 

0-Oil 

0   146 

0-385 

0-346 

0-234 

0-075 

From  Table  6  it  is  seen  that  for  the  4-pole  case  con- 
sidered, with  four  slots  per  pole  per  phase  and  two  coil- 
sides  per  slot,  the  best  all-round  results  are  obtained  by 
making  cr  =  3,  that  is,  by  making  the  windings  of 
either  phase  occupy  seven  slots  per  pole  instead  of  four. 
A  device  to  cut  out  the  torque  due  to  any  harmonic 
has  been  put  forward  by  Prof.  Catterson-Smith.  It  con- 
sists of  a  squirrel-cage  rotor  the  bars  of  which  are  spaced 


coil-sides  do  not  reach  their  maximum  values  at  the 
same  instant,  but  have  phase  differences  proportional 
to  the  angles  (electrical  degrees)  between  the  coil-sides. 

This  fact  is  taken  into  account  by  introducing  a 
"  breadth  factor  "  into  the  equation  for  the  phase 
E.M.F. 

It  is  easily  proved  that  these  breadth  factors  are 
numerically  equal    to  the    reduction  factors,  X,  of  the 


Fig. 


STT'^IO?  12a-  11-71  W 
^■e,      48    48    48   48 

13. — Two-pole    whole-coiled    three-phase   winding  ;     super-distributed  ;    8  unskewed 
slots  per  pole  per  phase. 


so  that  the  distance  between  them  is  equal  to  two  pole- 
pitches  of  the  harmonic  to  be  eliminated,  and  if  neces- 
sary two  separate  cages  can  be  fitted  to  the  rotor. 
If  with  (T  =  3  in  the  above  example  the  rotor  bars  were 
spaced  to  suit  the  2-pole,  fifth  harmonic,  the  motor  would 
have  no  tendency  to  crawl  on  either  four  or  two  poles. 

V.  The    Estimation    of   the   Change   in    the   M.-^g- 
NETiziNG     Current      when     the    Number      of 
Poles  is  Changed. 
In  considering  the  changes  which  take  place  in  the 

magnetizing  current  of  a  motor  when  the  number  of 


harmonics  in  the  M.M.F.  curves,  and  that  the  R.M.S. 
value  of  the  fundamental  back  E.M.F.   (a  sine  curve) 
in  a  normally  distributed   three-phase   motor   with   an 
average  number  of  slots  per  pole  per  phase  is 
,^4-44 


£=  0-96 


/4-4-; 

\     77 


i?^„^.  AZf  10- 


') 


where  A  =  pole  area, 

Z  =  number  of  conductors  per  phase  in  series, 
/  =  frequency. 

In  order  to  test  the  accuracy  of  the  foregoing  notes, 
some  experiments  were  made  on  a  pole-changing  motor 


and 
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installed  in  the  Laboratories  of  Applied  Electricity, 
Liverpool  University.  The  winding  diagrams  for  this 
motor  are  set  out  in  Figs.  10  and  11,  the  fundamental 
reduction  and  breadth  factors  being  as  shown  in 
Table  5. 

In  changing  from  four  to  two  poles, 

E  is    constant,    since   the   applied   stator   voltage   is 

constant ; 
Z  is  constant,  as  is  seen  from  Figs.  10  and  1 1  ; 
A  (the  pole  area)  is  doubled. 

So  that  the  ratio  of  the  maximum  flux  densities   in 
the  air-gap  is  obtained  from 

0 -958  54.44  =  0-7  Bo.-lo 
B4       2x0-7 


0-958 


1-46 


This  shows  that  a  reduction  in  the  number  of  poles 
causes  a  reduction  in  the  value  of  the  maximum  flux 
density  in  the  air-gap.  An  experiment  to  test  this 
consisted  in  separating  the  no-load  iron  loss  from  that 
due  to  windage  and  friction  for  both  4-pole  and  2-pole 
operation. 

The  ratio  of  the  iron  losses  was  found  to  be 


Wo 


=  1-6 


wliich  is  perhaps  a  little  low  for  the  estimated  ratio 


of     B„ 


To    allow    for   this    change     of     flux   when 


estimating  the  magnetizing  current  taken  by  the  motor, 
the  following  method  is  adopted. 

The  harmonics  in  the  M.M.F.  curve  are  neglected, 
and  in  any  case  their  R.M.S.  value  is  small  except 
when  operating  on  two  poles. 

Let  p  =  the  number  of  poles. 

/  =  the  R.M.S.  value  of  the  magnetizing  current 
per  phase. 

Then  \''2IZ\'2p  =  the  maximum  value  of  the  ampere- 
turns  per  pole  in  the  M.M.F.  curve  of  one  phase  when 


.^    ""\ 

L 

4  vSZZ 

n     zp 

Fig.   14. 

the    windings    arc    massed    in    one    slot    per    pole    per 
phase. 

As   has    been    shown,    the    maximimi    height    of   the 
fundamental  in  this  case  is  given  by  (see  Fig.   14) 

4      ^/2.IZ 
-X  -^ — 

If  the  windings  are  arranged  in  any  other  manner, 

then  the  maximum  height  of  the  fundamental  is  given 

bv 

2v'2     ZI       ^  ^       .       ^ 
X  —  X  Reduction  factor 

TT  p 


For  all  three   phases  taken  together   the   maximum 
height  of  the  fundamental  is  given  by 


/2^-2     ZI 

'    >:  —  X 

\    77        p 


=  1-35 


Reduction  factor] 
X  Reduction  factor 


The  R.M.S.  magnetizing  current  per  phase  for  an  air- 
gap  of  length  I  and  maximum  flux  density  equal  to 
B,„aj-    is   obtained  from 

ZI 

1  -  35  X  —  X  Reduction  factor  =  0-8  B„„  I 


from  which  I  =  0-o9x 


Bmax.  I  ■  P 
Z  X  Reduction  factor 


A  certain  percentage,  depending  on  the  saturation 
of  the  iron,  is  added  to  this  to  allow  for  the  ampere- 
turns  required  for  the  iron  part  of  the  magnetic  circuit. 

If  20  per  cent  is  added  in  the  4-pole  case,  then 

/0-59  X  4\ 

li  ^        ^  ^ +  20  per  cent 

V    0-958    /  ^ 

OC  2-96 

Allowing  for  the  reduction  in  the  value  of  the  maximum 
flux  density  in  the  2-pole  case,   by  adding  5  per  cent, 

/0-59  X  0-684  X  2\ 
/o  X  I —^ 1  -f  5  per  cent 

X  1-21 

The  estimated  ratio  of  the  magnetizing  currents  is 
li       2-96 


/o        1-21 


2-45 


The  actual  value  of  the  ratio,  determined  bv  experi- 
ment, was 

Ii       7  •  55 


2-8 


2-6 


VI.  The  Effect  of  S.\tur.\tiox. 

If  all  the  iron  in  the  neighbourhood  of  the  air-gap 
is  saturated,  then  the  flux  distribution  in  the  air-gap 
will  not  follo\\-  the  pronounced  step  characteristic  of 
the  M.M.F.  curve.  The  corners  will  be  rounded  off 
and  the  magnitude  of  the  harmonics  will  be  greatly 
reduced. 

Thus,  when  the  particular  motor  on  which  these 
experiments  were  made  operates  on  four  poles,  it  shows 
no  tendency  to  crawl  on  starting  up,  even  when  the 
supply  voltage  is  lowered  to  half  the  normal  value. 

When  it  operates  on  two  poles  the  reduction  in  the 
value  of  the  fli>x  density  causes  the  step  characteristic  to 
become  pronounced  and  the  harmonics  very  prominent. 
This  is  confirmed  by  the  fact  that  the  motor  fails  to 
accelerate  above  the  seventh  harmonic  synchronous 
speed  when  started  up  from  rest  on  the  normal  voltage. 

It  should  also  be  remembered  that  the  use  of  partly 
closed  stator  and  rotor  slots  would  tend  to  eliminate 
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the  steps  in  the  M.M.F.  curve  from  the  curve  of  flux 
distribution,  if  the  slots  were  not  set  too  near  the 
bore. 

If  the  slots  are  very  near  the  bore,  then  the  horns  of 
the  teeth  %\-ill  be  highly  saturated  when  the  flux  density 
in  the  main  parts  of  the  teeth  is  quite  low,  and  the  conse- 
quent flux  distribution  vdW  not  differ  from  that  obtaining 
with  open  slots.  In  the  case  of  the  motor  referred  to 
here,  the  stator  slots  are  25  per  cent  open  and  the  rotor 
slots  are  16  per  cent  open,  but  both  sets  of  slots  are 
placed  very  near  to  the  bore. 

This  reduction  in  the  flux  density  when  the  number 


of  poles  is  reduced  makes  it  very  necessary  to  employ 
a  suitable  design  of  \vinding,  since  it  is  not  feasible 
to  operate  on  the  largest  number  of  poles  at  such  a 
high  flux  density  that,  when  the  number  of  poles  is 
reduced,  the  density  is  still  high  enough  to  smooth 
out  the  harmonics. 

In  conclusion,  the  author  wishes  to  thank  Prof. 
E.  W.  Marchant,  D.Sc,  for  permission  to  publish  the 
details  concerning  the  4/2-pole  induction  motor  which 
forms  part  of  the  laboratory  equipment  in  the  University 
of  Liverpool,  and  to  lir.  T.  W.  Dann  for  his  assistance 
in  making  the  necessary  tests. 
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Summary. 

The  paper  describes  the  %-arious  sources  of  power  for  the 
generation  of  electricity  in  small  quantities.  Former  objec- 
tions to  wind-power  sets  are  stated,  and  the  paper  proceeds 
to  show  how  these  have  been  overcome.  \\'ind-driven 
generating  sets  in  general  are  described,  particular  attention 
being  given  to  a  novel  form.  The  actual  results  of  a  plant 
are  given  for  the  period  from  July  to  December. 


Introduction. 


^^'ater  and  wind  are  the  t\vo  most  ob\ious  sources 
of  power,  and  both  have  been  utilized  from  early  times. 
The  inherent  advantages  of  steam  power  about  a 
centurv  ago  seriously  curtailed  wind  power  develop- 
ment, but  lately  the  increase  in  the  cost  of  fuel  has 
compelled  renewed  in\-estigation. 

The  advantage  of  water  power  is  that,  where  ample 
\-olume  and  head  are  available,  considerable  power 
can  be  converted  at  one  point.  This  at  times  is  a 
distinct  disadvantage,  as  in  some  cases  the  most  suitable 
sites  for  a  station  are  in  most  inaccessible  positions, 
for  example,  in  glens  and  mountains.  To  convey  the 
power  to  a  suitable  market  the  electricity-  is  transmitted 
at  a  high  voltage  to  the  nearest  centre.  It  is  obvious, 
therefore,  that  a  hamlet  or  farm  will  not  consume 
enough  power  to  warrant  the  installation  of  a  trans- 
former. There  is  thus  the  anomaly  of  persons  desirous 
of  using  electric  power  being  unable  to  do  so  although 
the  suppl}'  cables  are  close  at  hand.  A  wind-power 
set  is,  however,  very  suitable  for  this  class  of  consumer. 
The  more  exposed  the  situation,  the  more  power  will 
be  available  ;  and  the  more  isolated  it  is,  the  more 
e\ident  is  the  advantage  of  being  independent  of  the 
transport    of    fuel.     Further,    any    reasonable    demand 


can  be  met  by  making  the  size  of  the  wheel  large  enough, 
and  the  most  wind  is  available  when  most  light  is 
required,  that  is,  in  winter. 

Former  Objections. 

The  chief  objections  against  wind-driven  lighting 
sets  until  now  have  been  :  (1)  the  large  wheel  necessary 
to  generate  sufficient  power,  and  (2)  the  large  battery 
required  as  a  stand-by  in  calm  weather.  Both  these 
objections  have  been  partly  o\-ercome  by  the  improve- 
ment in  the  construction  of  the  electric  lamp,  the  gas- 
filled  t^-pe  requiring  only  from  one-quarter  to  one-eighth 
of  the  power  of  the  earlier  carbon-filament  type. 
Improvement  in  design  overcomes  the  remainder  of 
the  first  objection,  while  the  second  objection  is  not 
so  formidable  as  it  might  appear.  Calm  days  are  much 
rarer  than  is  popularly  supposed,  when  the  day  of 
24  hours  is  taken  into  consideration. 

Extr.^ction  of  the  Power. 

(A)  Wind  wheel. — Since  the  power  in  the  wind  is 
due,  almost  entirely,  to  velocity  head  it  is  obvious 
that  the  wind  wheel  must  be  of  the  turbine  type.  For 
maximum  efficiency,  (1)  the  relati-\-e  velocity  at  inlet 
should  equal  the  absolute  velocity  of  the  blade,  and 
(2)  the  whole  blade  should  mo\-e  with  uniform  velocity'. 
In  the  type  of  wind  wheel  in  which  the  \-elocity  of 
approach  is  along  the  axis  of  rotation  of  the  wheel, 
neither  of  these  conditions  can  be  fulfilled.  A  more 
highly  efficient  engine  could  be  obtained  by  guiding 
the  wind  by  stationary  vanes  as  in  the  turbine,  but  the 
extra  power  can  be  more  easily  obtained  by  making 
the  wheel  a  little  larger.  Also  there  is  a  limit  to  the 
useful  length   of   the   blade,    and   in  practice   this   has 
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been  found  to  be  one-third  of  the  diameter  of  the  wheel. 
The  best  angle  at  the  inlet  has  also  been  found  to  be 
30°.  With  long  blades,  the  discrepancy  between  the 
correct  velocity  of  the  blades  and  the  actual  velocity 
of  their  extremities  will  increase  as  the  velocity  of  the 
wind  increases,  which  means  that  the  efficiency  will 
decrease  as  the  velocity  of  the  wind  increases.  Although 
this  is  unfortunate  from  one  point  of  view,  it  is  an  advan- 
tage that  the  efficiency  should  be  a  maximum  at  low- 
wind  velocities,  as  it  is  the  light-breeze  efficiency  which 
determines  the  efficacy  of  the  plant  since  the  prevailing 
winds  are  at  low  velocities. 

Another  point  in  the  design  of  the  wheel  is  that  the 
relative  velocity  of  the  wind  is  half  its  actual  velocity, 
which  means  that  the  pressure  on  the  wheel  is  only 
one-quarter  of  what  it  would  be  if  the  wheel  were 
stationary.  This,  however,  is  only  true  if  the  wind 
is  steady.     If  the  weather  is  gusty,  the  wheel  will  not 


and,  since  the  armature  voltage  also  varies  as  the  speed, 
the  output  of  the  main  generator  varies  as  the  square 
of  the  speed.  This  arrangement  would,  however,  be 
extremely  clumsy  as  the  magnetization  of  the  generator 
would  always  have  to  be  well  below  the  knee  of  the 
saturation  curve  in  order  to  preserve  the  straight-line 
characteristic,  which  would  mean  a  very  large  machine. 
A  simple  compromise  is  to  have  a  cumulative  compound- 
wound  generator,  which  would  automatically  increase 
the  field  strength  as  the  output  increased.  Although 
this  form  of  generator  is  generally  prohibited  in  batter\-- 
charging  sets,  because  of  possible  reversal  of  excitation 
when  the  speed  drops,  with  a  modem  automatic  reverse- 
current  circuit-breaker  this  objection  is  removed. 

Another  method  which  has  enjoyed  some  popularity 
in  the  past  is  to  have  a  low-speed  shunt-wound  generator 
of  small  power  in  parallel  with  a  shunt-wound  generator 
of  higher  speed  and  power,  both  generators  being  fitted 
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always  be  moving  at  its  correct  speed  and  the  pressure 
will  be  greater  than  the  theoretical.  Some  modification 
of  the  design  to  allow  for  this  is  therefore  necessary. 

(B)  Generator. — The  wind-driven  dynamo  is,  of  neces- 
sity, a  variable-speed  machine,  and  means  must  therefore 
be  provided  to  enable  it  to  run  automatically  at  its 
theoretically  correct  speed  at  aU  wind  velocities.  The 
available  energy  in  the  wind  can  be  expressed  in  the 
form  ^niv^,  and,  as  the  mass  impinging  per  second  is 
itself  proportional  to  the  velocity,  the  energy  must 
vary  as  the  third  power  of  the  velocity.  That  is,  if 
the  wind  velocity  is  doubled,  the  available  power  is 
not  twice  but  8  times  as  great.  Now  when  tlie  wind 
speed  is  doubled,  the  wheel  speed  is  also  doubled,  and 
therefore  the  torque  should  be  4  times  as  great. 

An  interesting  type  of  generator  is  shown  in 
Fig.  l{a).  A  permanent-field  exciter  excites  a  shunt- 
wound  generator  to  which  it  is  direct  coupled.  The 
field  strength  of  the  second  machine  varies  as  the  speed. 


with  independent  reverse-current  switches.  The  smaller 
machhie  comes  into  action  with  light  winds  and  is  soon 
working  at  full  load  and  maximum  efficiency.  When 
armature  reaction  tends  to  limit  the  output,  the  second 
machine  is  switched  in  and  the  sum  of  the  currents 
gives  an  approximation  to  the  required  characteristic, 
as  shown  in  Fig.  1(6).  The  main  disadvantage  of  the 
arrangement  is  that  there  are  the  losses  of  tw-o  drives 
and  two  machines,  which  will  hamper  the  efficiency  at 
the  lower  wind  speeds.  Another  method  is  one  in  which 
two  windings  are  laid  in  one  armature  core,  each  fitted 
with  a  commutator.  At  low  speeds  the  two  windings 
are  in  series,  but  at  the  predetermined  time  a  centrifugal 
switch  changes  them  over  to  parallel  connection.  The 
advantage  is  that  there  are  the  losses  of  one  machine 
only,  and  also  that  it  is  working  at  full  load  both  at 
low  and  high  speeds,  as  indicated  in  Fig.  1(c).  For 
sets  of  smaller  power  up  to  500  watts,  it  is  found 
that  sufficient  approximation  is  obtained  witli  a  pure 
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shunt-wound  machine  specially  designed  to  have  very 
low  armature  reaction  so  that  the  resulting  saturation 
curve  is  approximately  a  straight  line.  Since,  after  all, 
the  limiting  condition  is  the  heating  of  the  copper  of 
the  armature  windings,  a  very  highly  corrected  gener- 
ator is  not  necessary.  Fig.  l{d)  shows  the  curves 
actually  obtained  with  a  400-watt  set,  the  efficiency  of 
the  whole  set  rising  to  53  per  cent  at  7  miles  per  hour, 
and  then  gradually  falling  away  as  full  power  is  reached 
and  the  power  curve  flattens  out. 

A  point  which  will  be  obvious  when  attention  is 
drawn  to  it,  but  which  may  otherwise  escape  notice,  is 
that  the  generator  efficiency  is  a  maximum  at  a  lower 
output  when  the  battery  is  almost  discharged  than 
when  it  is  completely  charged.  This  is  due  to  the 
fact  that  at  lower  voltages  the  iron  and  windage  losses 
are  less  for  a  given  current  than  they  would  be  in  the 
higher  regions.  This  effect  is  much  more  noticeable 
than  it  would  appear  at  first  glance  and  may  displace 
the  peak  of  the  efficiency  curve  of  the  dynamo  from 
300  watts  to  200  watts.  This  is,  of  course,  most 
fortunate  as  it  is  when  the  battery  is  exhausted  after 
a  prolonged  calm  that  it  should  be  most  susceptible 
to  light  breezes.  Again,  it  will  be  seen  that  when  the 
generator  is  housed  at  the  wind  wheel  it  will  be  best 


Fig.  2. 

ventilated  by  the  wind  when  it  is  working  at  maximum 
output,  i.e.  during  a  storm. 

In  every  respect,  therefore,  the  wind  dynamo  is  in  a 
most  favourable  position  as  its  efficiency  is  highest 
when  most  required  and  is  best  fitted  for  heavv  duty 
when  that  duty  is  demanded  of  it. 

Governing. — All  windmills  are  fitted  with  some  govern- 
ing device  to  limit  the  output  when  the  wind  velocity 
exceeds  a  predetermined  maximum.  This  has  usually 
been  done  by  erecting  the  wind  wheel  eccentrically  so 
that  it  tends  to  be  blown  out  of  the  wind.  It  is  kept 
in  the  wind  by  means  of  a  tail  to  which  it  is  connected 
through  a  spring.  AVhen  the  wind  is  too  strong  the  j 
eccentric  pull  overcomes  the  spring,  which  then  extends  ' 
and  causes  the  wheel  to  go  out  of  the  wind.  Fig.  2(a) 
shows*  the  wheel  and  tail  in  a  light  wind,  and  Fig.  2(6) 
in  a  strong  wind,  with  the  governor  allowing  the  wheel 
to  go  partly  out  of  the  wind. 

Design  of  tower. — When  the  power  is  transmitted  j 
mechanically,  the  shaft  or  rod,  as  the  case  may  be,  j 
must  pass  down  the  geometrical  centre  of  the  structure 
to  ensure  the  gears  being  in  mesh  while  the  wind  wheel 
turns  bodily  about  the  vertical  axis  in  order  to  follow 
the  wind.  This  implies  that  the  structure  must  be 
rigid,   hollow,   and  of  sufficient  diameter  to  allow  the    1 


shaft  plenty  of  room.  In  short,  the  wheel  must  be 
erected  on  a  lattice  tower.  When,  howe\-er,  the  power 
is  converted  into  electricity  at  the  wheel  and  transmitted 
to  the  ground  through  slip-rings,  such  a  structure  is 
no  longer  necessary  and  is  not  desirable  if  any  other 
is  suitable.  The  disadvantages  of  the  lattice  tower 
are  : — 

(1)  There  are  many  parts,  all  of  different  sizes,  which 
must  be  bolted  or  riveted  together  on  the  site,  necessi- 
tating time  both  in  assembling  and  erecting. 

(2)  Concrete  foundations  are  necessan'  owing  to 
the  small  span  of  the  base. 

(3)  The  assembling  is  commenced  at  the  ground 
and  the  tower  has  to  be  built  in  situ.  The  wheel  and 
its  fittings  have  to  be  carried  up  the  tower  piecemeal, 
and  fitted  in  position  and  tested  up  in  the  air. 

(5)  The  material  of  which  the  tower  is  made  is 
subjected  alternately  to  compression  and  tension 
according  to   the  direction   of  the  wind.     This   means 


Fig.  3. 

that   fatigue   from   reversal   of  stress   may   ensue,   and 
ultimate  failure  may  take  place. 

The  structure  shown  in  Fig.  3  has  the  following 
advantages  over  the  lattice  tower  :  — 

(1)  It  is  much  lighter. 

(2)  It  consists  of  fewer  parts. 

(3)  The  mast  can  be  assembled  on  the  ground  and 
pulled  into  place  as  one  member. 

(4)  The  wheel,  tail,  governor,  drive,  etc.,  can  be 
assembled  and  tested  on  the  ground  level  and  finally 
pulled  up  into  position  and  fixed  by  the  addition  of 
four  bolts. 

(5)  No  concrete  foundations  are  necessari,-. 

The  general  principle  of  the  structure  is  that  the 
"  head  "  consists  of  a  simply  supported  beam  which 
takes  all  the  bending  and  transmits  the  horizontal 
wind  pressure  to  the  pole  at  the  apexes  of  the  two  sets 
of  guy  ropes.  The  pole  is  thus  put  in  a  state  of  com- 
pression, the  guy  ropes  in  tension,  and  the  "  head  " 
is  subjected  to  bending  in  one  direction  only  (as  it 
follows  the  wind  together  with  the  wheel  and  tail), 
no  matter  from  which  direction  the  wind  may  be  blowing. 
There  is  thus  no  reversal  of  stress  and,  the  span  being 
great,  the  loading  is  very  light.  The  head  is  in  the  form 
of  a  steel  channel  so  that  the  mast  with  its  two  sets 
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of  guy  ropes  may  be  completely  fitted   and   the  head 
then  hoisted  and  pushed  home  into  position  sideways. 

Results. 

The  performance  curve  of  a  set  installed  on  the  coast 
of  south-west  Scotland  is  shown  in  Fig.  4.  The  set  is 
rated  at  400  watts  maximum  output  at  25  volts,  the 
diameter  of  the  wind  wheel  being  8  ft.     The  set  supplied 


generated  by  the  dynamo  at  the  time  without  going 
through  the  cells  or  meter,  and,  had  the  lamps  not  been 
burning,  the  meter  reading  would  have  shown  a  sudden 
rise.  This  property  of  the  "  floating  battery  "  is  one 
of  the  great  ad\antages  of  the  wind  set,  as  not  only 
is  its  efficiency  much  liigherbut  its  life  is  longer  than 
under  the  more  tr^dng  conditions  of  sudden  charge  and 
discharge  inherent  in  petrol-driven  sets.  During  the 
6  months  of  the  charge  it  will  be  noticed  that  the  longest 
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a  boarding  house  with  current  for  40  1.5-watt  lamps, 
which  accounts  for  the  heavy  demand  made  during 
July  and  August.  The  full  line  indicates  the  reading 
of  an  ampere-hour  meter  set  20  per  cent  slow  on  the 
charge  side  and  reading  correctly  on  discharge  in  order 
to  compensate  for  the  battery  efficiency.  The  dotted 
line  indicates  the  consumption  each  night.  On  two 
occasions,  viz.  11th  August  and  25th  November,  the 
demand  has  apparently  exceeded  the  storage,  but  this 
is  due  to  the  fact  that  the  current  consumed  was  being 


period  of  complete  calm  was  from  19th  October  to 
30th  October.  The  late  autumn  is  always  the  most 
unsatisfactory  time  of  the  year,  due  to  the  lengthening 
nights  and  sultry  weather,  but  if  the  battery-  is  of  suffi- 
cient size  to  keep  the  house  lighted  for  about  a  week, 
this  period  should  be  successfully  passed.  On  several 
occasions,  viz.  30th  August,  16th  and  20th  September, 
13th  October,  2nd,  8th  and  12th  November,  and  6th, 
12th,  13th,  14th,  15th  and  16th  December,  the  mill 
was  pulled  out  of  the  wind,  as  the  cells  were  gassing. 


1100 


DANCE:   THE   ELECTRIC   BATTERY   VEHICLE. 


THE   ELECTRIC    BATTERY   VEHICLE. 
Bv   H.    E.    Dan-ce,    Student. 


(Abstract  of  paper  read  before  the  Liverpool  Stl-dents'  Section,   14/A  Xoveinber,   1922.) 


Summary. 

In  the  original  the  paper  was  intended  to  review  the 
whole  of  the  position  of  the  electric  battery  vehicle  as  it 
stands  to-day.  In  the  present  abstract  the  descriptive 
sections  dealing  with  the  battery,  chassis  and  charging 
e:iuipraent  have  been  omitted,  attention  being  confined  to 
the  more  important  sections. 

The  paper  opens  with  a  reference  to  the  early  failure  of 
the  electric  battery  vehicle  and  to  the  misconceptions  which 
exist  as  to  its  proper  duty. 

The  battery  is  not  dealt  with  in  detail,  but  a  table  showing 
the  characteristics  of  the  two  chief  types  is  included,  while 
the  motor  is  dealt  with  by  a  brief  reference  to  the  main 
factors  controlling  its  design. 

The  question  of  transmission  is  discussed  at  length,  as  is 
also  the  subject  of  control.  Under  the  heading  of  transmis- 
sion the  special  circumstances  affecting  differential  action 
are  noted.' 

As  information  regarding  the  methods  of  charging  is  not 
readily  accessible,  it  was  decided  to  devote  a  section  to  this 
subject  which  is  probably  of  greater  interest  to  the  user 
than  that  of  the  battery  itself. 

Space  does  not  permit  of  any  considerations  of  the  financial 
aspect  of  the  question.  For  information  on  this  point 
reference  should  be  made  to  the  papers  by  Mitchell  and 
Watson  *  and  L.  Brookman.t  in  which  the  matter  is  discussed 
at  length. 


Introduction. 


The  historv  of  the  electric  battery  vehicle  is  one  of 
a  premature  development  which  endowed  it  with  a 
series  of  misconceptions  and  false  impressions  that 
hamper  it  even  to-day. 

There  are  so  many  factors  necessary  to  the  success 
of  the  electric  vehicle,  e.g.  first-class  batteries,  suitable 
charging  stations,  proper  education  of  the  public,  etc., 
that  the  attempts  to  develop  it  at  such  an  early  date 
could  be  nothing  but  failures. 

During  the  past  20  years  all  the  factors  have  been 
steadilv  improved,  and  to-day  the  electric  vehicle 
stands  in  a  class  of  its  own — a  transport  machine  of  the 
highest  rank  and  reliability. 

Before  discussing  any  of  the  details  of  the  battery 
vehicle  let  us  consider  what  its  real  duty  is.  Reviewing 
the  transport  situation  in  our  great  cities  we  find  high- 
speed and  long-distance  goods  traffic  being  handled  by 
gas  trucks,  while  a  large  percentage  of  local  haulage  is 
done  by  the  horse.  J 

The  electric  battery  vehicle  can  compete  with,  and 
economically  replace,  the  horse  wagon ;  but  the  gas 
truck  cannot  do  so.      Thus  the   electric  vehicle   is   not 

•  W.  H.  L.Watson- and  R.  J.  Mitchell  :  "Electric  Automohiles"  Proceedings 
of  the  Incorporated  Municipal  Electrical  Association,  1913,  p.  58. 

t  L.  Urookman  :  "  Self-propelled  Electric  Vehicles,"  Proceedings  of  the 
Institution  of  Engineers  and  Shipbuilders  in  Scotland,  1917,  vol.  40,  p.  94. 

J  About  75  per  cent  of  local  city  traffic  is  horse-drawn. 


intended  to  replace  existing  mechanical  methods,  but 
to  take  its  place  in  the  great  change-over  to  entirely 
mechanical  transport. 

It  is  a  misconception  of  its  proper  application  which 
leads  to  an  off-hand  condemnation  of  the  battery 
vehicle  on  account  of  its  comparatively  low  speed. 
It  travels  slowly  because  it  is  designed  to  do  so.  When 
working  in  congested  areas  the  majority  of  the  time  is 
wasted  in  accelerating  and  retarding,  and  it  is  impossible 
to  move  much  faster  than  the  mean  traffic  speed,  which 
is  well  below  the  normal  range  of  the  electromobile. 

For  these  reasons  we  are  not  likelv  to  see  any  deviation 
from  the  present  speed  rating  in  battery  traction  for 
some  time. 

The  Storage  Battery. 

Although  the  storage  cell  is  the  one  factor  which 
limits  the  scope  of  the  electric  vehicle  to-day,  it 
is  not  intended  to  discuss  it  at  length  here.  The 
subject  of  batteries  has  already  been  dealt  with  in  a 
very  thorough  manner  by  several  authors,  and  in  any 
case  it  is  large  enough  to  demand  a  paper  for  itself. 

It  will  suffice  to  give  here  a  comparative  statement 
of  the  characteristics  of  the  lead  and  the  nickel-iron 
cells  and  to  mention  that  in  Great  Britain  the  former 
is  in  more  common  use.  The  particulars  of  the  two 
types  are  : — 


Lead  cell 

Nickel-iron  cell 

Efficiency 

75  per  cent 

65  per  cent 

Internal  resistance 

Low 

High 

Effect  of  low  tem- 

Practically nil 

Decrease    in    ca- 

perature 

pacity 

First  cost 

Low 

High 

Life 

2  years 

6  to  8  years 

Container 

Hard  rubber 

Metal    (must    be 

(breakable) 

insulated) 

Electrolyte 

Acid 

Alkaline  solution 

Capacity    (watts 

10  33 

15 

per  pound) 

Equahzing  charges 

Every  14  davs 

Not  essential 

Fall    in    capacity 

High 

Low 

on      high  -  dis- 

charge rates 

Self-discharge     .  . 

Small 

High  immediate- 
ly after  charge, 
then  low 

Possibilities        of 

Limited  by  gas- 

Limited by  tem- 

boost-charging 

sing  and  tem- 
perature 

perature  only 
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The  Motor. 

The  type  of  transmission  does  not  interfere  to  any 
great  extent  with  the  electrical  design  of  the  power 
unit,  although  the  mechanical  details  may  require 
adjustment  to  meet  individual  demands. 

In  designing  the  motor  a  compromise  must  be  made 
between  the  conflicting  claims  of  light  weight  and  high 
efficiency.  The  price  and  weight  of  the  battery  are 
items  so  large  compared  with  those  of  the  motor  that 
it  is  sometimes  more  economical  to  use  a  rather  heavier, 
more  costly,  but  more  efficient  machine  than  to  install 
the  larger  battery  which  a  cheap,  low-efficiency  motor 
would  demand  in  order  that  mileage  may  be  main- 
tained. 

Fig.  1  shows  tj-pical  characteristics  of  a  good  class 
of  series  machine.     The  curves  are  based  on  an  assumed 
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drop  in  terminal  voltage  of  25  per  cent  when  the  machine 
is  taking  an  overload  in  current  of  200  per  cent ;  they 
apply  to  the  motor  arranged  for  normal  working,  i.e. 
with  the  fields  in  series-parallel.  The  lower  curves 
apply  to  the  same  machine  arranged  with  fields  in 
series. 

The  Transmission. 

The  design  of  the  transmission  of  the  gas  truck  has 
been  limited  to  single-motor  arrangements  on  account 
of  the  necessity  of  introducing  a  speed-changing  gear 
between  the  engine  and  the  live  axles. 

In  the  electric  vehicle,  when  a  high  .speed  is 
desired,  it  may  become  necessary  to  fit  a  gear  box  to 
avoid  excessive  current  and  acceleration  ;  but,  in 
general,  the  limitations  imposed  on  the  arrangements  of 
the  transmission  from  the  internal-combustion  engine 
do  not  hamper  the  designer  of  the  electric  vehicle. 


In  spite  of  this  the  single-motor  drive  is  of  frequent 
application. 

In  this  transmission  the  motor  may  have  full  benefit 
of  the  chassis  springing  without  any  derogatory  effect 
on  the  efficiency  of  the  gears. 

Further,  one  large  motor  results  in  greater  output 
per  pound  than  a  number  of  small  machines  of  equal 
aggregate  horse-power,  and  it  will  also  be  more  efficient 
and  capable  of  sustaining  longer  overloads. 

Four  of  the  more  important  single-motor  transmissions 
are  shown  in  Fig.^  2   {a),   (c),   (d)  and  (g). 

Fig.  2  (_;■)  shows  diagrammatically  a  single-motor 
drive*  in  which  the  transmission  is  through  gears  in 
the  wheel  itself.  An  advantage  of  this  arrangement 
is  that  the  motor,  differential,  transmission  and  reduction 
gears  may  be  remo\-ed  as  a  complete  unit,  but  unfortu- 
nately the  unsprung  weight  is  high. 

Fig.  2  (6),  (e),  (/),  (g)  and  (/()  shows  various  2-motor 
drives  of  which  {g)  and  (/;)  are  worthy  of  notice,  since 
the  motor  is  in  one  unit  with  the  wheel  and  removable 
with  it.  For  this  reason  they  are  frequently  applied 
to  4-wheel  drives,  interference  between  the  power- 
transmission  system  and  the  steering  action  being  thus 
eliminated. 

The  general  tendency  to-day  is  to  adopt  a  single- 
or  double-motor  drive  for  light-  and  medium-weight 
vehicles  and  a  double-  or  quadruple-motor  drive  for 
heavy  vehicles.  It  is  to  be  noted  that  the  multiple- 
motor  drives  eliminate  the  differential  gear. 

Where  the  drive  is  of  such  a  kind  as  to  entail  con- 
siderable unsprung  weight  it  is  necessary  to  fit  specially 
resilient  tyres.  These  result  in  an  appreciable  decrease 
in  mileage  on  account  of  the  increased  internal  tyre 
loss. 

Differential   Action. 

To  keep  tyre  loss  and  wear  to  a  minimum  the  differen- 
tial action  must  be  as  perfect  as  possible. 

The  mechanical  distribution  of  power  from  a  single 
motor  has  already  been  perfected  and  does  not  call 
for  comment  here. 

It  has  been  stated  that  the  use  of  two  motors  results 
in  an  automatic  differential  action.  \Mien  two  motors 
are  used,  however,  they  may  be  connected  either  in 
series  or  in  parallel.  When  they  are  in  series  the  currents, 
and  consequently  the  torques,  are  equal  and  the  sum 
of  their  speeds  is  approximately  constant  for  equal 
conditions.  These  characteristics  correspond  to  those 
of  the  ideal  differential  gear. 

But  if  the  motors  are  in  parallel,  the  motor  of  the 
inner  wheel  will  tend  to  take  more  load  as  the  turning 
radius  decreases,  and  in  the  extreme  case,  i.e.  when 
the  vehicle  is  turning  about  the  vertical  axis  which 
passes  tlirough  the  centre  of  one  wheel,  the  motor 
driving  that  wheel  will  be  stationary  and  the  batterer 
will  be  short-circuited  through  it. 

\Mien  turning  on  a  large  radius,  however,  the  differ- 
ence in  speed  and  torque  may  be  neglected. 

From  these  considerations  it  will  be  seen  that  if  a 
multiple-motor  equipment  is  fitted,  the  control  must 
be  of  the  series-parallel  type,  so  that  at  the  low  speeds 

*  The  W'alkcr  balance  drive. 
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at  which  sharp  turns  can  be  taken  the  machines  will 
be  in  series. 

Control. 

Of  the  different  methods  of  obtaining  various  speeds, 
that  in  which  the  battery  is  connected  in  series-parallel 
combinations  as  shown  in  Fig.  3  (6)  has  much  to  be 
said  for  it  on  the  score  of  simplicity,  efficiency,  high 
range    and    large    starting    capacity.     In    application. 


T- 


D 


It  has  been  suggested  that  the  battery  control  be 
applied  with  the  two-parallel-branch  position  as  the 
normal,  the  "  all-in-series  "  position  being  retained  for 
charging  from  220-volt  mains.  As  tliis  voltage  of  supply 
is  usually  obtained  from  a  three-wire  system  it  is  doubtful 
whether  the  supply  company  would  welcome  such  a 
large  out-of -balance  load. 

When  an  ampere-hour  meter  is  used  with  the  battery 
control  it  must  be  connected  so  as  to  read  the  current 


(b) 


t 
D 


(c) 


(e) 


(9) 


Ksed 

ring 


D  =  Differential  gear. 


Fig.  2. 


however,  it  is  found  that  the  large  number  of  heavy 
cables  which  have  to  be  brought  to  the  controller  are 
very  cumbersome,  and  that  the  storage  cell  is  not  the 
most  ideal  source  of  power  for  parallel  operation.  The 
controller  cannot  be  of  the  bridging  type,  and,  unless 
it  is  in  good  hands,  the  speed  regulation  is  uneven. 
This  is  very  noticeable  on  the  last  step,  when  the  voltage 
is  doubled.  Under  certain  circumstances  it  is  possible 
to  utilize  an  intermediate  tapping  [position  X,  Fig.  3 
(by]  to  reduce  this  jump,  but  on  account  of  unequal 
discharging  and  consequent  local  currents  such  an 
arrangement  is  undesirable. 


U  =  Universal  joint. 

in  one  branch  of  the  battery  only,  otherwise  a  fictitious 
capacity  will  be  recorded. 

The  series  resistance  is  rarely  used  alone  for  speed 
control  on  account  of  its  inefhciency,  its  more  usual 
application  being  in  combination  with  some  other 
form  of  control. 

When  a  small  series  resistance  is  utilized  for  the  first 
step  it  may  be  arranged  so  that  after  the  normal  speed 
has  been  reached  it  shunts  a  portion  of  the  field  current, 
as  shown  in  Fig.  3  (a),  so  obtaining  one  or  more  speeds 
above  normal. 

In   the  sefies-parallel  field  control,  Fig.  3  (c),  the  flux 
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is  varied  by  the  re-arrangement  of  the  exciting  coils. 
The  control  may  be  used  to  obtain  high  torque  at  start- 
ing or  for  increasing  the  speed  when  running,  but  the 
regulation  is  somewhat  coarse,  the  field  strength  being 
halved  at  each  step.  It  is  true  that  by  subdividing 
the  coils  a  finer  regulation  can  be  obtained,  but  this 
necessitates  a  more  complicated  controller,  and,  wliile 
this  control  is  more  efficient  than  the  shunt  or  partial 
short-circuiting  method  (see  Appendix  1),  a  careful 
combination  of  the  two  is  often  desirable,  even  at  a 
small  sacrifice  of  efficiency. 

The  series-parallel  motor  control.  Fig.  3  (d),  is  well 
known  to  most  students,  and  does  not  require  description 
here. 

Wlien  the  motors  are  fitted  with  two  independent 
armature  windings  on  one  core,  it  is  possible  to  apply 
the  series-parallel  system  to  the  armature  windings 
themselves  or  to  combine  it  with  a  similar  system 
applied  to  the  fields.  It  will  be  observed  that  such  a 
combination  enables  the  provision  of  two  starting 
steps  giving  speeds  of  about  one-half  and  one-quarter 
of  normal  speed  and  correspondingly  increased  torques 
(see  Appendix  2). 

By  increasing  the  field  at  starting,  the  ratio  of  field 
ampere-turns  to  armature  ampere-turns  is  increased. 
This  is  very  desirable  when  dealing  with  heavy  loads, 
but  the  increase  in  ampere-turns  tends  to  saturate  the 
iron,  with  the  result  that  the  torque  does  not  increase 
nor  the  speed  decrease  in  proportion.  On  the  other 
hand,  by  leaving  the  field  constant  and  connecting 
the  two  armatures  in  series  at  starting,  saturation  is 
avoided,  but  the  ratio  of  field  ampere-turns  to  armature 
ampere-turns  is  also  decreased. 

The  use  of  motors  with  two  armature  windings  has 
the  advantage  that  by  pro\-iding  auxiliary  shunt  coils 
they  may  be  worked  as  self-contained  partial  converters 
for  charging  purposes.* 

Recent  developments  have  been  made  in  the  use 
of  regenerative  control,  the  motors  being  fitted  with 
special  shunt  windings,  as  indicated  in  Fig.  3  {e). 

Most  controls  embody  two  or  more  of  the  methods 
enumerated  above  ;  there  are,  however,  two  systems 
which  are  definite  departures  from  normal  pra.ctice 
and  wliich  merit  our  closer  attention. 

Crompton  control. '\ — Tliis  control  consists  of  a  very 
hea\-ily  differentially-compounded  reversible  booster  in 
series  with  the  battery.  Dri\-ing  the  booster  is  a  shunt 
motor  excited  from  the  battery.  As  the  field  coils 
of  the  booster  are  excited  tlirough  a  reversing  switch 
[see  Fig.  3  (h)],  the  following  conditions  are  possible  : — 

(1)  Booster  fields  separately  excited. — The  booster  be- 
comes a  separately-excited  generator,  raising  the  battery 
voltage  and  being  driven  by  the  shunt-wound  motor. 

(2)  Booster  fields  not  separately  excited. — The  booster 
becomes  a  series  motor,  driving  what  was  in  Case  1 
the  shunt-wound  motor,  which  latter  now  becomes  a 
generator  and  supplies  the  complement  of  the  current. 

(3)  Booster  fields  separately  excited  but  in  the  reverse 
direction. — ^This  is  similar  to  Case  2,  except  that  the 
booster  now  acts  as  a  cumulatively-compounded  instead 
of  series-wound  motor  as  previously. 

♦  J.  P.  Kemp:  Patent  No.  181432/1922. 

t  W.  H.  L.  Watson  and  R.  J.  Mitchell:  ibid.,  p.  125. 


In  addition  to  the  above  arrangement  the  traction 
motor  itself  is  modified,  having  t\vo  windings  on  the 
field,  one  excited  from  the  battery  and  the  other  excited 
from  the  booster  and  arranged  so  that  when  the  condi- 
tions of  Case  1  hold,  the  two  fields  act  differentially, 
that  excited  from  the  batten,^  being  in  preponderance. 

The  result  is  a  shunt  motor  in  combination  with  the 
booster,  arranged  so  that  it  has  series  characteristics. 
The  combination  also  gives  (1)  a  voltage  decreasing 
with  the  load,  (2)  the  motor  field  increasing  with  the 
load,  and  (3)  a  practically  constant  battery  current. 

The  method  lends  itself  to  regenerative  braking, 
while  the  controller  is  ver>'  light,  having  to  handle  small 
currents  only.  Another  desirable  feature  is  that  the 
booster  set  may  be  used  as  a  partial  converter  for 
charging  purposes. 

To  reduce  weight  it  is  usual  to  embody  the  motor 
and  generator  in  one  machine.  In  Fig.  3  (/()  the  motor 
and  generator  windings  are  shown  on  the  same  core 
working  in  a  field  partly  common  to  both. 

Thomas  transmission.* — This  was  developed  primarily 
to  replace  the  change  gear  of  the  gas  truck.  It  consists 
of  three  machines,  mechanically  coupled,  their  rela- 
tive positions  being  as  indicated  diagrammaticaUy  in 
Fig.  3  (g). 

Machine  1  is  a  constant-speed  prime  mover.  The 
gear  ratios  are  such  that  when  the  main  driving  shaft 
of  3  is  stationary  the  armature  of  machine  2  will  rotate 
at  the  same  speed  as  the  prime  mover  but  in  the  opposite 
direction.  These  conditions  apply  when  the  vehicle 
is  standing.  Machine  2  is  then  excited  and  runs  as 
a  generator  supplying  current  to  the  third  unit,  which 
now  tends  to  run  as  a  motor.  Thus  two  torques  are 
applied  to  the  main  shaft,  (1)  that  due  to  machine  3 
acting  as  a  motor,  and  (2)  that  due  to  the  mechanical 
reaction,  through  the  gearing,  which  must  exist  when 
the  second  machine  is  generating.  The  speed  is  increased 
by  weakening  the  field  of  3  and  strengthening  that  of 
2.  When  2  has  been  reduced  to  a  very  low  speed,  the 
field  of  3  will  be  practically  zero,  so  that  the  armature 
of  machine  2  will  virtually  be  short-circuited  by  that 
of  machine  3  :  under  these  conditions  the  armature  of 
machine  2  is  almost  locked,  and  the  torque  applied  to 
the  main  shaft,  which  now  revolves  at  half  the  speed 
of  the  prime  mover,  is  purely  mechanical  in  its  origin. 
At  this  point  the  field  of  machine  3  is  excited  so  that 
it  acts  as  a  generator  driving  the  second  machine  as 
a  motor.  The  excitation  is  increased  until  the  voltage 
of  3  has  reached  that  of  the  battery,  when  machine  2 
is  switched  on  to  the  battery.  Under  these  circumstances 
there  will  not  be  any  relative  motion  between  1  and 
2,  and  the  main  shaft  will  rotate  at  the  same  speed  as 
the  prime  mover.  Further  increase  of  speed  is  obtained 
by  shunt  regulation  of  either  or  both  machines  1  and  2. 

With  this  control  the  battery  current  is  maintained 
fairly  constant,  and  regeneration  may  be  obtained. 

The  Chassis. 

The  design  of  the  chassis  follows  in  general  the 
precepts  laid  down  by  the  builder  of  the  gas  truck, 
attention,   of  course,   being  paid  to  the  accessibility  of 

*  W.  H.  L.  Watson  and  R.  J.  Mitchell:  ibid.,  p.  129. 
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the  battery  and  motors,  preference  being  given  to  the 
former. 

The  facility  with  which  the  electric  motor  may  be 
attached  to  the  steering  w^heels  has  led  to  the  adoption 
by  Continental  makers  of  a  3-wheeled  light  van,  the 
power  being  transmitted  to  the  road  by  a  single  steering 
wheel,  thus  retaining  all  the  advantages  of  the  single- 
motor  drive  and  at  once  eliminating  the  differential 
gear. 

Space  does  not  permit  of  a  detailed  description  of 
every  type  of  chassis,  and  from  the  electrical  point  of 
view  they  present  little  interest. 

The  Charging  System. 
The  method  of  charging  lead  cells,  when  they  were 
first   introduced,    was    by   passing   a   small    current   of 
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constant  value  through  them  until  the  charge  was 
complete. 

It  was  found  later  that,  provided  a  cell  did  not  gas,  a 
heavy  charge  could  be  given  to  it  without  damaging 
the  plates. 

The  ideal  "  gasless  "  charge  is  obtained  by  commencing 
at  a  high  rate  and  finishing  at  a  comparatively  low 
rate,  and  the  old  method  was  modified  to  take  advantage 
of  this  fact. 

In  the  "  tailing  "  charge,  Fig.  4  {d),  the  current  is 
maintained  constant  at  a  high  value  during  the  first 
three  or  four  hours  (until  the  voltage  reaches  2-3  per 
cell)  and  is  then  reduced  to  a  lower  value,  at  which  it 
is  kept  until  the  charge  is  complete. 

In  the  "  constant-voltage  "  scheme  a  constant  voltage 
is  applied  to  the  battery.     The  charge  proceeds  at  a 


very  high  rate  at  first,  but  then  falls  off  to  a  ver>^  low 
value,  this  producing  two  extremes  which  are  not 
desirable  in  practice.  To  overcome  these  objections 
the  \-oltage  may  be  applied  in  two  steps.  It  is  important 
ihat  the  supply  voltage  be  very  steady,  since  the  current 
is  very  sensitive  to  small  variations  in  the  voltage. 
When  the  battery  is  charged  from  an  independent 
source  an  automatic  regulator  maj^  be  fitted  to  adjust 
this. 

Fig.  4  (f)  shows  a  chart  obtained  by  a  combination 
of  the  constant-v-oltage  and  constant-current  systems. 

In  another  modification  of  the  constant-voltage 
method  a  resistance  of  fixed  value  is  connected  in  series 
with  the  battery.  Fig.  4  {a)  is  a  charging  chart  obtained 
with  a  series  resistance  of  0-0053.5  ohm  per  cell,  and 
Fig.  4  (b)  with  0-0166  ohm  per  cell.  It  will  be  noticed 
that  this  combination  results  in  a  rising  voltage  and 
falling  current  characteristic. 

Apart  from  considerations  of  efficiency,  the  fact  that 
the  maximum  safe  current  at  the  end  of  the  charge  of 
a  lead  cell  is  comparatively  low,  limits  the  practical 
application  of  this  method  to  cases  where  the  supply 
voltage  is  not  in  excess  of  the  final  battery  voltage 
by  more  than  75  per  cent. 

In  the  series-resistance  method  a  constant  line  voltage 
is  required,  but  the  resistance  exercises  a  stabilizing 
influence  and  the  current  is  not  so  susceptible  to  varia- 
tions in  the  line  voltage. 

Automatic  charging  from  a  differentially-compounded 
generator,  or  from  a  choked  mer<;urj'-arc  rectifier, 
presents  the  simplest  method  and  is  practically  foolproof. 
In  the  case  of  the  latter,  at  least  one  set  of  apparatus 
is  required  for  every-  pair  of  batteries,  but  it  is  some- 
times found  that  an  installation  of  small  rectifiers, 
working  automatically,  is  as  effective  as  one  large 
charging  generator  with  its  more  or  less  complicated 
switching  and  resistances. 

In  addition  to  the  usual  charges,  a  lead  cell  requires 
equalizing  about  once  every  two  weeks.  This  charge  is 
given  at  a  ^'ery  low  rate  until  four  consecutive  readings, 
taken  hourly,  are  equal. 

The  constant-current,  constant-voltage,  series-resist- 
ance, and  automatic  charging  methods  are  equally 
applicable  to  the  nickel-iron  cell.  The  constant-current 
charge  is  given  at  the  same  rate  as  the  normal  dis- 
charge (5  hour),*  and  the  terminal  voltage  varies  from 
1-55  to  1-84  volts. 

In  the  constant- voltage  method  a  voltage  of 
1-67  volts  is  maintained  at  the  terminals  throughout. 
The  current  curve  is  shown  in  Fig.  4  (e). 

When  a  constant  resistance  is  employed  it  must 
be  of  such  a  value  that  it  will  give  a  drop  of  about 
0-15  volt  when  the  current  is  at  its  normal  value. 
Fig.  4  (/■)  shows  a  charging  curve  obtained  by  this 
method. 

Boost  Ch.\rgixg. 

The  maximum  rate,  in  amperes,  at  which  a  boost 

can    safely    be    given    is    approximately    equal   to   the 

number    of    ampere-hours    (discharge)    by    which    the 

battery  is  short   of  its  total  capacity.     For  instance, 

•  CharKinK  .it  a  rate  lower  than  normal  results  in  ,1  reduced  voltage  on  dis- 
charce.  The  figures  quoted  apply  to  the  Edison  cell ;  other  makers"  figures 
differ  slightly. 
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if  the  total  capacity  of  the  battery  is  250  ampere-hours, 
and  it  is  discharged  so  that  there  are  only  100  ampere- 
hours  available,  the  boost-charge  rate  would  be  150 
amperes,  but  this  would  have  to  be  reduced,  as  the 
charge  proceeded,  in  accordance  with  the  above  rule. 
The  temperature  must  not  exceed  100°  F.,  and  gassing 
in  excess  must  be  avoided. 

The  temperature  (115°  F.)  is  the  only  limit  to  the 
boosting  rate  of  the  nickel-iron  cell.  The  values  usually 
realized  in  practice  are  given  below. 


Charging  rate  : 
Times  normal 

Period  of  boost 

Volts  per  cell 

5 
4 
3 
2 

5  minutes 
15 
30 
60 

1-92 
1-90 
1-87 
1-83 

Charging  Plant. 

Since  the  supply  voltage  is  usually  too  high  for  direct 
charging,  there  arises  the  problem  of  providing  an 
economical  converting  plant. 

When  the  demand  is  small  the  partial,  or  reducing, 
converter  may  be  used  with  advantage.  The  price  of 
the  set  and  the  loss  involved  in  running  decrease  as 
the  ratio  of  primary  to  secondary  voltage  approaches 
unity. 

If  the  line  voltage  is  approximately  an  even  multiple 
of  the  charging  voltage  a  balancer  may  be  used,  the 
three-  and  five-wire  (110/220  and  110/220/440-volt) 
sets  being  the  most  usual  type. 

When  one  battery  only  is  to  be  charged,  it  is  possible 
to  compound  the  partial  converter  differentially.  With 
the  balancer,  however,  automatic  working  of  this  nature 
is  impossible. 

An  objection  raised  against  the  partial  converter 
and  the  balancer  is  that  the  full  line-to-earth  voltage 
may  be  applied  between  the  cells  and  earth,  and 
since  nearly  all  battery  ^-eliicles  are  fitted  with  rubber 
tyres  it  is  necessary  to  provide  an  earth  connection  in 
the  charging  plug  to  avoid  risk  of  shock. 

It  is  usual  to  connect  an  ammeter  in  the  earth  circuit 
at  the  garage  so  as  to  give  an  indication  of  the  state 
of  the  insulation  of  the  cells. 

The  "  dynamotor  "  is,  strictly  speaking,  a  special 
form  of  motor-generator,  in  which  it  is  not  possible  to 
regulate  the  voltage  or  to  compound  the  generator 
winding. 

This  machine  has  been  modified  for  application  to 
battery  charging  by  fixing  the  brushes  of  the  "  motor  " 
and  the  "  generator  "  on  different  axes  between  wliich 
a  pair  of  auxiliary  poles  are  placed.  The  arrangement 
is  such  that  by  exciting  these  poles  the  field  in  wliich 
the  motor  armature  runs  is  decreased  while  that  in 
which  the  generator  runs  is  increased.  By  this  means 
the  difficulties  of  regulation  and  compounding  are 
overcome.* 

The  plant  so  far  considered  is  suitable  for  use  in 
connection  with  d.c.  systems  onlj'.     WTien  the  power  is 

*  Crypto  Electrical  Co.'s  patent. 


taken  from  an  a.c.  main  the  converting  machinery  takes 
the  form  of  a  motor-generator,  rotary  converter,  or 
mercury-arc  rectifier.  Mechanical  rectifiers  have  not 
yet  reached  a  practical  stage  except  for  very  small 
outputs. 

Wlien  the  mercury  rectifier  is  used  for  battery  charging 
it  is  necessary  to  install  a  starting  resistance  to  act  as 
load  during  the  striking  of  the  arc,  for  this  operation 
cannot  be  done  when  there  is  a  back  E.M.F.  in  the 
load  circuit.  As  soon  as  the  bulb  is  working,  the 
battery  is  put  in  parallel  with  the  resistance,  which 
is  then  removed  from  the  circuit. 

Rectifiers  for  battery  service  are  of  the  glass  or  quartz 
type  for  currents  up  to  200  amperes,  but  for  larger 
outputs  the  now  familiar  steel  construction  is  adopted. 

Charging  Panels. 

Charging  panels  have  been  developed  on  the  "  unit  " 
system  and  are  fitted  with  a  single-pole  main  switch 
wliich  has  the  usual  "  on  "  and  "off  "  position  and,  in 
addition,  a  third  position  into  which  it  may  be  moved 
by   a   slight   pressure   of   the    hand.      As   soon   as    the 


Fig.  5. 

pressure  is  released  the  switch  returns  to  the  normal 
"  on  "  position. 

The  switch  is  so  arranged  that  when  in  the  third 
position  a  voltmeter  and  an  ammeter  are  brought  into 
the  circuit  of  that  particular  panel,  so  enabling  the  con- 
dition of  the  charge  to  be  noted.  This  arrangement 
enables  one  pair  of  meters  to  serve  a  large  number 
of  panels  ;  it  saves  space  and  facilitates  compact 
assembly.  By  this  means  one  set  of  instruments 
serves  any  number  of  panels.  A  circuit-breaker  with 
low-current  release  is  provided  on  the  opposite  pole. 
The  resistances  are  brought  into  circuit  by  a  sliding 
contact  interlocked  with  the  breaker  in  such  a  manner 
that  it  is  impossible  to  close  the  latter  unless  all  the 
resistance  is  in  circuit.  Ampere-hour  meters  are  used 
for  indicating  the  state  of  the  cells  and  may  be  fitted 
with  contacts  so  as  to  operate  a  relay  on  the  panel. 

The  meters  are  reversible  and  have  a  differential 
shunt  winding  (Fig.  5)  arranged  so  that  when  the 
battery  is  charging  the  meter  reads  low,  and,  when 
discharging,  reads  correctly,  thus  compensating  for  the 
inefficiency  of  the  cell.     They  may  also  be  compensated 
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so  as  to  allow  for  the  falling-off  in  the  capacity  of  the 
battery  when  on  hea\'>'  discharge. 

Meters  of  this  kind  are,  however,  always  subject  to 
error,  and  it  is  regarded  as  better  practice  to  use  the 
charging  voltage  as  an  indication  of  the  state  of  the 
battery.  Relay  systems  can  be  arranged  to  operate 
on  this  principle. 

Conclusion. 

In  conclusion  the  author  desires  to  thank  the  various 
manufacturers  who  have  so  freely  assisted  liim  by 
supplying  information  and  technical  data.  He  wishes  to 
place  on  record  his  appreciation  of  the  kindly  interest  of 
Mr.  L.  Brookman  of  the  Chloride  Electrical  Storage  Co., 
and  also  of  the  benefit  derived  from  the  many,  discussions 
of  the  subject  with  Mr.  A.  W.  Evans,  who  was  associated 
with  the  paper  in  its  early  stages. 


APPENDIX    1. 

It  is  required  to  compare  the  losses  incurred  by  speed 
regulation  of  a  series  nrotor,  the  increase  in  speed  being 
effected  by  reducing  the  field  strength  in  the  following 
ways  : — 

(fl)   By  arranging  the  coils  in  series  or  parallel. 

(6)   By  shunting  some  of  the  main  current  tlirough 

a  resistance, 
(c)    By  short-circuiting  a  portion  of  the  field  turns. 

The  total  current  is  to  remain  the  same  in  each 
case. 

Let  N  =  number  of  coils. 
T  =  turns  per  coil. 
i?  =  resistance  per  coil. 
Rg  =  resistance  of  the  shunt. 
/  =  total  current. 
Ic  =  current  in  each  coil. 
Ig  =  current  in  the  shunt. 

The  normal  ampere-turns  =  ITN. 

Further,  let  the  reduced  ampere-turns  be  —  kITN , 
where  A;  is  a  constant. 

(a)  In  the  series-parallel  case  the  turns  are  constant 
in  value,  and  the  ampere-turns  are  reduced  by  paralleling, 
so  reducing  the  coil  current. 


Therefore 


kl 


Hence,  number  of  parallel  branches  =  I/A',  and  n\imber 
of  coils  in  series  per  branch  =  kN,  therefore  total 
resistance  =  k-RN  and  total  loss  =  I^k'-RN. 

(b)  In  the  case  of  the  shunt  method,  the  coils  are 
connected  permanently  in  series  so  that  the  ampere- 
turns  must  be  reduced  by  diverting  some  of  the 
current. 


therefore 
hence 


I.^kl 

I.  =  (1  -  k)l 


The  resistance  of  the  coils  =  RN, 
therefore  kIRN  =  (I  -  k)IRg 

kIRN  kRN 


hence 


R.  = 


(1  -  k)I       (1 
and  the  total  resistance  is 
1 


k) 


[lliRN)]  +  [(1  -  k)l(kRN)-\ 


kRN 


which  gives  a  total  loss  =  T-kRN. 

(c)  In  this  case  the  current  in  the  coils  is  constant 
and  the  reduction  of  the  ampere-turns  must  be  realized 
by  short-circuiting  some  of  the  turns  themselves. 

The  number  of  turns  short-circuited  =  (1  —  A;). 

Total  turns  left  in  circuit  =  kTX. 

Total  resistance  left  in  circuit  =  kRN. 

Hence  the  total  loss  =  I'-kRN. 

Hence  the  ratio 

Loss  (a)  :  loss  (6)  :  loss  (c)  =  Pk^RN  :  I~kRN  :  F^kRN 

i.e.  A;  :  1  :  I 

And  as  the  field  is  reduced  it  is  obvious  that  A;  must 
always  be  less  than  unity,  therefore  the  loss  involved 
by  condition  {a)  is  smaller  than  the  losses  involved 
by  either  of  the  others. 


APPENDIX    2. 

In  making  a  comparison  of  the  characteristics  of 
the  various  methods  of  starting,  the  great  obstacle 
is  the  absence  of  a  definite  law  connecting  the  flux 
and  the  excitation. 

In  the  majority  of  small  traction  motors  the  flux 
between  normal  load  and  300  per  cent  overload  is 
approximately  proportional  to  the  square  root  of  the 
exciting  current.  This  relation  is  purely  empirical, 
but  the  author  has  found  that  it  is  sufficiently  accurate 
to  form  a  basis  of  comparison. 

The  following  table  is  based  on  this  assumption. 

Further,  it  is  assumed  that  the  drop  of  volts  across 
the  field  winding,  when  normally  connected,  is  4  per 
cent  and  the  drop  across  the  armature  4  per  cent  of 
the  voltage  apphed  to  the  motor,  i.e.  the  voltage  for 
which  it  is  designed  minus  the  brush-drop,  which  is 
approximately  constant.  These  figures  apply  only 
when  the  machine  is  taking  full-load  current,  and  will 
be  subject  to  an  increase  or  a  decrease  as  the  current 
varies. 

The  total  current  is  the  same  in  each  case. 

The  connection  of  the  armatures  in  series  will  intro- 
duce a  small  additional  brush-drop  into  the  circuit 
and  thus  redu6c  the  speed  a  little  below  the  value 
given. 

In  the  tabic  the  following  symbols  are  used  : — 

E  =  terminal  voltage  —  brush-drop  (constant). 
/  =  total  current   (constant). 
A-,  k'.  k"  =  constants. 
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Series-parallel 

field  with 
double  wound 

armature 
Series-parallel 

motors 

Series-parallel 

fields 


Flux 

"  Drop  "  in  volts   . . 

Speed 

Starting  speed 
Normal  speed 

Torque 

Starting  torque 
Normal  torque 


Normal 


2  Armatures  in  parallel 
2  Fields  in  parallel 


2  Motors  in  parallel 

2  Fields  in  parallel  with 
one  armature 

0-04£  -f  0-04£ 
yt'(£-0-04£-0-04£)v'2 


VI 


fc'V7x/ 
2v'2 


Intermediate 


2  Armatures  in  series 
2  Fields  in  parallel 


V2 

0-lOE  -I-  0-04£ 

ifc'(g-0-16E-0-04g)V2 


0-435 

V2    ' 

2 


Intermediate 


2  Armatures  in  parallel 
2  Fields  in  series 


2  Fields  in  series  with 
one  armature 
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STEAM     TURBINE    BLADING. 


B}'  J.  C.  Read,  B.Sc,  Student. 

(Abstract  of  paper  read  before  the  London  Students'  Section,  2ith  November,   1922.) 


Summary. 

The  paper  is  a  review  of  the  present  position  of  the  subject 
of  steam  turbine  blading. 

Section  (1)  describes  the  causes  and  effects  of  corrosion 
and  erosion.  The  most  important  materials  in  use  are 
enumerated  and  compared. 

Section  (2)  deals  with  the  form  of  the  blade  passage  in 
impulse  and  reaction  machines,  and  with  the  energy  losses 
occurring  in  the  blading.  Some  methods  of  tapering  the 
blades  are  given. 

Section  (3)  details  the  stresses  in  the  blades  and  describes 
the  types  of  blade  fastenings,  lacing  and  shrouding. 

Section  (4)  gives  the  methods  used  for  obtaining  a  large 
exhaust  area. 

Section  (5)  deals  with  vibration  and  its  causes,  and  shows 
a  method  of  correcting  for  the  effect  of  centrifugal  force. 
The  lines  on  which  the  problem  is  being  attacked  are  described. 

Section  (6)  is  devoted  to  the  methods  of  manufacture  by 
milling  and  by  drop  forging. 

A  bibhography  is  appended. 


Introduction. 
The  whole  future  of  the  electrical  industry  in  this 
country'  is  becoming  so  dependent  on  steam-turbine 
development  that  it  seems  desirable  for  electrical 
engineers  to  have  some  knowledge  of  the  details  of 
turbine  design.  Of  these  details  the  blading  is  one  of 
the  most  important,  since  it  affects  very  directly  alike 
the  reliability,  the  efficiency,  and  the  initial  cost 
of  the  machine,  and  at  the  same  time  is  a  limiting  _ 
factor  in  designs  for  large  outputs  and  high  speeds. 
It  is  at  present  the  subject  of  special  research  by 
the  B.E.A.M.A.  This  paper  is  an  attempt  to  review 
the  position  as  it  now  stands. 

(1)  Materials. 

The  main  causes  of  the  deterioration  of  blades  in 
service  are  corrosion  and  erosion,  and  may  be  classed 
as  follows  : — 

(1)   Corrosion. 

(a)  Chemical  action  of  high-temperature  steam  on 
the  metal.  This  trouble  is  peculiar  to  aluminium 
bronze  at  temperatures  above  200°  C.  The  aluminium 
gradually  disappears  from  the  surface,  leaving  a  layer 
of  very  brittle  copper  which  soon  flakes  off. 

(6)  Chemical  corrosion  due  to  impurities  in  the 
steam.  This  is  mainly  due  to  the  acid  vapours 
formed  at  high  temperatures  from  calcium  or  magne- 
sium chloride  in  the  make-up  water.  Faulty  con- 
densers, which  permit  the  penetration  of  sea  water, 
mine  water,  sewage,  etc.,  are  also  a  frequent  cause  of 
corrosion. 

Chemical   corrosion   and   rusting  can   be   appreciably 
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reduced  by  the  occasional  injection  of  a  small  quantitj^ 
of  kerosene  into  the  steam  supply. 

(c)  Rusting  occurs  to  some  extent  during  running, 
chiefly  due  to  the  air  dissolved  in  the  feed  water.  It 
can  be  largely  prevented  by  eliminating  as  far  as 
possible  any  contact  of  the  feed  water  with  the  atmo- 
sphere during  its  cycle. 

(d)  Rusting  while  standing  idle  is  due  to  steam 
leaking  into  the  turbine  past  the  stop  valve,  and  may 
cause  serious  damage.  Such  leakage  may  be  best 
prevented  by  the  provision  of  two  stop  valves  in 
series,  with  provision  for  any  steam  that  leaks  past 
the  first  to  escape  to  the  open  air ;  and  it  is  also 
important  to  dry-  the  turbine  out  thoroughly  after  use. 

(2)  Erosion. 

(a)  Erosion  by  wet  steam  produces  a  scoring  of 
the  back  {convex  side)  of  the  moving  blades  at  the 
entrance  edge.  The  majority  of  the  water  does  not 
travel  suspended  in  the  steam,  but  collects  as  a  film 
on  the  concave  face  of  the  fixed  blades  or  nozzles, 
from  which  it  drips,  and  is  thus  struck  by  the  backs 
of  the  moving  blades,  producing  the  characteristic 
erosion  on  the  latter.  This  trouble  can  be  greatly 
reduced  by  efficient  draining  from  every  stage. 

(b)  The  worst  form  of  erosion  is  that  produced  by 
boiler  dust.  The  damage  occurs  on  the  front  (concave 
side)  of  the  blade,  and  may  be  easily  recognized. 
The  dust  is  formed  in  the  superheater  from  the  mud 
carried  over  when  the  boiler  primes,  and  hence  any 
mud  traps,  to  be  effective,  must  be  inserted  between 
the  boiler  and  the  superheater. 

When  the  steam  has  been  expanded  down  to 
saturation  in  the  turbine,  the  dust  is  re-converted  into 
mud  and  deposited  in  the  low-pressure  blading,  which 
gradually  becomes  choked  up.  Under  special  condi- 
tions sudden  choking  up  may  occur  when  the  boiler 
foams  badly  or  boils  over,  such  foaming  being  generally 
due  to  the  presence  of  soda  or  salt  in  the  vvater. 

(c)  An  appreciable  part  of  the  erosion  of  the  low- 
pressure  blades  may  also  be  attributed  to  metallic 
particles  dislodged  from  preceding  stages. 

The  ability  to  withstand  corrosion  and  erosion  is 
one  of  the  principal  attributes  required  in  a  blading 
material.  In  addition,  the  material  should  be  mechani- 
cally strong,  and  should  maintain  its  strength  well  at 
high  temperatures ;  it  should  be  reasonably  cheap 
and  easy  to  machine;  and  above  all  it  must  be 
thoroughlv  reliable.  The  lack  of  a  material  which  can 
satisfactorily  fulfil  these  conditions  has  long  been  a 
serious  difficulty.  As  a  con.sequence  there  is  no  uni- 
formity of  practice  in  this  respect,  and  many  different 
metals  are  employed. 
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Brass  and  copper. — These  metals  withstand  corrosion 
well  and  are  easy  to  machine.  At  medium  tempera- 
tures they  become  plastic.  Brass  is  suitable  for  use, 
where  the  stresses  are  low,  up  to  about  200°  C.  for 
blades  and  250°  C.  for  spacers. 

Phosphor-bronze. — This  metal  possesses  the  great 
advantage  of  being  somewhat  more  dependable  than 
many  of  the  newer  alloys.  It  cannot  be  used  in  the 
first  stages,  since  its  strength  falls  considerably  at 
high  temperatures,  but  it  is  highly  suitable  for  the 
middle  part  of  the  machine,  where  the  temperature 
and  stresses  are  both  moderate.  It  is  readily  machined 
or  drawn  to  shape,  and  is  fairly  free  from  corrosion. 
The  tensile  strength  when  cold  is  20  to  24  tons  per 
square  inch,  with  a  yield  point  of  about  12  tons  per 
square  inch. 

Monel  metal. — This  usually  consists  approximately  of 
Ni  67  per  cent,  Cu  29  per  cent,  Fe  3  per  cent  and  Mn 
1  per  cent,  and  is  the  most  promising  of  the  non-ferrous 
alloys.  It  has  an  unusually  high  tensile  strength  of 
about  45  tons  per  square  inch,  which  is  remarkably 
well  maintained  at  high  temperatures,  and  it  can  be 
both  forged  and  machined.  It  is  expensive,  but  it  is 
of  great  value  where  acidic  steam  is  to  be  expected. 
There  are  some  difficulties  in  obtaining  supplies  of 
uniform  composition. 

25  per  cent  nickel  steel. — This  was  used  at  one  time, 
as  it  was  supposed  to  be  non-corrodible.  It  is  com- 
pletely unreliable. 

3-5  per  cent  nickel  steel  and  mild  steel. — These  are 
both  now  widely  used.  The  nickel  steel  has  a  slightly 
higher  tensile  strength,  amounting  to  36  to  40  tons 
per  square  inch,  with  5  per  cent  of  nickel,  but  it 
occasionally  gi\-es  trouble  by  developing  quenching 
cracks.  The  two  steels  rust  equally,  but  by  sherardiz- 
ing  and  by  the  other  precautions  which  have  been 
mentioned  the  rusting  can  be  reduced  to  a  small 
amount. 

Alloy  steels. — Alloys  such  as  chrome-nickel  steel  and 
nickel-chrome-vanadium  steel  have  been  largely  used 
in  America  for  the  sake  of  their  high  tensile  strength. 
They  have  not  proved  an  entire  success. 

Stainless  steel. — This  metal,  discovered  bj-  Mr.  H. 
Brearley  in  1912,  contains  12  to  14  per  cent  of  Cr 
and  about  0  •  3  per  cent  of  C.  It  can  be  produced  in 
three  forms,  annealed,  tempered,  and  hardened,  of 
which  only  the  tempered  variety  is  of  use  for  blading. 
In  that  state  it  can  be  machined,  though  with  diffi- 
culty ;  it  has  a  tensile  strength  of  about  50  tons  per 
square  inch,  which  is  fairly  well  maintained  at  high 
temperatures,  and  these  factors,  combined  with  its 
freedom  from  corrosion,  render  it  an  ideal  material 
for  steam  turbine  blading.  Unfortunateh^  it  is  very 
sensiti^•e  to  heat  treatment,  and  this  has  led  to  some 
difficulties  in  the  past ;  but  if  special  care  is  taken  in 
its  manufacture  and  testing  it  is  probable  that 
satisfactory  results  will  be  obtained.  The  benefits  to 
be  hoped  for  from  this  metal  are  ven'  great. 

To  sum  up,  the  favourite  material  for  impulse 
machines  at  the  present  time  is  3  to  5  per  cent  nickel 
steel  in  this  country',  the  principal  exception  to  the 
rule  being  the  British  Thomson-Houston  Co.,  who  have 
abandoned    this    metal    and    employ    sherardized    mild 


steel  for  blades  subjected  to  high  temperatures  or 
high  stresses,  and  phosphor-bronze  for  the  remainder. 
In  reaction  machines  brass  is  still  in  common  use 
except  for  the  largest  blades.  In  America,  monel 
metal  and  various  alloy  steels  are  in  favour. 

(2)  Thermodynamic  Design  of  Blades. 

Reaction-blade  passages  take  the  form  of  a  con- 
vergent nozzle  with  the  entrance  angle  disposed  to 
absorb  the  leaving  velocity  from  the  previous  stage 
without  undue  shock.  The  forms  of  the  blades  used 
have  been  fixed  empiricall}'  from  the  results  of  experi- 
ments. Since  expansion  takes  place  both  in  the  fixed 
and  mo\dng  elements,  identical  blades  are  used  in  the 
rotor  and  casing ;  the  pitch,  however,  is  usually 
slightly  greater  in  the  casing  than  in  the  rotor. 

It  is  very  difficult  to  determine  what  is  the  real 
internal  efficiency  of  reaction  blading.  Martin  esti- 
mates it  as  90  per  cent  for  velocities  of  200  to  300  ft. 
per   sec.     The   losses    due    to   curvature   are   probably 


Fig.  1. 

much  lower  than  in  the  impulse  turbine,  owing  to  the 
lower  steam  velocitj-.  The  efficiency  could  be  appre- 
ciably increased  by  increasing  the  ratio  of  blade  speed 
to  steam  speed,  and  thus  causing  the  blades  to  develop 
more  of  their  power  by  reaction  and  less  b}'  impulse, 
as  in  the  Ljungstrom  machine. 

The  blade  passage  in  impulse  turbines  appears  at 
first  sight  also  to  take  the  form  of  a  convergent 
nozzle,  as  shown  in  Fig.  1.  Actually  it  behaves 
almost  as  if  there  were  no  convergence,  the  reasons 
being  that  the  steam  does  not  enter  tangentially  to 
the  blade  surface,  and  that  the  high  jet  velocity  causes 
the  steam  to  bank  up  on  the  concave  face  and  only 
partially  "  fill  "  the  channel.  Experiments  b}^  Rateau 
have  shov\-n  that  the  fact  that  the  jet  does  not  enter 
tangentially  causes  no  appreciable  loss  up  to  an  angle 
of  obliquity  of  about  25° ;  on  the  other  hand,  the 
large  entrance  angle  is  advantageous  since  it  reduces 
the  tendency  of  the  steam  to  strike  the  backs  of  the 
blades  at  light  loads. 

The  shrouding,  now  always  fitted,  is  of  considerable 
importance  in  preventing  losses,  as  well  as  in  stead^.'ing 
the  blades.  It  serves  to  prevent  the  steam  from 
spreading  out  radially,  and  also  eliminates  the  dis- 
turbing effect  of  the  casing  on  the  steam  flow. 
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The  losses  occurring  in  impulse  blade  channels  may 
be  conveniently  grouped  as  follows  : — 

(a)  Losses  by  shock  wherever  abrupt  decreases  of 
steam  velocity  take  place,  notably  in  velocity-com- 
pounded stages. 

(b)  Losses  by  shock  when  partial  admission  is  used, 
where  the  steam  from  the  first  of  the  nozzles  impinges 
on  the  dead  steam  in  the  blade  channel. 

(c)  Friction  and  eddy  losses  where  the  band  of  steam 
flowing  between  the  nozzles  and  the  blades  cuts  across 
the  edge  of  the  zone  of  dead  steam  in  the  clearance  space. 

{d)  Friction  losses  in  the  blade  passage.  These  are 
generall}^  small,  but  they  are  of  importance  because 
they  limit  the  minimum  blade  height  and  maximum 
axial  width  permissible.  The  blade  faces  are  usually 
polished,  partly  in  order  to  reduce  the  friction  losses 
to  a  minimum. 

(e)  Eddies  in  the  blade  passage,  which  constitute 
the  main  source  of  loss.  According  to  LoHger,  these 
take  the  form  of  a  double  corkscrew  whirl,   in  which 
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Fig.  2. 

(fl)  Blade  tapered  in  width  and  thickness  (Baumann's  method). 
(  b)   Blade  tapered  by  thinning  back. 

(c)  Blade  tapered  in  thickness,  with  varying  inlet   angle   to  conform  with 
varying  angle  of  entrance  of  steam. 

steam  Hows  along  the  concave  blade  face  from  the 
middle  to  the  two  ends,  and  returns  to  the  middle 
along  the  convex  face.  The  eddy  losses  increase 
rapidly  with  the  steam  speed  and  with  the  total  angle 
of  curvature,  and  decrease  with  increasing  radius  of 
curvature. 

Published  figures  are  lacking  as  to  the  effect  of  the 
pitch  on  the  efficiency.  Fig.  2  illustrates  a  few  methods 
used  for  tapering  blades.  The  first  aims  at  a  constant 
breadth  of  steani  passage  at  the  expense  of  great  axial 
width  ;  the  second  gives  insufficient  guidance  to  the 
steam  near  the  tip ;  while  the  third  possesses  the 
special  advantage  of  giving  a  varying  entrance  angle 
to  conform  with  the  varying  angle  at  which  the  steam 
impinges  on  the  blade.  In  this  latter  case,  a  first 
cut  along  the  back  produces  the  profile  tapering  from 
ABC  at  the  tip  to  DEF  at  the  root,  and  a  second 
cut  clears  away  the  tetrahedral  piece  CEF. 

It  is  usual  to  take  account  of  the  whole  of  the  losses 


in  the  buckets  by  a  coefficient  i/r,  known  as  the  velo- 
city coefficient,  which  is  equal  to  the  ratio  of  the 
actual  leaving  velocity  to  the  theoretical  leaving 
velocity.  Published  values  of  i/(  for  impulse  blades 
lie  between  0-75  and  0-88. 

(3)  Mechanical  Design  of  Blades. 

The   direct   tensile   stress   in   the   root   of  a  parallel 
blade  is  : — 

ft  =  -^r—  =  — TT-     •     ■    .    .     (1) 


2;? 


gD 


where   /(   =  tensile  stress  ; 

W  =  weight  of  blade  material  per  unit  volume  ; 
u  =  mean  peripheral  speed  of  blades  ; 
D  =  mean  diameter  of  blade  circle  ; 
oi  =  rotational  speed,  in  radians  per  sec. ;  and 
h  =  blade  height. 

The  stress  in  the  blade  fastening  will,  of  course, 
generally  be  higher,  in  a  proportion  depending  on 
the  individual  type  of  fastening  employed.     The  stress 
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Fig.  3. 

[a)  Parsons  "  lock-root  "  blade  fastening. 
(6)  Allis-Chahners  blade  fastening. 


can  be  reduced  without  reducing  the  blade  height,  by 
tapering  the  blade  as  has  been  described. 

The  highest  value  of  u  used  is  in  the  de  Laval 
machines,  where  it  reaches  I  300  ft.  per  sec.  In  large 
impulse  machines  800  ft.  per  sec.  is  about  the  limit  ; 
in  Parsons  machines  it  never  exceeds  650  ft.  per  sec. 

Superposed  on  /(  is  the  bending  stress  due  to  the 
torque  on  the  blade.  This  stress,  which  can  be  easily 
calculated,  does  not  usually  exceed  20  to  25  per  cent 
of  /j.  It  is  noticeable,  however,  that  the  crescent- 
shaped  section  of  turbine  blades  is  particularly  weak 
to  resist  these  bending  stresses,  since  all  the  stresses 
reach  their  maximum  at  the  edge  of  the  blade,  which, 
owing  to  its  thinness,  is  most  likely  to  contain  incipient 
flaws. 

The  factors  of  safety  used  vary  from  2  to  3  ■  5, 
referred  to  tlie  yield  point. 

The  old  methods  of  securing  the  blades  of  reaction 
machines  by  caulking  have  now  been  abandoned,  and 
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a  positive  mechanical  system  of  fixing  is  now  always 
emploj'ed.  Two  typical  methods  are  illustrated  in 
Fig.   3. 

The  three  principal  fastenings  now  employed  in 
impulse  machines  are  the  riveted  type  introduced  by 
Rateau  and  used  in  Metropolitan-Vickers  and  Fraser 
and  Chalmers  machines,  the  dovetail  type,  and  the 
inverted  dovetail.  There  appears  to  be  little  to  choose 
between  the  first  two  of  these,  for  inedium  stresses. 
^^'here  great  strength  is  required  the  inverted  do^■etail 
is  substituted  for  the  simple  dovetail. 

The  steps  by  which  the  present  usual  form  of  do\'e- 
tail  was  evolved  by  two  separate  firms  can  be  seen 
in  Figs.  4  and  5. 

Fig.  5  shows  the  development  of  the  A. E.G.  blade 
fastening.     The  original  A. E.G.  design  was  the  simplest 
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(a)  Early  tj-pes  of  B.T.H.  blade  fastenings. 
(6)  Modem  ty-pes  of  B.T.H.  blade  fastenings. 


possible,  as  shown  in  (a).  The  liigh  local  stress  wlaich 
this  obviously  entails  was  next  reduced  by  a  counter 
dovetail,  as  in  (b).  The  next  step,  in  wliich  the  con- 
struction was  stiffened  by  the  use  of  super-elevated 
spacers,  is  shown  at  (c).  Tests  on  this  design  showed 
that  the  strength  could  be  greatly  increased  by 
rounding  the  comer  of  the  dovetail,  as  in  (d),  and  a 
further  slight  gain  was  obtained  by  the  modification 
shown  in  {e).  The  next  stage  was  to  cut  away  the 
edges  near  the  root,  as  in  {/),  in  order  to  reduce  the 
high  stresses  and  liability  to  corrosion  at  these  points. 
To  obtain  greater  strength  it  then  became  necessary 
to  reinforce  the  root  section,  as  shown  in  (g).  The 
greatest  weakness  now  lay  in  the  high  compressive 
stress  in  the  root,  and  (h)  shows  the  hammer-head 
form  which  was  adopted  to  avoid  this  fault,  [i],  (j) 
and  {k]  showing  the  steps  whereby  this  design  was 
developed.  Finally  the  reinforcing  of  the  root  was 
extended  to  eliminate  the  spacer  altogether,  and  thus 
the  design  (/)  was  obtained. 

Fig.  4  shows  the  modern  British  Thomson-Houston 
dovetail  and  a  number  of  older  designs.  The  simi- 
larity between  the  two  processes  of  evolution  is  evident. 

In  reaction  machines,  vibration  of  the  blades  is 
prevented    by    one    or    more    lacing    strips    threaded 


through  them  at  the  entrance  edge,  and  usually 
secured  by  silver  soldering.  Lacing  wires  and  dis- 
tance pieces  at  intermediate  points  along  the  blade 
are  also  used  in  impulse  turbines  to  prevent  vibration. 
Their  use  is  generally  avoided,  however,  because  with 
the  higher  steam  speeds  employed  these  devices  set 
up  excessive  eddies. 

Shrouding  is  now  fitted  in  both  impjlse  and  reaction 
machines.  In  Parsons  machines  the  use  of  fine  radial 
clearances  has  been  abandoned,  and  a  fine  axial  clear- 
ance at  the  edge  of  the  shrouding  is  employed  instead. 

Reaction  blading,  wliich  is  too  thin  to  permit  rivet- 
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ing,  usually  has  the  shrouding  silver-soldered  or  brazed 
on  to  it.  Impulse  shrouding  is  almost  invariably 
riveted.  A  considerable  increase  of  lateral  rigidity 
might  be  expected  if  the  shrouding  were  brazed  in 
addition  to  being  riveted. 

(4)  Exhaust  Area. 

The  need  for  a  large  projected  blade  area  in  the 
last  stage  is  due  to  the  necessity  of  reducing  to  as  low 
a  value  as  possible  the  loss  due  to  the  residual  kinetic 
energy  of  the  steam  leaving  the  turbine. 

From  Equation  (1),  since  the  projected  blade  area 
is  4  =  ttDIi,  it  follows  that 


A  = 


(2) 


whence  it  is  clear  that  it  is  immaterial  to  the  stress 
in  the  blade  roots  whether  the  exhaust  area  is  obtained 
with  a  large  diameter  and  short  blades  or  with' a  small 
diameter  and  long  blades. 

For  machines  of  very-  large  power  operating  at  high 
vacua  it  is  necessary  to  employ  special  means  to  obtain 
this  large  area.     The  principal  methods  are  : — 

(a)  The  construction  of  the  low-pressure  portion  of 
the  turbine  on  the  double-flow  principle. 
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(b)  The  provision  of  two  wlieels  in  parallel  for  the 
last  stage   (only  possible  in  few-stage  turbines). 

(c)  The  use  of  multi-exhaust  blading.  The  last 
method,  which  is  that  most  directly  connected  with 
blade  design,  is  fully  discussed  in  Mr.  Baumann's 
recent  paper.* 

(5)  Vibration. 

The  possibility  of  failures  due  to  fatigue  caused  by 
vibration  has  recently  become  of  great  importance, 
and  is  now  the  chief  limiting  feature  in  large  steam 
turbine  design. 

The  intricacy  of  this  problem  lies  in  the  fact  that 
there  is  no  known  way  of  predicting  what  the  natural 
frequency  of  the  disc  and  its  blades  will  be.  Further, 
so  little  is  known  of  the  relative  potency  of  the  factors 
influencing  this  natural  frequency,  which,  moreover,  is 
difficult  to  measure  even  in  a  finished  machine,  that 
even  experimental  data  are  scarce  and  very  limited 
in  their  application. 

The  factors  which  are  known  to  influence  the  natural 
frequency  are  : — 

(a)  The  shape  of  the  disc  and  its  blades,  the  effect 
of  which  is  calculable. 

(b)  The  speed  of  rotation,  since  the  natural  frequency 
is  greatly  increased  by  the  stiffening  action  of  the 
centrifugal  forces.  Due  to  this,  test-results  obtained 
on  a  wheel  at  rest  are  not  valid  when  the  wheel  is 
rotating,  but  the  necessary  correction  can  be  calculated 
under  certain  conditions.! 

(c)  The  pressure  of  the  steam  in  which  the  wheel  is 
rotating. 

{d)  The  temperature  distribution  in  the  wheel,  the 
natural  frequency  being  generally  lowered  by  uneven 
distribution. 

(3)  The  forging  stresses  in  the  disc. 

(f)  External  influences,  such  as  those  from  the 
propeller  in  geared  ship's  turbines. 

(g)  The  type  of  vibration,  which  may  take  any  of  a 
number  of  moderately  complicated  forms. 

The  principal  methods  by  which  the  vibration 
problem  is  being  attacked  may  be  roughly  grouped 
under  six  heads. 

(i)  The  use  of  high-speed  turbines. — These  use  smaller 
and  thicker  discs  than  the  low-speed  machines,  so 
that  the  natural  frequency  of  the  discs  is  further 
removed  from  the  running  speed.  On  the  other  hand 
this  brings  the  natural  frequency  of  the  blades  nearer 
to  the  running  speed,  but  as  this  can  be  more  nearly 
predicted  than  that  of  the  disc  the  net  result  is  a 
gain,  especially  in  view  of  the  fact  that  a  disc  failure 
"would  in  any  case  be  much  more  disastrous  than  a 
blade  failure. 

(ii)  The  use  of  specially  thick  discs. — It  has  been  found 
that  a  stiff  rim  is  of  great  importance  in  reducing 
vibrations.  A  large  factor  in  causing  the  failure  of 
the  turbines  which  have  failed  through  disc  vibration 
was  the  use  of  an  unduly  light  rim,  which  had  been 
occasioned  by  the  substitution  of  the  inverted-dove- 
tail   blade    fastening   for   the    ordinary    dovetail.     The 

*  K.  Haumann  :  "Some  recent  developments  in  large  steam  turbine 
practice,"  Jmirnal  I.E.E.,   1921,  vol.  59,  p.  565. 

t  A  method  for  the  blades  is  described  in  the  original  paper. 


rims  used  with  inverted  dovetails  now  have  a  heavier 
rib  formed  in  the  disc  just  below  the  blade  fastening. 

The  method  used  in  some  recent  Metropolitan- 
^'ickers  machines  to  obtain  stiffness  is  specially 
interesting.  The  blade  length  is  much  increased,  and 
the  size  of  the  disc  is  correspondingly  reduced  until 
it  is  little  more  than  a  collar  on  the  shaft.  To  obtain 
sufficient  strength  to  resist  centrifugal  force  the  disc 
is  actually  riveted  to  the  shaft,  and  is  split  diametrally 
to  enable  it  to  be  assembled. 

(iii)  Vibration  tests  on  running  turbines. — These  are 
difficult  to  carry  out,  since  the  apparatus  has  to  be 
built  into  the  turbine. 

(iv)  Tests  on  vibration  of  wheels  and  blades  at  rest. — 
\'arious  methods  have  been  proposed,  the  general 
principle  being  to  mount  the  rotor  on  some  flexible 
support  and  then  subject  it  to  mechanical  vibration 
of  known  frequency. 

(v)  Experiments  with  models,  with  a  view  to  throwing 
light  on  the  factors  influencing  vibration. 

(vi)  Research  on  fatigue,  especially  on  the  behaviour 
of  metals  subjected  to  extremely  high  numbers  of 
stress  reversals. 

From  Gilchrist's  theory  of  fatigue  failure  it  follows 
that  the  principal  conditions  for  resistance  to  fatigue 
are  : — 

(a)  The  metal  should  be  homogeneous,  being  as 
free  as  possible  from  cracks,  flaws  and  impurities. 

(6)  The  design  should  be  such  as  to  avoid  any  high 
local  stresses  caused  by  sharp  corners,  etc. 

(c)  A  high  surface  finish  considerably  increases  the 
resistance  to  fatigue  failure. 

(6)  Methods  of  Manufacture. 

The  spacers  between  the  blade  roots,  where  used, 
are  milled  from  rolled  or  e.xtruded  bar,  which  may  be 
either  of  the  same  cross-section  as  the  dovetail,  or  of 
the  crescent-shaped  cross-section  of  the  space  between 
the  back  of  one  blade  root  and  the  front  of  the  next. 

Reaction  blades  and  many  low-stressed  impulse 
blades  in  which  the  root  is  not  reinforced,  are  made 
by  simply  extruding  or  drawing  the  metal  to  the 
finished  profile,  and  only  doing  such  machining  as  is 
necessary  for  forming  the  dovetail,  receiving  the  lacing 
strip,  etc. 

Another  inexpensive  method  is  to  stamp  the  blade 
from  sheet  metal  and  then  bend  it  to  the  desired 
curvature.  As  this  gives  a  blade  of  constant  thick- 
ness, which  is  recognized  as  an  inefficient  form,  it  is 
now  customary,  where  this  system  is  employed,  to 
follow  the  bending  by  a  cut  along  the  back  with  a 
profiling  cutter. 

For  larger  blades  with  reinforced  roots  the  usual 
procedure  is  to  mill  the  blade  out  of  solid  bar,  gene- 
rally of  rhubarb  section.  The  concave  face  is  always 
milled  in  a  longitudinal  direction  along  the  blade  by 
a  profile  cutter,  and  this  is  also  the  quickest  and  most 
accurate  method  of  machining  the  back.  In  a  few 
cases  the  back  is  milled  in  a  special  revolving  jig  by 
a  cutter  having  its  axis  parallel  to  the  blade.  This 
has  the  advantage  of  enabling  the  correct  profile  of 
the  back  to  be  carried  well  down  to  the  root,  which 
is  not  possible  with  the  other  method. 
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A  combination  of  the  two  processes  is  often  employed 
and  probably  offers  the  best  solution.  The  following 
sequence  of  operations  may  be  taken  as  being  fairly 
typical.  Having  been  cut  roughly  to  length,  the 
blade  is  milled  along  the  back  by  a  profiling  cutter, 
after  which  the  shape  of  the  back  is  continued  down 
to  the  root  by  the  revolving  jig  method.  The  sides 
are  next  milled  to  give  the  blade  the  correct  width, 
and  the  dovetail  is  then  cut  in  the  root  by  means  of 
two  cutters  of  the  correct  shape  set  with  their  axes 
parallel  and  the  necessary  distance  apart.  The  next 
operation  is  to  mill  out  the  concave  face,  the  profile 
of  which  is  continued  down  to  the  root  by  means  of 
a  special  end-milling  cutter.  The  tenon  to  receive 
the  shrouding  is  then  milled  on  the  top,  a  finishing 
cut  is  taken  along  the  bottom,  and  the  process  is  com- 
pleted by  filing  ofi  the  burrs  and  polishing  or  sherard- 
izing,  according  to  whether  the  blade  is  of  phosphor- 
bronze  or  mild  steel. 

Blades  having  inverted-dovetail  roots  have  to  be 
made  from  rectangular  bar,  in  which  case  the  quantity 
of  metal  to  be  machined  off  the  back  is  very  con- 
siderable. It  then  pays  to  mount  the  blanks  in  pairs 
face  to  face  in  a  lathe  and  turn  off  the  bulk  of  the  metal, 
so  as  to  reduce  the  amount  of  milling  to  be  done  on 
the  back  of  the  blades. 

The  large  amount  of  machining  necessary  with  the 
inverted-dovetailed  blades  has  led  in  America  to  the 
adoption  of  drop  forging  for  these  blades,  the  root 
being  generally  finished  by  milling.  This  is  specially 
advantageous  when  alloy  steels  are  used,  since  the 
cost  of  machining  increases  rapidly  for  tensile  strengths 
above  50  tons  per  sq.  in.  In  this  country  drop  forging 
is  scarcely  ever  empio3'ed,  its  disadvantages  being  the 
reduction  of  the  strength  of  the  blades,  together  with 
the  high  cost  and  short  life  of  the  dies. 

With  monel  metal,  using  a  single  blow,  a  die  will 
forge  about  5  000  blades  before  requiring  repair,  but 
when  steel  blades  are  used  the  life  of  the  die  is  far 
shorter. 

The  accuracy  obtainable  with  drop-forged  blades  is 
practically  equal  to  that  obtainable  by  milling.  By 
the  use  of  very  special  care,  limits  of  ±  0-002  in.  can 
be  obtained  with  milled  blades,  but  the  average  results 
are  not  much  better  than  those  obtained  by  drop 
forging  ;  e.g.,  the  Bethlehem  Shipbuilding  Corporation 
allow  tolerances  of  +  0-006  in.  and  —  0  004  in., 
or  lj°  in  angles,  in  drop-forged  monel  blades  having 
edges  0-020  in.  thick. 

Conclusion. 
In  conclusion  the  author  wishes  to  acknowledge  his 
indebtedness  to  the  following  firms  who  verj'  generousty 


gave  him  assistance  and  information  :  The  British 
Thomson-Houston  Co.,  Ltd.  ;  Messrs.  C.  A.  Parsons 
and  Co.,  Ltd.  ;  The  Metropolitan- Vickers  Electrical 
Co.,  Ltd.  ;  Messrs.  Greenwood  and  Batley,  Ltd.  ; 
The  English  Electric  Co.,  Ltd.  ;  The  Brush  Electrical 
Engineering  Co.,  Ltd.  ;  Thos.  Firth  and  Sons,  Ltd.  ; 
Thos.  Bolton  and  Sons,  Ltd.  ;  Messrs.  Bruntons,  Ltd.  ; 
Brown,  Boveri  and  Co.,  Ltd.  ;  Escher,  Wyss,  et  Cie  ; 
Societe  Alsacienne  de  Constructions  Mecaniques ; 
Schneider  et  Cie  ;  Societe  de  Mecanique  Rotative ; 
Societe  Rateau  ;  Bethlehem  Shipbuilding  Corporation, 
Ltd.  ;  Ridgway  Dynamo  and  Engine  Co.  ;  Kerr 
Turbine  Co.  ;  and  Allis-Chalmers  Manufacturing  Co. 
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TEMPERATURE   MEASUREMENT   WITH   THE   EINTHOVEN 

GALVANOMETER. 


By  F.  Adcock,  Ph.D.,  and  E.  H.  Wells,  Ph.D.,  Students. 

(Abstract  of  paper  read  before  the  South  Midland  Students'  Section,   2'Ard  March,   1923.) 


Summary. 

Accurate  measurement  of  instantaneous  temperatures 
during  a  cycle  of  variation  is  of  great  importance  in  the 
application  of  the  theoiy  of  thermodynamics.  In  the  past, 
temperatures  -of  the  working  charge  in  the  internal-com- 
bustion engine  have  been  deduced  from  a  conditional  equation 
for  the  gas,  values  obtained  by  measurement  and  estimation 
being  assigned  to  the  other  variables  in  the  equation. 
Serious  errors  of  unknown  magnitude  may  be  involved  in 
such  estimation,  and  the  deduced  temperatures  are  liable  to 
corresponding  inaccuracies. 

Thermo-couples  and  platinum-resistance  thermometers  have 
been  used  by  a  number  of  e.xperimenters  for  obtaining  records 
of  the  cyclically  varying  temperature,  but  these  records 
do  not  directly  give  the  temperature  of  the  charge,  even  if 
they  represent  accurately  the  temperature  of  the  thermo- 
meter. 

The  object  of  the  work  undertaken  is  the  investigation 
of  the  relationship  between  the  temperature  of  the  gas  in 
which  the  thermometer  is  situated  and  the  thermometric 
record  obtained. 

Attention  has  been  devoted  primarily  to  the  platinum- 
resistance  thermometer.  As  it  is  required  to  obtain  a 
continuous  record  of  temperature  throughout  a  single  cycle, 
the  method  adopted  is  to  measure  the  out-of-balance  current 
in  the  Wheatstone  bridge  by  means  of  an  Einthoven 
galvanometer. 

The  forces  on  the  fibre  of  the  Einthoven  galvanometer 
are  considered,  and  the  suitability  of  various  types  of  fibre 
are  compared. 

The  mathematical  theory  of  the  unbalanced  Wheatstone 
bridge  is  investigated.  The  general  case  is  considered,  and 
alternative  arrangements  are  compared  with  respect  to 
sensitivity  and  error  in  compensation.  An  estimate  of  the 
accuracy  with  which  the  galvanometer  deflection  corresponds 
to  the  temperature  attained  by  the  measuring  wire  is  given. 

The  apparatus  designed  to  investigate  the  problem  is 
described,  and  e.xperimental  results  are  given  and  discussed. 


Introduction. 


The  measurement  of  varj'ing  temperatures  is  a  prob- 
lem which  holds  the  interest  of  engineers  just  as  the 
measurement  of  other  varying  quantities  such  as  dis- 
placement, velocity  and  pressure,  have  claimed  and  are 
claiming  their  attention.  Attention  to  the  question  of 
measurement  of  varying  temperature  is  sharply  focused 
by  the  search  for  improved  econom.y  in  internal-com- 
bustion engines. 

A  considerable  amount  of  work  on  the  subject  of 
varying  temperature  measurement  has  been  done,  and 
the  names  of  Burstall,  Hopkinson,  Callendar  and  Dalby, 
Coker  and  Scoble,  Nagel,  Petersen,  and  Wolff  stand  out 
prominently. 


An  instrument  which  was  devised  primarily  for 
recording  the  continuous  changes  of  potential  difference 
accompanying  the  beating  of  the  heart,  the  Einthoven 
galvanometer,  has  been  pressed  into  service  for  recording 
continuous  changes  of  temperature. 

Two  electrical  methods  of  measuring  temperature  are 
available  :  first  the  thermo-couple  method  which  depends 
on  the  E.M.F.  set  up  when  the  two  junctions  of  dis- 
similar metals  are  at  different  temperatures ;  and 
secondly,  the  resistance-thermometer  method  which 
depends  on  the  change  of  resistance  of  a  conductor 
when  its  temperature  changes.  In  the  latter  case,  by 
connecting  the  conductor  of  changing  resistance  in  a 
Wheatstone  bridge,  corresponding  changes  of  potential 
difference  are  produced  across  the  galvanometer  and 
these  are  utilized  for  determining  the  temperature. 

In  order  that  the  current  in  a  galvanometer  shall  be 
able  accurately  to  follow  rapid  changes  in  E.M.F.  at 
its  terminals,  its  coefficient  of  self-induction  must  be 
small ;  and  in  order  that  the  deflection  shall  be  able 
to  follow  the  changes  in  the  current,  the  inertia  of  the 
moving  parts  must  be  small.  One  of  the  most  satis- 
factory of  all  types  of  galvanometer  is  the  moving-coil 
type,  but  the  ordinary  laboratory  instrument  has  a 
large  number  of  turns  in  the  coil  and  therefore  con- 
siderable inertia  and  self-induction.  A  mirror  forming 
part  of  the  moving  system  also  adds  to  the  inertia. 

The  Einthoven  Galvanometer. 

Both  inertia  and  self-induction  are  reduced  to  a 
minimum  in  the  Einthoven  galvanometer,  in  which  the 
coil  is  reduced  to  a  single  conducting  fibre  and  the 
mirror  is  dispensed  with  altogether,  the  deflection  of 
the  middle  of  the  fibre  being  observed  by  means  of  its 
shadow  cast  on  a  screen  or  photographic  plate  while 
its  ends  are  held  stationary. 

WTien  working  with  the  Einthoven  galvanometer  it  is 
necessarj'  to  know  the  following  characteristics  of  each 
fibre  used  : — 

(1)  Resistance. 

(2)  Calibration  of  scale  reading  against  difference  of 

potential. 

(3)  Natural  frequencv  of  oscillation. 

(4)  Time  taken  to  attain  final  deflection  after  suddenly 

.switching  on  or  off. 

(5)  Effect  on  (2),  (3)  and  (4)  of  altering  the  setting  of 

the  tension  screw. 

(6)  Effect  on  (1),   (2),   (3)  and  (4)  of  change  in  tem- 

perature. 
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In  connection  with  (3)  above,  whether  the  galvano- 
meter is  dead-beat  or  not  depends  on  the  amount  of 
damping  present,  and  this  varies  with  the  resistance 
of  the  external  circuit  through  which  induced  currents 
flow.  Experiments  show  that  when  the  galvanometer 
is  connected  in  the  Wheatstone  bridge,  the  effective 
resistance  of  the  induced-current  path  is  sufSciently 
low  to  make  the  galvanometer  dead-beat,  but  on  open 
circuit,  when  the  only  damping  is  by  air  friction,  it  is  not. 
If  /  denote  the  tensile  stress  in  dynes  per  cm-, 

s  the  density  in  grammes  per  cm^  of  the  material 

of  the  string, 
I  the  length  of  the  string  in  cm,  and 
n   the   natural   frequency   in    periods    per  second, 
then  it  can  be  proved  that 

n  =  — •  /  - 
2/Vs 

that  is,  the  frequency  is  independent  of  the  diameter 
and  modulus  of  elasticity  of  the  string. 

From  this  formula,  the  frequency  can  be  calculated 
for  fibres  of  different  materials  in  terms  of  the  tensile 
stress  and  density. 

The  materials  of  which  fibres  are  made  for  use  in  the 
Einthoven  galvanometer  are  glass,  copper,  aluminium 
and  silver.  The  glass  fibres  are  coated  with  silver  in 
order  to  give  them  conductivity,  but  this  silver,  when 
the  coating  is  thin,  increases  the  weight  only  slightly 
and  does  not  add  anything  to  the  mechanical  strength, 
and  in  this  connection  it  has  been  neglected.  The 
length  of  the  Einthoven  fibre  is  nominally  10  cm  and 
the  following  table  is  calculated  for  this  value. 


Tensile  stress 

Natural 

frequency  per 

second 

Dynes  per 
'cm- 

Tons  per 
sq,  in. 

Glass  or 
aliiminium 
(.s  =  2-7) 

Copper 
(s  =  8-9) 

Silver 
(.s  =  10  5) 

12-4 

8 

1  070 

590 

544 

6-2 

4 

760 

418 

384 

31 

2 

536 

295 

272 

1  •  55 

1 

379 

208 

192 

0-775 

0-5 

268 

147 

136 

0 

0 

0 

0 

0 

This  formula  has  been  used  to  calculate  the  tension 
from  the  observed  frequency,  and  thus  to  determine  the 
maximum  safe  tension  which  may  be  applied  to  the  fibre. 

The  maximum  frequency  obtainable  is  obviously  less 
than  the  value  obtained  by  putting  /  equal  to  the 
ultimate  strength  of  the  material.  This  value  is  shown 
in  the  following  table  : — 


Material 

Ultimate  strength, 
tons  per  sq.  in. 

Frequency 
corresponding  to 
ultimate  strength 

Glass    .  . 
Silver  .  . 
Copper 
Aluminium     . . 

1-9 
19 
26 
11 

p.p.s. 

520 

840 

1060 

1270 

From  considerations  of  frequency  it  appears  that 
aluminium  is  by  far  the  best  material  to  use,  but  so 
far  it  has  not  been  possible  to  draw  a  wire  finer  than 
0  •  035  mm  diameter  and  this  has  a  resistance  of  about 
7  ohms,  so  that  in  cases  where  a  higher  resistance  than 
this  is  required  aluminium  cannot  be  used. 

The  fourth  characteristic  (time  taken  to  attain  final 
deflection)  is  best  determined  experimentally.  When  a 
difference  of  potential  is  switched  on,  the  fibre  is  in 
the  condition  of  a  short-circuited  coil  in  a  magnetic 
field  and  is  brought  to  rest  by  induced  currents.  When 
a  difference  of  potential  is  switched  off  and  the  galvano- 
meter is  put  on  open  circuit  the  fibre  is  not  brought 
to  rest  so  quickly.  Under  the  conditions  adopted  for 
these  experiments  the  times  taken  to  come  to  rest 
were  0-01  sec.  and  0-1  sec.  respectively. 

The  Object  of  the  Present  Work. 

The  Einthoven  galvanometer  has  been  used  by  a 
number  of  investigators  for  the  purpose  of  determining 
temperatures  in  the  gas-engine  cylinder,  and  their  work 
clearly  shows  the  practicabilitv  of  recording  quanti- 
tative results  for  the  cycle  of  temperature  in  the  heat- 
engine  cylinder. 

In  order  that  the  results  recorded  may  be  interpreted 
in  terms  of  the  temperature  of  the  gas  itself,  it  is 
necessary  to  know  the  relationship  between  the  true 
temperature  and  the  temperature  assumed  by  the 
thermometer.  It  is  the  object  of  this  research  to 
investigate  this  relationship. 

The  difference  between  the  temperature  assumed  by 
the  thermometer  and  the  temperature  of  the  gas  at 
an}^  instant,  which  may  be  termed  the  "  temperature 
lag,"  will  depend  mainly  on  the  following  points,  the 
effects  of  which  require  investigation  : — 

(1)  The  form  of  the  thermometer  employed. 

(2)  The  rate  of  variation  of  temperature  of  the  gas. 

(3)  The  nature  and  temperature  of  the  walls  of  the 

containing  vessel. 

(4)  The  velocity  of  gas  relative  to  the  thermometer. 

It  is  intended  that  the  thermometer  which  will  be 
employed  in  the  gas  engine  shall  be  of  the  type  used  in 
Prof.  Burstall's  earlier  work,  i.e.  the  platinum-resistance 
thermometer.  The  investigation,  therefore,  refers  pri- 
marily to  the  platinum-resistance  thermometer,  and 
apparatus  has  been  designed  and  constructed  accordingly. 

The  scheme  adopted  consists  of  maintaining  steady 
temperatures  of  different  intensity  in  different  regions, 
and  moving  the  thermometer  through  these  regions  to 
obtain  the  cvclical  variation  of  temperature  ;  the  rate 
of  variation  of  temperature  is  determined  by  the  fre- 
quency of  movement  of  the  thermometer  through  the 
different  temperature  regions. 

In  the  design  of  the  experimental  thermometer  it 
was  necessary  to  provide  as  closely  as  possible  for 
the  fulfilment  of  the  following  conditions  : — 

(a)  The  carrying  device  must  be  light  in  weight  so 
that  the  inertia  when  moving  the  thermometer  at 
considerable  speeds  is  not  excessive. 

(6)  The  air  through  which  the  thermometer  moves 
should  be  disturbed  as  little  as  possible  by  the  recipro- 
cation of  the  thermometer. 
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(c)  Conditions  favouring  the  formation  of  a  pocket 
of  air  round  the  thermometer  which  could  be  carried 
with  it  must  be  avoided. 

(rf)  The  temperature  throughout  the  path  of  the 
thermometer  travel  must  be  known,  and  means  must 
be  provided  for  independent  measurement  of  this  while 
the  thermometer  is  reciprocating. 

(e)  The  whole  of  the  thermometer  must  be  in  a  region 
of  uniform  temperature  at  any  instant,  and  the  com- 
pensating leads  must  be  at  the  same  temperature  as 
the  main  leads  at  any  corresponding  part  of  their 
length. 

The  Apparatus. 

The  apparatus  comprises  a  silica  tube,  of  which  the 
upper  part  is  heated  by  a  resistance  winding  and  the 
lower  part  is  maintained  cool  bj^  a  water  vessel.  The 
resistance  thermometer,  stretched  between  the  ends  of 
a  frame  carried  on  slide  bars  and  driven  by  a  crank 
and  connecting-rod  mechanism,  is  reciprocated  axially 
within  the  tube.  A  thermo-couple,  used  for  deter- 
mining the  stationary  temperature  distribution  within 
the  tube,  is  stretched  between  the  ends  of  another 
frame  capable  of  movement  by  hand. 

Leads  from  the  thermometer  are  carried  by  swinging 


Fig.  1. 

links  to  fixed  terminals  and  thence  to  the  Wheatstone 
bridge. 

In  making  a  set  of  tests,  the  stationary  temperature 
distribution  in  the  tube  was  explored  by  the  thermo- 
couple, previously  calibrated,  and  the  resistance  ther- 
mometer, moved  from  point  to  point.  The  readings  of 
the  Einthoven  galvanometer  could  then  be  translated 
direct  into  temperatures.  The  resistance  thermometer 
was  set  reciprocating  at  a  given  speed  and  a  plate  was 
exposed  in  the  galvanometer  camera.  This  procedure 
was  repeated  for  a  range  of  speeds. 

The  Mathematical  Theory  of  the  Unbalanced 
Wheatstone  Bridge. 
In  Fig.  1,  let  P,  Q,  R,  S  be  the  resistances  of  the  four 
arms  of  the  bridge,  and  O  the  resistance  of  the  galvano- 
meter. Let  e  be  the  potential  difference  across  the 
bridge  and  v  the  potential  difference  acoss  the  galvano- 
meter. Let  ii  be  the  current  in  P,  i,  the  current  in  R 
and  i  the  current  in  the  galvanometer. 

Then  the  following  results  have  been  obtained  : — 


v=iG 


-i 


PSG-QRG 


:)<., 


RPO  +  QRO  +  PQR  +  PSG  +  QSa+PQS  +  PRtS+QRS 

e( l^^^ V2) 

\RPG+QRG  +  PQR+PSG+QSG+PQS+PRS+QRSj^  ' 


Application  to  Resistance  Thermometer. 
In  the  ordinary  form  of  resistance  thermometer,  a 
resistance  wire  is  inserted  in  the  arm  P  of  the  bridge, 
and  a  pair  of  compensating  leads  is  inserted  in  the  arm  Q 
to  neutralize  the  effect  of  change  in  resistance  of  the 
main  leads.  In  order  that  the  compensation  shall  be 
accurate  it  is  necessary  that  the  resistance  S  bear  to  R 
the  same  ratio  as  the  resistance  of  the  compensating 
leads  bears  to  the  resistance  of  the  main  leads,  and  the 
balance  obtained  by  adding  extra  resistance  to  the 
arm  Q.  It  is  convenient  to  make  the  compensating 
leads  exactly  similar  to  the  main  leads,  and  this  necessi- 
tates R  and  S  being  equal.  When  a  balance  is  obtained, 
therefore,  P  =  Q.  When  a  balance  is  not  obtained, 
the  difference  of  potential  across  the  galvanometer  is 
given,  from  Equation   (1),  by 

{P  -  Q)G 


i 


[P  +  Q)  {2G 


] 


R)  +  2PQ 
P-Q 


(2  +  RIO)  [P  +  Q)  +  (2PQ]0) 


J 


(3) 


This  method  of  connecting  up  the  Wheatstone 
bridge  may  be  termed  a  "  series  "  arrangement,  since 
the  thermometer  and  compensating  circuits  are  in  series 
with  respect  to  the  battery  current.  If  we  interchange 
the  battery  and  galvanometer  we  obtain  what  may 
be  termed  a  "  parallel  "  arrangement,  since  the  ther- 
mometer and  compensating  circuits  will  now  be  in 
parallel  with  respect  to  the  battery  current.  This 
method  of  connecting  up  will  now  be  considered.  The 
most  convenient  way  of  doing  this  is  to  interchange 
P  and  »S  in  Equation  (1).     This  gives 

_  SPG-QRO 

^~^SRG+QRG+SQR+SPG+QPG+SQP+SRP+QRP 


Putting  <S  =  i?  we  obtain : — 

P-Q 


iw 


+  RIG)  [P  +  Q)J^R  +  {2IG  +  \IR)PQ 


J.,., 


The   Relative   Advantages   of   "  Series  "   and 
"  Parallel  "  Arrangements. 

In  the  resistance  thermometer  as  generally  used,  for 
example  in  the  Callendar  temperature  recorder,  a  slide 
wire  is  inserted  between  P  and  Q  and  a  connection  is 
made  by  means  of  a  jockey  at  the  balance  point.  Under 
these  circumstances  it  is  considered  preferable  that 
the  sliding  contact  should  not  carry  the  main  current, 
so  the  "  series  "  arrangement  is  adopted,  whereby  the 
jockey  only  carries  the  galvanometer  current,  which  is 
of  necessity  always  small  and  which  vanishes  when  a 
balance  is  obtained. 

For  measuring  cyclically-varying  temperatures,  how- 
ever, the  slide  wire  is  not  necessarv  and  other  matters 
exert  their  claim  for  consideration,  namely,  the  battery 
heating  of  the  thermometer  wire  and  the  efficacy  of  the 
compensating  circuit. 

Battery  Heating. 

Prof.  G.  Forbes  gives  for  bare  overhead  wires  : — 

If  dh  "1 
Current  =  •/     „„  ,„ 
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Diam.  of  thermometer 
wire 

Current 

inch 

0-01 

amp. 

0-0764 

0 ■ 00585 

0-0342 

0-0032 

0-0138 

0-0025 

0-00958 

0-002 

0-00685 

0-0015 

0-00445 

0-001 

0-00242 

In  all  the  theoretical  calculations  these  are  assumed  to 
be  the  maximum  safe  currents,  and  they  form  the  basis 
of  the  comparison  between  the  different  arrangements 
and  between  different  values  of  the  resistances  i?  and  G 
in  Equations   (3)   and   (4). 

If  this  current  be  constant,  as  it  will  be  very  nearly 
if  the  platinum  resistance  forms  only  a  small  part  of 
the  resistance  of  the  whole  circuit,  the  temperature 
difference  when  the  platinum  is  at  0°  C.  (taking  the 
specific  resistance  as  11  x  10""*  ohm  per  cm  cube)  is 
found  by  the  same  formula  to  be  1  -  25  degrees  C. 

Thus,  if  this  value  be  adopted,  the  heating  of  the 
platinum  due  to  the  battery  current  is  quite  negligible. 

Compensation. 

It  will  be  noticed  that  in  both  Equations  (3)  and  (4) 
the  expressions  (P  +  Q)  and  PQ  occur  in  the  denomi- 
nator, consequently  any  increase  in  resistance  which 
equally  affects  P  and  Q  reduces  the  difference  of  potential 
across  the  galvanometer  ;  in  other  words,  the  compen- 
sators do  not  compensate  except  when  a  balance  is 
obtained.  This  is  a  serious  matter  when  using  the 
Wheatstone  bridge  for  measuring  cyclically-varying 
temperatures,  and  its  effect  has  been  considered. 

The  whole  problem  has  been  thoroughly  worked  out 
for  the  0-0032  in.  diameter  measuring  wire,  and  curves 
have  been  plotted  from  which  the  following  deductions 
have  been  drawn  : — 

(1)  If  i^  is  greater  than  P,  the  parallel  arrangement 

requires  a  higher  E.M.F.  than  the  series. 

(2)  If  R  is  greater  than  P,  the  parallel  arrangement 

gives  a  greater  sensitivity  than  the  series. 

(3)  If  R  is  greater  than  P,  the  parallel  arrangement 

gives  better  compensation  than  the  series. 

(4)  With  the  series  arrangement,   greater  sensitivity 

is  obtained  with  a  small  value  for  R. 


where  d  =  diameter  of  wire  in  cm, 

t  =  difference  in  temperature  between  wire  and 
air,  in  degrees  C,  and 
R  =  specific  resistance  of  wire  at  limiting  tem- 
perature, in  ohms  per  cm  cube. 

According  to  this  formula,  if  the  specific  resistance 
of  platinum  be  assumed  to  be  44  x  10-6  ohm  per 
cm  cube  at  1  000°  C,  and  the  temperature  difference  be 
limited  to  5  degrees  C,  the  currents  in  the  thermometer 
wire  will  be  as  follows  : — 


(5)  With  the  parallel  arrangement,  greater  sensitivity 

is  obtained  with  a  large  value  for  R,  but  very 
little  is  gained  by  increasing  R  beyond  150  ohms. 

(6)  With  the  series  arrangement,  better  compensation 

is  obtained  with  a  large  value  for  R,  but  the 
improvement  is  small. 

(7)  With  the  parallel  arrangement,  better  compensa- 

tion is  obtained  with  a  large  value  for  R,  but 
very  little  is  gained  by  increasing  R  beyond 
150  ohms. 
For  fibres  which  give  the  same  deflection  per 
millivolt,  greater  sensitivity  and  better  com- 
pensation are  obtained  with  a  high-resistance 
fibre,  but  in  neither  case  is  there  much  to  be 
gained  by  increasing  O  be3'ond  200  ohms. 


(8) 


In  view  of  these  deductions,  it  was  decided  to  adopt 
the  parallel  arrangement  and  fix  the  values  of  the 
constants  R  and  e  according  to  the  following  table, 
which  also  shows  the  calculated  resultant  value  of 
V  corresponding  to  a  temperature  of  1  000°  C,  the 
bridge  being  balanced  at  0°  C. 


Diameter 

R 

e 

V  for  1  000°  C. 

in. 

0-01 

ohms 

50 

volts 

4 

volt 

0-0058 

0-00585 

150 

4 

0-0060 

0-0032 

150 

2 

0-0094 

0-0025 

200 

2 

0-0097 

0-002 

300 

2 

0-0098 

0-0015 

400 

2 

0-0094 

0-001 

800 

2 

0-0076 

The  fibres  supplied  for  use  in  the  galvanometer  had 
a  resistance  of  the  order  of  20  ohms,  and  this  value 
has  been  used  in  computing  the  above  table. 

In  view  of  the  fact  that  the  compensation  is  not 
exact  when  the  bridge  is  unbalanced,  it  is  important 
that  the  carrying  wires  should  change  their  resistance 
by  as  small  an  amount  as  possible.  After  some  trials 
copper  was  selected  as  the  most  suitable  material,  for 
two  reasons  :  first,  because  its  specific  resistance  is  so 
low  that  any  change  in  resistance  is  small  compared 
with  the  platinum  resistance,  and  secondly,  because 
its  thermo  E.M.F.  with  platinum  is  very  small.  The 
error  due  to  heating  of  the  copper  wires  is  0-85  per 
cent,  against  5-7  per  cent  for  stainless  steel  under  the 
conditions  adopted  for  the  experiments. 

Experimental  Results. 

The  results  of  the  experiments  are  shown  in  the 
following  tables  and  Figs.  2  to  4.  The  quantity  termed 
the  "  lag  "  is  the  difference  between  the  thermometer 
temperature  and  the  air  temperature  when  the  thermo- 
meter is  in  the  region  of  maximum  temperature. 

During  the  course  of  the  tests,  the  stationary  tem- 
perature-distribution curve  gradually  changed.  This  is 
considered  to  be  due  to  very  slow  drying  of  the  lagging 
round    the    heating    element,     and     accounts     for    the 


WITH   THE   EINTHOVEN    GALVANOMETER. 


1119 


OOl-iN'CH  Wire. 
Temperature  Range  530  degrees  C. 


Plate  number 

Lag 

L3g 

Range 

Speed 

160 
161 

deg.  C. 

30 

87 

0-057 
0-164 

r.p.ra. 

1-5 
4-3 

162 

95 

0-179 

5-5 

163 
164 

165 

108 
145 
180 

0-204 
0-274 
0-340 

7-2 
13-5 
20-6 

166 

178 

0-335 

26-2 

167 

210 

0-396 

32-6 

168 
169 

250 
230 

0-470 
0-435 

47 

78 

170 

255 

0-480 

146 

0-00585-INCH  Wire. 
Temperature   Range  495  degrees  C. 


Plate  number 

Lag 

Lag 
RaDgc 

Speed 

deg.  C. 

r.p.m. 

172 

47 

0-081 

6-7 

173 

83 

0-143 

13-0 

174 

130 

0-224 

20-0 

175 

135 

0-233 

25-2 

176 

170 

0-293 

31-8 

177 

198 

0-342 

41-3 

178 

193 

0-333 

54-0 

179 

211 

0-364 

57-8 

180 

215 

0-371 

64-2 

181 

208 

0-359 

76-5 

182 

230 

0-397 

149 

183 

245 

0  ■  423 

230 

184 

228 

0-393 

289 

0- 0032-INCH  Wire. 
Temperature  Range  370  degrees  C. 


Plate  number 

Lag 

L.ig 
Range 

Speed 

68 

deg.  C. 

55-1 

0-15 

r.p.m. 

6-3 

69 

51 

0-14 

13-3 

70 

78-5 

0-21 

21-6 

71 

92 

0-25 

33-1 

72 

139 

0-38 

44-1 

73 

176 

0-48 

51-0 

74 

185 

0-50 

57-0 

75 

197 

0-53 

65-6 

76 

205 

0-uG 

76-5 

0- 0032-inch  Wire. 
Temperature  Range  260  degrees  C. 


Plate  number 

Lag 

Lag 
Range 

Speed 

89 
90 

deg.  C. 

31 

40 

0-12 
0-15 

r.p.m. 

6-7 
13-2 

92 
93 

60 
75 

0-23 
0-29 

21-6 
32-2 

95 

110 

0-42 

45-0 

97 

143 

0-55 

65-7 

98 

154 

0-59 

770 

0-0032-INCH  Wire. 
Temperature  Range  180  degrees  C. 


Plate  number 

Lag 

Lag 
Range 

Speed 

79 

deg.  C. 
2-5 

0-01 

r.p.m. 

6-3 

80 

6 

003 

13-4 

81 

30 

0-17 

21-0 

82 

40 

0-22 

34 

83 

60 

0-33 

44 

84 

77-5 

0-43 

52 

85 

77-5 

0-43 

57 

86 

85 

0-47 

64 

87 

100 

0-56 

76 

0-002-iNCH  Wire. 
Temperature  Range  495  degrees  C. 


Plate  number 

Lag 

Lag 
Range 

Speed 

119 

deg.  C. 

15 

0-03 

r.p.m. 

13-4 

120 

10 

002 

20-5 

123 

32 

0  06 

45-6 

124 

28 

0-06 

56 

125 

40 

0-08 

77 

0-0015-INCH  Wire. 
Temperature  Range  314  degrees  C. 


Plate  number 


104 
105 
107 
110 
111 
112 
113 
114 


Lag 


deg.  C. 

9-5 
19 
19 
19 
19 
41 
50-5 


Lag 

Ranye 


003 
0  06 
006 
0-06 
0-06 
0-13 
0-16 
0-18 


Speed 


r.p.m. 

25-5 
32-2 
6-9 
58  0 
64-0 
76-5 
97-5 
1090 
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apparent  inconsistency  of  the  results  obtained  with 
different  diameters  of  thermometer  wire,  which  made 
it  impossible  to  draw  conclusions  as  to  the  way  in 
which  the  lag  depends  on  the  diameter  of  the  wire. 


;ZO0 


E>150 


100 


O-0032-iiich-wLre 
3  different  pairs  of  limits 


4 


50 


30  -10  50 

Speed,  r.p.m. 
Fig.  2. 


100  200  300 

Temperature  idnge,  degrees  C. 
Fig.  3. 


ioo 


0-6 


60  80  100  120         1-iO         160 

SpeecL,r.p.m. 
Fig.  4. 

The  results  obtained  with  0-001  in.  diameter  wire 
were  not  sufficiently  concordant  to  be  plotted,  and 
the  oscillations  of  the  fine  wire  from  its  mean  position 
appeared  to  be  an  important  cause.     A  moving-ther- 


mometer type  of  apparatus  is  therefore  not  suitable  for 
wire  of  this  diameter. 

However,  sufficient  work  has  been  done  to  show 
that,  at  atmospheric  pressure  and  with  comparatively 
quiescent  air,  the  platinum-resistance  thermometer  is 
not  capable  of  following  temperature-changes  with 
sufficient  accuracy  for  temperature  measurement  of  the 
charge  of  a  gas  engine  in  operation. 

It  is  anticipated  that  the  conditions  obtaining  in  the 
gas-engine  cylinder  are  much  more  fa\-ourable  to 
thermometry  on  account  both  of  the  higher  pressures 
existing  and  also  of  the  turbulence,  and  other  experi- 
menters are  now  working  on  a  gas-engine  tj'pe  of 
apparatus  to  determine  whether  this  is  the  case. 

0-001-INCH  Wire. 
Temperature  Range  510  degrees  C. 


Plate  number 

Lag 

Lag 
Range 

Speed 

143 

deg.  C. 

5 

001 

r.p.m. 

7-2 

144 

88 

0-17 

13-8 

145 

69 

014 

21-0 

146 
147 

40 
81 

0-08 
0-16 

26-5 
32-9 

148 

36 

0-07 

55-0 

0-001-INCH  Wire. 
Temperature  Range  520  degrees  C. 


Plate  number 

Lag 

Lag 
Range 

Speed 

153 

deg.  C. 

12 

002 

r.p.m. 

6-5 

154 

36 

0-07 

13-0 

155 

12 

0-02 

19-8 

156 

28 

0-05 

25-5 

157 

22 

0  04 

32-3 

158 

22 

.    0  04 

44-0 

Conclusion. 

The  whole  of  the  casting,  forging  and  machining, 
besides  most  of  the  pattern-making  required  in  the 
construction  of  the  apparatus,  have  been  carried  out 
in  the  Mechanical  Engineering  Department  of  the 
University  of  Birmingham,  and  a  considerable  amount 
of  the  authors'  time  was  taken  up  with  this  work. 

The  thanks  of  the  authors  are  due  to  the  members 
of  the  staff  of  the  workshops  of  the  Department  for 
assistance  and  facilities  given  in  connection  with  the 
work. 
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THE  THEORY    OF   THE   GENERATION    OF   ALTERNATING   CURRENTS 

BY   MEANS   OF  TRIODES.  = 

By   N.    Shuttleworth,    M.Sc. 

{Paper  first  received  2(i!h  February,  and  in  final  form   \lth  May,    1923.) 


Summary  and  Introduction. 

The  numerous  circuits  wliich  have  been  suggested 
from  time  to  time  for  the  generation  of  alternating 
current  by  means  of  triodes  are  found  by  anal)'sis  to 
depend  on  the  same  basic  principles. 

Tlie  present  paper  is  intended  to  cover  tlie  essential 
features  of  the  subject,  and  is  an  endeavour  to  solve 
some  of  the  difficulties  on  original  lines  and  to  offer 
an  explanation  of  the  characteristic  behaviour  of  triodes 
in  conjunction  with  generator  circuits. 

The  problems  connected  with  the  generation  of 
alternating  current  arise  in  particular  in  the  production 
of  high-frequency  currents  for  wireless  purposes,  and, 
in  order  that  the  deductions  may  have  practical  utility, 
reference  is  often  made  in  the  context  to  the  special 
requirements  of  wireless  transmitting  apparatus. 

After  a  brief  study  of  the  characteristics  of  a  triode 
or  high-vacuum  valve  provided  with  three  electrodes, 
viz.  anode,  grid  and  incandescent  filament,  the  general 
circuit  is  considered  and  the  factors  determining  the 
frequency  of  the  generated  current  are  established. 

The  particular  limitations  imposed  by  the  triode  and 
the  conditions  under  which  it  is  operated  are  then 
examined.  It  is  shown  that  there  is  a  definite  maximum 
output  to  be  obtained,  and  the  requirements  of  the 
circuit  for  maximum  output  are  investigated.  The 
power  obtainable  under  any  given  condition  is  deter- 
mined. The  design  of  a  circuit  to  meet  a  specification 
is  laid  out  and  experimental  confirmation  is  given. 
Finally  a  graphical  method  of  analysis  is  evolved  to 
show  in  diagrammatic  form  tlie  conditions  under  which 
triodes  may  and  do  operate. 

Triode  Characteristics. 

The  curves  of  Fig.  1  are  obtained  from  a  particular 
but  representative  triode,  and  show  the  relations 
existing  between  the  anode  electron  current  and  the 
potential  of  the  grid,  for  numerous  values  of  anode-to- 
filament  voltage.  It  will  be  observed  that  the  anode- 
current/grid-voltage  relation  is  practically  a  straight 
line  until  saturation  current  is  reached,  and  the  effects 
of  increments  in  anode  voltage  may  be  controlled  by 
corresponding  increments  of  grid  voltage. 

It  will  be  shown  later  that  the  triode  when  operating 
under  normal  conditions  is  not  influenced  to  any  appre- 
ciable   extent    by    the    short,    curved    portion    of    the 

*  The  Papers  Committee  invite  written  communications  (with  a  view  to 
publication  in  tlie  Jounhil  if  approved  by  the  Committee)  on  papers  publi^vhed 
in  the  Journul  without  being  read  at  a  mcctinji.  Communication';  should  reach 
the  Secretary  of  the  l>istilution  not  later  than  one  month  after  publication  of 
the  paper  to  which  they  relate. 


characteristic  lines  at  very  low  anode  current  values, 
and  it  is  permissible  to  replace  the  true  characteristics 
by  a  series  of  parallel  straight  lines  as  shown  in  Fig.  2, 
the  scale  being  the  same  as  that  used  in  Fig.  1.  A  line 
for  zero  anode  voltage  is  introduced  on  the  assumption 
that  the  characteristics  remain  unchanged  down  to 
zero  voltage  ;  it  is  not  really  necessarj-  and  is  not 
strictly  in  accordance  with  facts. 

The  following  deductions  may  then  be  made  : — 
A  change  of  A  anode  volts,  produces  the  same  change 
in  anode  current  as  a  change  of  a  grid  volts. 
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The  ratio  A\a  =  m  is  termed  the  amplification  factor 
of  the  triode. 

Let  ^i.  =  grid  voltage. 

Then  anode  current  is  given  by  : — 

I'o  =  \x  tan  9  —  d,  for  zero  anode  voltage. 
M  =  (m  +  ")  tan  6  —  (I,  for  anode  voltage  of  .4. 
i2j,  =  (/x  -|-  2a)  tan  9  —  d,  for  anode  voltage  of  2.4. 

In  general  the  anode  electron  current  is  given  by  : — 
i  =  f /x  +  -T  V  ]  tan  9  —  d,  for  anode  voltage  of  T'    .      (1) 

Again,  V/i  may  have  any  value  according  to  the 
value  of  the  voltage,  fj.,  on  the  grid,  but  dVjdi  is  a 
constant  quantity  for  all  values  of  fx. 

The  ratio  dV/di  may  be  termed  the  apparent  resist- 
ance of  the  triode,  and  ma}'  be  indicated  bv  a  constant, 
r.     The  value  of  r  is  determined  direct  from  the  charac- 
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teristics  or  from  Equation  (1)  above  by  differentiation 
and  substituting  ^u.  =  0. 

Differentiating  vath  respect  to  i  we  get  : — 


1  = 

a 

a'' 

d\ 

-TT  tan( 
di 

that  is 

dV 
di 

=  r 

m 

tan  6 

Whence 

we 

may 

write 

I  =  [a  -\ I d 

\  TO/  J- 


mfi 


V 


rd 


(2) 


-150 


Fig.  2. 


200 


V  and 


This  is  a  well-known  equation  in  a  particular  form 
which  expresses  the  relation  between  anode  current 
(i),  anode  voltage  (V),  and  grid  voltage  (/x)  for  all 
values  u-ithin  working  conditions.     It  is  true  for  static 


-0-4 


conditions,   and  for  oscillatory  conditions  if  t, 
fj,  be  instantaneous  values. 

The  following  constants  apply  to  the  triode  as  deter- 
mined from  the  curves  ; — 

A/a  =  in  =  25. 

r  =  TO  tan  0  =  9  000  ohms. 
d  =  0-127  ampere. 
rd  =  constant  =  1  140. 

Circuit  for  Gener.\tiox  of  Alterx.\tixg  Current. 
A  suitable  circuit  for  the  production  of  alternating 
current  is  shown  in  Fig.  3.  A  direct-current  generator, 
G,  of  voltage  E  is  the  source  of  power  supply,  and 
across  its  ternainals  is  placed  a  condenser  of  large 
capacity  to  by-pass  any  small  alternating  current 
which  traverses  it,  without  appreciable  voltage-drop. 
In  series  with  the  generator  is  an  inductance  Lj;  usually 
termed  the  anode  choke,  connected  in  turn  to  the  anode 
of  the  triode,  and  to  one  side  of  a  large  condenser  B 
termed  the  anode  blocking  condenser.  The  function 
of  the  latter  is  to  prevent  any  direct  current  from 
passing  through  to  the  load  circuit,  and  at  the  same 
time  to  act  as  the  equivalent  of  a  short-circuit  to  any 
alternating  current  passing  through  it  ;    in  other  words 


the  alternating  voltage-drop  across  it  should  be  negligibly 
small. 

The  load  circuit  consists  of  an  inductance  L  in  parallel 
with  a  condenser  C,  and  in  one  arm  or  the  other  a 
resistance  R  is  shown  through  which  the  alternating 
current  passes  and  energy  is  dissipated.  If  C  were 
the  capacity  of  a  wireless  transmitting  aerial,  R  would 
be  the  equivalent  aerial  resistance. 

The  other  extreme  of  the  load  circuit  is  connected 
to  the  filament  of  the  triode  and  the  negative  terminal 
of  the  generator  G. 

Means  for  keeping  the  filament  incandescent  are  not 
shown. 

A  coil  of  inductance  Lf,  connected  between  the  grid 
and  filament  is  inductively  coupled  to  the  inductance 
L  in  the  load  circuit,  the  mutual  inductance  between 
them  being  represented  by  M. 

For  efficient  operation  of  the  circuit  it  is  necessary' 
to  introduce  in  the  grid  circuit  a  steady  potential  (shown 
in  the  figure  as  a  battery  S),  but  this  may  be  more 
conveniently  replaced  by  a  high  resistance  with  a 
condenser  by-pass  for  alternating  current. 

A  useful  characteristic  of  the  triode,  not  mentioned 
hitherto,  is  the  production  of  a  minute  current  through 
the    grid    circuit   immediately   the    grid    is    held    at    a 
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La 
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-jTriode  E 

iio  steady 


6g 


Fig.  3. 

positive  potential  relative  to  the  filament.  This  current 
is  unidirectional  and  produces  a  d.c.  voltage-drop 
across  an  inserted  resistance  wliich  may  be  utilized, 
in  place  of  the  battery  mentioned  above,  for  pro\-iding 
a  unidirectional  voltage  bias  on  the  grid.  Even  uni- 
directtonal  impulses  of  current  are  sufficient  for  the 
purpose,  since  they  are  practically  smoothed  out  by 
the  condenser  placed  in  parallel  with  the  grid  resistance. 

There  are  practical  hmitations  in  the  circuit  illus- 
trated in  Fig.  3,  due  to  the  fact  that  the  alternating 
voltage  across  the  inductance  L  or  condenser  C  of  the 
load  circuit  cannot  exceed  the  pulsatory  voltage  allow- 
able on  the  anodes  of  the  triode  or  valve,  and  for  this 
reason  it  is  now  the  usual  practice  to  tap  off  the  anode 
connection  at  some  fractional  point  or  extension  of 
the  inductance  included  in  the  load  or  oscillatorj- 
circuit. 

The  more  general  case  to  be  considered  in  detail  is 
accordingly  that  shown  in  Fig.  4,  where  the  inductance 
Lj  is  that  part  of  the  total  inductance  in  the  oscillatory 
circuit  included  between  the  anode  and  filament  of 
the  triode,  and  L.2  is  the  remaining  portion  of  the  total 
inductance. 

The  steady  or  d.c.  current  from  the  generator  =  Iq, 
and  it  is  assumed  that  superposed  on  this  is  an  oscillatory 


ALTERNATING   CURRENTS   BY   MEANS   OF  TRIODES. 


1123 


current  i.  Since  the  steady  current  cannot  pass  through 
the  anode  blocking  condenser,  it  must  pass  solely- 
through  the  triode.  The  oscillatory  current  i  divides, 
a  portion  ii  passing  forward  to  the  oscillatory  or  load 
circuit,  and  i-^  through  the  triode  ;  thus  the  resultant 
current  in  the  triode  is  ig  on  which  is  superposed  i'o  ; 
the  oscillatory  current  i^  feeding  the  load  circuit  again 
divides,  a  portion  i^  passing  tlirough  the  inductance 
Li  and  »4  through  the  inductance  L2,  the  condenser 
C  and  the  load  resistance  R. 

The  steady  voltage  of  the  generator  supply  being 
E,  let  the  oscillatory  voltage  superposed  on  E  at 
the  anode  of  the  triode  =  V.  Further,  let  /xq  be  the 
steady  potential  on  the  grid,  and  ju.  the  oscillatory 
potential  on  the  grid,  then  we  have  when  oscillations 
as  determined  by  Equation   (2)   are  taking  place  : — 

r{ig  +  io)  =  E  +  V  +  vi(fj.  +  /^u)  —  rd 

Similarly,  when  there  is  no  oscillation  or  oscillatory 
current  : — 

Wq  =  B  +  mp.Q  —  rd 


and,  by  subtraction 


ri9 


(3) 


Again,  the  voltage  on  the  anode  is  (E  +  F),  and  the 
constant   component  E  is   absorbed   or  is   measurable 


Fig.  4. 

across  the  anode  blocking  condenser,  leaving  a  truly 
alternating  voltage  V  to  be  impressed  on  the  load 
circuit.  Neglecting  the  a.c.  voltage-drop  in  the  anode 
condenser,  the  pulsating  voltage  on  the  oscillatory  or 
load  circuit  is  the  same  in  magnitude  and  of  the  same 
time  phase  as  the  pulsation  between  anode  and  filament 
of  the  triode.  The  following  relations  may  now  be 
expressed  between  the  constants  of  the  circuit  : — 

i  =  H   +  i'2   =  H   +  *3   +  ^^4 

Voltage  a  induced  on  the  grid  =  M-p 

dt 

Oscillatory  voltage  on  anode  of  valve  =  I^i~r  =  ^ 


dix  fta 


and 

Also,  rU  =  F  +  nifj. 

or 


dt  dt        dt 


Again, 


dig 

^'Tt- 

H  +  »2 


di 
^dt 

\-  is  +  H 


di 

dt 

L      dii. 


dio        .       V 

For    —  write  — - 

dt  Li 


di=}       dio       dix 

-^  4-  ^_?  -J — i 

dt         dt         dt 
Li  +  mM  d'-is 
r  IP" 


dis       dii 
'dt        Hi 


1 


iidt 


d-in  Li>  d'-ii 

and  for  ——7   write      " 
dt~ 


L^  dt- 


R  dii 
Li  dt 


1 


Xll 


then 


r^^LnrL,dn    R      _^r    1^    dii 


+ 


jnil/Fio  dHi        R  dii  1    .  ~| 


=  0 


r         l_i>i  cit-        x<i  at        L\ 

Differentiating  with  respect  to  t,  and    arranging,  we 
get  :— 


^2[~^l 


Jdt^ 


+ 


[■ 


') 


mM\ 


It  may  be  assumed  that  the  integral  of  tliis  equation 
is  of  the  form  ii  =  A  sin  (jjt,  where  A  is  an  exponential 
function  which  becomes  unity  when  the  conditions  for 
the  maintenance  of  oscillations  are  just  satisfied,  and 
has  a  positive  index  under  stable  conditions. 

Hence,  when  continuous  oscillations  are  estabhshed, 
it  is  possible  to  write  : — 

dii 

dt 

drii 

dfi 
d% 

By  substituting  these  values  in  the  equation  a  relation 
e\-isting  between  the  coefficients  is  obtained  when  the 
conditions  for  the  maintenance  of  oscillations  are 
fulfilled.  Also,  the  foregoing  being  true  for  all  values 
of  t,  we  have  when  *  =  0,  sin  a><  =  0  and  cos  cui  =  1. 

Whence  we  have 


=  oiA  cos  (x>t 
=  —  oj'-A  sin  lot 
=  —  oj^A  cos  ujt 


+  £('  +  £)>=» 


and  when  sin  cot  =  1,  cos  cjt  =  0,  therefore 
-oj-A\   1 


■[> 


^(^^i^) +§(■  +  &)] 
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The  first  of  these  equations  simplifies  to 
1    /ii  +  mM\    .    R  r.    .    i, 


jo/L-^  -r  inM\ 
^V         r         ) 


(5) 


and  the  second  simphfies  to 
1 


l  +  ^\ 


R/L, 
1  +  ^1^- 


LA 


mM\        L.-, 


!0+g) 


(6) 


It  is  evident  from  Equations  (5)  and  (6)  that  there 
are  two  oscillatory-  frequencies  possible  with  a  circuit 
of  this  kind,  but  the  one  wliich  concerns  us  most  is 
that  which  may  resonate  with  the  constants  of  the 
load  circuit,  and  this  may  be  determined  from  Equa- 
tion (6).  By  making  L^  large  enough  in  comparison 
with  Li,  the  small  fraction  LJLji  may  become  equal 
to  [RILi)  [{Li  +  ^nM)/)-]  and  may  be  substituted  for  it. 


Equation  (6)  then  becomes  o)- 


1  -   (io/il) 


1 


or 


and 


oj  =  277  X  frequenc}'  = 


(Li  -  L.2)C 

I  1 


\  (ii  T  L.,)C 


It  will  be  observed  that  this  frequency  resonates 
with  the  circuit  consisting  of  the  condenser  C  and  the 
total  inductance  across  wliich  it  is  connected  ;  thus 
the  generated  frequencj'  may  be  maintained  at  a 
constant  value  while  the  inductance  L^  across  which 
the  triode  is  placed  may  be  varied. 

The  well-known  result  is  obtained  that  i-j  and  24  are 
almost  equal  and  opposite,  and  in  efiect  form  a  large 
circulating  current  within  the  closed  circuit.  The 
input  current  ii  is  a  comparatively  small  energy  current 
supplied  at  a  high  voltage  across  the  load  circuit  ; 
Vii  provides  the  losses  {^R  in  the  load  resistance  R  ; 
and  ii  is  the  vectorial  sum  of  ig  and  i^.  The  voltage 
V  across  the  load  circuit  is  the  pulsatory  voltage  across 
the  anode  and  filament  of  the  triode,  and  consideration 
indicates  that  this  cannot  have  a  peak  value  Ei  which 
exceeds  the  steadj-  voltage  E  of  the  supply. 

Since  there  is  an  upper  limit  to  the  voltage  pulsation 
on  the  triode,  this  onlv  applies  to  the  \-oltage  on  the 
inductance  Lj,  so  the  total  voltage  on  (L^  -f  I-2)  niay 
be  regulated  by  simply  changing  the  proportion  of 
Li  to  i/9.  Provided  the  highest  possible  voltage  pulsa- 
tion on  the  anode  of  the  triode  can  be  maintained, 
the  voltage,  and  therefore  the  current  in  the  load 
circuit,  can  be  increased  to  any  value  desired.  It  will 
be  seen  presently,  however,  that  there  are  other 
limitations. 

The  generated  frequency  as  determined  from  Equa- 
tion (6)  must  still  hold  true  for  Equation  (5),  and  by 
substitution  the  requisite  value  of  M  which  will  fulfil 


this  condition  is  obtained.     By  substituting  l/(ix  +  L2)G 
for  oj-  in  Equation  (5)  we  get  : — 


1 


(L,  +  L.2)C       L 


wliich  reduces  to 


2/£i  +  7nM\ 
i\         r         J 


I    /ij  +  mM 


^)  +  £(-|) 


7n  Lim.         \         L 


IS) 


This  expression  determines  the  minimum  coupling 
between  grid  and  load  circuit  at  which  persisting  alter- 
nating current  can  be  generated. 

Control  of  the  Ste.\dy  Potexti.\l  of  the  Griei. 

We  have  already  seen  that  for  static  conditions  of 
the  triode  : — 

riQ  =  E  +  mfj,Q  —  rd     .      .   •  .      .      (9) 

where  ?'(,  is  the  steady  current  from  the  source  of  supply. 
When  oscillating  we  have  : — 


rio  =  El  -r  TOjU-mai. 


(3) 


where  lo  is  the  peak  value  of  the  oscillatory  portion 
of  the  current  through  the  triode  ;  fj-„,ax,  is  the  peak 
value  of  the  oscillatory  grid  voltage,  and  Ei  is  the 
maximum  value  of   V. 

It  is  important  to  note  that  in  the  first  of  these 
equations,  r,  E,  m  and  d  are  fixed,  and  that  the  steady 
current  tg  flowing  in  the  circuit  is  controlled  by  the 
steady-  potential  ^q  o^  the  grid,  ^^■hen  the  triode  is 
oscillating  these  conditions  are  in  no  way  affected,  but 
while  the  steady  potential  /xq  controls  the  steady  current 
«Q  so  also  under  working  conditions,  when  V  is  approxi- 
mately constant,  the  oscillatory  potential  ju.  of  the  grid 
controls  the  oscillatory  portion  of  the  current  Jo  through 
the  triode.  The  resultant  current  through  the  triode  is 
io  superposed  on  iq,  and  it  will  be  apparent  later  that 
the  minimum  value  occurs  when  there  is  maximum 
potential  on  the  anode  ;  hence,  in  order  to  avoid 
excessive  losses  in  the  triode,  it  is  essential  that  the 
resultant  current  be  reduced  to  zero  at  one  moment 
of  the  cj'cle,  since,  if  this  were  not  done,  steady  current 
would  be  flowing  uselessly  through  it.  It  is  therefore 
necessary  to  know  the  grid  potential  which  can  stop 
current  from  flowing  through  the  triode. 

Current  will  be  cut  off  through  the  triode  if  Jo  be 
greater  than  or  equal  to  )'q,  viz.  if  rl.2  =  or  >riQ 

or  El  -i-  mn^ax.  =  >£  +  w'fto  —  ''d 

mfi,nax.  -  ™Mo  =  >E  -  El-  rd 
E  —  El  -  rd 


H-max.  ~  /^O  —  >" 


(10) 


From  the  characteristics  given  in  Fig.  2,  rd  =  1  140, 
while  E  ma^-  be  any  voltage  up  to,  say,  8  000  volts. 
El  wdll  approach  E  in  value  so  long  as  the  emission 
current  from  the  filament  can  meet  the  requirements 
of  the  circuit,  i.e.  so  long  as  the  triode  is  not  over- 
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loaded.  Thus  under  normal  conditions  the  value  of 
{E  —  El  —  rd)lni  is  always  negative,  and,  to  ensure 
that  current  is  entirely  cut  off  through  the  triode  for 
a  portion  of  the  cycle,  it  is  only  necessary  that  jXmax. 
be  greater  than  (xo- 

However,  the  maintenance  of  a  steady  grid  potential 
by  means  of  a  grid  current  flowing  through  a  grid-leak 
resistance  is  based  on  the  fact  that  ^max  must  be 
greater  than  /jq,  because  it  is  {/Xmaz.  —  H-o)  ^vhich 
determines  the  flow  of  grid  currents,  viz.  the  fact  that 
the  grid  does  for  a  short  period  become  positive  relatively 
to  the  filament  when  yug  is  a  constant  negative  voltage. 

With  grid-leak  resistance  control  of  the  steadv  grid 
potential  it  is  evidently  not  possible  to  depart  seriously 
from  efficient  operation  of  the  triode.  This  is  true 
until  the  grid  current  fails,  and  this  can  only  happen 
when  El  falls  far  short  of  E,  due  to  insufficient  emission 
current  from  the  filament  to  meet  the  demands  imposed: 

These  deductions  are  confirmed  by  experimental 
observation  ;  if  the  grid  current  is  falling  and  Ei  is 
becoming  serioiisly  reduced  relatively  to  E,  it  is  possible 
to  restore  both  bv  increasing  the  temperature  of  the 
filament. 

Further  Deductions  from  the  Gener.\tor  Circuit. 

It  is  important  to  note  that  the  value  of  the  mutual 
inductance  M  as  derived  in  Equation  (8)  passes  through 
a  minimum  value  as  the  inductance  ij  is  varied  from 
a  high  to  a  low  value.  Now  M  is  a  measure  of  the 
pulsatory  voltage  on  the  grid,  Li(di^ldt)  is  the  anode 
voltage  pulsation  and  M{di2/dt)  is  the  grid  voltage 
pulsation,  or  MjLi  is  the  ratio  of  the  grid  to  anode 
pulsations.  Therefore,  when  M  is  more  than  a  fraction 
of  Li  it  means  that  the  grid  voltage  is  higher  than 
the  anode  voltage,  which  is  manifestly  not  practical. 
There  is  in  fact  no  practical  utility  in  decreasing  the 
anode  inductance  Li  below  the  point  which  gives  a 
minimum  value  for  M.  The  object  of  decreasing  Lj 
is  to  obtain  more  current  and  more  power  in  the  load 
circuit,  but  it  is  also  necessary  with  this  object  to 
keep  minimum  pulsatory  voltage  on  the  grid.  It  has 
been  shown  in  the  preceding  section  that  the  pulsatory 
voltage  fx  on  the  grid  determines  the  magnitude  of 
the  steady  potential  |Uo  on  the  grid,  and  the  latter  in 
turn  controls  the  magnitude  of  the  direct  current 
which  can  be  drawn  from  the  source  of  supply.  It 
is  only  with  minimum  negative  steady  potential  on 
the  grid  that  maximum  direct  current  can  be  obtained 
from  the  supply,  therefore  maximum  input  (and  with 
it  output  in  the  load  circuit)  can  onlv  be  obtained  with 
minimum  oscillatory  potential  on  the  grid  ;  in  other 
words,  when  M  is  a  minimum  w-ith  regard  to  Lj. 

To  determine  the  minimum  value  of  M  differentiate 
Equation    (8)    witli   respect  to  Li   and  equate  to   zero. 


Then 

0  = 

1     ,    (Li  +  Ln)RCr  ^ 
m              L-m 

or 

L'f  =  (Li  -i-  L.2)nCr 

but 

{Li  +  L.)C  =  l/co' 

therefore 

Li  =  V(R>-)loj      . 

Vol 

,.   CI 

•  /^i  +  Lz  '"^  constant. 

(11) 


This  expression  gives  the  inductance  below  the 
anode  tapping  point,  according  to  the  frequency  to  be 
generated,  which  will  draw  maximum  current  from  the 
source  of  supply  and  give  the  highest  obtainable  current 
in  the  load  circuit.  It  is  assumed,  of  course,  that  the 
voltage,  E,  of  the  supply,  remains  constant;  if  this  is 
increased  then  all  currents  and  all  voltages  throughout 
the  circuit  increase  in  like  proportion,  and  the  power 
output  is  increased  accordingly,  but  the  importance 
of  the  above  is  apparent  when  E  is  already  as  high 
as  can  safely  be  allowed.  To  reduce  Lj  below  the 
value  calculated,  results  in  a  reduction  of  the  possible 
voltage  pulsation  on  the  anode  of  the  triode  and  conse- 
quently a  fall  in  the  efficienc}^  of  operation. 

The  amount  of  power  which  can  be  put  into  the  load 
circuit  under  the  above  conditions  will  receive  considera- 
tion in  the  next  section,  but  it  will  be  apparent  here 
that  having  once  fixed  the  dimensions  of  the  electrodes 
of  a  triode  and  determined  r  and  the  safe  working 
voltage  E,  there  is  a  limit  to  the  power  for  which  it 
can  be  usefully  employed.  There  is  also  a  corresponding 
limit  to  the  power  which  will  be  dissipated  internallv 
under  efficient  conditions,  and  from  this  the  upper 
limits  to  the  dimensions  of  the  envelope  can  be  fixed. 

There  are,  however,  other  limitations  w^hich  may  be 
imposed  by  the  triode.  There  is,  for  instance,  a  limit 
to  the  amount  of  heat  capable  of  being  dissipated 
from  the  metal  of  the  anode,  and  if  this  be  smaller 
than  the  power  dissipation  which  should  take  place 
within  the  triode  when  working  up  to  the  limits  imposed 
by  the  internal  resistance  r,  the  usefulness  of  the  triode 
is  reduced  and  the  size  of  the  envelope  mav  be  corre- 
spondingly reduced. 

The  amount  of  power  which  an  anode  can  dissipate 
continuously  without  attaining  too  high  a  temperature 
may  be  found  under  static  conditions  and  now  forms 
a  standard  test  to  be  imposed  before  acceptance  of 
triodes. 

Further,  there  is  a  saturation  current  or  maximum 
emission  current  with  a  fixed  filament  temperature 
which  cannot  be  exceeded  and  represents  the  instan- 
taneous peak  value  of  the  current  which  can  pass  through 
the  triode.  It  will  be  shown  later  that  there  is  a 
relation  between  the  triode  current  and  the  true  energy 
current  passing  into  the  load  circuit ;  hence  again  this 
may  prove  to  be  a  limiting  factor  to  the  possible  power 
obtainable  in  the  load  circuit. 

These  limitations  appear  according  to  the  conditions 
under  which  the  triode  is  operated,  and  will  receive 
attention  again  when  expressions  for  power  input  have 
been  deduced. 

Power  in  the  Load  or  Aerl-^l  Circuit. 

To  determine  the  actual  power  which  will  pa§s  into 
the  load  or  oscillatory  circuit  it  is  necessarj^  to  know  : — 

{a)  The  effective  impedance  and  admittance  of  the 
load  circuit  between  the  anode  tapping  point 
and  filament  into  which  the  current  t'l  is  fed. 

(6)   The  power  factor  of  the  same  circuit. 

The  power  and  current  can  then  be  determined  from 
the  pulsation  of  the  anode  voltage  V,  of  which  Ei  is 
the   peak  value;    V  therefore  equals  Eily'2. 
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Let  g  =  resultant  conductance, 
6  =  resultant  susceptance. 

Then  ^/(g-  +  h-)  =  admittance 

and  h  =  V^/{g^~■  +  V-) 

The  power  factor  of  the  circuit  = 


V(3-  +  6-) 

The  power  input  to  the  circuit  =  F  X  t'l  X  power  factor 

=  F2  X  sr 

The   reactance   of  the   single   circuit   containing   L2, 
C  and  R  is : — 


Resistance  =  i? 

Conductance  gi  = 


R 


"^-(-"^^-i^ 


The  conductance  of  the  circuit  containing  ij  is  zero, 
hence  the  resultant  conductance,  of  the  two  circuits 
in  parallel  is  : — 

R 

^  = ■ r^ 


R-^  -^  (loL. -) 


The  susceptance  of  the  first  circuit  is : — 


'^^^'-l^ 


h-^  -  ^f 


R2  + 


The  susceptance  of  the  circuit  containing  L^  is  — —  • 
hence  the  susceptance  of  both  in  parallel  is : — 

1 


6  = 


1  coG 


Olil 


Inserting   the    condition     that    ai' 


1 


obtain 

and 

hence 


(ii  -r  L2)C 


R 


R-  +  oj^Li 
i?2 


g-  +  o-  = 


R- 


The  power  factor  of  the  circuit  is : — 
g  toil 


V(3-  +  62)        ^/(R^'  +  a>2Lf) 

and  this  is  practically  unity,  since  R  is  usually  small 
compared  with  ajLj. 

•  Note  that  10I2  —  l/(uC)  =  —  (uli. 


It  is  now  possible  to  write  : — 
Power  input  to  load  circuit 

2         R-  - 


R 


,-Li 


■      (12) 


The  maximum  possible  power  input  is  obtained  when 

ij  =  ^/{Rr)laj     [see  Eqn.  (11)] 

Hence  the  maximum  power  obtainable   in  an    oscillatory 
or  load  circuit  becomes 


E\      _ 
2    ^  i?2 


R 


-  =  ^^x^ 

Rr         2         i?  + 


watts 


(13) 


Since  R  is  usually  small  compared  \\'ith  r,  and  E^^ 
approaches  E,  this  expression  becomes  practically 
E'-I2r  watts. 

This  deduction  establishes  two  important  conclusions  : 

(1)  The  power  obtainable  in  the  load  circuit  by  the 
use  of  a  given  triode  is  entirely  independent  of  its 
amphfication  factor,  m,  or  in  other  words  the  design 
of  the  grid  within  reasonable  limits  has  no  material 
influence.     (It  must  be  borne  in  mind  that  the  grid 

must  have  sufficient  influence  to  produce  practically 
straight-hne  characteristics  for  the  triode  as  included 
in  the  original  hypothesis.) 

(2)  There  is  a  definite  limit  to  the  power  obtainable 
from  a  given  triode  operated  at  a  fixed  voltage.  This 
Umit  is  determined  by  the  apparent  internal  resistance, 
which  in  turn  depends  principallv  on  the  distance 
between  anode  and  filament  and  the  possible  emission 
current  from  the  filament.  Thus,  assuming  a  given 
length  of  filament  raised  to  the  highest  working  tempera- 
ture, the  resistance  r  is  reduced  by  diminishing  the 
clearance  between  anode  and  filament,  and  the  extent 

■to  which  this  reduction  can  be  carried  depends  on  the 
voltage  at  which  the  triode  is  to  operate.  Maximum 
voltage  occurs  between  grid  and  anode,  and  the  space 
occupied  by  a  suitable  grid  must  be  allowed  for. 

Further,  if  triodes  are  operated  in  parallel  the 
efiective  value  of  r  is  inversely  proportional  to  the 
number  in  use,  so  that  the  possible  power  dutput  can 
be  increased  to  any  extent  desired  by  simply  increasing 
the  number  of  triodes. 

It  is  now  possible  to  estabUsh  the  relation  between 
the  various  currents  in  the  circuit,  both  as  regards 
magnitude  and  phase  difference. 

The  energy  current  i^  passing  into  the  load  or 
oscillator}-  circuit  is  given  by 


vvia- 


R 


62)  =-  ^  X  — 

-v/2        UlL^y,/{R- 


■J'-Lf) 


ER 


V2w^Ll 


-^  (practically) 


(U) 


Also  13,  the  current  in  the  load-circuit  inductance,  is 

13  is  90°  in  time  phase  behind  the   voltage    T',  and 
therefore  practical!}'  90°  laehind  i^. 
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^^  is    (numerically)    almost    equal   to   tg   and    differs 
by  nearly   ISO"  in  time  phase. 


^,  .     i-i        aerial  enersy  current 

The  ratio  —  =  .   ,       

»3  aerial  current 

R  R 


(a)   — 


(practicall}') 


(b) 


{a)  Anode  voltage  variation. 

(/)}  Curi-eiit  in  triode. 

[c)  Energy  current  in  oscillatory  circuit. 

{(/)  Current  circnlatins  in  osciUatory  circuit. 

((•)  Alternating  voltage  below  anode  tapping. 

(,')  Grid  voltage  pulsation. 

(g)  Vector  diagram. 

In  normal  wireless  transmitting  circuits  ojLy  is  10 
to   100  times  the  resistance  R. 

The  current  i^  is  a  small  energy  current  added 
vectorially  to  the  wattless  current  i^  to  make  up  the 
aerial  current  ii. 

Again,  it  has  been  shown  that  : — 


RC(Lr  +  Lg) 


dt 


and  C(-£i  +  L^)  =  ^/cu'-,  while  LJL^  is  negligibly  small, 
and  -—  =  ojig,  since  J3  is  sinusoidal. 


Whence 


R   . 


But  i\  is  shown  above  to  be  practically  (i?/ajLi)»3, 
therefore  if  ii  be  considered  in  a  positive  sense,  the 
direction  of  i^  is  instantaneously  opposite  to  that 
shown  by  the  positive  arrow  in  Fig.  4,  and  i-i  with  12 
may  be  looked  upon  as  one  and  the  same  current 
circulating  between  the  triode  and  load  circuit.  The 
minute  difference  between  ii  and  io  is  made  up  by 
the  negKgibly  small  current  i  flowing  through  the 
anode  choke  inductance  Lj^- 

The  voltages  and  currents  in  the  circuit  are  repre- 
sented in  Fig.   o. 

It  should  be  noted  that  at  the  moment  of  highest 
potential  on  the  anode  relative  to  the  filament  of  the 
triode,  the  grid  potential  is  so  highly  negative  as  to 
cut  olf  all  current  through  it,  wliile  the  maximum 
current  through  the  triode  occurs  at  the  moment  of 
minimum  anode  potential  in  relation  to  the  filament. 
It  is  clear,  therefore,  that  the  triode  must  be  designed 
to  give  its  full  emission  current  at  a  very  low  voltage 
on  the  anode,  such  voltage  being  a  fraction  only  of  the 
supply  voltage  E,  otherwise  the  magnitude  of  the 
pulsatory  voltage  with  peak  value  E-y  would  be  too 
small  a  proportion  of  E  to  give  a  satisfactory  operating 
efficiency. 

Let  it  be  assumed  now  that  a  suitable  emission 
current  is  obtained  in  the  triode  and  that  Ei  may  be 
kept  within  a  few  per  cent  of  E  (this  is  quite  possible 
in  practice),   so  that  E  =  Ei   (virtually). 

The  direct  input  to  the  circuit  =  Eiq  watts  and 
«o  =  -\/2'"2  if  the  triode  current  is  momentarily  cut 
off  at  one  instant  [Fig.  5  (6)]. 

.,       .  .  ER 

Also  i2  =  *i  = -—i  (practically)  [seeEqn.  (14)] 

Hence  the  d.c.  power  input  is 

ER 


E  X  y/i  X 


E^R 


The  corresponding  input  to  the  load   circuit 

=  -T-  X  -—3  [seeEqn.  (12)] 

Hence  the  efficiency  of  the  circuit  =  J  =  50  per  cent. 
This  value  for  the  efficiency  assumes  that  E^  =  E 
and  that  the  currents  «x  and  «2  are  sinusoidal.  It 
will  be  shown  later,  however,  that  when  jj  and  i<,  are 
forcibly  made  to  depart  from  sinusoidal  shape,  a  very 
much  higher  operating  efiicicncj-  than  50  per  cent  may 
be  obtained. 

Design  of  Circuit. 

For  the  present  let  it  be  assumed  that  the  operating 
efficiency  is  e  (it  must  necessarily  vary  according  to 
the  size  of  apparatus  and  circuit  to  be  designed  and 
the  degree  of  economy  in  expenditure). 
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Let  the  amount  of  heat  which  can  be  continuously 
dissipated  from  the  anode  of  a  triode  be  represented 
by  W  watts.  If  the  triode  is  to  be  used  for  wireless 
signalUng  it  is  only  operating  during  the  signals,  wliich 
do  not  occupy  more  than  half  the  total  time,  and  the 
rating  in  watts  may  be  correspondingly  increased  ; 
this  is  taken  into  account  in  assigning  a  value  to  W. 

With  n  triodes  in  use  the  total  dissipation  allowable 
is  nW  watts,  and  the  input  to  the  oscillatory  circuit 
is  represented  by  e/(l  —  e)  x  nW  watts. 

The  maximum  possible  power  output  to  an  oscillatory 
circuit  by  the  use  of  n  triodes  is 

=  Elnl2r  [see  Eqn.   (13)] 

hence  it  is  essential  that  E\nl2r  be  greater  than 
e/(l  —  e)  X  nW  or  that  Elllr  be  greater  than  e/(l  -e)  x  W. 

This  means  that  with  a  given  number  of  triodes 
there  is  a  minimum  voltage  of  the  supply  at  which 
the  desired  power  can  be  obtained  in  the  oscillatory 
circuit,  and  E  should  be  reasonably  higher  than  this 
minimum. 

A  suitable  value  of  E  may  be  determined  from  the 
above  ;  it  is  then  known  beforehand  that  the  tapping 
point  for  the  anodes  on  the  aerial  or  load  circuit  in- 
ductance will  not  need  to  be  reduced  to  that  point 
at  which  the  highest  possible  output  is  obtained. 

The  power  given  to  the  oscillatory  circuit  is  also 


Ei 

—  X 
2         JJ2  +  co^ii 


R  ElR 

5  [see    Eqn.   (12)]   or  practically  ^ — 5 


hence 


Or 


e\r 

2a,-Ll 


til  =  — 


R 


-nW  =  aerial  power  in  watts. 


2  x  aerial  watts 


j  in  lienrys  (nearly)     .     (15) 


If  the  filament  emission  current  is  such  that  E^ 
cannot  approach  E  it  is  necessary  to  substitute  Ei  in 
the  above. 

Instead  of  expressing  the  generated  current  in  terms 
of  frequency  as  involved  in  o),  it  may  be  expressed  in 
terms  of  wave-length  in  metres, 


or 
and 

or 


677  X    10« 


wave-length  (metres) 
El  X  wave-length    //  R 


'    If ^ ) 

\  \2  X  aerial  watts/ 


ii  = 


eOOTT  'V  \2  X  aeria 

El  X  wave-length    /  R 


m  micro- 
henrys 


2  665 


in  microhenrys 

aerial  watts 


This  expression  determines  that  part  of  the  in- 
ductance in  the  oscillatory  circuit  included  below  the 
tapping  point  of  the  anodes  of  the  triodes. 

It  has  already  been  shown  that 

co=  yV{{Li  +  L.£)C} 
therefore  wave-length  =  677  x  10''*v{(ii  t  ^.2)0} 


aerial  or  oscillatory  circuit  condenser  capacity  in 
farads.  If  C  be  fixed,  then  {Li  -j-  Lo)  may  be  deter- 
mined for  any  wave-length  or  generated  frequency. 

The  current  in  the  oscillatory  circuit  is  determined 
by  R,  since  (current)^  x  i?  =  aerial  watts. 

Thus  the  proportions  of  a  suitable  circuit  are  complete. 

Gener.\l  Consider.\tions. 

The  accuracy  of  the  foregoing  deductions  may  be 
readily  confirmed  by  experiment  on  apparatus  suffi- 
ciently large  to  enable  reliable  measurements  to  be 
made. 

The  test-results  given  in  the  table  are  obtained  from 
two  triodes  with  the  characteristics  shown  in  Fig.  1, 
operated  in  parallel.  The  oscillatory  circuit  is  tuned 
to  a  wave-length  of  1  000  m  (i.e.  3  X  10^  periods  per 
sec.)  and  the  effective  resistance  of  the  oscillatory 
circuit  is  3  •  2  ohms.  Each  triode  can  dissipate  400  watts 
internally  before  the  metal  of  the  anode  becomes  unduly 
hot,   and  this  is  considered  to  be  the  full  rating. 

A  working  efficiency  of  60  per  cent  is  to  be  expected 
at  full  rating,  so  with  two  triodes  dissipating  800  watts 
it  should  be  possible  to  obtain  1  200  watts  in  the 
oscillatory  circuit. 

The  maximum  possible  power  output  to  the  oscillatory 
circuit  =  E~il(2r),  where  r  for  two  triodes  =  i  (9  000) 
=  4  500  ohms.  If  then  £?/(2  x  4  500)  =  1  200,  or 
£1  =  3  290  volts,  it  will  just  be  possible  to  obtain 
1  200  watts  in  the  oscillatory  circuit. 

The  corresponding  value  of  E  is  somewhat  higher 
than  El,  the  ratio  EJE  depending  on  the  amount  of 
current  that  will  be  required  to  pass  through  each 
triode,  as  compared  with  the  saturation  value  of  the 
emission  current  from  the  hot  filament.  Naturally, 
if  a  triode  is  fully  loaded  in  one  respect  it  should  be 
near  its  full  rating  in  other  respects,  and  this  will  be 
the  case  under  the  conditions  in  question,  the  current 
in  each  triode  reaching  its  saturation  value  even  before 
the  full  output  is  reached.  In  consequence  i'j  is  likely 
to  fall  seriously  between  no-load  and  full-load  conditions 
while  E  is  kept  constant,  but  (E~Ei)  must  not  be 
more  than  1  140  =  rd  or  there  would  be  liability  of 
the  grid-leak  .current  failing  and  inefficient  operation 
resulting,  as  shown  in  a  previous  section.  If  the  triode 
has  not  sufficient  emission  current  it  may  not  be  able 
to  prevent  {E  —  Ei)  exceeding  the  limit  of  1  140  volts. 
It  is  therefore  concluded  that  a  value  of  £?  =  4  500  volts 
approaches  the  lowest  value  it  is  safe  to  use  if  an 
output  of  1  200  watts  is  required  in  the  oscillatory 
circuit. 

This  value  of  E  may  be  termed  the  critical  voltage 
of  the  triode  ;  it  is  the  lowest  voltage  at  which  it  is 
possible  effectively  to  load  the  triode  to  its  full  rating, 
and  retain  efficient  working. 

At  higher  supply  voltages  than  the  critical  value  a 
higher  power  output  to  the  oscillatory  circuit  can  be 
obtained,  but  this  cannot  be  endured  continuously  by 
the  triodes  on  account  of  excessive  internal  loss.  It 
will  therefore  be  found  necessary  to  keep  the  inductance 
Li  (included  below  the  anode  tapping  point)  at  a  higher 
value    than    that    at    which    maximum    power    to    the 
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oscillatory  circuit  is  obtained,  in  order  to  restrain  the 
demand  for  power. 

At  lower  voltages  than  the  critical  value  the  power 
outputs  to  the  oscillatory  circuit  are  correspondingly 
reduced,  and  when  operating  at  maximum  output  the 
internal  loss  of  the  triode  is  well  within  the  rating 
and  the  anode  does  not  heat  up. 

If,  however,  the  anode  tapping  inductance  ij  is 
reduced  below  that  for  maximum  output,  or,  alter- 
natively, if  the  oscillatory  circuit  resistance  is  increased, 
thus  necessitating  a  higher  inductance  i>j  for  the  point 
of  maximum  output,  the  operation  will  be  very  in- 
efficient and  the  metal  of  the  anodes  may  heat  up. 

These  test-results  show  that  with  an  operating  voltage 
of  4  500  for  the  supply  an  output  of  1  200  watts  to  the 
oscillatory  circuit  would,  as  expected,  be  obtained  if 
the  inductance  Lj  below  the  anode  tapping  point  were 
approximately  60  ^H,  and  for  an  inductance  only 
slightly  less  than  this  the  circuit  ceases  to  operate  in 
a  really  stable  manner,  showing  that  maximum  output 
has  been  reached. 

According  to  calculation  from  theory,  maximum 
output  is  obtained  when 

Li  =  ■^/{Rr)lw  henrvs  =  ■s/(Rr)la)  X   108 

=  -v/{3-2  X  i.  500')/(277  X  3  X  105)  X  106=  63  ynH 

The  agreement  is  sufficiently  close  to  confirm  the 
validity  and  usefulness  of  the  original  hypothesis. 

Variations  in  aerial  power  with  changes  in  the  in- 
ductance Li,  or  in  the  supply  voltage,  are  clearly  shown. 

Derivation  of  other  Gener.\tor  Circuits. 

Referring  again  to  the  circuit  of  Fig.  4,  it  has  been 
shown  that  the  ratio   of  the    inductances   L^   and   Lk 


Fig.  0. 


Fig.  7. 


should  be  very  small.  In  a  particular  case  let  the 
inductance  of  the  anode  choke  Lk  be  infinite,  as  is  clearly 
permissible  from  the  theory,  then,  so  far  as  the  passage 
of  alternating  current  through  it  is  concerned,  the 
circuit  of  Lk  may  be  broken.  It  was  also  shown  that 
the  d.c.  supply  voltage  was  absorbed  and  was  measurable 
across  the  anode  blocking  condenser  B  ;  let  the  generator 
then  be  connected  across  B.  The  resulting  circuit  is 
shown  in  Fig.  6,  and  will  be  recognized  as  the  well- 
known  Lieben  circuit. 

Other  modifications  may  be  obtained,  according  to 
the  method  of  deriving  the  oscillatory  grid  voltage. 
It  has  been  proved  to  be  necessary  for  M  to  have  a 
negative  coupling,  or  for  the  grid-to-filament  voltage 
to  be  opposite  in  phase  to  the  anode-filament  voltage.' 
This  suggests  the  circuits  of  Figs.  7  and  8.     Again,  a 
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condenser  and  inductance  in  series  may  be  shunted 
across  L^  or  Lj  and  L,  or  any  part  thereof,  as  in  Fig.  9, 
the  condenser  being  so  small  as  not  to  affect  the  tuning 
of  the  oscillatory  circuit  to  any  appreciable  extent. 
Due  to  the  condenser  being  so  small,  it  has  a  voltage 
across  it  greater  than  that  across  the  inductance  Lj 
Itself,  hence  the  voltage  across  the  series  inductance  is 
opposite  to  that  across  Lj,  and  if  suitably  proportioned 
it  may  be  connected  directly  to  the  grid  of  the  triode. 
This  method  is,  perhaps  erroneously,  termed  "  capacity 
couphng."  Capacity  coupling  is  recognized  as  being  a 
connection  through  a  condenser  of  neghgible  impedance, 
such  condenser  of  itself  forming  no  effective  part  of 
the  circuit  beyond  acting  as  a  short-circuit  for  alternating 
current  and  a  block  for  direct  current.  When  a  con- 
denser is  effective  for  some  purpose,  it  must  form  either 
a  simple  series  or  parallel  connection  and  the  term 
"  coupling  "  is  redundant.  Alternatively  to  Fig.  9  the 
capacity  between  anode  and  grid  of  the  triode  may  be 
utilized,  a  simple  inductance  being  connected  between 
grid  and  filament.  On  moderately  large  triodes  highly 
efficient  operation  may  be  obtained  in  this  way  without 


Fig.  8. 


Fig.  9. 


A.C.  voltage  on  anode       ij 


1    rLi        {Li_-hJ^)RCr\ 


and,  since  — ^  =  (i,  -|-  i.,'>(7 

A.C.  voltage  on  grid  If  Rr 


the  necessity'  for  electromagnetic  coupling  to  the  grid 
inductance. 

It  has  been  assumed  liitherto  that  the  actual  capacities 
between  the  electrodes  of  the  triode  are  neghgible 
compared  with  the  capacity  dealt  with  in  the  oscillatory 
circuit.  In  practical  wireless  circuits  tliis  assumption  is 
legitimate,  but  at  the  same  time  in  large  installations 
the  capacity  current  flowing  is  measurable  and  may 
be  utilized  as  indicated  above. 

OSCILL.A.TION  Lines. 

It  will  now  be  show^n  how  the  expressions  obtained 
for  the  coupUng  of  grid  to  aerial,  aerial  power,  steady 
grid  potential,  triode  current,  etc.,  may  be  embodied 
in  a  diagram  in  such  a  way  as  to  indicate  the  effect  of 
any  change  and  show  the  conditions  imposed  upon  the 
triode. 

This  can  be  done  by  the  aid  of  the  original  diagram 
showing  the  anode-current/grid-voltage  relation  at 
different  anode  voltages. 

It  is  necessary  first  to  establish  the  relationship 
between  grid  and  anode  pulsatory  voltages. 

A.C.  voltage  on  grid         M  ,  .     ,,   , 

"  —  ~  (nuniencally) 


A.C.  voltage  on  anode 


in  \  ui-Li 


but  R/ico-Ll)  is  proportional  to  the  power  input  to  the 
oscillatory  circuit,  hence  when  power  in  the  aerial  is 
zero,  either  by  B  being  zero  or  i^  infinite,  Rrfto^Ll  =  0. 


Then 


A.C.  voltage  on  grid  1 

A.C.  Voltage  on  anode       m 


■When  maximum  power  is  obtained  in  the  oscillatory 
circuit 


.          ViRr)  ,        „         ,,,..,  ,  Rr 

Li  =  [see  Eqn.  (ll)J,     whence 


oj-ii 


=  1 


Then 


A.C.  voltage  on  grid  2 

A.C.  voltage  on  anode       m 


For  other  powers  in  the  oscillatorj^  circuit  the  neces- 
sary a.c.  grid  voltage  ranges  from  l/m  to  2/wi  times  the 
anode  pulsatory  voltage. 

It  must  be  borne  in  mind  that  these  values  are  the 
minimum  at  which  oscillatorj'  current  can  be  obtained 
and  that  they  represent  conditions  in  the  triode  wliich 
hold  when  the  oscillatory  current  through  it  is  sinusoidal. 
The  peak  value  of  the  current  is  just  equal  to  the 
steady  current,  and  a  momentary  resulting  condition 
of  zero  current  when  there  is  maximum  potential  on 
the  anode,  as  shown  in  Fig.  5.  The  operating  efficiency 
is  50  per  cent. 

At  any  given  power  in  the  oscillatory^  circuit  let  the 
highest  value  of  current  in  the  triode  be  ;'. 

If  i2  =  the  R.M.S.  value  of  the  oscillatory  current, 
then  i  =  2\/2t2. 
Power  to  oscillators-  circuit 


R 


=  -z    X 


El 

V2 


«2   (see  previous  section) 


E^R 


—^  =  -     and 


2aj2ir       V2       4 
But  the  a.c.  voltage  on  grid  is 


o~L\       2Ei 


Vl+     ^^ 

m  y          lo-Li 

^  f ,    .      ^^ 

or 

tn  [^          (u~Li 

and 

m  [_          aj-Li 

_  -^1    _L     "' 

m        2m 

X  a.c.  voltage  on  anode 


E-, 


However,   since   the   anode    pulsates   from    +  Ei    to 
—  El,  the    total   pulsation  is  through  2Ei,  or  through 
2E    when    there  is  only  a  small  current  through  the  . 
triode,  and  the  total  pulsation  on  the  grid  is  2/Xmaj:. 

Thus     the    total    pulsation    on    the    grid     =  {2E)/m 
+  {ri)lin,  while   the    anode   pulsates   from  2E  to  zero. 
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It  is  to  be  noted  that  this  is  entirely  independent  of 
generated   frequency  or  wave-length. 

Take  first  the  case  in  which  the  current  i  in  the  triode 
is  infinitely  small,  and  the  aerial  current  correspondingly 
small,  so  that  we  have  what  may  be  regarded  as  voltage 
pulsations  only.  The  total  grid  pulsation  =  i^imax. 
=  2Elm. 

Referring  now  to  Fig.  10,  in  which  the  characteristics 
of  the  triode  as  shown  in  Fig.  2  are  reproduced,  the  grid 
pulsation  is  represented  in  magnitude  by  a  length  AB 
which  is  =  'ZEjm  on  the  grid  voltage  scale. 

The  locus  of  the  voltage  pulsations  may,  in  fact,  be 
represented  by  the  line  AB,  instantaneous  values  being 
read  off  on  grid  and  anode  scales  respectively.  The 
middle  point  of  the  oscillation  is  X  on  the  grid  scale, 
and  E  volts  on  the  anode  scale,  and  the  oscillation  is  a 
pendulum  motion  in  time  along  AB.  The  locus  AB 
has  no  ordinate  on  the  anode  ampere  scale,  thus  indi- 
cating that  no  current  is  passing  through  the  triode.  A 
suitable  steady  grid  potential  is  represented  by  a  nega- 
tive value  OX. 

To  obtain  the  locus  of  the  oscillation  when  a  given 
amount  of  power  is  passing  into  the  oscillatory  circuit 
involving  a  current  i  in  the  triode  at  its  highest  value. 


Fig.   10. 


Fig.   11. 


draw  from  the  zero  anode  voltage  line  an  ordinate  CD 
representing  the  current  i  on  the  anode  ampere  scale. 

Then  i  =  BD  tan  6,  where  BD  is  a  voltage  on  the 
grid  scale  ;  but  tan  Q  =  m/r  [see  Eqn.  {2)J,  therefore 
i  =  BD  X  mfr,  or  BD  =  rijin  volts  on  the  grid  scale. 

The  total  grid  pulsation  is  required  to  be  {2E/m) 
-f  (rilm),  which  is  seen  to  be  AB  +  BD  =  AD. 

The  locus  of  the  oscillation  can  accordingly  be  repre- 
sented by  a  line  AC  of  which  the  ordinates  are  instan- 
taneous currents  in  the  triode  ;  with  harmonic  motion 
in  time  the  ordinates  produce  a  sinusoidal  wave-shape 
of  current.  The  middle  point  of  the  oscillation  is 
X'  and  a  suitable  steady  grid  potential  is  a  negative 
value  O'X'. 

An  increase  of  current  through  the  triode  is  produced 
either  by  reducing  the  anode  tapping  inductance  or 
increasing  the  resistance  in  the  oscillatory  circuit  as 
shown  previously,  but  every  condition  may  be  repre- 
sented (when  adjusted  for  an  operating  efficiency  of 
50  per  cent)  by  locus  lines  such  as  AC  or  AF. 

The  grid  pulsation  at  maximum  output  is  shown 
above  to  be  double  that  when  no  current  flows  through 
the  triode,  viz.  it  becomes  2AB.  B  is  therefore  the 
middle  point  of  the  grid  pulsation  and  OB  is  accordingly 
the  steady  grid  potential.  This  condition  is,  however, 
not  representative  of  a  practical  condition  ;  it  v.'ill  be 
remembered   that  the   argument  used  in   deriving  the 


point  of  maximum  output  was  based  upon  the  control 
of  the  steady  potential  of  the  grid  by  a  grid-leak 
resistance  which,  perforce,  maintains  a  negative  voltage 
relative  to  the  filament,  whereas  OB  indicates  a  positive 
one.  It  remains,  therefore,  to  explain  how  it  is  possible 
to  reach  maximum  output  with  a  steady  negative 
potential  on  the  grid.  The  reason  is  to  be  found  in 
the  fact  that  the  real  characteristics  of  the  triode  are 
not  exactly  the  assumed  ones  in  Figs.  2  and  10.  A 
more  accurate  representation  is  shown  in  Fig.  11,  in 
which  the  bend  in  the  characteristic  lines  at  low  current 
values  is  emphasized.  It  is  clear  from  this  that  in 
order  to  stop  current  flowing  through  the  triode  at  an 
anode  voltage  of  2E,  the  grid  potential  is  much  more 
highly  negative  than  has  been  previously  represented. 
The  oscillation  line  follows  more  nearly  the  dotted 
line  of  Fig.  11,  a  considerable  departure  from  a  straight 
line,  indicating  that  the  hypothetical  alternating  current 
superposed  on  the  d.c.  current  through  the  triode  has 
positive  and  negative  half-waves  which  are  unlike.  It 
will  be  seen  shortly  that  it  is  desirable  to  have  an 
oscillating  line  cif  this  character  as  it  greatly  improves 
the   operating   efficiency.     In   any   case,  to  obtain  the 


conditions  shown  in  either  Fig.  10  or  Fig.  11,  in  which 
the  triode  current  is  just  cut  off  at  the  highest  anode 
potential,  it  is  necessary  to  have  independent  control 
of  the  steady  grid  potential. 

Consider  next  the  case  of  an  increased  supply  voltage, 
the  circuit  remaining  unchanged  except  for  the  control 
of  the  steady  grid  voltage  which  must  be  adjusted  to 
produce  similar  conditions  by  cutting  off  the  triode 
current  at  the  moment  of  peak  anode  voltage.  Let  the 
supplv  voltage  be  increased  x  times  ;  the  anode  pulsa- 
tion can  then  increase  x  times  and  with,  it  the  aerial 
current  which  in  turn  draws  x  times  the  previous 
current  through  the  triode.  The  pulsating  grid  voltage, 
being  proportional  to  the  aerial  current,  also  increases 
X  times.  A  new  oscillation  line  parallel  to  the  former 
one  is  therefore  obtained  as  shown  in  Fig.  12,  all  voltages 
and  currents  in  the  diagram  being  increased  x  times. 
The  power  in  the  oscillatory  circuit  and  in  the  triode 
increases  as  x".  The  steady  grid  voltage,  it  will  be 
observed,  also  requires  to  be  increased  nearly  x  times, 
a  condition  automatically  fulfilled  in  general  by  the 
use  of  a  grid-leak  resistance. 

For  an  oscillation  Une  considered  in  Fig.  10,  the  d.c. 
current  drawn  from  the  supply  is  half  the  peak  value 
of  the  current  through  the  triode,  and  is  represented 
in  Fig.  13  by  the  ordinates  of  I,  I.  At  the  instant 
represented   by  the  ordinate  RST.  RS  is  the  current 
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in  the  triode  and  ST  the  current  passing  through  the 
blocking  condenser  to  the  oscillatory  circuit,  or  the 
component  of  the  hypothetical  alternating  current 
passing  through  the  triode,  which  is  the  energy  current 
for  the  oscillatory  circuit.  At  the  instant  WXY  all 
the  steady  current  WX  is  passing  through  the  triode, 
and  an  additional  component  XY  is  the  instantaneous 
return  current  from  the  oscillatory  circuit. 

The  alternating  energy  current  passing  to  the  oscil- 
latory circuit  is  alternately  extracted  from  and  given 
to  the  triode  during  each  half  period.  It  is,  however, 
extracted  when  the  voltage  is  high  and  returned  when 
the  voltage  is  low,  so  that  there  is  a  net  extraction  of 
energy  as  it  were  from  the  triode,  and,  in  order  to 
allow  of  the  process  being  carried  on,  a  steady  supply 
is  received  by  the  triode  from  a  separate  source. 

^Vhe^  the  alternating  current  superposed  on  the 
steady  triode  current  is  truly  sinusoidal  in  wave-shape 
it  has  been  shown  that  the  oscillatorv-  circuit  receives 
half  the  total  input  from  the  source.  The  only  way  in 
which   a   greater  proportion   of  the  total  power  input 


K.^^ 


1/^ 


T£l^^%TTT 


P-miX.' 


H-< P-c— 

Fig.  U. 


between  the  same  limits  of  anode  voltage.     The  mag- 
nitude of  y!   being  fixed,  the  position  is  definite. 

A  portion  of  the  new  line  A'S  indicates  a  reversal 
of  current  tlirough  the  triode,  but,  since  the  electronic 
current  cannot  reverse,  all  the  current  through  the 
triode  in  that  portion  of  the  cycle  represented  by  A'S 
is  cut  off.  The  new  oscillation  line  may  therefore  be 
ASC',  pro\dded  that  the  power  input  to  the  oscillatory 
circuit  has  not  decreased. 


can  be  transferred  to  the  oscillatory  circuit  is  to  upset 
the  regularity  of  the  cycle  by  which  current  is  extracted 
from  and  returned  to  the  triode  from  the  oscillatory 

circuit.     It  is  necessary- only  that  \idt  (or  the  coulombs 

in  one  direction)  shall  be  equal  to  the  coulombs  in  the 
other  direction  within  one  complete  cycle.  If  this 
were  not  the  case,  the  anode  blocking  condenser  would 
begin  to  charge  up  with  an  increasing  steady  potential. 
What  is  required,  therefore,  is  to  be  able  to  continue 
to  extract  current  from  the  triode  when  its  voltage  is 
high,  and  return  a  high  value  of  current  in  a  short 
period  of  time  when  the  voltage  on  the  triode  is  low  ; 
the  consumption  in  the  triode  for  a  given  current  is 
then  a  minimum. 

With  this  object  in  view  the  effect  of  changing  the 
conditions  imposed  on  the  triode  may  next  be  considered. 
First,  let  a  higher  steady  negative  grid  potential  be 
imposed.  Assuming  that  the  original  oscillatorv  current 
can  be  maintained  (a  higher  one  is  impossible  since  the 
anode  is  already  pulsating  from  2E  to  0),  the  oscillatorv 
grid  voltage  remains  unchanged,  and  thus  the  projection 
of  the  new  oscillation  line  on  the  ^x  axis  must  be  the 
same  as  before.  It  is  therefore  concluded  that  the  new 
line  is  parallel  to  the  previous  one  (see  Fig.  14),  working 


Fig.  15. 

Let  the  current  from  the  source  of  supply  be  indicated 
in  Fig.  15  by  what  must  obviously  be  a  reduced  magni- 
tude relatively  to  the  previous  condition.  The  point  Z 
which  represents  the  instant  of  zero  current  to  or  from 
the  oscillatory  circuit  is  no  longer  in  the  middle  of  the 
oscillation.  The  ordinates  of  the  shaded  area  lASZ 
are  the  instantaneous  currents  passing  into  the  oscillatory 


']    /-^/-^S     Gnd  voltage      B 


Fig.   16. 


circuit  at  high  voltage  and,  although  the  magnitudes 
are  smaller,  the  time  period  is  longer  than  before  and 
it  is  therefore  possible  for  the  same  power  to  pass  into 
the  oscillatory  circuit,  while  at  the  same  time  the 
consumption  of  power  in  the  triode  itself  is  much 
reduced  due  to  current  at  very  high  voltages  being 
entirely  cut  off. 

The  ordinates  of  ZC'I  are  the  return  instantaneous 

currents   from    the    oscillatory   circuit   for   which    |  idt 

must  be  the  same  as  in  the  other  sense,  but  the  voltage 
is  much  lower  and  the  time  for  the  return  of  the  current 
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is  shorter  than  half  a  cycle.  The  net  absorption  of 
energy  in  the  oscillatory  circuit  may  therefore  be  quite 
as  large  as  in  the  previous  case,  and  oscillations  can  be 
maintained.  Throughout  the  cycle  the  current  through 
the  triode  is  much  reduced,  hence  there  is  a  reduced 
power  input  and  an  improved  overall  efficiency. 

Gradually  increasing  the  steady  grid  potential  curtails 
the  d.c.  current  input  from  the  supply  and  improves 
the  efficiency  until  the  point  is  reached  where  the  power 
input  is  not  sufficient  to  maintain  the  original  oscillatory 
current,  and  as  this  determines  a  fall  in  the  oscillatory 
grid  voltage  which  previously  was  only  just  high  enough 
to  maintain  oscillations,  the  oscillations  at  this  point 
must  cease. 

A  reduction  of  the  steady  grid  potential  obviously 
allows  more  direct  current  to  flow  uselessly  through  the 
triode  and  so  reduces  the  efficiency.  The  oscillation 
line  is  parallel  to  and  higher  than  the  original  ;  there 
is  a  greater  average  current  in  the  triode  but  the  oscil- 
latory current  remains  unchanged. 

Now  consider  the  effect  of  increasing  the  coupling 
of  the  grid  to  the  oscillatory  circuit,  i.e.  increasing  the 
alternating  grid  voltage.  Take  the  same  initial  con- 
ditions as  previously  for  the  basis  of  comparison,  viz. 
minimum  coupling  to  maintain  oscillations  and  a  steady 
negative  potential  on  the  grid  sufficiently  high  to  cut 
off  the  current  through  the  triode  during  one  instant 
of  the  cycle,  and  so  give  an  efficiency  of  transformation 
of  50  per  cent.  These  conditions  are  represented  in 
Fig.  16  by  the  oscillation  line  AXC,  where  X  is  the 
middle  point  of  the  oscillation  and  OX  is  the  steady 
negative  grid  potential.  The  projection  of  AX  on  the 
[J,  axis  is  the  peak  value  of  the  alternating  grid  voltage. 
If  now  the  grid  voltage  be  increased  it  means  that  the 
slope  of  the  oscillation  line  must  be  steeper. 

It  is  not  possible  for  a  line  such  as  AF  to  represent 
the  new  condition,  because  it  indicates  a  higher  a.c. 
current  through  the  triode,  which  can  only  be  brought 
about  by  a  change  in  the  oscillatory  circuit  caused  by 
increasing  the  resistance  or  reducing  the  inductance 
below  the  anode  tapping  point.  Neither  can  it  be 
represented  by  a  line  such  as  YXZ  having  the  same 
mid-point  of  the  oscillation,  since  there  is  just  the  same 
d.c.  current  demand  from  the  supply  and  yet,  for  one 


portion  of  the  cycle,  current  is  entirely  cut  off  through 
the    triode  so  it  is  impossible  for   lidt  to  be  the  same 

for  the  two  half  cycles. 

Consider  next  an  oscillation  line  such  as  YXZ 
which  has  a  higher  steady  negative  grid  voltage  and 
also  a  higher  alternating  grid  voltage  than  the  original 
line  AXC.  Due  to  the  higher  steady  grid  voltage  the 
d.c.  current  input  is  reduced  and  therefore,  as  previously 
seen,  the  point  at  which  no  current  passes  from  the 
oscillatory  circuit  to  the  triode  is  no  longer  the  mid- 
point of  the  oscillation.  It  is  now  possible  to  obtain 
the  same  aerial  or  oscillatory  circuit  current  at  an 
improved  overall  efficiency,  and  a  condition  may  be 
obtained  for  which  lidt  is  the  same  for  both  half  cycles. 

It  is  concluded,  therefore,  that  an  oscillation  line  such 
as  ASX'Z'  is  possible.  It  represents  a  higher  efficiency 
than  50  per  cent.  Adjustment  of  the  coupling  of  the 
grid  coil  to  the  oscillatory  circuit  is  used  in  practice 
as  a  means  of  regulating  the  magnitude  of  the  steady 
grid  potential  and  so  arriving  at  the  point  of  highest 
operating  efficiency. 

It  is  unsafe  for  most  purposes  to  use  an  independently 
controlled  steady  grid  potential,   because  there  are  so 
i    many  conditions  which  may  change  slightly  and  the 
}    operating  efficiency  is  so  sensitive  to  changes  in  grid 
'    potential.     It    will    have    been  noted    throughout    the 
I    paper    how    admirably    suited     a     grid-leak    resistance 
control   is   for   practical   purposes.     It   responds    auto- 
matically in  the  right  sense  for  stability  and  maintenance 
of  efficient  working  conditions  until  the  point  of  maxi- 
mum output  for  the  triodes  is  reached. 

Efficiency  of  Operation. 
It  is  clear  that  by  plotting  the  instantaneous  currents 
of  any  given  oscillation  line  on  a  time  basis  it  is  possible 
to  obtain  graphically  the  real  efficiency.  This  has 
been  done  by  the  author  in  many  cases,  and  it  is  of 
interest  to  note  that  there  appears  to  be  a  practical 
limit  beyond  which  it  is  impossible  to  go  even  when 
the  current  allowed  through  the  triode  is  many  times 
the  d.c.  supply  current,  e.g.  when  the  triode  is  lightly 
loaded.  The  limiting  efficiency  of  transformation  is 
approximately  85  per  cent. 
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EXPERIMENTS   ON   MODES   OF   RESONANT  VIBRATIONS   OF 
TELEPHONE   RECEIVER   DIAPHRAGMS.* 


By  Professor  J.  T.  MacGregor-Morris,  Member,  and  Professor  E.  Mallett,  M.Sc.(Eng.), 

Member. 

[Paper  first  received  2fiW!  March,  and  in  final  fcrm  3rd  July,  1923.) 


Summary. 

(1)  The  well-known  phenomenon  of  the  "  howling  tele- 
phone "  is  extended  by  the  insertion  between  the  micro- 
phone and   the  receiver  of  a  valve  amplifier. 

(2)  The  extended  phenomenon  is  used  to  measure  the 
velocity  of  sound. 

(3)  An  investigation  is  made  as  to  which  member  of  the 
complicated  mechanical-electrical  system  determines  the 
pitch   of  the  "  howl." 

(4)  Sand  figures  are  obtained  of  some  of  the  various 
modes  of  vibration  of  a  receiver  diaphragm. 

(5)  The  frequencies  of  the  various  modes  are  compared 
with  those  predicted  by  theory. 

(6)  Conclusions  ;  that  the  characteristic  note  is  deter- 
mined by  the  telephone  receiver,  and  that  the  receiver 
diaphragm  overtones  are  substantially  in  accordance  with 
the  plate  theory. 


1.  It  is  well  kno\vn  that  when  the  receiver  of  a 
telephone  circuit  is  placed  face  to  face  with  the  micro- 
phone, continuous  oscillations  may  be  set  up  and  the 
telephone  "  howls  "  ;  that  is,  a  continuous  note  of 
definite  pitch  is  heard.  As  the  receiver  is  gradually 
withdrawn  from  the  microphone  the  pitch  of  the  note 
may  drop  a  little  before  the  note  dies  away.  This 
phenomenon  has  been  investigated  by,  among  others, 
Mr.  F.  Gill.t  who  found  that  the  pitch  of  the  note 
depended  both  on  the  electrical  constants  and  on  the 
mechanical  constants  of  the  circuit.  For  instance, 
to  shunt  the  receiver  with  a  condenser  or  to  insert 
inductance  into  the  receiver  circuit  lowers  the  pitch  ; 
while  to  add  resistance  raises  the  pitch.  Also,  alteration 
of  the  distance  between  the  two  diaphragms  alters  the 
pitch. 

While  experiments  were  being  made  with  a  telephone 
amplifier  circuit,  the  receiver  was  placed  in  front  of 
the  microphone  in  the  expectation  of  obtaining  a  much 
more  vigorous  howl.  Not  only  was  this  successful,  but 
the  whole  phenomenon  was  extended  in  a  remarkable 
way.  As  the  receiver  was  gradually  withdrawn  from 
the  microphone  the  pitch  of  the  note  fell  and  its  in- 
tensity decreased  ;  without  dying  away  completely 
there  was  a  sudden  rise  in  the  pitch,  which  again  gradu- 
ally fell  as  the  distance  between  receiver  and  microphone 
increased.  After  the  rise  of  pitch  the  intensity  of  the 
note  was  not  very  great,  but  became  greater  as  a  certain 

*  !^^^.  Papers  Committee  invite  written  rommunirations  {with  a  vit-w  to 
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in  tlie  Journal  without  being  read  at  a  meeting.  Communications  should  reach 
tlie  Secretary  of  the  Institution  not  later  than  one  month  after  publication  of 
the  paper  to  whirl)  thev  relate. 
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pitch  was  approached  and  less  after  that  pitch  was 
passed.  That  is,  there  was  one  note  of  particular  pitch 
which  had  the  greatest  intensity.  As  the  movement 
of  the  receiver  was  continued  the  whole  cycle  was 
,  passed  through  again  ;  the  sudden  change  to  a  high 
pitch,  the  gradual  lowering  of  the  pitch  and  increase 
of  the  intensity  to  the  most  prominent  note,  and  the 
further  lowering  of  the  pitch  and  decrease  in  the  in- 
tensity until  the  note  again  suddenly  rose.  It  was 
observed  that  the  changes  of  pitch  were  smaller  as 
the  distance  increased,  and  after  a  time  it  was  practically 
only  the  most  prominent  note  that  was  heard,  with 
silent  spaces  in  betiveen.  As  many  as  18  recurrences 
of  the  phenomenon  were  obtained  in  tliis  way  with  a 
two-stage  amplifier.  On  the  receiver  being  moved 
towards  the  microphone  the  reverse  process  was  gone 
through  ;  first  a  rise  of  pitch,  then  a  break  to  a  lower 
pitch,  with  a  maximum  intensity  at  a  medium  pitch. 
The  breaks  did  not  occur  at  quite  the  same  points 
as  on  the  outward  journey,  but  the  positions  for  the 
most  prominent  note  were  the  same. 

It  was  very  soon  obser\'ed  that  the  distances  between 
the  positions  of  the  receiver  at  which  the  "  charac- 
teristic "  pitch  occurred  were  approximately  equal. 

An  outline  explanation  of  the  phenomenon  appears 
comparatively  simple.  Suppose  that  for  some  reason 
the  microphone  diaphragm  is  vibrating,  so  that  its 
motion  can  be  represented  by  a  sin  cut.  The  motion 
will  produce  an  alternating  current  in  the  electrical 
circuit  whose  phase  with  respect  to  the  microphone 
diaphragm  will  change  as  it  progresses  through  the 
amplifier  to  the  telephone  receiver.  Here  the  current 
will  cause  the  receiver  diaphragm  to  vibrate,  and  its 
vibration  will  be  represented  by  6  sin  {cot  +  (f)),  where 
(f>  is  the  phase  difference  between  the  initial  vibration 
of  the  microphone  and  the  resulting  vibration  of  the 
receiver,  and  is  due  to  the  various  phase  changes  which 
occur  in  the  electrical  circuit. 

Now,  the  vibration  of  the  receiver  diaphragm  will 
cause  a  sound  wave  to  be  propagated  towards  the 
microphone,  and  the  phase  of  the  wave  on  arrival  at 
the  microphone  will  depend  upon  the  distance  it  has 
travelled,  i.e.  upon  the  distance  apart  of  receiver  and 
microphone.     It  will,  in  fact,  be  given  by 

e  =  -  [{I-  mA)/A]  X  360 

where  I  =  distance  apart  of  receiver  and  microphone 
diaphragms,  A  =  the  wave-length  of  the  note  sounded 
and  m  =  an  integer  chosen  so  that  (Z  —  mX)  is  positive 
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and  less  than  A.  Hence  the  oscillations  of  the  air  in 
front  of  the  microphone  diaphragm  are  represented  by 
csin  {wt  +  (b  +  6).  When  ^  +  ^  =  0°  or  360°  the 
air  vibrations  will  therefore  be  in  phase  with  the 
microphone  diaphragm  vibrations  by  which  they  were 
initially  caused  and  will  sustain  the  latter  if  of  sufficient 
amplitude.  It  is  obvious  from  the  expression  for  d  that 
this  coincidence  of  phase  will  occur  at  successive  posi- 
tions of  the  receivers,  whose  distances  apart  are  A. 

If  now  we  increase  I  while  a  note  is  being  sustained 
in  this  way,  we  increase  6  so  that  the  coincidence  of 
phase  at  the  microphone  is  disturbed.  If,  however,  the 
pitch  of  the  note  is  reduced,  A  is  increased  and  0  may 
be  restored  to  its  original  value.  Assuming  that  (f) 
does  not  alter,  the  conditions  are  correct  for  main- 
taining a  note  of  lower  pitch.  Similarh'  for  a  move- 
ment of  the  receiver  towards  the  microphone,  or  a 
reduction  of  I,  an  increase  of  pitch  will  again  correct 
the  phase  conditions. 

2.  It  would  follow  from  the  above  that  the  pheno- 
menon could  possibly  be  used  as  a  method  for  measuring 
the  velocity  of  sound.  All  that  we  have  to  do,  besides 
measuring  the  distances  apart  of  the  positions  at  which 
the  characteristic  note  appears,  the  mean  value  of 
which  gives  A,  is  to  measure  the  pitch  of  the  note  n, 
and  the  velocity  is  found  from  the  relation  v  =  nX. 


flicroplione 
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Fig.   1. 


(a) 
etc.   (b) 


An  independent  source  of  sound  was  used  so  that 
by  means  of  beats  the  positions  for  the  required  pitch 
could  be  obtained  accurately,  and  the  pitch  was  deter- 
mined by  beats  with  a  harmonic  of  an  alternator  current 
passed  through  a  telephone  receiver.  A  difficulty- 
arose  in  determining  delinitely  which  octave  was  in 
question,  and  this  was  settled  by  taking  an  oscillograph 
record  of  the  current  through  the  receiver  of  the 
"  howler."  The  mean  wave-length  was  found  to  be 
14-75  cm,  and  the  pitch  of  the  note  2  284  periods  per 
second,  giving  v  =  2  284  X  14-75  ^  3-37  x  10^  cm  per 
sec.  The  temperature  was  15°  C.  Correcting  for  tem- 
perature from  the  formula  Fj  =  Fq  (1  -f  hat),  where 
a  =0-00367,  we  have  for  the  velocity  at  0°  C. 
3-28  X  lO-t  cm  per  sec,  a  result  within  1  per  cent  of 
the   generally  accepted  value. 

Further  experiments  were  carried  out.  For  instance, 
the  receiver  terminals  were  reversed.  This  resulted  in 
the  positions  for  the  characteristic  note  being  altered 
very  nearly  to  midway  between  the  previous  positions, 
as  indicated  in  Fig.  1.  (Dotted  lines  show  receiver 
positions,  while  (h)  is  with  receiver  terminals  reversed.) 

This  is  just  what  would  be  expected  from  the  abo\-e 
explanation,  as  the  phase  of  the  receiver  diaphragm  is 
now  changed  by  180°,  and  a  corresponding  change  of 
half  a  wave-length  is  necessary  in  the  air  column. 

Another  interesting  experiment  demonstrated  the 
reflection  of  a  sound  wave.     The  receiver,  whose  position 


was  now  fixed,  was  pointed  away  from  the  microphone 
towards  a  large  board.  Moving  the  board  caused  all 
the  alterations  of  pitch  obtained  before,  but  the  distances 
moved  were  only  half  (see  Fig.  2).  This  again  would 
be  expected,  as  the  sound  wave  has  to  travel  to  the 
board  and  back  again  before  reaching  the  microphone. 

Similarly,  reflection  at  an  angle  is  shown  in  Fig.   3. 

3.  The  explanation  of  the  phenomenon  of  the  sustained 
oscillations  has  been  made  from  the  standpoint  of  the 
microphone  ;  we  have  seen  what  would  happen  if  the 
microphone  diaphragm  were  set  vibrating.  But  evi- 
dently it  is  not  necessarily  the  microphone  diaphragm 
that  controls  the  pitch  of  the  characteristic  note.  Any 
part   of   the   circuit,    mechanical   or   electrical,    that   is 
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capable  of  free  oscillations  could  conceivably  control 
the  pitch.  The  recei\'er  diaphragm,  for  instance,  is 
probably  more  lightly  damped  than  the  microphone 
diaphragm,  and  is  more  likely  to  control  the  pitch. 
Again,  the  transformers  of  the  valve  amplifier  might 
possibly  have  a  low  natural  frequency. 

At  first  sight  it  is  not  easy  to  understand  why  the 
diaphragm  is  vibrating  at  such  a  high  frequenc)^  It  is 
known  that  the  natural  frequency  of  these  diaphragms 
is  about  1  000  periods  per  sec,  but  the  observed  charac- 


Screen 


Fig.  3. 

teristic  pitch  was  2  284  periods  per  sec.  However,  it 
was  thought  possible  that  tlie  receiver  diaphragm  might 
be  vibrating  in  a  higher  mode.  For  instance,  vibrating 
with  one  nodal  circle  it  would  have,  on  the  membrane 
theory,  a  frequency  2-296  above  the  fundamental. 
Taking  the  latter  as  1  000,  this  would  give  for  the 
characteristic  pitch  2  296,  which  compares  verj-  well 
with  the  value  found. 

To  test  this  point  definitely  it  was  necessary  to  force 
the  receiver  diaphragm  to  vibrate  in  some  other  mode. 
The  two  poles  of  the  receiver  normally,  of  course,  act 
together,  and  their  dimensions  are  such  that  they  are 
well  within  the  first  nodal  circle.  But  suppose  one 
of  the  coils  were  reversed.  Then  one  pole  would 
strengthen  at  the  same  time  that  the  other  weakened, 
and  hence  one  pole  would  be  pulling  the  diaphragm 
while  the  other  was  letting  go,  and  the  tendency  would 
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be  to  develop  a  nodal  diameter.  The  telephone  receiver 
was  altered  in  this  manner  ;  the  leads  from  the  two  coils 
were  brought  out  separately  so  that  one  coil  could  be 
reversed.  Four  repetitions  were  now  obtained  at 
distances  apart  of  21  cm,  corresponding  to  a  frequency 
of    1  620   periods   per  sec.     If  the   fundamental  of  the 


and  probably  arises  from  the  fundamental.  In  this 
connection  mention  must  be  made  of  a  paper  {discovered 
only  after  the  above  work  had  been  done)  by  Kennelly 
and  Upson,*  dealing  ^\'ith  some  similar  experiments. 
They  obtained  similar  repetitions  of  the  variation  of 
pitch  by  enclosing  both  microphone  and  receiver  in  a 


One  diameter. 


Two  diameters. 


Three  diameters. 


Fig.  4. 


^'OTE. — The  "  appro.ximate  effective  vibrating  diameter"  ha-;  been  obtained  by  measuring  the  average  diameter>'of  the  visible  nodal  circles  in  the 
above  figures,  and  then  dividinK  them  by  the  ratios  of  these  diameters  to  that  of  the  outer  diameter  as  given  in  Ravleigh's  "  Theory  of  Sound."  The 
"  effective"  \-ibrating  diameter  for  the  membrane  theoo'  is  thus  found  to  be  about  8  per  cent  less  than  the  actual  diameter  of  the  inner  edge  of  the 
clamping  ring. 


receiver  were  1  000,  the  membrane  theory  would  give 
for  the  frequency  of  the  one-diameter  mode  of  vibration 
1  594  periods  per  sec,  a  figure  in  very  good  agreement. 
From  this  it  appears  extremely  probable  that  the 
characteristic  pitch  is  controlled  by  the  receiver  dia- 
phragm vibrating  so  as  to  gi\-e  an  overtone.  With  the 
amplifier  cut  out,  the  pitch  of  the  note  is  much  lower 


tube   of  variable   length ;    and  the  characteristic   note 
was  the  fundamental  of  the  receiver  diaphragm. 

4.  In  order  to  be  quite  certain  that  the  receiver 
diaphragm  could  actually  vibrate  in  this  manner,  the 
form   and   position   of  the   nodal  lines  were   examined 

•  A.  E.  Ken.n-elly  and  W.  L.  Upsos :  "  The  Humming  Telephone,"  Pro- 
ceedings of  the  American  Phitosophical  Society,  1908,  vol.  47,  p.  329. 
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with  the  help  of  sand  figures.  For  this  purpose  most 
of  the  receiver  cap  was  cut  away  so  as  to  expose  the 
diaphragm,  and  the  receiver  was  mounted  in  a  stand 
with  the  diaphragm  horizontal  and  uppermost,  while 
above  the  receiver  a  camera  was  mounted  so  that 
photographs  could  be  taken. 

The  recei\-er  had  the  four  terminals  of  its  coils  brought 
out  as  described  above,  and  was  excited  by  current 
from  a  valve  oscillator.  The  latter  was  calibrated  by 
reference  to  a  heterodyne  wave-meter,  heterodyning 
being  obtained  with  the  harmonics  of  the  oscillator. 

A  very  fine  foundry  sand  was  sprinkled  over  the 
diaphragm  and  the  frequency  raised  until  the  sand 
collected  into  the  desired  figure.  These  figures  were 
quite  sharply  defined,  as  will  be  seen  from  Fig.  4,  and 
occurred  at  a  very  definite  setting  of  the  oscillator 
condenser,  so  that  the  frequency  was  also  very  well 
defined.  The  greatest  volume  of  sound  was  another 
method  used  to  define  the  actual  resonant  frequency. 
In  the  case  of  the  fundamental  where,  of  course, 
there  were  no  nodal  lines,  this  was  the  only  method 
available  and  did  not  lead  to  a  sufficiently  definite 
value  for  the  frequency.  A  thermal  milliammeter  was 
therefore  inserted  to  measure  the  current  in  the  receiver, 
and  a  curve  was  obtained  connecting  this  current  and 


—fo- 


I 


Mode  (sand  figure) 


Fundamental 

*1  nodal  diameter 

2  diameters 

1  circle 

3  diameters 

*1  circle  and  1  diameter 
*1  circle  and  2  diameters 

*1  circle  and  2  diameters 

2  circles    . . 

*2  circles  and  1  diameter 


Frequency,  in 
periods  pei  sec. 


{ 


1  050 
1  630 

1  420 

2  250 

3  000 

3  400 

4  550 

4  000 

5  760 

6  150 

5  840 

6  000 
6  820 

600 
8  150 


Ratio  to 
fundamental 


55 
35 
14 
86 
24 
34 
81 
48 


66 
71 
6-50 
8-20 
7-76 


It  will  be  seen  that  where  a  single  nodal  diameter 
appears  there  are  two  frequencies  at  which  the  particular 
figure  is  produced.  The  figures  were  not  identical, 
however ;  in  the  second  the  nodal  diameter  was  always 
at  right  angles  to  its  position  in  the  first.  It  was 
expected  that  the  nodal  diameter  would  appear  midway 
between  the  poles  of  the  receiver  magnet  as  in  Fig.  6(a), 
but  by  sprinkling  iron  filings  on  the  receiver  diaphragm 
to  define  the  poles  it  was  found  that  it  occupied  the 
position  shown  in  (6)  for  one  of  the  frequencies,  and 
that  shown  in  (c)  for  the  other.  Evidently  there  was 
some  lack  of  symmetry  which  accounted  for  the  dift'erence 
in  frequency  between  (6)  and  (c). 

5.  There  are  two  possible  ways  of  regarding  a  tele- 
phone diaphragm,  namely  as  a  membrane,  or  as  a  rigidly 


Fig. 


the  frequency,  as  shown  in  Fig.  5.  The  resonant 
frequency  is  approximately/g.  In  this  way  the  following 
results  were  obtained  ;  the  receiver  coils  being  reversed 
in  those  cases  marked  *  : 

T.\BLE     1.  . 

Summary  of  Results. 


(a}\ 


(b) 


(c) 


\  Nodal 
diameter 

Fig.  G. 


Nodal'^^ 
diameter 


clamped  plate.  The  theory  has  been  worked  out  in 
each  case  *  and  results  have  been  given  for  the  ratios 
of  the  frequencies  of  many  of  the  overtones  to  that  of 
the  fundamental.  But  in  the  case  of  the  higher  un- 
symmetrical  modes,  no  figures  could  be  found  for  the 
plate  theory,  and  for  working  these  out  the  authors 
are  indebted  to  Prof.  G.  S.  Le  Beau  of  East  London 
College. 

These  ratios,  together  with  the  present  e.xperimental 
results,  are  collected  in  Table  2. 

T.\BLE    2. 


Ref. 
figure 

Mode 

Ratio  of  frequency  to 
fundamental 

By  mem- 
brane 
theory 

By 

plate 
theory 

Experi- 
mental 
(mean) 

I 

Fundamental 

1 

1 

1 

2 

1  diameter 

1-59 

21 

1-45 

3 

2  diameters 

2-14 

3-4 

2-14 

4 

1  circle     . . 

2-30 

3-9 

2-86 

5 

3  diameters 

2-65 

5-0 

3-24 

6 

1  circle  and  1  diameter 

2-92 

5-95 

4  07 

7 

1  circle  and  2  diameters 

3-50 

8-3 

5-65 

8 

2  circles  . . 

3-60 

8-7 

6-50 

9 

2  circles  and  1  diameter 

4-46 

11-7 

7-98 

In  order  that  these  results  may  be  compared  at  a 
glance,  they  are  set  out  in  two  graphs  (see  Figs.  7  and  8) 
in  the  following  way  :  In  Fig.  7  the  ratio  is  shown 
vertically  against  points  on  the  abscissa  so  chosen  as 
to  make  the  plate-theory  points  fall  on  a  straight  line 
•  See  Rayleigh  :    'Theor>'  of  Sound,"  vol.  1,  chaps.  9  and  10. 
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at  45°.  Then  the  corresponding  ratios  for  the  membrane 
theory  and  the  experimental  figures  are  set  out  against 
the  same  abscissse,  while  in  Fig.  8  the  ratio  is  referred 
to  the  circle  instead  of  to  the  fundamental. 

It  will  be  seen  that,  neglecting  the  fundamental,* 
there  is  very  good  accord  between  the  plate  theory  and 
the  experimental  results. 

6.  The  results  of  the  various  m.odes  of  vibration 
substantially  confirm  that  the  characteristic  pitch  in 


Mode 


Fig.  7. 


the  velocity-of -sound  experiment  was  due  to  the  receiver 
diaphragm  vibrating  in  a  higher  mode,  probabh-  with 
two  diameters. 

The  paper  lays  no  claim  to  completeness,  and  further 
experiments  suggest  themselves  in  many  directions. 
With  a  higher-powered  oscillator,  more  and  more  com- 
plicated modes  could  doubtless  be  produced,  and  in  a 
sound  chamber  properly  padded  to  avoid  efiects  due 

•  Note  added  Ibth  June,  IQ2S.  Later  experiments  indicate  that  the  working 
conditions  in  a  telephone  liave  more  effect  on  the  fundamental  mode  than  on 
the  higher  modes  of  vibration. 


to  reflection  from  the  walls,  or  in  the  open,  a  serious 
attempt  might  be  made  to  use  the  method  as  a  means  of 
accurately  determining  the  velocity  of  sound.  By  the 
use  of  lightly-damped  receivers  designed  to  have  various 
natural  frequencies,  the  characteristic  note  might  be 
altered  at  will.  Further,  a  complete  investigation  of 
the  alteration  of  the  characteristic  pitch  with  the 
position  of  the  receiver  should  be  made. 

Thus  it  is  clear  that  the  work  is  capable  of  considerable 


3-0 


n3 
o 

o 
o 


<^^^/ Experimental 


2-0 


1-0- 


a; 


o    ® 


Mode 


extension,  but  it  is  thought  that  the  results  obtained 
are  of  sufficient  interest  for  pubUcation.  The  importance 
of  the  liigher  modes  of  vibration  of  a  diaphragm  in 
connection  with  the  telephonic  transmission  of  music 
is  ob\'ious.  Whereas  with  speech  one  can  be  content 
to  limit  oneself  to  frequencies  of  the  order  of  2  000 
periods  per  sec,  this  is  by  no  means  the  case  with  music. 
The  whole  of  the  expeiimental  work  was  done  over 
two  years  ago  in  the  Electrical  Engineering  Laboratories 
at  East  London  College. 
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699th    ordinary   MEETING,    12    APRIL.    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  cliair  at 
€  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  22nd 
March,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

A  list  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

The  following  list  of  donors  to  the  Building  Fund 
and  Benevolent  Fund  was  taken  as  read  and  the  thanks 
of  the  meeting  were  accorded  to  them. 

Building  Fund. — W.  M.  Mordey. 

Benevolent  Fund. — C.  E.  Acock,  B.  N.  Adams,  D. 
Adams,  G.  H.  Adams,  W.  J.  Addison,  A.  N.  Aikman, 
I.  M.  E.  Aitken,  W.  Aitken,  E.  O.  Alabaster,  H.  Ala- 
baster, C.  D.  Alder,  G.  Allan,  P.  F.  Allan,  A.  H.  Allen, 
C  W.  Allen,  T.  P.  Allen,  G.  AUom,  R.  Anderson, 
A.  E.  D.  Andrews,  O.  M.  Andrews,  R.  Andrews, 
Anonymous,  A.  N.  Arman,  R.  E.  Armstrong,  C.  Arnold, 
K.  N.  Arnold,  J.  Ashmore,  R.  E.  Atkins,  LI.  B,  Atkin- 
son, W.  S.  Atkinson,  H.  S.  E.  Austin,  H.  J.  Aylott, 
C.  F.  Baggaley,  A.  R.  E.  Bailey,  A.  E.  Baker,  C.  J. 
Baker,  W.  Baker-Brown,  P.  E.  Bamford,  J.  Banks, 
H.  Bannister,  E.  Barlow,  A.  G.  Barnard,  A.  S.  Barnes, 

F.  T.  Bartho,  H.  A.  Bastable,  D.  O.  Bates,  F.  H.  Batt, 

G.  R.  Battle,  H.  Batty,  H.  E.  I.  Bax,  E.  H.  Baxter, 
E.  J.  Baxter,  W.  Baxter,  M.  Beales,  J.  S.  Bean,  H.  P. 
Bearcroft,  A.  W.  Beaumont,  E.  A.  Beavis,  R.  Bedford, 
A.  T.  S.  Beebee,  S.  Beeton,  E.  G.  Bell,  W.  A.  Benger, 
A.  E.  Bennett,  C.  H,  Bennett,  H.  W.  J.  Bennett,  R.  H. 
Berriman,  J.  W.  Binns,  W.  Bird,  K.  W.  Birks,  D.  H. 
Bishop,    R.    S.    C.    Blance,    R.    F.    P.    Blennerhassett, 

E.  H.  Bond,  W.  L.  Booth,  C.  A.  Boraston,  A.  F.  Bound, 

F.  J.  Bown,  I.  Braby,  H.  P.  Bramwell,  C.  Brazier, 
F.  W.  Brecknell,  F.  G.  Briant.  E.  E.  Briggs,  J.  C.  Briggs, 
F..  E.  Bristow,  S.  K.  Broadfoot,  J.  Brodie,  J.  A. 
Bromley,  R.  C.  Brookes,  R.  P.  Brousson,  Arthur  Brown, 
Edward  Brown,  James  Brown  (M.),  James  Brown 
(A.M.),  J.  S.  Brown,  R.  C.  Brown,  Walter  Brown, 
William  Brown,  A.  W.  Browne,  W.  H.  Brownjohn, 
R.  H.  Bryans,  H.  C.  Bullman,  V.  A.  M..Bulow,  N.  K. 
Bunn,  R.  Bunting,  P.  G.  H.  Burbridge,  W.  C.  Bur- 
bridge,  A.  F.  Burgess,  J.  Burke,  W.  E.  Burnand,  J. 
Burns,  G.  B.  Burrows,  W.  Burton,  J.  M.  Butcher, 
H.  C.  Calogreedy,  D.  L.  Cameron,  H.  G.  Cameron, 
P.  J.  Camozzi,  A.  C.  Campbell,  R.  H.  Campion,  H.  S. 
Cannon,  A.  D.  Garden,  H.  S.  Carnegie,  J.  L.  Carr, 
J.  H.  Carrick,  H.  E.  Carrott,  W.  N.  Carson,  A.  F. 
Carter,  E.  Carter,  J.  W.  P.  Chalmers,  D.  H.  W.  Channon, 
H.  C.  Channon,  C.  E.  Charman,  C.  B.  Chartres,  R.  A. 
Chattock,  A.  R.  Chaytor,  G.  A.  Chcetham,  G.  G. 
Chisholm,    L.   F.   Christy,    E.   F.   Clark,    J.    E.   Clark, 


W.  H.  V.  Clark,  G.  B.  Clarke,  B.  C.  Clayton,  P.  Clegg, 
J.  K.  Clifford-Jones,  W.  C.  Clinton,  H.  W.  Clothier, 
T.  D.  Clothier,  N.  Clough,  T.  Clutterbuck,  F.  Coates, 
G.  D.  Coe,  F.  G.  Cole,  H.  F.  Colebrook,  H.  W.  Collard, 

A.  Collins,  C.  F.  Colhns,  W.  Collins,  C.  Coll}'ns,  J.  B. 
Colquhoun,  A.  D.  Constable,  N.  J.  Cook,  W.  W.  Cook, 
H.  Cooke-Smith,  G.  W.  Cooper,  W.  J.  Cooper,  W.  O. 
Copland,  F.  W.  J.  Corbett,  A.  B.  Cousins,  R.  W.  H. 
Couzens,  G.  L.  Coventon,  A.  C.  Coward,  J.  R.  Cowie, 
C.  H.  F.  Cox,  P.  H.  Cox,  The  Hon.  E.  H.  Cozens-Hardy, 

F.  W.  Crawter,  R.  L.  Cribbes,  C.  Crompton,  A.  F. 
Cross,  S.  G.  Crowder,  C.  E.  Cruttwell,  W.  CufSey, 
J.  F.  Dale,  I.  S.  Dalgleish,  J.  D.  Dallas,  J.  F.  F.  Dalston, 
J.  C.  J.  Dalton,  B.  Darby,  F.  E.  Davies,  G.  F.  Davies, 

G.  H.  Davies,  James  Davies,  P.  G.  Davies,  W.  Davies, 

B.  M.  J.  Davis,  H.  F.  E.  Deane,  F.  E.  Denne,  J.  W. 
Desborough,     Sir    James    Devonshire,     T.     J.     Digby, 

C.  D.  H.  Dixon,  E.  Dixon,  A.  B.  F.  do  Amaral,  H.  B. 
Dorrell,  H.  S.  Double,  H.  M.  Dowsett,  B.  M.  Drake, 
L.  Drucquer,  C.  L.  Drury,  C.  V.  Drysdale,  L.  Dunbar, 
P.  C.  Ebner,  W.  H.  Eccles,  R.  J.  Eccleston,  K.  Edg- 
ci.mbe,  E.  A.  Edwards,  F.  S.  Edwards,  L.  Edwards, 
W.  J.  Edwards,  H.  S.  Edwin,  The  Electrical  Engineers' 
Ball  Committee  (per  A.  M.  Sillar),  J.  Elias,  A.  E.  Ellis, 
S.  J.  Emerson,  H.  Escott,  L.  H.  Euler,  E.  W.  Evans, 
G.  J.  Evans,  S.  L.  Evans,  S.  Evershed,  J.  F.  E.  Farrell, 
H.  Faulkner,  S.  E.  Fedden,  W.  Fennell,  L.  G.  Fenner, 
J.  D.  Ferguson,  C.  E.  Field,  H.  Field,  H.  J.  Finden, 
A.  J.  Flippard,  W.  D.  Fisher,  J.  G.  Fleming,  W.  K. 
Fleming,  G.  H.  Fletcher,  E.  W.  Flint,  C.  L.  Fortescue, 
C.  B.  Foster,  D.  S.  Foulkes-Roberts,  H.  C.  Fox,  H.  S. 
Fox,  F.  H.  Francis,  S.  Francis,  H.  W.  Franks,  W.  A. 
Frazer,  B.  French,  C.  A.  Friendship,  A.  Fuchs,  J. 
Galloway,  E.  Garcke,  J.  R.  Gardiner,  J.  C.  Games, 
J.  A.  T.  Garrard,  E.  A.  Gatehouse,  W.  H.  Gatley. 
H.  P.  Gaze,  F.  A.  Geary,  F.  W.  Geoghegan,  T.  A. 
George,  D.  C.  Gerrard,  H.  E.  Gibbard,  H.  J.  Gibson, 
H.  W.  Gilbert,  H.  W.  Giles,  F.  Gill,  V.  W.  Gill,  M.  McA. 
Gillespie,  S.  C.  Ginno,  Sir  Richard  Glazebrook,  L.  C. 
Gleaves,  J.  B.  Glen,  H.  Gobie,  T.  E.  Goldup,  P.  Good, 
M.  L.  Gorham,  E.  A.  Gordon,  L.  C.  P.  M.  Grant,  P.  H. 
Grant,  H.  J.  Grapes,  J.  H.  Gray,  E.  Green,  Horace 
Green,  J.  D.  Green,  A.  C.  Greening,  F.  P.  Gresswell, 
L.  Griffiths,  W.  Griffiths,  W.  H.  F.  Griffiths,  E.  Grime, 
F.  E.  Gripper,  C.  H.  Grover,  E.  E.  Grover,  H.  Guest, 
W.  Gwynn,  C-  W.  Gwyther,  B.  Hague,  R.  M.  Hale, 
W.  C.  J.  Halford,  P.  Hamson,  R.  Hardy,  L.  Harley. 
F.  Harris,  N.  E.  P.  Harris,  H.  T.  Harrison,  A.  W. 
Harrold,  W.  narrower,  F.  de  B.  Hart,  F.  N.  Haward, 
F.  B.  O.  Hawes,  J.  C.  Hawkhcad,  C.  C.  Hawkins, 
W.  J.  Head,  W.  E.  Hcdlcy,  V.  J.  Hegney,  J.  Henderson, 
V.   P.    Henderson,   Messrs.   W.   T.    Henley's  Telegraph 
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Works,  G.  N.  Hewett,  C.  J.  Hickleton,  J.  S.  Highfield, 
W.  E.  Highfield,  W.  Higson,  E.  P.  Hill,  R.  V.  Hillman, 
R.  Hills,  R.  J.  B.  Hippisley,  J.  P.  Hodges,  A.  J.  Hodgson, 
W.  Hodson,  P.  M.  Hogg,  W.  Hogg,  W.  A.  Hole,  A.  S. 
Hollin,  T.  Hollins,  A.  G.  P.  Holloway,  H.  Holman, 
Stratten  Holmes,  W.  T.  Holmes,  W.  Holttum,  A. 
Hooker,  J.  H.  Hornby,  W.  F.  M.  Home,  J.  W.  Horner, 
\V.  D.  Horsley,  R.  F.  H.  Houstoan,  A.  Howard,  A.  J. 
Howard,  F.  Howard,  A.  H.  Howe,  C.  T.  Hughes,  R.  G. 
Hullah,  J.  A.  Hunt,  C.  G.  Huntlej^  F.  W.  Hutton, 
The  Informal  Meetings  Committee  (per  J.  F.  Avila), 
S.  Insull,  T.  Jack,  Sir  Henry  Jackson,  E.  S.  Jacob, 
E.  W.  James,  W.  L.  James,  W.  P.  Janes,  H.  H.  Jaques, 
A.  Jarratt,  L.  G.  Jeffery,  F.  K.  Jewson,  H.  A.  Johnson, 
J.  H.  Johnson,  P.  S.  Jolin,  V.  N.  Jolliffe,  C.  Jones, 
E.  Jones,  W.  E.  Jones,  S.  Joseph,  H.  J.  Kahn,  H.  F. 
Kaye,  A.  E.  Keating,  D.  Keeley,  A.  C.  Kelly,  Sir 
Alexander  Kennedy,  C.  E.  Kennedy-Purvis,  A.  J.  N. 
Kennett,  A.  Kenworthy,  W.  T.  Kerr,  H.  Ketton, 
W.  E.  Kidner,  W.  N.  Kilner,  J.  B.  Kilshaw,  A.  W. 
Kimber,  H.  Kingsbury,  J.  E.  Kingsbury,  J.  R.  Kingston, 
H.  W.  Kolle,  H.  M.  Lacey,  G.  W.  Lambert,  H.  Lamerton, 
,W.  Lang,  G.  Langdon,  A.  R.  Lash,  K.  E.  Latimer, 
W.  J.  Lee,  A.  Lees,  A.  H.  Leeves,  L.  J.  Lepine,  A.  E. 
Levin,  W.  Lewis,  J.  W.  Lewsley,  E.  C.  Linay,  G.  Lindley, 
A.  A.  Linsell,  A.  C.  Lock,  T.  H.  Lockett,  H.  Lockwood, 
A.  L.  Long,  G.  Low,  A.  L.  Lunn,  W.  T.  Maccall,  J. 
McCandless,  A.  McClelland,  A.  McCord,  C.  N.  McDer- 
mott,  G.  Macdonald,  H.  A.  Macdonald,  J.  C.  Macfarlane, 
T.  McGrath,  J.  T.  MacGregor-Morris,  G.  M.  Macilwraith, 
W.  M.  Mackay,  D.  J.  McKellar,  T.  W.  E.  McKew, 
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H.  W.  Tremayne,  R.  C.  Trench,  H.  F.  Trewman,  H. 
Turner,  John  Turner,  J.  W.  Turner,  A.  E.  Turpin, 
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C.  H.  Wordingham,  H.  G.  Wright,  J.  H.  Yates,  H.  E. 
Yerbury,  H.  W.  Young,  J.  J.  Young,  and  W.  Young. 

Mr.  A.  G.  Warren,  M.Sc,  Member,  delivered  a  lecture 
on  "  The  X-ray  Examination  of  Materials  "  (see 
page  949)  ;  and  Mr.  G.  L.  Addenbrooke,  Member,  then 
exhibited,  on  behalf  of  Mr.  E.  E.  Brooks,  a  number 
of  lantern  slides  showing  lines  of  electric  force,  in  con- 
nection with  which  Mr.  Addenbrooke  made  the 
following  remarks  : — 

"  These  slides  were  produced  from  negatives  taken 
in  the  following  way.  A  camera  is  arranged  vertically 
over  a  flat-bottomed  glass  dish  which  can  be  illuminated 
from  below  in  any  convenient  way.  In  the  bottom  of 
the  dish  a  ground  glass  plate  is  placed  and  to  this 
are  attached  pieces  of  metal  in  any  shape  desired 
to  form  electrodes.  (It  is  desirable  to  avoid  sharp 
edges  or  points  as  far  as  possible.)  Wires  lead  from 
these    electrodes    to    the    source    of    E.M.F.,    which    is 


Fig.   1. 

usually  a  Wimshurst  machine.  The  machine  is  turned 
gently  and  the  potential  of  the  discharge  is  kept 
constant  by  using  a  small  spark-gap. 

"  These  are  the  general  arrangements.  ^  For  the 
purpose  of  producing  the  visual  indications  of  the 
directions  of  the  lines  of  force  in  the  electrical  field 
as  shown  in  the  figures,  a  sufficient  amount  of  a 
dielectric  liquid,  e.g.  turpentine,  is  poured  in  the  dish 
to  cover  the  conductors  to  a  depth  of  irom  J  in.  to 
J  in.  Some  granular  material  in  a  fine  state  of  division 
is  then  poured  into  the  dielectric  liquid  and  well  mi.xed 
with  it.  On  applying  the  field,  this  material  hjis  a 
tendency  to  settle  along  the  lines  of  force,  when  a 
photograph  can  be  taken  showing  exactly  what  has 
occurred. 

"  Some  eight  or  nine  years  ago  Mr.  E.  E.  Brooks, 
of  the  Leicester  Technical  College,  after  much  experi- 
menting with  various  substances,  found  that  certain  of 
the  aniline  dyes  far  outclassed  other  materials  in  pro- 
ducing clear  and  extensive  deposits  along  the  lines  of 

Vol.  G1. 


force.  He  finds  that  only  a  few  dyes  behave  in  this 
manner,  the  majority  being  either  inert  or  giving  a 
very  poor  field.  As  a  guide  to  other  experimenters 
it  naay  be  remarked  that  he  finds  that  verj'  frequently 
the  dye  acts  better  after  being  kept  in  turpentine  for 
some  days.  A  mi.xture  giving  a  poor  result  when 
freshly  made  may  work  well  in  a  week's  time.     It  is 


Fig.   2. 

best  to  mix  the  dye  separately  in  some  of  the  dielectric 
liquid,  stir  well  and  then  pour  the  mi.xture  into  the 
rest  of  the  liquid  on  the  dish.  Other  investigators 
have  tried  similar  methods  with  comparatively  poor 
results.  Success  evidently  lies  largely  in  the  use  of  a 
suitable  material. 

"  The  slides  exhibited  were  obtained  by  Mr.  Brooks 
in  this  way,   and  are  reproduced  in   Figs.    1   to  6. 


Fig.  3. 

"  Fig.  1  shows  the  radial  field  around  a  single  isolated 
conductor,  the  lines  radiating  to  earth  equally  in  all 
directions. 

"  Fig.  2  shows  the  field  between  two  conductors 
having  unlike  charges. 

"  Fig.  3  shows  the  field  between  the  same  conductors 
but  with  like  charges.  (The  conductors  used  were  the 
tops  of  small  brass  terminals.) 
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"  Fig.  4  is  a  vertical  section  of  a  hollow,  charged 
metal  can.  It  will  be  seen  how  the  lines  of  force  stream 
out  from  the  top,  and  the  peculiar  curve  that  they 
take,  and  also  that  there  is  no  field  inside  the  hollow 
conductor  itself. 

"  Fig.  5  shows  the  inductive  effect  of  a  charge  on  an 
insulated  metal  conductor  near  it,  and  is  particularly 
interesting  and  instructive. 


Fig    4. 

"  Fig.  6  illustrates  the  important  case  of  a  condenser 
and  the  fringe  efiect  at  the  edges.  It  is  difficult  to 
obtain  in  this  case  at  the  same  time  a  good  delineation 
of  the  field  between  the  plates  and  also  at  the  edges, 
because  a  convection    current    of   liquid   is    easily   set 


Fig.  5. 

up  which  tends  to  drive  away  the  active  material  from 
points  and  edges. 

"  The  actions  which  Mr.  Brooks  has  so  well  illustrated 
are  occurring  all  round  us  whenever  there  is  a  difference 
of  electric  potential.  Hitherto  our  knowledge  of  them 
has  been  gained  from  the  diagrams  originally  prepared 
by  Maxwell  on  purely  mathematical  and  theoretical  con- 
siderations.     Here  we  have  them  prepared  by  Nature 


herself,  and,  as  far  as  I  am  aware,  it  is  the  first  time 
they  have  been  obtained  with  a  fair  amount  of  clearness 
and  detail. 

"  When  it  is  remembered  that  the  view  is  fast  gaining 
ground  that  cohesion  and  all  actions  in  matter,  including 
chemical  combination,  are  due  to  electrical  forces,  and 
thai  here  we  have  ve^^•  definite  and  detailed  illustrations 
of  how  such  forces  act,  it  is  clear  that  these  photographs 
ot  Mr.  Brooks's  are  worthy  of,  and  will  repay,  not  only 
a  glance  but  careful  detailed  consideration.  It  seems 
to  me  that  for  the  purposes  of  explaining  electric 
actions  and  impressing  their  general  character  on  the 
mind  they  have  great  value. 

"  (Communicated)  :  In  a  paper  on  '  The  Character 
of  Dielectrics  and  their  Powers  of  Standing  Alternating 
Electric  Stress,'  wTitten  bv  me  in  1908  but  not  pub- 
lished, there  were  the  following  observations  on  the 
same  subject  from  somewhat  different  points  of  view 
which  may  be  useful  to  intending  experimenters  ;  they 
were  at  the  same  time  intended  to  illustrate  the  general 
nature  of  the  actions  which  lead  up  to  breakdown. 


Fig    ti 

■■  Action  of  an  alternating  electric  stress  on  a  liquid 
dielectric. — For  this  purpose  a  shallow  glass  cell  was 
formed  which  could  be  strongly  illuminated  from 
underneath  and  which  cojld  be  observed  through  a 
magnifying  lens.  The  cell  was  filled  with  mineral  oil 
and  a  little  dust  was  placed  in  it.  Conductors  carrjang 
a  current  at  1  000  volts  and  83  periods  were  immersed 
in  the  oil  and  arranged  so  that  they  could  be  set  at 
any  desired  distance  apart.  As  soon  as  the  voltage 
was  applied  many  of  the  particles  of  dust  began  to 
arrange  themselves  in  lines  radiating  from  the  electrodes 
and  these  lines  again  tended  to  coalesce  into  a  single 
line  h-ing  in  the  shortest  path  between  the  two  elec- 
trodes. This  chain  of  particles  gradually  became 
thicker  by  accretion  until,  if  the  electrodes  were  near 
enough  together  and  the  amount  of  dust  in  the  oil 
sufficient,  a  sudden  flash  and  short-circuit  took  place. 
Often  also,  small  particles  could  be  seen  alternatively 
attracted  to  the  electrodes  and  thrown  off  at  a  great 
rate,  and  reciprocating  movement  in  the  chain  of 
particles  between  the  electrodes  was  observable  the 
whole  time,  so  that  the  strain  always  occurred  through 
the  oil  and  not  through  the  air  above,  showing  how 
mucTi  the  chain  of  dust  particles  must  have  reduced 
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the  disruptive  strength  of  the  oil.  With  direct  currents 
under  similar  conditions  there  is  a  continuous  flow  of 
oil  from  one  electrode  to  the  other,  forming  a  regular 
circulation ;  with  alternating  currents  this  does  not 
occur,  but  it  seems  in  accordance  with  theory  that  in 
this  case  any  bodies  in  the  field  capable  of  carrying 
an  electric  charge  should  experience  an  attraction 
tending  to  cause  them  to  arrange  themselves  in  the 
shortest  path  between  the  ends  of  the  two  conductors. 
If  the  conductors  were  parallel  to  each  other,  this 
would  result  in  a  sort  of  conducting  sheet  being 
established   between  them.     It  may  be  also    that  any 


free   moisture    in   the   dielectric   may  act  in  the  same 
way. 

"  There  is  evidently  a  great  deal  of  knowledge  of 
obscure  actions  to  be  gained  by  a  further  careful  study 
of  what  occurs  in  dielectrics  in  electric  fields  under 
such  conditions  as  are  outlined  above,  and  I  feel  sure 
that  the  results  would  be  of  importance  technically  as 
well  as  scientifically." 

On  the  motion  of  the  President  a  vote  of  thanks 
was  accorded  to  Mr.  Warren  and  to  Mr.  Addenbrooke, 
and  the  meeting  terminated  at  7.20  p.m. 


700th  ordinary  MEETING,  26  APRIL,   1923. 


(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  12th 
April,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

Messrs.  H.  C.  Healey  and  J.  Whitcher  were  appointed 
scrutineers  of  the  ballot  for  the  election  and  transfer 
of  members,  and,  at  the  end  of  the  meeting,  the  result 
of  the  ballot  was  declared  as  follows  : — 

Elections. 
Members. 

Reynolds, Dr.  Russell  John,  Shea,  Joseph. 

M.B.,  B.S. 

Associate  Members. 

Barnes,  Herbert,  B.Sc.  Lund,  Arthur. 

Bryan,   George  Blackford,  Pink,     Edward     Nicholas, 

B.A.,  D.Sc.  B.Sc. 

Evans,  Thomas  Taylor.  Stirrup,  John. 


Graduates. 

Browne,  Edgar  Whitaker.        Potter,  Howard 

Clarke,  Charles  Richard. 

Deveney,    Frederick    Gor- 
don. 

Gatland,  Howard  Charles. 

Goodman,  Roi  Howard. 

Haffner,  Howard. 

Hancock,  Gordon  Leonard. 

Hurst,  Walter  Greaves. 

Messent,  Sydney  William, 
B.Sc.(Eng.). 

Morgan,  Thomas  Cyril. 

Norman    Henry  Nigel  S., 
B.A. 

Students. 


Rankin,  John  Teasdale. 
Roberts,  George  Alfred  A. 
Rogerson,  Robert. 
Ross,  Thomas  Wylie. 
Shears,  Horace  Humb}'. 
Siret,  Eugene  Colbert. 
Small,  Charles  Edward. 
Stupart,   Gustavus   Henry 

C. 
Swensen,  Erling. 
Tharle,  George  Victor. 
Wilkins,  Cecil. 


Allsop,  David. 
Bamber,  Leonard  John. 
Bath,  William  Wilson. 
Brearley,  Reginald  John. 
Brittain,  Francis  Hugh. 
Butler,  Hewitt  Kenneth. 
Cleveland,  Harold  Arthur. 


Comino,  Demetrius  John. 
Dean,  Andrew  Robertson. 
Dowell,  \\  illiam  George. 
Draper,  Brian. 
Eckersal),  William  Alfred. 
I'^erens,  Lionel. 
Ferguson,  Robert  Hugh. 


Students — continued . 


Godfrey,  Percy  Frederick. 

Govcr,  David  Frank. 

Guthrie,  Thomas  Hodge. 

Holmes,  Reginald  Henry. 

Honey,  Eric  Maurice  O. 

Howard,  William  Archi- 
bald F. 

Hulcoop,  Frank  Albert. 

Hunt,  Maurice  Stanley  H. 

Inglis,  Charles  Colin. 

Irwin,  Arthur  Edward. 

Johnson,  Charles  William. 

Kadir,  Amin  Abdel. 

McKeown,  Henry  Percival. 

Mahdjoiibian,  Paul  Michel. 

Marsh,  George  Thomas  G. 

Martin,  George  Henry  R. 

Mendelson,  John. 

Moore,  James  Leslie. 

Morgan,  Guy  William. 

]V|pss,  Richard  Douglas  P. 

Murphv,  Patrick  Gerard, 
B.E." 


Niven-Clark,  Alwj'n. 
Norris,  Harry. 
Pilgrim,  William  Howard. 
Rea,  John  Ralph. 
Rossiter,  William  Gilbert. 
Rowson,  Robert  Bryan. 
Salmon,  Leslie  Bernard. 
Savory,  Alan  Ballantyne. 
Shackleton,   Ernest  Chad- 
wick. 
Steels,  George  Harwood. 
Todman,  George  Richard. 
Truman,  Leslie  Harold. 
Wade,  Eric  Douglas. 
Watton,  Eric  Bernard. 
Watts,  Donald. 
\\'eare,  Henry  Owen. 
Webber,  Maxwell  Harry. 
Wermig,  Harold  Leslie. 
Whittaker,  Harry. 
Willett,   James  Hawley. 
Williamson,  George  David. 


Transfers. 
Associate  Member  to  Member. 


Aspinall,  Henry  Oswald. 
Corson, Frank  Huntingdon. 
Mclnnes,  Henry  Airton. 


McKellar,  Duncan  John. 
Peck,  George  .\rtluir. 
Rodwell,  Artliur, 


Graduate  to  Associate  Member. 


Elsden,  George  Harry. 
Pearce,  Frederick  James. 
Plowman, .Ashley  Sheridan. 


Seaward,  William. 
Witt,  Sidnev  Herbert. 


Student  to  Associate  Member. 


Bayliss,  Carol  William. 
Dawson,  Cecil. 


Edwards,  Llewelyn, M.Eng. 
Ideming,  Robert  Tyndall.  . 
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Student  to  Graduate. 


Dixon,  Arthur,  B.Sc.(Eng.). 
Edwin,  Hugh  Stanley. 
Farmer,  Claude  Douglas. 


Gresswell,  William  Finlay. 
Hill,  Hubert  George  \V. 
McLean,  Alfred  Horatio. 


A  paper  by  Mr.  L.  Breach,  Member,  and  Mr.  H. 
Midgley,  B.Sc,  Associate  Member,  entitled  "  The  Drive 
of  Power  Station  Auxiliaries  "  (see  page  829),  was  then 
read  and  discussed,  and  the  meeting  terminated  at 
7.40  p.m. 


30th    MEETING    OF   THE    WIRELESS    SECTION,    2    MAY,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Professor  G.  W.  O.  Howe,  D.Sc,  Chairman  of  the 
Section,  took  the  chair  at  6  p.m. 

The  minutes  of  the  meeting  of  the  Wireless  Section 
held  on  the  11th  April,  1923,  were  taken  as  read  and 
were  confirmed  and  signed. 

The  Chairman  reported  that  the  following  members 
had  been  nominated  to  fill  the  vacancies  which  would 
occur  on  the  Wireless   Section   Committee  on  the  30th 


September,  1923 :  Mr.  E.  H.  Shaughnessy,  O.B.E. 
(Chairman),  Mr.  C.  F.  Elwell  ;  Prof.  G.  W.O.  Howe, 
D.Sc.  ;  Admiral  Sir  H.  B.  Jackson,  G.C.B.,  K.C.V.O., 
F.R.S.,  and  Mr.  C.  F.  Trippe. 

A  paper  by  Professor  C.  L.  Fortescue,  Member, 
entitled  "  The  Design  of  Inductances  for  High-Frequency 
Circuits"  (see  page  933),  was  read  and  discussed,  and 
the  meeting  terminated  at  7.50  p.m. 


701st    ORDINARY    MEETING,    10   MAY,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E. ,  President,  took  the  chair  at 
6  p.m. 

The  minutes  of  the  Ordinary  Meeting  of  the  26th 
April,  1923,  were  taken  as  read  and  were  confirmed 
and  signed. 

A  list  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

Messrs.  F.  B.  O.  Hawes,  P.  M.  Baker  and  H.  Brazil 
were  appointed  scrutineers  of  the  ballot  for  the  election 
of  new  Members  of  Council. 

The  President  :  I  wish  to  make  an  announcement 
in  regard  to  the  War  Memorial  Fund.  Out  of  the  balance 
of  that  Fund  it  has  been  decided  to  establish  two 
Scholarships,  each  of  the  value  of  £50  per  annum  and 
tenable  for  three  years,  to  provide  for  the  education  of 
children  of  members  who  were  killed  or  permanently 
disabled  in  the  late  war.  Applications,  giving  full 
particulars  as  to  general  and  financial  circumstances, 
should  be  addressed  to  the  Secretary'  of  the  Institution. 

This  evening,  on  the  occasion  of  the  presentation 
of  the  Faraday  Medal  to  Sir  Charles  Parsons,  and  the 
delivery  of  the  Fourteenth  Kelvin  Lecture  by  Professor 
J.  A.  Fleming,  we  are  honoured  with  the  presence  of 
Sir  Charles  Sherrington,  President  of  the  Royal  Society  ; 
Sir  Charles  Morgan,  Vice-President  of  the  Institution 
of  Civil  Engineers ;  Sir  John  Devvrance,  President  of 
the  Institution  of  Mechanical  Engineers;  and  Sir  John 
Biles,  Vice-President  of  the  Institution  of  Naval 
Architects.  So  there  are  present  the  representatives 
of  the  four  Founder  Societies — the  Institution  of 
of  Electrical  Engineers  is  the  other — of  the  Joint  Engi- 
neering Council.  Then,  in  addition,  we  have  Mr.  Johnson, 
representing  the  South  Wales  Institute  of  Engineers  ; 
Major-General  Sir  William  Liddell,  representing  the 
Institution  of  Royal  Engineers  ;  Sir  Archibald  Ross, 
representing  the  North-East  Coast  Institute  of  Engineers 
and  Shipbuilders  ;    and  Mr.  H.  E.  Yarrow,  representing 


the  Institution  of  Engineers  and  Shipbuilders  in  Scotland. 
I  think  that  their  presence  is  a  tribute  to  the  work  we 
have  now  to  do  and  to  the  merit  of  Sir  Charles  Parsons. 
Mr.  J.  S.  Highfield  :  It  is  a  very  real  pleasure  to 
speak  at  the  presentation  of  the  Faraday  Medal  of 
this  Institution  to  Sir  Charles  Parsons.  \\'hen  last 
year  I  had  the  honour,  as  your  President,  to  announce 
the  first  award  of  the  Faradav  IMedal  to  Oliver  Heaviside, 
I  said  that  I  was  sure,  as  time  proceeded,  the  value  of 
the  IMedal  would  be  enhanced  by  the  illustrious  names 
of  those  who  earned  it.  Swiftty  has  that  prediction 
been  fulfilled.  The  name  of  Parsons  ranks  among  the 
first  engineers  of  all  time.  In  speaking  of  him  I  speak 
as  a  humble  student  at  the  feet  of  a  master,  and  jet 
that  master  is  himself  a  most  earnest  student.  I 
think  that  one  essential  mark  of  genius  is  the  persistent 
retention  of  childhood's  curiosit\-,  the  power  still  to 
see  things  as  they  are  and  not  as  we  were  told  they  are. 
When  all  ordinarv-  engineers  were  thinking  of  steam 
as  exerting  pressure.  Sir  Charles  Parsons  thought  of  it 
as  a  steady  rushing  expanding  wind  ;  his  patent 
specification  of  1884  reveals  this  secret.  It  is  an  instance 
of  how  every  now  and  then  a  master  hand  opens  magic 
windows  for  us  all,  admitting  a  clear  new  air  to  use 
and  enjoy  if  we  may.  But  Sir  Charles  Parsons  did 
not  stop  at  opening  windows  ;  by  rare  persistence  he 
converted  the  toy  of  Hero  of  Alexandria  into  the  mighty 
engine  for  the  production  of  power  we  know  to-day. 
It  is  not  easy  to  realize  the  determined  constancy  of 
purpose  required  to  produce  this  result.  Consider 
alone  the  vast  amount  of  experimental  work  carried 
out  during  the  period  of  some  five  years  when  by  an 
unfortunate  mistake  he  was  deprived  of  the  use  of 
his  parallel-flow  system.  Think  of  the  difficulties  of 
the  adventure,  the  anxiety,  the  great  cost  and  then, 
finally,  the  pleasure  of  achievement.  The  use  of  the 
turbine  at  sea  was  realized  in  the  wonderful  vessel 
the  "  Turbinia  "  which,  apart  from  the  turbine  engines. 
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,  embodied  many  now  well-known  innovations.  The 
performance  of  this  vessel  of  100  ft.  length  which 
achieved  speeds  over  30  knots  is  an  instance  of  un- 
exampled progress  at  •  one  single  giant  stride.  Not 
the  least  interesting  incident  was  the  voyage  from 
the  Tyne  to  Cowes  and  back  under  the  command  of 
C  J.  Leyland,  with  her  inventor  as  chief  engineer  and, 
I  believe,  chief  stoker  too.  Apart  altogether  from  the 
world-famous  invention  of  the  steam  turbine,  Sir 
Charles  Parsons's  contributions  to  scientific  discovery 
are  many  ;  a  mere  recital  is  here  of  no  avail.  Even 
since  the  war  he  has  shouldered  the  responsibility  of 
developing  the  very  important  industry  of  the  manu- 
facture of  optical  glass  and  optical  instruments.  Time 
permits  not  of  further  words  from  me.  It  suffices 
that  in  awarding  the  Faraday  Medal,  the  highest 
honour  it  is  in  the  power  of  this  Institution  to  offer, 
to  Sir  Charles  Parsons,  the  Council  are  honouring  one 
whose  name  adds  lustre  to  our  membership.  May  he 
live  long  to  enjoy  the  fame  his  achievements  have 
won  and,  which  I  know  he  values  far  more,  the  regard 
and  affection  of  his  many  friends. 

Dr.  S.  Z.  de  Ferranti :  We  have  here  to-night  a 
distinguished  audience,  and,  as  Mr.  Highfield  has  said, 
every  one  should  know  of  the  great  work  that  Sir 
Charles  Parsons  has  done.  But  I  am  afraid  that  even 
we  here,  who  may  be  called  experts  in  our  respective 
lines  of  engineering  work,  do  not  realize  the  full  extent 
of  his  work.  He  has  revolutionized  the  production  of 
power  from  coal.  Before  his  time  the  prevailing  idea 
was  that  reciprocation  was  necessary  in  order  to  get 
work  from  coal.  He  had  the  boldness  to  see,  to  believe, 
that  that  was  an  indirect  process,  and  that  by  adopting 
a  process  much  more  direct  and  efficient  he  would 
obtain  immensely  better  results.  In  connection  with 
this,  I  may  remind  you  that  the  reciprocating  principle, 
so  far  as  our  knowledge  goes  to-day,  appears  to  be 
most  suitable  for  small  powers,  and  the  turbine  principle 
for  large  power.  In  other  words,  it  is  much  easier 
to  make  a  rotary  machine  efficient  when  it  is  made 
on  a  large  scale,  and  yet  Sir  Charles  Parsons  of  necessity 
had  to  start  with  a  very  small  turbine  to  work  out  and 
demonstrate  his  ideas,  and  it  was  only  after  years  of 
work  that  he  was  able,  having  obtained  the  necessary 
knowledge,  to  develop  the  larger  machines  which  showed 
the  full  utility  of  the  turbine  principle  which  he  had 
developed.  The  electric  motor  is  a  rotary  means  of 
obtaining  power  for  useful  purposes,  and  its  success  is 
very  greatly  due  to  the  fact  of  its  great  simplicity  and 
of  its  being  practically  a  single  running  piece  machine. 
It  runs  by  itself  ;  it  suffers  very  little  deterioration, 
that  is  to  say,  it  goes  on  doing  the  work  it  has  to  do 
without  continual  cost  for  repairs,  and  for  those  reasons 
it  is  in  the  position  it  occupies  to-day.  Now  the  steam 
engine  before  Sir  Charles  Parsons  took  the  question 
in  hand  was  in  every  case  reciprocating.  The  very 
early  engines,  even  when  used  for  pumping  water,  did 
not  possess  a  flywheel.  Many  inventors  endeavoured 
to  get  something  of  the  nature  of  a  rotary  engine,  but 
in  every  case  it  had  reciprocating  parts.  Sir  Charles 
boldly  determined  to  produce  a  machine  which  was 
purely  rotary,  and  to  this,  to  a  very  great  extent,  are 
due   the   wonderful   results   that   have   been    obtained. 


Now  wherever  we  look  we  shall  find  evidences  of  the 
turbine  and  the  work  that  has  followed  in  its  train. 
We  must  remember  this  :  no  great  discovery  was 
ever  made  without  a  great  deal  of  work  being  put  into 
it.  There  was  very  great  merit  in  the  idea  of  the  turbines 
conceived  by  Sir  Charles  ;  but  that  was  as  nothing, 
to  my  mind,  in  comparison  with  the  merit  which  he 
showed  in  working  it  out  to  a  successful  issue.  The 
value  of  a  discovery  is  what  it  is  worth,  and  when  we 
come  to  think  of  what  this  sort  of  thing  is  worth,  in 
labour  saved,  in  the  things  that  we  are  enabled  to  do 
that  we  could  not  otherwise  have  done,  we  begin  to 
see  the  meaning  of  the  work  that  has  been  necessary 
to  produce  them.  I  do  feel  that,  great  as  the  idea  was 
in  its  conception,  we  must  feel  ever  so  much  prouder 
of  Sir  Charles  for  what  he  did  in  working  it  out  to  a 
successful  issue  that  has  given  us  such  great  benefits. 

The  President :  To-day  is  one  of  special  significance 
and  meaning  to  electrical  engineers,  and  I  desire  to 
add  my  tribute  of  admiration  to  the  work  which  Sir 
Charles  Parsons  has  done,  work  so  world-wide  in  its 
appeal  and  in  its  application,  and,  as  regards  prime 
movers,  so  brilliant  that  it  is  liable  to  blind  us  to  his 
other  excellent  work.  In  vision,  in  scientific  skill 
and  in  persistence  against  enormous  difficulties  (all 
those  qualities  in  fact  which  show  engineering  in  its 
best  sense).  Sir  Charles  has  shown  a  high  example 
to  all  the  engineers  of  the  world.  The  Faraday  Medal 
was  so  named  in  honour  of  Michael  Faraday,  the  founder 
and  the  father  of  electrical  engineering — a  name  to 
conjure  with  among  all  electrical  engineers,  no  matter 
from  what  country  they  come.  The  Faraday  Medal  is 
awarded  "  for  notable  scientific  or  industrial  achieve- 
ment in  electrical  engineering,  or  for  conspicuous  service 
rendered  to  the  advancement  of  electrical  science, 
without  restriction  as  regards  nationality,  country  of 
residence,  or  membership  of  the  Institution."  You 
will  thus  see  that  it  is  open  to  the  world,  and  it  is  only 
awarded  by  the  Council  of  the  Institution  after  most 
careful  examination  of  those  proposed  for  the  honour. 
Before  I  present  the  Medal — the  award  has  already 
been  made  by  the  Council — I  feel  sure  that  I  am  right 
in  calling  for  the  endorsement  of  this  meeting  to  the 
Council's  action.  May  I  take  it  that  I  have  that 
assurance  ?  [The  members  present  unanimously  signi- 
fied their  approval.]  Sir  Charles  Parsons,  I  present  to 
you  this  Medal,  being  the  second  award  of  the  Faraday 
Medal,  conferred  by  the  Council  of  the  Institution 
in  recognition  of  your  most  notable  achievements  for 
the  engineering  industry.  W'e  are  fully  confident 
that  you  will  worthily  uphold  the  dignity  and  honour 
of  the  Medal  and  of  its  holders,  and  we  hope  that  you 
will  live  many  years  in  which  to  enjoy  the  very  special 
position  of  regard  and  affection  of  all  members  of 
this  Institution  which  you  hold  by  right  of  your 
own  personality  and  by  right  of  the  award  of  this 
Medal. 

Sir  Charles  Parsons  :  Words  arc  quite  inadequate 
to  express  my  very  deep  appreciation  of  the  honour 
which  the  President  and  the  Council  of  this  Institution 
have  conferred  on  me.  I  felt  at  first  that  it  might  seem 
inappropriate  that  the  Faraday  Medal  should  be  con- 
ferred on  an  engineer,  but  I  have  lately  been  reading 
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Bence  Jones's  "  Life  of  Faraday,"  and  I  find  that  Fara- 
day's work  was  ver}-  widespread.  He  worked  for  a  j-ear 
or  two  on  tlie  metallurgy  of  alloy  steel,  and  then  was 
employed  for  a  similar  time  on  the  manufacture  of 
optical  glass.  I  think  I  may  perhaps  venture  to  say 
that  all  young  engineers  would  do  very  well  to  read 
Bence  Jones's  work.  I  should  like  to  quote  two  extracts, 
which  I  think  are  unique  in  English  literature.  The 
first  paragraph  is  contained  in  Faraday's  Lecture  on 
the  Forms  of  Matter  to  the  City  Philosophical  Society 
in  1819,  when  he  was  27  years  of  age  :  "  The  disagree- 
able and  uneasy  sensation  produced  by  incertitude 
will  always  induce  a  man  to  sacrifice  a  slight  degree 
of  probability  to  the  pleasure  and  ease  of  resting  on 
a  decided  opinion,  and  where  the  evidence  of  a  thing 
is  not  quite  perfect,  the  deficiency  will  be  easily  supplied 
by  desire  and  imagination.  The  efforts  a  man  makes 
to  obtain  a  knowledge  of  nature's  secrets  merit,  he 
thinks,  their  object  for  their  reward  ;  and  though  he 
may,  and  in  many  cases  must,  fail  of  obtaining  his 
desire,  he  seldom  thinks  himself  unsuccessful,  but 
substitutes  the  whisperings  of  his  own  fancy  for  the 
revelations  of  the  goddess."  Many  of  our  scientists 
indeed  are   prone  to  jump  to  conclusions  too  quickly. 


At  the  termination  of  Bence  Jones's  book  these 
paragraphs  occur :  "As  a  man,  the  beauty  and 
the  nobleness  of  his  character  was  formed  by  very 
many  great  qualities.  Among  these  the  first  and 
greatest  was  his  truthfulness.  His  noble  nature  showed 
itself  in  his  search  for  truth.  He  loved  truth  beyond 
all  other  things  ;  and  no  one  ever  did  or  will  search 
for  it  with  more  energy-  than  he  did.  His  second  great 
quality  was  his  kindness  (agape).  It  was  born  in  him, 
and  by  his  careful  culture  it  grew  up  to  be  the  rule  of 
his  life  ;  kindness  to  everyone,  always — in  thought, 
in  word,  and  in  deed.  His  third  great  quality  was 
his  energy-.  This  was  no  strong  effort  for  a  short  time, 
but  a  lifelong  lasting  strife  to  seek  and  say  that  which 
he  thought  was  true,  and  to  do  that  which  he  thought 
was  kind." 

Professor  J.  A.  Fleming,  M.A.,  D.Sc,  F.R.S.,  then 
delivered  the  Fourteenth  Kelvin  Lecture  entitled 
"  Problems  in  Telephonv,  Solved  and  Unsolved  " 
(see  page  613).  A  vote  of  thanks  to  the  lecturer, 
proposed  by  Sir  Oliver  Lodge  and  seconded  by  Dr.  W.  H. 
Eccles,  was  carried  with  acclamation  and.  Professor 
Fleming  having  briefly  replied,  the  meeting  terminated 
at  8.5  p.m. 


51st  ANNUAL   GENER.VL   MEETING,  31    MAY,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
6  p.m. 

The  President  :  Before  dealing  with  the  ordinary 
business  we  have  the  presentation  by  Mrs.  Thompson 
of  the  oil  painting  of  the  late  Prof.  Silvanus  P.  Thompson, 
the  presentation  of  the  Silvanus  P.  Thompson  Memorial 
Library  by  Mr.  Mordey,  and  finally  the  presentation 
by  the  Finsburj'  Technical  College  Old  Students' 
Association  of  the  bust  of  Prof.  Thompson. 

Mrs.  Thompson  :  I  have  very  much  pleasure  in  pre- 
senting this  portrait  of  Prof.  Thompson  to  be  hung  in 
the  Institution  Library-.  It  was  painted  when  he  was 
40  years  of  age,  and  I  am  afraid  it  gives  him  a  more 
juvenile  appearance  than  that  by  which  most  of  you 
are  accustomed  to  remember  him.  It  was  painted  in 
1891,  the  year  in  which  he  was  elected  a  Fellow  of  the 
Roj'al  Society  and  about  the  time  .when  he  made  his 
best  contributions  to  electrical  science  in  connection 
with  dynamos  and  magnetos,  which  were  then  just 
coming  into  general  use  throughout  Europe.  It  was 
really  the  time  of  greatest  activity  during  his  life. 

Mr.  W.  M.  Mordey  :  I  must  resist  the  temptation 
to-night  to  speak  of  Thompson  as  a  man,  as  a  teacher 
and  as  a  friend.  His  life  and  works  speak  and  will 
continue  to  speak  for  him.  To-night,  in  particular, 
this  meeting  speaks  for  him.  My  duty  is  the  moie 
formal  one  of  giving  an  account  of  our  stewardship 
in  the  matter  of  the  Thompson  Librarj-.  WTien 
Thompson  died  in  1916,  he  left  a  very  important  and 
well-known  collection  of  scientific  books,  mostly  elec- 
trical. This  Librarj-  comprised  many  very  early  works 
of  great  interest  and  value.  When  it  became  known 
that  it  would  be  possible  to  obtain  this  Library  it  was 


felt  that  there  could  be  no  better  memorial  of  Thompson 
and  a  movement  was  started  to  purchase  the  Library 
and  present  it  to  the  Institution,  of  which  he  was  one 
of  our  most  honoured  Presidents.  This  was  a  sponta- 
neous movement  by  friends  and  admirers  of  Thompson 
and  of  his  work  and  influence,  a  large  proportion 
being  members  of  the  Institution.  The  Institution 
showed  its  interest  in  and  sj'mpathy  with  this  move- 
ment which  it  supported  in  a  very  substantial  way,  ■ 
but  the  matter  was  not  inaugurated  or  carried  through  1 
by  the  Institution.  A  committee  was  formed  on  which 
representatives    of    the    chief    scientific    and    technical  ■ 

societies  served.  Sir  Joseph  Thomson  representing  the  I 
Royal  Society.  A  guarantee  fund  was  formed  and 
there  was  an  immediate  and  satisfactory  response. 
The  Institution  decided  that  it  would  devote  to  this 
object  such  a  sum  as  they  would  in  any  case  have 
allocated  to  a  memorial  to  Thompson,  a  sum  equivalent 
to  that  which  had  previously  been  devoted  to  the 
Kelvin  Memorial.  Contributions  were  very  numerous,  ■ 
and  included  subscriptions  from  man}'  friends  who  ■ 
were  not  directly  associated  with  this  Institution  or 
even  with  electrical  engineering  or  electrical  science — 
friends  and  admirers  of  Thompson  and  members  of 
other  Societies.  A  good  many  manufacturing  firms 
also  made  substantial  contributions  to  the  Fund, 
marking  their  sense  of  the  practical  value  of  Thompson's 
work.  A  pleasing  circumstance  was  that  the  Finsbury 
Old  Students'  Association — Thompson's  old  students 
• — sent  a  substantial  donation.  For  carrying  through 
the  business  four  trustees  were  appointed  :  Mr.  Kings- 
bury, Mr.  Campbell  Swinton,  ^Ir.  Charles  Sparks  (then 
President    of   the    Institution)    and    myself.     Early   in 
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1917  we  felt  we.  were  justified  in  arranging  that  the 

Library   should    be    placed    under   the    charge    of    the 

Institution,  and  it  was  moved  into  this  building.     By 

the  middle  of  that  year  the  building  was  taken  over 

by  the  Government  for  war  purposes,  and  the  Thompson 

and  Ronalds  Libraries  of   the  Institution  were   stored 

away  for  safety.     Although  the  purchase  was  completed 

in  1918  when  sufficient  funds  had  been  received,  it  was 

not  until  July  1921  that  we  actualh^  got  possession  of 

the  Library  and  it  was  temporarily  placed  on  shelves 

in   the   Institution  Library.     Under  the  terms  of   the 

Deed  of  Purchase  the  Institution  has  made  permanent 

arrangements   for   housing  the   Library   as   a  separate 

entity — it  is  placed  at  one  end  of  the  Institution  Library. 

Although  the  Library  has  been  at   the  disposition   of 

members  for  a  considerable  time,  it  was  decided  that  it 

would  be  well  to  deal  with  the  presentation  formality 

on   such   an   occasion   as   has   arisen   to-night,   when   a 

bust   and   portrait   of   Thompson   are   being   presented 

by  others.     It  only  remains  for  me  now,  on  behalf  of 

the    subscribers    to    the    Thompson    Memorial    Fund, 

formally    to    present    the    Thompson    Library    to    the 

Institution  as  a  perpetual  memorial  of  one  of  our  most 

esteemed     members     and     Past-Presidents,     Professor 

Silvanus  Phillips  Thompson. 

Mr.  J.  E.  Raworth  :  During  the  30  years  that  Prof. 
Thompson  was  connected  with  Finsbury  Technical 
College,  some  thousands  of  students  were  trained  by 
him  as  electrical  engineers,  many  of  whom  are  connected 
with  this  Institution.  The  Finsbury  Technical  College 
Old  Students'  Association  felt  that  they  would  like  to 
institute  a  memorial  to  their  old  chief.  For  that  pur- 
pose funds  were  collected,  some  of  which,  as  has  been 
mentioned,  were  allocated  to  the  purchase  of  Prof. 
Thompson's  library.  The  remaining  portion  was 
employed  in  providing  a  bust  which  has  been  executed 
by  Mr.  Gilbert  Bayes,  who  is  with  us  this  evening,  and 
who  was  a  colleague  and  friend  of  Prof.  Thompson  in 
the  early  days  of  Finsbury.  I  have  very  much  pleasure 
in  presenting  to  the  Institution  this  bust  on  behalf 
of  the  Finsbury  Technical  College  Old  Students' 
Association,  and  I  hope  that  it  will  be  accepted  in  the 
spirit  in  which  it  is  offered. 

The  President  :  The  Institution  is  deeply  grateful 
for  these  gifts  which  have  been  generously  made  to 
it — grateful  not  only  because  of  their  intrinsic  and 
artistic  merits,  not  only  because  they  remind  us  of 
one  who,  while  he  was  with  us,  was  one  of  our  most 
esteemed  and  loved  members  and  became  one  of  our 
honoured  Past-Presidents,  but  grateful  also  because 
the  donors  have  chosen  this  Institution,  rather  than 
some  other  institution,  for  these  gifts  and  so  to  link  us 
with  the  association  of  his  memory.  These  memorials 
will  constantly  remind  us  of  one  who,  out  of  a  singularly 
gifted  mind,  faithfully  served  his  fellow  men  without 
•  stint,  as  one  who  had  learned  to  labour  and  not  to  look 
■  for  reward  save  knowing  that  he  had  accomplished  his 
duty.  The  Institution  will,  with  dihgence,  cherish  and 
take  care  of  these  gifts  to  the  lasting  memory  of  him 
in  connection  with  whom  they  are  presented.  We  have 
with  us  to-night  Prof.  Elihu  Thomson  from  the  United 
States,  and  I  feel  that  I  shall  be  meeting  your  wishes 
if  I  now  ask  him  to  say  a  few  words. 


Prof.  Elihu  Thomson  :  I  am,  I  think,  fortunate  to 
be  present  on  this  occasion  which  means  so  much  to 
I  me  as  well  as  to  every  man  who  was  early  in  the  elec- 
trical work  and  who  knew  the  contributions  made  by 
Dr.  Silvanus  Thompson  to  the  literature  and  the  progress 
of  our  favourite  industry  as  well  as  our  science.  I 
think  there  was  scarcely  any  man  who  was  closer  to 
me  in  the  art  than  Dr.  Silvanus  Thompson.  The  one 
thing  that  perhaps  drew  me  more  to  liim  than  other 
things  was  his  versatility.  He  not  only  succeeded  in 
work  which  was  purely  connected  with  the  electrical 
profession,  but  he  was  an  optician,  a  musician  and  an 
artist.  In  my  own  feeble  way  I  have  followed  in  his 
footsteps.  The  last  time  I  met  Thompson  was  under 
the  auspices  of  the  International  Electrotechnical 
Commission,  of  which  I  was  President,  at  Turin  in 
1911,  and  there  I  also  had  the  pleasure  of  meeting  his 
charming  wife,  Mrs.  Thompson.  I  should  like  to  add 
a  few  words  in  regard  to  his  writings.  They  are 
treasured  by  every  student  of  electricity,  and  I  know 
that  his  little  manual  entitled  "  Elementary  Lessons  in 
Electricity  and  Magnetism  "  is  still  the  best  that  can 
be  recommended  for  anybody  beginning  the  study  of 
electricity. 

The  President  :  That  concludes  the  business  con- 
nected with  the  presentations,  and  we  shall  now  proceed 
with  the  ordinary  business. 

The  Notice  convening  the  Annual  General  Meeting 
having  been  taken  as  read,  the  minutes  of  the  Ordinary 
Meeting  of  the  10th  May,  1923,  were  also  taken  as 
read  and  were  confirmed  and  signed. 

A  list  of  candidates  for  election  and  transfer  approved 
by  the  Council  for  ballot  was  taken  as  read  and  was 
ordered  to  be  suspended  in  the  Hall. 

Messrs.  H.  W.  Couzens  and  P.  M.  Baker  were  appointed 
scrutineers  of  the  ballot  for  the  election  and  transfer 
of  members  and,  at  the  close  of  the  meeting,  the  result 
of  the  ballot  was  declared  as  follows  : — 

Elections. 
Members. 

Mohring,  Albert  Edward.         Raven,  Sir  Vincent  Litch- 
Morris-Airey,  Harold.  field. 

Taylor,  Herbert. 

Associate  Members. 


Bartlett,  Oswald  Alfred. 

Cursett-Sutherland,  P.  D. 

Daniel,  Claude  Reginald. 

Denman,  Roderick  Peter 
G.,  B.A. 

Duncan,  Robert  Arthur  S. 

Dunn,  Ernest  Edward. 

Favell,  Fredericls. 

Hamilton,  James. 

Hinton,  Norman  Pullen, 
B.Sc. 

Jacquest,  Arthur  Harold. 

John3on,  Charles  Valen- 
tine. 


Macnee,  Kenneth  William, 
B.Sc.(Eng.). 

Michelli,  Capt.  Pietro 
Frederick  M.,   R.E. 

Sennett,  Harry  Hubert. 

Swift,  Harry  Houghton, 
B.Eng. 

Swithinbank,  Joseph  Wil- 
liam. 

Whitworth,  Harold. 

Young,  \\illiani  Ernest. 

Yule,  John. 
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Graduates. 


Batham,     Guv    Symonds. 

B.Sc. 
Buchanan,     George     Mac- 

donald. 
Charlton,  Thomas  Hadwen. 
Cook,  John. 

Dallow,  Norman  Richard. 
Emsley,  Albert  Edward. 
Etches,  George  Bernard. 
Evans,  Bertram  George. 
Eraser,  John  Andrew. 
Hoyle,  Frank  Conquest. 
Hyland,  Frank  George. 
Jones,  Elvet  Oscar. 
Jones,  John  Charles. 
Kolar,  Ramchandra  Rao. 
K3'te,  Sydney. 


Llewell5'n,     Frederick 

Langhorne. 
McLennan,  Grant  A. 
Mandlik,  Gopal,  B.Sc. 
Mathews,    Edward    Daniel 

K. 
Morris,  Samuel  Henry. 
Murray,  Robert  Lambert. 
Nagabushanam,  S. 
Newland,  Horace. 
Rhind,  Andrew. 
Russell,  Victor  James  S. 
Sulston,  Leonard  Edwin. 
Webber,  Harry. 
White,  Crawford  Gordon. 
Wilson,  Maurice. 


Students. 


Abaza,   Mohammed   Shou- 
kry  H. 

Adldns,Harr3',  B.Sc.{Eng.). 

Allen,  Robert  Girdlestone. 

Andress,  Philip. 

Baig,  Asaf  Ali. 

Bailey,  John  William. 

Baines,  John  William. 

Barraclough,  Edgar. 

BilUngton,  Robert  Cyril. 

Birth,  Arthur  Frederick. 

Bishop,  Edgar  Richard. 

Booth,  Charles  Frederick. 

Bower,  Dudley  Alec. 

Brand,  Frank. 

Campbell,    Rodolphe   Wil- 
liam C. 

Capon,  Leslie  Walter  P. 

Carey,  Hewett  Clive. 

Carter,  Herbert  Louis. 

Charters,  Herbert  Christo- 
pher. 

Cooper,  Paul  Edmund  D. 

Crabtree,     Harold     Ash- 
worth. 

Craig,  John  Lawrie  W. 

Cuthbf.rt,  Geoffrey  Town- 
ley. 

Dahl,  Gustavo. 

Davenport,  Arthur  Egbert. 

Davis,  Percival  Kingsley. 

Devis,  Eric  Roberts. 

Doel,  Henry  Ernest. 

Dunstan,  Frederick  Perci- 
val. 

Emanuel,  Reginald  Rees  P. 

Farnlund,  Harold. 

Fitzgerald,     Patrick    Des- 
mond. 

Franklin,  Cyril  Montagu  E. 

Gibson,  Robert  Thomas. 

Grover,  Ralph  Vickers. 


Harmer,  Aubrey. 
Harrison,  Ronald  John. 
Harvey  Raymond  Edward. 
Heah',  John  Quarry. 
Henderson,   Douglas  Hed- 

ley  P. 
Hill,  Adrian  Justley. 
Hinds,  George  Alfred  R. 
Hopwood,     Charles    Mait- 

land. 
Humphrey,  Edward  Frank. 
Husbands,   Leshe  William 

M. 
Jackson,  John  Greenville. 
Jones,  Arthur  Stanlev. 
Jones,     Ernest     Thomas 

Lucas. 
Jones,  Leslie  Keene. 
Kamen,  Cecil. 
Kar,  Lalit  Mohan. 
Keane,  John  Cecil  B. 
Keith-Murray,  Patrick  Ian. 
Ividd,  Lionel  Jervis. 
King,  Alfred  Frederick. 
Lattey,  Louis  Douglas. 
Lloyd,  John. 
Lucas,  George  Sail  C. 
McCammond,  Arthur  Nor- 
man W. 
Macdonald,         Ernest 

Charles  I. 
McKie,  Harold  Robert. 
Mackill,  Robert. 
Martin,  Algernon  John  H. 
Mather,  Frank. 
Moore,  Douglas. 
Moore,  Samuel,B.Sc.(Eng.). 
Morley,    Edward    William 

L. 
Nelson,  Robert  Ouentin. 
Nunn,  Charles  Herbert. 
Paine,  Roger  Charles. 


Students — continued. 


Pilcher,  Cecil  Walter. 
Pinhorn,    Ronald    Vincent 

F. 
Purden,  Robert  Hesketh. 
Riach,  David. 
Richards,  Cecil  William. 
Sandeman,    David    Grant, 

B.Sc.(Eng.). 
Skinner,  John. 
Smith,  Frank  Ellis. 
Smith,  John. 
Styles,  Sidnev  Vincent. 
Tanner,  Herbert  Douglas. 


Thornton,  Cecil  Anderson 

M. 
Tomkinson,    Alfred    Hugh 

E. 
Vinehill,  William  Francis. 
Waite,  Barry. 
Walker,  Wilham  Gordon. 
Walton,  Frank  Edward. 
Weatherdon,  P'rank  Edwin. 
Wells,  Arthur  Cecil. 
Williams,  Arthur  Avery. 
Winnard,  Ronald. 
Worsp,  Lewis  Croyden  M. 


Associate. 
R3-an,  William  Albert. 

Transfers. 

Associate  Member  to  Member. 
Allan,  Colby  Topp  T.  Maiden,     Major     Charles 

Bramwell,  John  Thomas.  Horace,  R.M.L.L 

Lee,  Albert  George,  M.C.,      Preston,  Kenneth. 

B.Sc.  Saunderson,  Philip  Sydney. 

Graduate  to  A  ssociate  Member. 
Featherstone,  Henry.  Gwynn,  Percy  Harold. 

Forsyth,       John      Cossar,      L^-thgoe,  Joseph. 

B.Sc.fEng.).  Minton,  Wilham  John. 

Gosden,  Richard.  Morris,  Charles  Isted. 

Student  to  Associate  Member. 
Body,  Howard  Thomas.  Henderson,   Frederick 

Cook,  Francis  Ainsley.  Ewart. 

Gee,  Colin  Brooke.  Herriot,  David  Robertson. 

Hart,  Morris  Daniel.  Kingaby,  George  William. 

Richardson,  Walter. 

Student  to  Graduate. 
Barrington,  Reginald  Jack      Lisle,  George  Stanley. 


C. 

Baxter,  Wilham  Morley. 
Fiander,  Charles  Mac. 
Flint,  Eustace  William. 
Kingsbury,  Derrick. 


Mabbott, William  Henry  L. 
Marchand,  Bernard,  B.A. 
Painton,  Claude  Arthur. 
Pitt,  Frank  Ernest. 
Regis,  John. 


Thornton,  Cecil  Victor. 

Associate  to  Associate  Member. 
Johnstone,  Edward  Astley. 

The  following  list  of  donors  to  the  Benevolent  Fund 
was  taken  as  read  and  the  thanks  of  the  meeting  were 
accorded  to  the  donors. 

Benevolent  Fund  :  W.  F.  Andrews,  .A.  S.  Barnard, 
D.  E.  Bell,  J.  R.  J.  Bowden,  W.  Brumwell,  W.  M.  H. 
Butcher,  A.  S.  Campbell,  G.  W.  Carpenter,  R.  L. 
Cleaver,  W.  A.  Coates,  H.  W.  Cockerill,  J.  Colquhoun, 
C.  F.  Crymble,  E.  Cunningham,  A.  E.  Dawson,  Diesel 
Engine  Users'  Association,  A.  E.  Dinham-Peren,  W.  H. 
Duncan,  C.  J.  A.  Ellis,  F.  J.  Gerrard,  C.  Hamilton, 
H.  Hayhurst,  T.  B.  Hayton,  H.  J.  Henwood,  D.  B. 
Hogg,   G.   Hunter,   H.    K.   Hunter,    P.    Hunter-Brown, 
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Incorporated  Municipal  Electrical  Association,  C.  J. 
Jewell,  C.  D.  King,  H.  C.  Lamb,  W.  H.  Lea,  J.  H. 
Leigh,  Metropolitan-Vickers  Electrical  Co.  {per  Mr.  J. 
Frith),  E.  H.  Miller,  R.  O.  B.  Neil,  B.  Paul,  J.  D.  Peattie, 
A.  J.  Ramsay,  E.  S.  Ritter,  A.  Roberts,  G.  M.  Sichel, 
M.  G.  Simpson,  J.  E.  Storr,  T.  D.  Trees,  L.  E.  Ward, 
J.  W.  Williams,  and  G.  W.  L.  Wooland. 

The  President,  after  summarizing  the  Annual 
Report  of  the  Council  for  the  year  1922-23  (see  p.  594) 
and  replying  to  comments  by  Mr.  F.  W.  Purse,  Mr. 
J.  W.  ]\Ieares,  Mr.  H.  J.  Cash,  Dr.  S.  P.  Smith  and 
Mr.  LI.  B.  Atkinson,  moved  "  That  the  Annual  Report 
of  the  Council  for  the  year  1922-23  as  presented  be 
received  and  adopted."  In  the  course  of  his  remarks 
the  President  mentioned  that  the  Council  had  decided 
to  reduce  the  subscriptions  of  Corporate  Members  by 
10s.  per  annum  and  of  Graduates  by  5s.  per  annum, 
the  decreases  to  take  place  from  1st  January,  1924 
[see  Institution  Kotes,  No.  39,  page  (17),   July   1923]. 

The  resolution  was  seconded  bv  Mr.  Roger  T.  Smith 
and,  after  being  put  to  the  meeting,  was  unanimously 
adopted. 

Sir  James  Devonshire,  K.B.E.  (Hon.  Treasurer), 
moved  the  following  Resolution  :  "  That  the  Statement 
of  Accounts  and  the  Balance  Sheet  for  the  year  ended 
31st  December,  1922,*  as  presented,  be  received  and 
adopted."  In  doing  so.  Sir  James  Devonshire  said  : 
It  is  now  my  duty  to  submit  the  Statement  of  Accounts 
for  the  past  vear.  Turning  first  to  income  and  e.xpendi- 
ture,  it  will  be  seen  by  the  printed  Report  which  has 
been  issued  to  members  that  there  is  a  surplus  on  the 
Revenue  Account  for  1922  of  £862  2s.  8d.  after  making 
the  provision  of  £3  000  for  the  Reserve  Fund.  This 
amount,  which  has  been  carried  to  the  General  Fund, 
compares  with  £639  2s.  lOd.  in  1921  and  shows  an 
increase  of  £222  I9s.  lOd.,  but  it  should  be  pointed 
out  that  last  year  £4  000  was  put  to  Reserve,  as  against 
£3  000  for  the  year  1922.  The  total  expenditure  for 
1922  is  £32  084  los.  2d.  after  taking  credit  for  the 
amount  of  rents  from  tenants,  which  has  hitherto  been 
shown  on  the  Revenue  side,  but  on  this,  as  well  as  on 
the  last  occasion,  has  been  subtracted  from  the 
Expenditure  side  of  the  Accounts.  This  figure  of 
£32  084  15s.  2d.  compares  with  £29  921  14s.  9d.  in 
1921  and  shows  an  increase  of  £2  163  Os.  5d.  The 
principal  items  of  this  increase  occur  under  the  heads 
of  "  Management,"  which  is  up  by  £1  186,  "  Institution 
Building,"  £695,  "  Science  Abstracts,"  £107,  and 
"  Local  Centres,"  £364.  There  are  also  items  appearing 
under  the  headings  of  "  Commemoration  Meetings," 
"Unveiling  and  Dedication  of  War  Memorial"  and 
"  Faraday  Medal,"  together  amounting  to  £418,  which 
substantially  will  not  recur.  On  the  other  hand,  there 
are  savings  under  several  heads,  namely,  "  Journal," 
£332,  "  Special  Grants  and  Research,"  £57,  "  Annual 
Dinner,"  £43,  "  Conversazione,"  £60,  and  "  Mortgage 
Interest,"  £252.  This  last  reduction  of  £232  is  mainly 
due  to  the  voluntary  repayment  of  £3  000  to  the  Econo- 
mic Life  Assurance  Society  in  1922.  Already  for  this 
year  we  have  made  a  further  payment  to  the  Economic 
Life  Assurance  Society,  which  I  am  glad  to  tell  you  has 
now   wholly   discharged   the   outstanding   mortgage   on 

*  See  page  604. 


the  Tothill-.street  property.  On  the  credit  side  of 
the  Account  the  Income  shows  an  improvement  of 
£471  4s.  Id.  (after  making  the  adjustment  in  regard  to 
the  rents  from  tenants).  Tliis  improvement  is  mainly 
due  to  subscriptions,  which  brought  in  an  extra  £2  837, 
this  amount  being  offset,  however,  by  a  decrease  of 
£562  in  the  entrance  fees  received  during  the  year. 
A  small  amount  of  £94  8s.  3d.  was  received  for  Life 
Compositions,  as  against  nothing  received  under  tliis 
head  for  1921.  The  decrease  in  the  rents  from  tenants 
amounts  to  £2  375,  viz.  £2  491  8s.  Od.  as  against 
£4  866  8s.  Od.  in  1921,  due  to  the  termination  of  the 
occupation  by  the  London  Countj'  Council  of  the  second 
and  third  floors  of  the  Institution  building  at  the  end 
of  the  June  quarter  of  1922.  I  am  glad  to  be  able  to 
state,  however,  that  since  the  close  of  our  accounts  for 
the  year  1922  we  have  let  most  of  these  rooms.  The 
rents  from  the  Tothill-street  property  show  an  increase 
of  £121  owing  to  the  fact  that  the  increa.sed  rentals 
paid  by  some  of  the  tenants  appear  in  full  for  the  first 
time.  Turning  now  to  the  Balance  Sheet,  the  first 
item  is  "  Economic  Life  Assurance  Society,"  which 
last  year  stood  at  £24  331  19s.  lid.  and  was  reduced 
in  1922  to  £20  333  6s.  5d.  by  £3  993  I3s.  6d.  made  up 
of  two  items,  viz.  the  amount  of  the  obUgatorj^  repay- 
ment to  the  Society,  and  the  voluntary'  repayment,  to 
wliich  I  have  previously  referred,  of  £3  000  from  the 
Reserve  Fund.  As  a  consequence  of  this  substantial 
reduction  of  the  mortgage,  the  interest  payable  is  now 
materially  reduced.  The  Reserve  Fund  (Contingencies 
and  Mortgage  Redemption)  was  increased  by  a  transfer 
of  £3  000  from  the  Income  and  Expenditure  Account, 
and  reduced  by  the  amount  of  the  voluntary  repayment 
of  £3  000,  the  total  being  £14  000  as  in  1921.  The 
General  Fund  now  stands  at  £99  750  9s.  Id.  as  compared 
with  £88  700  4s.  lid.  on  31st  December,  1921.  There 
being  no  obligation  on  the  part  of  the  Institution, 
under  the  new  Bye-Laws,  to  invest  Life  Compositions 
separately,  the  amount  of  the  Life  Compositions  Fund, 
£5  590  ids.  Od.,  together  with  the  amount  of  £94  Ss.  3d. 
received  during  1922,  has  been  transferred  to  the  General 
Fund  and  the  investments  have  been  added  to  those 
of  the  General  and  Reserve  Funds.  On  the  Assets  side 
the  value  of  the  Institution  Building  and  Lease  is 
shown  as  £69  012  12s.  2d.  as  against  £69  371  14s.  2d. 
in  1921,  a  difference  of  £359  2s.  Od.  This  difference  is 
accounted  for  by  the  Surrender  Values  of  the  Sinking 
Fund  policies,  which  each  year  show  an  increasing 
amount  over  the  £277  I2s.  2d.  paid  in  respect  of  the 
policies.  As  members  are  aware,  these  policies  have 
been  taken  out  in  order  to  secure  the  principal  sum  of 
£75  000  at  the  termination  of  the  lease  of  the  Institution 
Building  in  1984.  The  statement  in  the  Council's 
Report  (see  page  601)  relating  to  the  surplus  of  Assets 
over  Liabilities  is  shown  in  the  amended  form  adopted 
for  the  first  time  in  the  1920  Accounts,  in  which  the 
values  of  the  actual  properties  shown  on  the  As.sets 
side,  less  the  Liabilities,  are  given  in  full.  These  figures 
reveal  that  this  surplus  is  now  £114  399  2s.  Id.,  an 
improvement  over  1921  of  £5  459  I4s.  2d.  In  conclusion, 
I  think  the  Institution  has  every  reason  to  be  gratified 
with  its  financial  position  as  disclosed  by  the  .\ccounts, 
which  I  now  submit  for  their  adoption,  and  I  formally 
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move  "  That  the  Statement  of  Accounts  and  the  Balance 
Sheet  for  the  year  ended  31st  December,  1922,  as 
presented,  be  received  and  adopted." 

The  Resolution  was  seconded  by  Captain  R.  J. 
Wallis-Jones  and,  after  the  Honorars'  Treasurer  had 
replied  to  comments  by  Mr.  F.  W.  Purse,  was  unani- 
mously adopted. 

The  following  Resolution  moved  by  Mr.  Li.  B. 
Atkinson  and  seconded  by  Mr.  W.  M.  Selvey,  was 
carried  with  acclamation  :  "  That  the  best  thanks  of 
the  Institution  be  accorded  to  the  following  officers  for 
their  valuable  services  during  the  past  year  :    (a)  The 


Honorary  Secretaries  of  the  Local  Centres  and  the 
Local  Honorary  Secretaries  and  Treasurers  abroad  ; 
(fc)  The  Honorary  Treasurer  (Sir  James  Devon- 
shire)." 

The  President  then  moved  "  That  Messrs.  Allen, 
Attfield  &  Co.  be  appointed  auditors  for  the  year 
1923-24."  The  resolution  was  seconded  by  Mr.  W.  R. 
Cooper  and  carried  unanimouslv. 

After  the  President  had  announced  the  premiums 
awarded  by  the  Council  for  the  year  1922-23  [see 
Institution  Notes.  No.  39,  page  (17),  July,  1923],  the 
meeting  terminated  at  7.25  p.m. 


31ST   MEETING   OF   THE   WIRELESS   SECTION,    6    JUNE,    1923. 
(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  E.  H.  Shaughnessy,  O.B.E.,  took  the  chair 
at  6  p.m.  in  the  unavoidable  absence  of  the  Chairman  of 
the  Section.  The  minutes  of  the  meeting  of  the  Wire- 
less Section  held  on  the  2nd  Mav,  1923,  were  taken  as 
read  and  were  confirmed  and  signed. 

The  Chairman  reported  that  no  further  nominations 
having  been  received  for  the  \\'ireless  Section  Committee, 


the  Committee's  nominees  had  been  duly  elected.     He       at  7.50  p.m. 


also  announced  the  premiums  awarded  by  the  Council 
for  papers  read  before  the  Wireless  Section  during 
the  Session  1922-23  [see  Institution  Notes,  Ko.  39, 
page  (18),  July  1923:." 

A  paper  by  Mr.  C.  E.  Horton,  entitled  "  Wireless 
Direction-Finding  in  Steel  Ships "  (see  page  1049), 
was   read   and   discussed   and  the   meeting  terminated 


SPECIAL  GENERAL  MEETING  OF  CORPORATE  MEMBERS  AND  ASSOCIATES  OF  THE  INSTITU- 
TION OF  ELECTRICAL  ENGINEERS  (INCORPOR.\TED  UNDER  THE  COMPANIES  ACTS  1862 
AND    1867),    19    JULY,    1923. 

(Held  in  the  Institution  Lecture  Theatre.) 


Mr.  F.  Gill,  O.B.E.,  President,  took  the  chair  at 
5  p.m. 

The  Notice  convening  the  meeting  was  taken  as  read. 

Sir  James  Devonshire,  K.B.E.,  as  one  of  the  liqui- 
dators, stated  that  all  the  liabilities  of  the  old  Institution 
had  been  discharged  and  its  propertj-  transferred  to 
the  new  body  and  moved  "  That  the  Report  and  Accounts 
of  the  liquidators  be  adopted." 

The  Resolution  was  seconded  by  Mr.  J.  S.  Highfield 
and,  after  being  put  to  the  meeting,  was  carried  unani- 
moush'. 

The  following  Extraordinarj-  Resolution,  proposed 
by  Mr.  LI.  B.  Atkinson  and  seconded  by  Dr.  A.  Rus- 
sell, was  carried  unanimously  :    "That  the  Liquidators 


be  and  are  hereby  instructed  to  hand  over  the  books, 
accounts  and  documents  of  the  Institution  of  Electrical 
Engineers,  incorporated  under  the  Companies  Acts 
1862-1867,  and  of  the  Liquidators  thereof,  to  the 
Institution  of  Electrical  Engineers,  Incorporated  bj- 
Royal  Charter.   1921." 

Mr.  LI.  B.  Atkinson,  after  referring  to  the  difficulties 
encountered  in  effecting  the  liquidation,  moved  that  a 
hearty  vote  of  thanks  be  accorded  to  the  two  liquidators. 
Sir  James  Devonshire  and  ilr.  Rowell. 

The  resolution  was  seconded  by  Mr.  J.  S.  Highfield 
and,  after  being  put  to  the  meeting,  was  carried  with 
acclamation.  Sir  James  Devonshire  briefly  replied 
and  the  meeting  terminated  at  .5.20  p.m. 
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HERTHA  AYRTON  {n^e  Phcebe  Sarah  Marks), 
the  first  lady  member  of  the  Institution,  passed  away 
after  a  short  ilhiess  on  the  26th  August,  1923,  at  the 
New  Cottage,  North  Lancing.  Born  at  Portsea  of 
Jewish  parents.  Miss  Marks  was  educated  in  London 
by  her  aunt,  Mrs.  Hartog,  and  at  the  age  of  16  began 
to  earn  her  own  living  by  teaching.  After  some  years  of 
this  work  she  went  to  Girton  where  she  made  a  special 
study  of  mathematics  and  gained  Third  Class  Honours 
in  the  Cambridge  Tripos.  Whilst  at  Girton  Miss  Marks 
gave  early  evidence  of  ingenuity  and  originality,  for 
during  her  college  course  she  invented  and  constructed 
a  sphygmograph  for  recording  pulse-beats,  and  on 
her  return  to  London  patented  a  line-divider  whereby 
any  line  could  be  divided  into  any  given  number  of 
equal  parts.  In  1884  Miss  Marks  entered  the  Finsbury 
Technical  College  as  a  special  student,  and  in  the  follow- 
ing year  became  the  wife  of  the  late  Prof.  W.  E.  Ayrton, 
Professor  of  Applied  Physics  in  the  Central  Institution 
of  the  City  and  Guilds  of  London  Institute,  now  the 
City  and  Guilds  (Engineering)  College,  South  Kensing- 
ton. Interest  in  matters  electrical  had  been  aroused 
during  her  studentship  at  Finsbury,  and  afterwards 
Mrs.  AjTton  was  naturally  concerned  in  the  many 
researches  being  pursued  by  her  energetic  and  versatile 
husband.  In  the  early  nineties  a  lengthy  and  arduous 
investigation  on  the  electric  arc  was  being  carried  out 
by  Professor  Ayrton  and  his  students,  and  the  intricacy 
and  variability  of  the  results  led  Mrs.  Ayrton  to  study 
the  phenomena  and  continue  the  research  dming  the 
professor's  absence  in  America.  This  she  did  with 
conspicuous  success,  and  unravelled  many  of  the  puzzling 
peculiarities  the  arc  presented.  The  results  of  her 
work  and  that  of  her  husband  were  given  in  a  series  of 
articles  in  the  Electrician  during  1895  and  1896  and 
in  papers  before  the  British  Association  1895,  1897 
and  1898.  The  Electrician  articles  contained  a  sum- 
mary of  previous  work  on  the  subject,  and,  together 
with  her  further  researches,  were  amplified  and  published 
in  book  form  in  1902.  The  book  still  remains  a  standard 
work  on  the  arc. 

Mrs.  Ayrton  read  a  memorable  paper  on  the  "  Hissing 
of  the  Electric  Arc  "  before  the  Institution  in  1899,  for 
which  she  was  awarded  a  Premium,  and  in  the  same 
year  she  was  elected  a  Member.  A  paper  on  "  The 
Light  of  the  Arc,"  before  the  International  Congress  of 
Electricity  at  Paris  in  1900,  was  made  the  subject  of 
a  special  vote  of  thanks  by  the  section  of  the  Congress 
in  which  it  was  read.  Another  important  paper  on 
"  The  Mechanism  of  the  Electric  Arc  "  was  read  before 
the  Royal  Society  in  1901  and  published  in  the  Philo- 
sophical Transactions  of  that  Society.  In  1906  the 
Council  of  the  Royal  Society  awarded  Mrs.  Ayrton  the 
Hughes  Medal.  Her  work  on  the  arc  naturally  directed 
Mrs.  Ayrton's  attention  to  the  properties  of  various 
kinds  of  carbons  used  in  arc  lamps,  particularly  those 
for   searchlights    and    cinema    and    film    studio    lamps. 


For  such  purposes  the  candle-power  per  watt,  regularity 
and  steadiness  of  burning  and  the  effective  life  of  the 
carbons  are  matters  of  great  importance,  so  she  began 
a  lengthy  research  to  find  the  best  sizes,  materials  and 
proportions  for  heavy-current  work.  Scores  of  carbons 
of  different  kinds  were  designed,  made  and  tested  early 
in  the  last  decade,  and  six  patents  for  carbons  and 
carbon  holders  were  taken  out  in  1913  and  1914.  Some 
of  the  improvements  there  described  are  now  in  common 
use. 

As  an  artist  Mrs.  Ayrton  possessed  no  mean  powers, 
and  her  gifts  in  this  direction  enabled  her  to  make 
excellent  large-scale  coloured  drawings  of  the  arc  under 
various  conditions  ;  it  is  to  be  hoped  that  these  drawings 
may  be  preserved  in  the  archives  of  the  Institution. 
Other  subjects  in  which  Mrs.  Ayrton  was  interested 
and  which  she  studied  with  great  success  were  the 
"  Motion  of  Oscillating  Water  "  and  the  "  Origin  and 
Growth  of  Sand  Ripples."  Papers  dealing  with  these 
phenomena  were  read  before  the  Royal  Society,  and 
lectures  and  demonstrations  on  the  phenomena  were 
given  at  Royal  Society  soirees  and  elsewhere. 

Shortly  after  the  first  gas  attack  by  the  Germans 
in  1915  Mrs.  Ayrton  brought  her  knowledge  of  fluid 
motion  to  bear  on  the  problem  of  protecting  our  troops 
from  the  dangers  involved,  and  as  the  result  of  much 
experimental  work  devised  the  "  A\Tton  flapper  fan  " 
for  driving  off  poisonous  gases.  -After  much  official 
inertia  had  been  overcome,  about  100  000  of  these 
fans  were  made  and  supplied  to  our  troops  in  France 
and  Flanders.  The  invention,  the  development  of 
which  involved  considerable  expense,  was  presented 
gratis  to  the  nation.  During  1918,  motor-driven  flapper 
fans  were  made  and  used  experimentally  for  clearing 
dug-outs,  trenches,  etc.,  from  poisonous  gases.  After 
the  armistice  Mrs.  Ayrton  applied  her  invention  to  the 
propulsion  of  gases  and  liquids  through  pipes,  the 
aim  being  to  improve  the  ventilation  of  mines,  under- 
ground tubes  and  sewers.  She  was  engaged  in  this 
work  until  a  few  weeks  before  her  death. 

IMarked  characteristics  of  Mrs.  Ayrton  were  the 
skill  and  patience  she  displayed  in  carrying  out  difficult 
and  tedious  experimental  work,  and  the  remarkable 
insight  into  natural  phenomena  which  she  possessed. 
Socially  she  was  large-minded,  generous  and  kind- 
hearted,  and  her  own  description  of  her  benefactress, 
Madame  Bodichon,  viz.  "  Her  great  intellect  and  noble 
presence  were  an  inspiration  to  all  who  knew  her,"  is 
particularly  applicable  to  herself.  T.  M. 

EDWARD  EIJIIR^IANN  CLARKE,  who  died  on 
the  19th  February,  1922,  was  born  on  the  17th  November, 
1857,  and  received  his  education  at  Shrcwsbm-y  School. 
After  .serving  his  apprenticeship  from  1873  to  1876 
with  the  North-Eastern  Railway  Co.,  he  obtained  an 
appointment  on  the  New  Zealand  Government  Railways, 
later  being  placed  in  charge  of  the  installation  of  their 
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new  locomotive  works  at  Petone.  In  1882  be  joined 
the  Wellington  Woollen  Manufacturing  Co.,  Ltd.,  of 
New  Zealand,  and  was  responsible  for  the  erection 
of  their  buildings,  plant  and  machinery,  including 
a  complete  electric  lighting  installation.  In  1886 
he  had  charge  of  the  installation  of  the  electric  light- 
ing plant  for  the  New  Zealand  Government  printing 
works,  and  afterwards  took  up  consulting  work  in 
Wellington.  In  1889  he  returned  to  England  and 
engaged  in  experimental  work  in  connection  with  re- 
frigerating machinerj^  and  in  1893  commenced  practice 
in  Birmingham  as  a  consulting  engineer.  He  was 
appointed  consulting  engineer  to  the  North  of  Ireland 
Shipbuilding  Co.,  Ltd.,  in  1914,  and  in  1915  was 
appointed  in  a  similar  capacity  to  the  Sutton  Coldfield 
Electricity  Works.  He  was  elected  a  Member  of  the 
Institution  in   1918. 

JOHN  CHARLES  HOMFRAY  DARBY  was  born 
on  the  28th  July,  1864,  and  received  his  early  education 
at  Twyford,  near  Winchester.  From  there  he  went 
to  Charterhouse,  where  he  remained  until  1881.  He 
entered  the  service  of  the  Eastern  Extension  Australasia 
and  China  Telegraph  Company,  Ltd.,  in  April  1883, 
as  a  telegraph  operator,  in  which  capacity  he  served 
at  Cape  St.  James  (Indo-Cliina),  Haiphong  (Tonquin), 
Shanghai  and  Foochow.  Having  early  shown  a 
marked  electrical  ability,  he  was  promoted  in  1887 
to  the  position  of  assistant  electrician  on  the  staff  of 
the  company's  cable-repairing  steamers  stationed  at 
Singapore,  later  becoming  electrician  in  charge  of  a 
cable  steamer.  In  July  1909  he  became  assistant 
manager  of  the  company's  cable  factory  at  Singapore, 
to  the  managership  of  which  he  was  appointed  two 
years  later.  He  held  this  position  until  he  retired 
from  the  service  in  June  1921.  To  his  energy',  resource, 
fitness  and  conscientious  work  are  largely  due  the 
very  successful  results  obtained  at  the  factory,  at  which 
the  supply  of  cable  necessary  for  repairs  of  the  com- 
pany's system  was  steadily  maintained  throughout  the 
war.  With  the  late  Mr.  H.  K.  C.  Fisher  he  edited  a 
very  valuable  book  entitled  "  Students'  Guide  to  Sub- 
marine Cable  Testing,"  which  has  proved  a  very 
great  help  to  telegrapliists  all  over  the  world,  and 
which  has  been  adopted  as  one  of  the  textbooks 
in  the  syllabus  for  staff  examinations  of  many  cable 
companies.  He  was  also  an  artist  and  many  of  his 
paintings  of  scenes  and  life  in  the  Far  East  have  been 
shown  at  art  exhibitions  in  Australia  and  Singapore. 
His  pleasing  personality  and  his  readiness  to  help 
others  endeared  him  to  all  his  colleagues,  by  whom 
bis  departure  from  active  service  in  the  East  was 
much  regretted,  and  liis  decease,  so  soon  after  his  retire- 
ment, on  the  21st  August,  1922,  was  deeply  lamented. 
He  was  elected  an  Associate  of  the  Institution  in  1883 
and  a  Member  in   1913.  R.  T.  W. 

ARTHUR  LOVEL  DEARLOVE  was  born  at  Higham 
Park,  Northamptonshire,  on  the  10th  April,  1859.  He 
was  educated  at  Salway  House,  Leyton,  and  after- 
wards by  private  tuition,  subsequently  going  to  King's 
College.  .  He  received  his  mechanical  training  with 
the   firm   of   Latimer   Clark,    Muirhead   and    Co.,    mth 


whom  he  remained  for  three  years,  during  the  latter 
part  of  which  period  he  was  employed  in  the  laboratory. 
After  being  engaged  in  the  establishment  of  duplex 
working  between  London  and  Emden  in  1878,  he  joined 
the  firm  of  Messrs.  Clark,  Forde  and  Taylor,  submarine 
cable  engineers.  In  1888  he  took  part  in  the  laying 
of  the  cables  between  Venezuela,  Curasao,  San  Domingo, 
Haiti  and  Cuba  by  Messrs.  Henley's  Telegraph  Works 
Co.,  and  in  1897  he  was  for  some  months  engaged  in 
cable-repairing  and  cable-laying  operations  carried  out 
by  the  Compagnie  Franijaise  des  Cables  Telegraphiques. 
In  the  following  year  he  became  a  partner  in  the  firm 
of  Alfred  Graham  and  Co.,  electrical  and  telephone 
engineers,  and  in  the  same  year  he  was  admitted  a 
partner  in  the  firm  of  Clark,  Forde  and  Taylor,  with 
whom  he  remained  until  his  death,  which  occurred  on 
the  19th  October,  1923.  He  was  elected  an  Associate 
of  the  Institution  in   1897  and  a  Member  in   1898. 

Sir  JAJMES  DEWAR,  M.A.,  F.R.S.,  was  born  at  Kin- 
cardine-on-Forth  on  the  20th  September,  1842.  After 
being  educated  at  Dollar  Academy  he  went  to  Edinburgh 
University,  where  he  was  a  pupil  of,  and  later  became 
assistant  to.  Lord  Plajrfair,  who  was  at  that  time 
Professor  of  Chemistry.  In  1875  he  was  appointed 
Jacksonian  Professor  of  Natural  Experimental  Philo- 
sophy at  Cambridge.  Two  years  later,  in  1877,  he 
became  Fullerian  Professor  of  Chemistry  at  the  Royal 
Institution  and  retained  that  position  until  his  death, 
which  occurred  on  the  27th  March,  1923.  His  important 
researches  on  the  liquefaction  of  gases  and  the  properties 
of  matter  at  temperatures  approaching  absolute  zero 
were  carried  out  at  that  Institution.  By  1886  he  had 
produced  oxygen  in  the  solid  state,  and  by  1891  he 
was  making  liquid  air  in  large  quantities.  In  the 
following  year  he  iiivented  the  vacuum  container  in 
which  liquid  air  could  be  stored.  In  1898  he  succeeded 
in  liquefying  hydrogen,  and  in  the  following  year 
obtained  tliis  gas  m  the  solid  state.  He  also  attacked 
the  problem  of  the  liquefaction  of  helium,  but  was 
prevented  by  ill-health  from  carrying  out  his  purpose. 
In  addition  to  investigating  the  physical  constants 
of  the  liquefied  gases,  he  also  conducted  researches 
on  the  electrical  resistance  and  thermo-electric,  magnetic 
and  dielectric  constants  of  various  substances  at  low 
temperatures.  In  much  of  this  work  he  acted  in 
conjunction  with  Prof.  J.  A.  Fleming.  His  research 
on  the  properties  of  radium  at  low  temperatures  also 
added  much  to  our  knowledge  on  the  subject  of  radio- 
activity. In  other  branches  of  science  liis  researches 
include  the  physiological  effect  of  light,  spectroscopic 
investigations,  the  diffusion  of  gases,  and  the  properties 
of  thin  liquid  films,  wliile  in  1888,  as  a  member  of 
the  Explosives  Committee,  he  invented,  in  con- 
junction with  Sir  Frederick  Abel,  the  smokeless  powder 
known  as  cordite.  He  was  elected  a  Fellow  of  the  Royal 
Society  in  1877,  and  a  Member  of  the  Institution  of 
Electrical  Engineers  in  1881.  In  1904  he  received  the 
honour  of  Knighthood. 

JAMES  ERASER,  who  retired  from  the  position 
of  Post  Office  Engineer  at  Aberdeen  only  a  short  time 
prior  to  his  death,  joined  the  Post  Office  in  Aberdeen 


OBITUARY   NOTICES. 


1153 


in  1877,  and  after  service  as  a  telegraphist  was  trans- 
ferred to  the  engineering  department  and  appointed 
relay  clerk  at  Nevin.  He  was  promoted  to  be  a  second- 
class  engineer  in  the  Ctntal  Metropolitan  District  and 
transferred  later  to  the  Designs  Section  at  Headquarters. 
He  was  then  promoted  to  the  rank  of  executive  engineer 
at  Sunderland,  but  returned  to  London  as  engineer 
in  charge  of  the  C.T.O.  Section,  and  later  returned 
to  the  Telegraph  Section  of  the  Engineer-in-Chief's 
office.  In  1918  he  was  transferred  to  his  native  town, 
where  he  continued  to  reside  after  his  retirement. 
As  a  teacher  of  magnetism  and  electricity  and  tele- 
graphy he  was  most  successful.  Himself  a  triple 
medallist  of  the  City  and  Guilds,  he  inspired  his  students 
with  the  fire  of  his  own  zeal,  and  his  classes  at  the 
Northampton  Institute  were  attended  by  large  numbers 
of  the  C.T.O.  staff.  In  1910  he  was  awarded  the 
Junior  Silver  Medal  of  the  Institution  of  Post  Office 
Electrical  Engineers  for  his  paper  on  "  The  Theory 
and  Development  of  Common  Battery  Telegraphs," 
and  in  the  October  1917  issue  of  the  Journal  of  that 
Institution  he  contributed  a  valuable  article  on  the 
duplex  balance,  which  investigated  mathematically 
the  conditions  necessary  to  secure  a  balance  on  long 
high-capacity  lines  on  both  differential  and  bridge 
systems  of  duplex.  He  was  chairman  of  the  Aberdeen 
Sub-Centre  of  the  Institution  1921-22,  and  when  he 
withdrew  from  active  teaching  work  he  was  appointed 
examiner  in  magnetism  and  electricity  for  the  City 
and  Guilds  of  London  Institute,  a  position  he  held 
until  his  death,  which  occurred  on  the  4th  October,  1922. 
In  September  1914  he  was  sent  to  France  to  supervise 
the  termination  of  a  cross-Channel  cable,  and  for  his 
services  he  was  awarded  the  1914  medal,  being  the 
only  civilian,  it  is  believed,  to  receive  that  honour. 
He  was  held  in  the  highest  regard  by  his  colleagues, 
revered  by  liis  pupils  and  esteemed  as  a  man  of  sterling 
worth.  He  was  elected  an  Associate  of  the  Institution 
in  1886,  an  Associate  Member  in  1909,  and  a  Member 
in   1922.  \V.  N. 

Sir  JOHN  GAVEY,  Past-President,  died  on  the 
1st  January,  1923,  m  his  eighty-first  year,  having  been 
born  on  the  11th  August,  1842,  at  Jersey,  where  he  was 
educated  at  the  Victoria  College. 

His  active  professional  career  commenced  in  1861 
when  he  entered  the  service  of  the  Electric  and  Inter- 
national Telegraph  Co.,  and  his  experience  of  10  years 
in  the  development  of  the  telegraphic  business  under 
private  enterprise  was  always  highly  valued  by  liim. 
On  the  acquisition  of  the  telegraphs  by  the  State  in 
1870  Sir  John  became  a  civil  servant,  receiving  the 
appointment  of  Superintendent  of  the  South-Eastern 
division  of  telegraphs  and  subsequently  of  the  Great 
Western  sub-division  of  the  Southern  division  of 
England  with  headquarters  at  Bristol.  In  1878  he 
removed  to  Cardiff,  having  been  appointed  Superin- 
tendent Engineer  of  the  South  Wales  district.  He 
was  transferred  to  London  in  1892  on  his  appointment 
as  Chief  Technical  Officer  at  headquarters.  Promotion 
to  Second  Assistant  Engineer-in-Chief  followed  m  1897  ; 
to  Assistant  Engineer-in-Chief  and  Electrician  in  1898  ; 
and  to  the  highest  post  in  the  Department,  Engineer- 


in-Chief,  in  1902,  which  ofi&ce  he  held  until  1907,  when 
he  retired  under  the  age  limit,  but  was  appointed  as  a 
Consulting  Engineer  to  the  Department  in  the  following 
year.  On  his  retirement  from  Government  service  he 
acted  as  Consulting  Engineer  of  the  Monte  Video 
Telephone  Co.  and  became  a  Director  of  the  United 
River  Plate  Telephone  Co.  and  subsequently  President. 
This  office  he  resigned  through  failing  health,  but 
remained  a  Director,  which  appointment  he  retained 
until  his  death. 

Sir  John  joined  the  Institution  as  an  Associate  in 
1872,  the  year  after  its  foundation  as  the  Society  of 
Telegraph  Engineers,  and  became  a  IMember  in  1877. 
He  was  elected  to  the  Council  in  1899,  became  Vice- 
President  in  1900,  and  President  in  1905.  He  was 
elected  a  Member  of  the  Institution  of  Civil  Engineers 
in  1899.  He  was  created  C.B.  in  1902  and  received  the 
honour  of  Knighthood  in  1907.  Of  fine  stature  and 
good  physique.  Sir  John  was  the  picture  of  health  and 
strength  and  it  was  a  surprise  and  shock  to  his  friends 
to  learn  a  year  or  two  before  his  death  of  his  being 
stricken  with  illness  from  which  recovery  was  not  to 
be  expected  and  suffering  was  to  be  feared.  Until 
this  illness  came  upon  him  he  remained  active  and 
alert  in  spite  of  the  60  j'ears  or  more  of  strenuous 
work  upon  which  he  could  look  back.  Tliis  work 
covered  the  technical  and  administrative  features  of 
wire  telegraphy,  experiments  in  wireless  and  the 
development  of  telephony.  The  span  that  he  bridged 
was  a  wide  one — from  semaphore  telegraphs  to  wireless 
speech  ;  for,  as  he  himself  recalled  on  an  interesting 
occasion,  the  last  of  the  semaphore  telegraphs,  that 
working  between  Liverpool  and  Holyhead,  was  aban- 
doned and  the  electric  telegraph  substituted  in  the 
same  month  of  February  1861  as  he  commenced  his 
professional  career. 

In  1874  he  read  a  paper  before  the  Institution  on 
"  Earth  Boring  for  Telegraph  Poles,"  in  1878  on 
"  Insulators  for  Aerial  Telegraph  Lines,"  in  1896  on 
"  The  Telephone  Trunk  Line  Svstem  in  Great  Britain  " 
and  in  1900  on  "  Telegraphs  and  Telephones  at  the  Paris 
Exhibition,"  as  well  as  liis  presidential  address  in  1905 
devoted  appropriately  to  telegraphic  and  telephonic 
subjects. 

But  his  contributions  on  technical  subjects  were  not 
limited  to  the  Institution.  As  early  as  1873  he  was 
writing  to  the  Telegraphic  Journal  and  Electrical  Review 
explaining  an  alleged  "  discovery  in  the  science  of 
electricity,"  and  in  1875  contributed  to  the  same 
journal  a  series  of  articles  "  On  Telegraph  Construction  " 
which  had  a  characteristically  practical  purpose,  the 
object  laid  down  in  the  prefatory  lines  being  the 
endeavour  "  to  deal  with  the  subject  in  a  sufficiently 
elementary  manner  to  enable  those  members  of  the 
telegraph  staff  who  have  little  or  no  outdoor  experience 
to  lay  the  foundation  of  that  knowledge  which  they 
may  be  called ^pon  to  apply  practically  at  a  later  date." 
In  1887  he  read  a  paper  before  a  Cardiff  scientific 
society  "  On  Some  Investigations  in  Electrical  In- 
duction," which  recorded  the  success  attending  the 
Porthcawl  experiment  in  wireless  telegraphy.  Before 
the  same  society  he  read  a  paper  in  1890  on  "  Keccnt 
Advances  in   Electricity   and   its   Appliances,"  and.  in 
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1910  delivered  the  James  Forrest  lecture  at  the  Insti- 
tution of  Civil  Engineers,  choosing  for  his  subject  an 
account  of  the  "  Recent  Developments  in  Telegraphy 
and  Telephony."  Though  telegraphy  covered  a  longer 
period  it  is  his  work  in  telephony  that  looms  largest 
outside  the  Department.  Of  the  numer  us  early  tele- 
phonic enterprises  of  the  Government  two  survived, 
Newcastle  and  Cardiff,  and  for  many  years  Sir  John 
was  stationed  at  Cardiff. 

The  system  was  a  small  one  and  the  telephonic 
acti\dties  of  the  Department  as  a  whole  could  not 
provide  the  experience  needed  for  embarking  on  a 
great  scheme.  Sir  John  was  marked  out  as  the  man 
to  be  in  charge  of  the  telephones.  He  was  selected 
to  value,  on  behalf  of  the  Post  Office,  the  trunk  lines 
purchased  from  the  National  Telephone  Co.  in  1895,  and, 
when  it  was  contemplated  that  the  Government  should 
undertake  telephone  work  on  a  large  scale.  Sir  John 
made  a  study  of  the  problems  in^'olved  in  America  and 
Europe.  He  visited  the  United  States  in  1898  and  in 
1905,  investigating  thorouglily  the  technical  and  com- 
mercial features.  The  design  and  construction  of  the 
London  telephone  system  of  the  Post  Office  was  carried 
out  under  Sir  John's  supervision.  It  was  a  great  work 
well  done,  but  liis  services  to  the  State  in  this  con- 
nection are  not  limited  to  the  engineering  side.  It 
will  be  recalled  that  public  clamour  called  for  a  Post 
Office  competition,  whilst  the  Go\-ernment  eventually 
decided  upon  co-operation  with  the  existing  companies. 
It  is  safe  to  assume  that  Sir  Jolui's  investigations  had 
satisfied  him  of  the  undesirability  of  competition  and 
the  superior  benefit  to  the  State  of  a  co-operation 
leading  to  the  general  absorption  on  the  expiry  of  the 
National  Telephone  Co.'s  licence.  It  was  in  some 
quarters  a  verv^  unpopular  decision,  but  it  was  very 
prudent,  and  it  is  without  doubt  that  to  Sir  John's 
sound  judgment  the  ultimate  policy  was  largely  due. 
His  knowledge  of  French  is  doubtless  to  be  ascribed 
to  his  Channel  Island  birth  and  training,  but  this 
knowledge  was  of  great  advantage  to  the  Department 
and  to  the  companies  with  which  Sir  Jolm  was  sub- 
sequently connected.  He  was  a  Juror  in  the  Electrical 
Section  of  the  Paris  Exhibition  in  1900,  and  a  delegate  to 
the  International  Electrical  Congress  in  the  same  year. 
In  1903  he  represented  the  Post  Office  at  the  Inter- 
national Congress  on  Wireless  Telegraphy  held  in  Berhn, 
as  also  at  the  Wireless  Convention  held  there  in  1906. 
He  paid  three  visits  to  .-Vrgentina  as  a  Director  of  the 
United  River  Plate  Telephone  Co.,  and  the  advantage 
to  the  Institution  of  his  knowledge  of  French  was 
made  e\-ident  more  especially  in  connection  with  the 
visit  of  kindred   Institutions  during  his  Presidency. 

Sir  John  was  a  man  of  simple  tastes  and  even 
temper,  though  capable  of  administering  a  severe 
rebuke  to  a  subordinate  who  deserved  it,  and  always 
read}'  to  stand  up  to  his  superiors  with  an  intelhgent 
loyalt}^  for  the  Department  which  he  controlled.  He 
was  a  man  upon  whom  responsibility  did  not  sit  lightly, 
but  it  was  carried  with  equanimity  when  he  had 
examined  his  problems  and  was  satisfied  as  to  their 
solution.  Self-seeking  in  any  form  was  contrary  to  his 
nature,  and  he  took  what  seemed  almost  meticulous 
care  to  ascribe  to  a  section  or  individual  in  the  Depart- 


ment or  outside  any  credit  which  might  be  their  due 
in  connection  with  the  subject  with  which  he  might 
be  dealing.  Those  in  close  touch  with  him  regarded 
him  with  affection  based  upon  respect.  J.  E.  K. 

HOWARD  CLARK  HEAD  after  being  educated  at 
the  Philological  School,  Mar\'lebone,  was  apprenticed 
to  Messrs.  Watson  and  Sons,  manufacturers -of  scientific 
instruments.  He  organized  the  X-ray  and  electro- 
medical department  of  that  firm  and  opened  workshops 
for  the  manufacture  of  induction  coUs,  switchgear  and 
wireless  apparatus.  From  1902  to  1903  he  was  manager 
of  the  electrical  department  of  R.  W.  Paul,  and  from 
1903  to  1907  he  had  charge  of  the  X-ray  and  electro- 
medical department  of  JMessrs.  Isenthal  and  Co.  He 
then  took  up  a  position  with  Messrs.  Siemens  Bros, 
and  Co.,  where  he  started  their  X-ray  and  electro- 
medical department.  WTiile  with  this  firm  he  intro- 
duced the  high-tension  transformer  plants  which  super- 
seded the  induction  coil,  and  was  concerned  in  the 
manufacture  of  smgle-fiash  transformers,  electro-cardio- 
graphs and  continuous  temperature  recorders.  From 
1914  to  1919  he  devoted  his  whole  attention  to  designing 
and  manufacturing  apparatus  for  war  purposes,  amongst 
other  things  being  mobile  X-ray  wagon  units.  He  later 
joined  the  board  of  Messrs.  Watson  and  Sons  (Electro- 
Medical),  Ltd.,  a  company  into  which  the  X-ray 
department  of  Messrs.  Watson  and  Sons  had  developed. 
He  died  at  King's  College  Hospital  on  the  7th  February, 
1923,  having  been  in  indifferent  health  for  several 
years.  He  was  elected  a  Member  of  the  Institution 
in  1921. 

ARTHUR  WEST  HEAVISIDE,  I.S.O.,  who  was  born 
on  the  30th  June,  1844,  was  one  of  the  early  members 
of  the  Institution,  having  been  elected  a  Member  in 
1877. 

With  the  passing  of  "  A.W.H."  the  last  of  the  old 
pre-Post  Office  Telegraphs  veterans  has  gone  ;  but  at 
a  ripe  old  age,  surviving  many  of  the  next  generation 
of  Post  Office  district  chiefs.  So  far  as  history  goes 
back,  his  first  association  with  telegraphy  was  in  the 
Universal  Private  Telegraph  Co.,  which  he  joined  at 
Newcastle  on  the  1st  January,  1861.  At  the  transfer  he 
was  District  Superintendent  ;  but  his  later  record  shows 
that  he  must  ha\'e  had  other  experience,  and  tradition 
ha.s  it  that  he  was  trained  by  his  uncle.  Sir  Charles 
\\Tieatstone.  At  the  transfer  of  the  telegraphs  to  the 
Post  Office  in  January  1870  he  was  placed  in  charge 
of  the  North-East  (North)  District  -with  headquarters 
at  Newcastle,  from  which  he  retired  on  the  1st 
September,  1904,  so  that  throughout  his  career  he 
was  stationed  at  one  place. 

From  the  first  he  appears  to  have  been  an  enthusiastic 
experimenter.  Amongst  the  Engineering  Department 
records  there  is  a  drawing  which  shows  a  row  of  about 
20  A. B.C.  indicators  ranged  above  a  peg-switch  with 
bars  crossing  horizontally  and  verticalh^  and  an  A. B.C. 
communicator.  It  is  probably  dated  1880 — the  writer's 
first  year  in  the  Post  Office — and  represents  the  New- 
castle private-wire  switch  by  which  the  city  merchants 
were  enabled  to  intercommunicate.  How  long  it  had 
taken  Heaviside  to  build  up  the  system  before  the  need 
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for  a  larger  "  Umschaiter  switch  "  forced  him  to  "  con- 
fess," and  what  sort  of  a  "  row  "  there  A\as  when  he 
did  confess,  the  writer  was  too  young  to  be  permitted 
to  know  !  but  he  ventures  to  think  that  tliat  device 
was  the  precursor  of  the  telephone  exchange.  Indeed, 
it  is  not  unreasonable  to  hold  that  the  existence  of  the 
private-wire  \\'heatstone  A. B.C.  system  was  actually  a 
factor  in  retarding  the  development  of  the  telephone 
in  this  country.  The  telephone  then  was  not  what  the 
telephone  is  now,  and  the  expert  A. B.C.  operators  could 
do  wonders  in  speed  on  their  instruments.  Heaviside 
went  among  the  Newcastle  merchants  and  manufacturers, 
taking  note  of  what  would  be  most  likely  to  meet  (or 
create)  their  needs.  Later  on  he  began  systematically 
to  convert  his  "  switch  "  to  a  "  telephone  exchange," 
and  therein  developed  all  sorts  of  "  gadgets."  How 
he  enjoyed  the  fights  with  Headquarters  about  them  ! 
How  often  when  he  was  foiled  by  higher  authority  he 
consoled  himself  with  the  thought  that  "  all  things  will 
come  to  him  that  will  wait  " — and  later  on  saw  to  it 
that  they  came  !  His  system  provided  secrecy,  so 
that  no  third  party,  not  even  the  operator,  could  be 
in  circuit  once  two  people  were  put  through.  To 
the  writer  was  assigned  the  task  of  designing  the  first 
multiple  switch  in  P^ngland  and  it  had  to  meet  this 
requirement  for  Newcastle.  Then  Heaviside  was  pioneer 
of  underground  wires  for  telephones,  so  that  open  wires 
practically  did  not  exist  for  telephone  subscribers  at 
Newcastle  from  very  earlj'  days. 

He  had  a  wider  outlook,  however,  and  was  one  of 
the  most  active  of  the  founders  of  the  Newcastle  Elec- 
tricity Supply  Co.  and  acted  as  their  consulting  engineer. 
Also  he  was  the  first  Chairman  of  the  Newcastle  Local 
Section  (now  North-Eastern  Centre)  of  the  Institution 
in  1900-01.  In  1881  he  presented  a  paper  to  the 
Institution  on  induction  between  telegraph  and  tele- 
phone wires.  On  the  moors  of  Northumberland  he 
supervised  all  Preece's  earlier  investigations  of  inductive 
wireless  telegraphy.  In  fact,  wherever  there  was  a 
chance  of  getting  in  touch  with  the  latest  developments 
of  electrical  science  or  of  getting  in  front  of  them 
Heaviside  jumped  at  it. 

He  had  robust  health  and  was  fond  of  outdoor  life. 
He  assisted  in  the  formation  of  the  Tyneside  Volunteer 
Submarine  Engineers  ;  and  one  may  assume  that  he 
was  one  of  their  most  active  members.  He  was  held 
in  universal  esteem  and  respect  by  every  member  of 
his  staff,  as  a  keen,  just  business  man  and  a  gentleman. 

After  his  retirement  he  contributed  a  paper  to  the 
Institution  of  Post  Office  Electrical  Engineers,  and  he 
was  recalled  to  the  Post  Office  for  about  a  year  to  assist 
on  the  Post  Office  valuation  staff  of  the  National  Tele- 
plione  Co.'s  sj'stem.  .\fter  that  only  a  few  of  his  old 
colleagues  kept  in  touch  with  him.  During  the  war 
he  went  to  Torquay,  and  this  year  he  returned  to  London 
apparently  still  his  old  self  but  somewhat  feeble.  He 
passed  away  on  the  22nd  September,    1923.     A.   J.  S. 

HERBERT  WOODVILLE  MILLER  received  his 
technical  training  at  King's  College,  London,  and  later 
went  to  Cromptons  as  a  pupil  at  a  time  when  electrical 
distribution  was  in  its  infancy.  He  showed  so  much 
originality   and    talent   that,    towards   the   end    of   his 


pupilage,  he  was  employed  in  Colonel  Crompton's 
laboratory  as  his  personal  assistant,  being  responsible 
for  much  of  the  early  experimental  work  on  the  Plante 
accumulators  which  were  then  being  adopted  to  store 
electric  energy  for  small  installations,  and  for  lighting 
private  houses  in  town  and  country.  When  Crompton 
started  the  first  house-to-house  electric  supply  from 
Kensington  Court  in  1886,  he  put  Mr.  Miller  in  charge 
of  it,  the  first  supply  station,  and  he  became  succes- 
sively assistant  engineer,  engineer-in-chief  and  managing 
director  of  the  Kensington  Company.  He  served  the 
company  throughout  the  whole  of  his  career,  a  period 
of  36  years,  up  to  the  time  of  his  death.  It  was  due 
to  his  uninterrupted,  true  and  faithful  service,  and  to 
his  intelligent  use  of  his  plant,  that  his  company  rose 
to  a  position  of  steady  prosperity.  When  the  demand 
on  interurban  supply  stations  became  so  great  that 
the  supply  had  to  be  supplemented  from  external 
generating  stations,  where  the  supply  is  generated 
and  thence  transmitted  at  high  pressure  to  the  original 
interurban  stations  which  then  become  mere  distributing 
centres,  Mr.  IMiller  worked  out  his  system  independently, 
and  the  generating  station  designed  by  him  in  1900 
situated  at  Wood  Lane,  which  supplied  his  own 
and  another  company,  has  throughout  been  a  model 
of  what  such  stations  s';ould  be,  combining  eco- 
nomical use  of  capital  with  high  efficiency  of  pro- 
duction. During  recent  years,  his  work  has  shown 
extremely  economical  results  and  given  great  satisfaction 
to  users.  He  obtained  his  results  by  judgment  in 
the  selection  of  his  assistants,  and  by  succeeding  in 
securing  the  goodwill  of  those  under  him.  He  paid 
close  attention  to  a  subject  which  at  first  had  been 
too  little  considered,  i.e.  the  improvement  of  the  methods 
of  generating  steam  by  the  hand-firing  of  boilers,  by 
substituting  the  self-acting  under-grate  stokers  known  by 
his  name.  So  closely  was  his  name  connected  with  the 
direct-current  supply  coupled  with  accumulators  that 
he  became  a  leading  authority  on  this  system  and 
was  much  consulted.  His  death  leaves  vacant  a  place 
that  will  not  be  readily  filled.  During  the  long  and 
painful  illness  which  preceded  his  death  on  the  4th 
December,  1922,  he  never  lost  touch  with  his  duties, 
and  only  those  who  were  co-workers  with  him,  of  whom 
the  writer  was  one,  are  in  a  position  to  appreciate  his 
heroism  and  devotion  to  duty  almost  up  to  the  day 
of  his  death.  He  was  elected  an  Associate  of  the 
Institution  in  1890,  and  a  Member  in  1899,  and  was  a 
Member  of  Council  from  1896  to  1898.  R.  E.G. 

HERBERT  EDWARD  MITCHELL  received  his 
tcclmical  education  at  the  City  and  Guilds  Technical 
College,  Finsbury,  from  1883  to  1885.  He  was  sub- 
sequently engaged  on  electric  lighting  contracts  for 
various  firms  until  1888.  From  1888  to  1898  he  was 
chief  assistant  to  Prof.  George  Forbes  in  connection 
with  the  latter's  consulting  work,  including  the  scheme 
put  into  operation  for  the  electrical  transmission  of 
power  from  the  Niagara  Falls,  and  he  was  one  of 
Prof.  Forbcs's  staff  of  engineers  who  in  the  winter  1897-8 
spent  some  months  in  Egypt  investigating  the  possibility 
of  utilizing  and  transmitting  electrical  energy  from  the 
Nile  cataracts.     After   1898  he  was  engaged  on  various 
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electric  lighting  undertakings  in  London  and  the  pro- 
vinces, and  while  in  private  practice  in  later  years  he 
prepared  the  original  scheme  for  the  heating  and  venti- 
lating of  the  new  County  Hall,  Westminster.  During 
the  last  five  years  of  his  life  he  held  an  appointment  as 
civil  engineer  in  the  Air  Ministrv,  and  in  that  capacity 
designed  the  heating  and  ventilating  equipment  of  the 
Royal  Air  Force  Depot  at  Halton,  one  of  the  largest 
works  of  the  kind  ever  carried  out.  He  also  designed 
the  electrical  installations  at  various  aerodromes  for  the 
Air  Ministry.  He  died  on  the  23rd  July,  1923.  He  was 
elected  an  Associate  of  the  Institution  in  1888  and  a 
Member  in  1898. 

MARK  HEATON  ROBINSON,  who  died  on  the 
2nd  February,  192.3,  was  born  in  1844,  the  son  of  Com- 
mander Edward  Robinson,  R.N.,  and  was  educated  at 
the  Royal  Naval  College,  New  Cross.  As  a  young  man 
he  entered  the  Admiralty,  where  he  served  for  13  years. 
In  1880  he  entered  into  partnership  with  the  late 
Mr.  Peter  Willans  and  they  were  successful  in  producing 
a  high-speed  engine  suitable  for  launches,  etc.,  and 
established  a  small  works  at  Thames  Ditton.  About 
this  time  Robinson  improved  the  high-speed  engine 
by  employing  an  independent  air  buffer  for  correctly 
cushioning  the  reciprocating  piston  independently  of 
the  load,  and  shortly  afterwards  Willa'is  designed  the 
celebrated  central-valve  high-speed  engine,  which  was 
at  once  adopted  by  Crompton  and  others  for  direct 
coupling  to  dynamo-electric  machines,  for  vvliich  purpose 
it  was  a  brilliant  success.  A  very  large  business  rapidly 
developed.  The  construction  of  this  engine  required 
a  degree  of  accurac)'  and  interchangeabihty  which  at 
that  time  was  not  being  achieved  in  any  engineering 
works  in  this  country,  and  Willans  and  Mark  Robinson 
threw  themselves  whole-heartedlj'  into  the  new  problem 
of  production  on  a  commercial  scale,  with  what  were 
then  considered  to  be  extraordinary  fine  limits  of 
accuracy.  The  works  at  Thames  Ditton  became  an 
object  lesson  and  the  centre  of  ceaseless  visits  of  engineers, 
where  the  new  procedure,  with  tool  rooms  nearly  as  large 
as  the  works  in  the  first  instance,  was  a  revelation  to 
the  then  engineering  experts.  Willans's  sudden  and 
untimel}'  death,  whilst  it  was  a  tremendous  loss  to  the 
engineering  world,  did  not  stop  the  success  or  progress 
of  this  remarkable  business,  and  in  the  year  1897  new 
works  on  a  large  scale  were  planned  and  built  at  Rugby, 
IMark  Robinson,  who  was  then  chairman  of  the  company, 
taking  the  leading  part  in  this  great  expansion.  The 
check  to  the  prosperity,  and  the  vicissitudes,  financial 
and  other,  that  fell  upon  the  business,  need  not  here 
be  recounted,  but  there  is  no  doubt  that  they  were 
an  immense  strain  on  Mark  Robinson's  health,  and  in 
the  year  1909  he  retired  from  active  participation  in 
the  work  of  the  company.  In  later  years  he  was  occupied 
in  London  in  work  wth  the  Kent  coal  field,  and 
more  particularly  with  Sandwich  Haven,  afterwards 
known  as  Richborough  Port.  The  designs  for  this 
port  were  practically  identical  with  those  he  originally 
put  on  paper.  He  was  a  well-known  figure  in  engineering 
circles  and  engineering  gatherings  until  a  few  months 
ago.  He  was  elected  a  Member  of  the  Institution 
in  1888,  and  served  on  the  Council  from  1901  to  1903. 


In  1895  he  read  a  paper  before  the  Institution  on  "  Recent 
Development  of  the  Stngle-Acting  High-Speed  Engine 
for  Central-Station  Work,"  for  which  paper  he  was 
awarded  the  Institution  Premium  in  1895  and  the 
Willans  Premium  two  years  later.  He  married  in 
1864  and  had  eight  sons  and  eight  daughters. 

L.  B.  A. 

SIDNEY  SHARP  was  born  in  1850  at  Albury,  Surrey, 
and  died  at  Eahng  on  the   1st  March,   1923.     He  was  a 
son    of   Mr.    Samuel   Sharp    of    Tangleymere   and    was 
educated     at    Henley-on-Thames     under    Dr.     Godby. 
Early  in  his  business  career  he  went  to  South  Africa, 
where  for  a  time  he  was  in  a  business  firm  in   Port 
Elizabeth.     In  1870,  in  the  great  rush  to  the  diamond 
fields,  Mr.  Sharp  went  up  country  with  some  friends, 
but  not  long  afterwards  returned  to  England  to  assist 
his  father  in  the  business  of  S.  Sharp  and  Sons,  Chilworth, 
Surrey,    manufacturers    of    gunpowder.     In    1881    this 
business  was  voluntarily  terminated,   and  Mr.   Sidney 
Sharp  decided  to  devote  himself  to  electricity,  which 
was  just  beginning  to  take  its  place  in  the  engineering 
world.     One  of  the  earUest  undertakings  of  which  he 
had  charge  was  the  lighting  of  the  Oldham  Exhibition 
in  1884,  subsequentlv  being  responsible  for  the  instal- 
lation of  electric  lighting  plant  at  Ashton  Court,  Bristol. 
In  1886  he  entered  into  partnership  with  Mr.  J.  M.  V. 
Monev-Kent,   and   the   firm   of  Sharp   and   Kent,   in   a 
practice  lasting  over    some   years,  was  responsible  for 
electric  generating  stations,  etc.,  at  HoUoway,  Guildford, 
Kelvinside,  etc.,  as  well  as  the  first  plant  in  the  Houses 
of   Parliament.     The   partnersliip   being  dissolved   and 
the  Kelvinside  station  having  been  taken  over  by  the 
Glasgow  Corporation,  Mr.  Sharp  returned  in  1898  from 
that  city,  where  he  had  resided  for  some  time,  to  London, 
taking   up   his   residence   in    Ealing   and   continuing   a 
consulting    practice    in    Victoria-street,     Westminster, 
where  he  became  well  known.    His  work  was  mainly  con- 
cerned with  the  installation  of  hghting  and  other  plant 
in  large  institutions,  etc.,  and  in  this  direction  he  was 
responsible  for  installations  at  Netherne  County  Asylum, 
Park    Prevett     County    Asjdum,     Ma3'nooth     College, 
Hardwicke    Grange    (for    the   late    Mr.    Frank   Bibby) 
and  Rossie   Priory  (the  late  Lord  Kinnaird),  etc.     He 
was  for  long  an  active  member  of  the  Institution,  having 
joined  in  1886  as  an  Associate,  and  becoming  a  Member 
in   1891.     He  served  on  the  Council  in   1890.     He  was 
also  one  of  the  Honorary  Auditors,  and  did  much  valuable 
work  and  devoted  a  great  deal  of  time  to  the  affairs 
of  the  Institution,  on  the  occasion  of  a  vacancy  in  the 
secretar^'ship,    which    lasted   for   some   time.     He   was 
also  a  Member  of  the  Institution  of  Mechanical  Engineers, 
and  Honorary  Secretary  of  the  Dynamicables,  a  circle 
in  which  the  genuine  and  genial  traits  of  his  character 
were  much  appreciated.     He  retired   from   business  in 
September    1922    owing   to   his   health,    which   he   felt 
latterly  was  at  times  not  equal  to  the  demands  of  the 
work  in  which  he  was  accustomed  to  engage. 

E.  M.   C. 

ALFRED  INIGO  SUCKLING-BARON  was  born  at 
Hungerford  on  the  16th  August,  1863,  and  died  on  the 
20th  March,   1922.     He  was  the  youngest  son   of   the 
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Rev.  W.  J.  Baron.  Brought  up  principally  in  the  country,  | 
he  developed  a  love  for  fishing  at  a  very  early  age 
and  proved  always  fond  of  games  and  sport  in  general. 
At  the  age  of  nine  he  was  sent  to  St.  John's  Foundation 
School  for  the  Sons  of  the  Clergy,  at  Leatherhead, 
remaining  there  until  he  was  seventeen.  A  certain 
amount  of  business  training,  for  which  he  always  ex- 
pressed his  appreciation  in  after  years,  followed  in  the 
service  of  the  London  and  County  Bank.  This  work, 
however,  made  no  appeal  to  him  ;  his  great  ambition 
lay  more  in  the  direction  of  engineering.  Naturally, 
it  was  a  great  pleasure  to  him  when,  through  the  kindness 
of  a  relative,  he  was  able  to  start  serious  training  at 
the  Hanover-square  School  of  Electrical  Engineering. 
After  completing  the  course  he  joined  the  Gulcher 
Electric  Light  and  Power  Co.,  and  in  1886  went  on 
business  to  Wellington,  New  Zealand.  He  returned  to 
England  in  January  1892,  partly  on  business  and 
partly  on  holiday,  and  went  back  to  Wellington  in 
the  autumn  of  the  same  year  to  erect  the  flew  power 
house  of  that  city.  On  his  return  from  New  Zealand 
in  1896  he  joined  the  staff  of  the  General  Electric  Co., 
as  manager  of  their  Manchester  branch,  which  position 
he  held  for  a  year  or  two  before  he  was  called  upon  to 
form  the  Engineering  Department  in  London  in  1901. 
He  remained  at  the  head  office  until  1909,  when  the 
General  Electric  Co.,  with  a  view  to  creating  a  further 
outlet  for  their  manufactures,  decided  to  develop 
electrical  power  stations  in  different  parts  of  the  world. 
Their  first  venture  was  at  Uitenhage  in  South  Africa  ; 
to  this  outpost  Mr.  Suckling-Baron  was  sent  to  make 
the  necessary  arrangements  and  plans  for  a  generating 
station  and  distribution  system.  While  in  South  Africa 
he  obtained  a  further  concession  at  Oudtshoorn.  Both 
of  these  stations  were  designed  and  built  to  his  own 
specifications,  and  very  satisfactory  business  was  the 
result  of  his  efforts.  He  next  entirely  reorganized  the 
power  station  and  distribution  system  of  the  Madeira 
Electric  Lighting  Co.  and  succeeded  in  bringing  order 
out  of  chaos.  In  1913  he  was  sent  to  Frinton-on-Sea 
to  report  on  the  conditions  existing  at  the  power  station 
there.  He  supervised  the  reconstruction  of  the  whole 
system  and  during  the  same  year  obtained  the  Pro- 
visional Order  for  supplying  electricity  in  Macclesfield, 
where  he  planned  and  carried  out  a  complete  system 
for  the  supply  of  electricity  for  power  and  lighting. 
The  outstanding  feature  of  all  the  work  which  he 
carried  out  was  thoroughness  in  every  detail,  and  the 
generating  stations  controlled  by  him  rank  amongst 
the  most  orderly  and  well  kept  in  the  country.  He 
was  undoubtedly  an  engineer  of  very  high  standing, 
and  his  death  meant  a  great  loss  to  the  electrical  industry. 
He  was  elected  an  Associate  of  the  Institution  in  1888 
and  a  Member  in   1892. 

ADOLPH  TOBLER  was  born  in  Ziirich,  Switzerland, 
on  the  22nd  July,  1850,  and  died  in  the  same  town  on 
the  3rd  July,  1923.  His  contributions  to  science  were 
many  and  varied  and  as  a  writer  of  scientific  articles 
he  was  very  successful.  As  early  as  1876  he  was  teaching 
in  the  University  of  Ziirich  as  a  private  tutor.  In  1889 
he  was  made  Honorary  Professor  and  in  1905  lectured 
on  "  weak-current  "  engineering  at  the  Eidgenossische 


Technische  Hochschule,  Zurich.  In  addition  to  the 
development  of  electric  safety  devices  for  railways,  he 
also  devoted  much  attention  to  telegraphy,  telephony, 
cables  and  cable-testing,  electric  clocks  and  measuring 
instruments,  his  work  being  appreciated  not  only  in 
Switzerland,  but  also  in  England  and  Germany.  As  a 
philanthropist  he  was  also  very  well  known,  and  the 
central  library  in  Zurich  owes  its  existence  to  his 
generosity.  He  was  always  willing  to  give  a  helping 
hand  to  the  deserving.  He  provided  many  of  the 
instruments  in  the  Physics  Department  of  the  Ziiriph 
University,  and  at  his  home  was  to  be  found  the  most 
carefully  equipped  laboratory  for  measuring  purposes. 
In  spite  of  liis  financial  position,  he  never  attempted 
to  obtain  a  controlling  financial  interest  in  the  industry, 
as  his  sole  ambition  was  the  development  of  scientific 
research.  His  military  career  should  also  be  mentioned. 
He  started  as  a  private  in  the  field  artillery  and  later 
joined  the  fortress  troops  on  the  St.  Gothard.  Here  he 
advanced  rapidly  to  the  rank  of  Lieut. -Colonel  and,  as 
his  experiences  in  cable  work  proved  to  be  very  useful, 
was  given  charge  of  the  cable-laying  in  the  construction 
of  the  St.  Gothard  fortress.  On  the  outbreak  of  war 
in  1914,  Professor  Tobler,  then  64  years  of  age,  offered 
his  services  to  the  St.  Gothard  troops,  and  the  country 
very  gladly  accepted  them.  Those  who  knew  liim  will 
appreciate  the  loss  wliich  Switzerland,  and  especially 
Ziirich,  has  suffered  through  his  death.  He  was  elected 
a  Foreign  Member  of  the  Institution  in  1877,  and  a 
Member  in   1911. 

FREDERICK  THOMAS  TROUTON  was  born  in 
Dublin  on  the  24th  November,  1863.  He  was  educated 
at  Dungannon  Royal  School  and  after\vards  at  Trinity 
College.  Dublin,  where  he  had  the  reputation  of  being 
a  clever  pupil,  keen  on  scientific  work.  On  taking  his 
degree  his  work  was  further  rewarded  by  the  award 
to  him  of  a  large  gold  medal.  Prof.  G.  F.  I-'itz- 
Gerald  was  at  that  time  Erasmus  Smith  Professor  of 
Experimental  Science.  Trouton  was  one  of  his  most 
distinguished  pupils  and  later  became  his  assistant  and 
was  thenceforward  closely  associated  with  his  work. 
FitzGerald  was  one  of  the  few  who  took  seriously  Clerk 
Maxwell's  electromagnetic  theory  of  light,  and  when 
Hertz  and  Lodge  began  publishing  their  experimental 
researches  the  Dublin  laboratory  at  once  became  active. 
Trouton  repeated  and  extended  Hertz's  experiments 
especially  with  a  view  to  a  determination  of  the  direction 
of  the  vibrations  of  light  (see  Nature,  vol.  39),  and  to 
an  examination  of  the  phases  of  secondary  waves 
(see  Nature,  vol.  40).  As  a  result,  he  was  elected  a 
Fellow  of  the  Royal  Society  in  1897.  Later  on,  again 
in  response  to  FitzGerald's  stimulus,  he  attacked  a 
subject  wliich  has  not  yet  passed  out  of  the  contro- 
versial stage,  namely  the  relative  motion  of  the  earth 
and  aether.  "  The  fundamental  idea  of  the  experiment 
is  that  a  charged  electrical  condenser,  when  moving 
through  the  a;thcr,  with  its  plates  edgeways  to  the 
direction  of  motion,  possesses  a  magnetic  field  between 
the  plates  in  consequence  of  its  motion  in  accordance 
with  the  generally  held  view  that  a  moving  charge  is 
equivalent  to  an  electric  current."  Trouton,  after 
FitzGerald's  death,  further  developed  the  investigation 
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in  connection  successively  ^vitll  H.  R.  Noble  and 
A.  O.  Rankine.  In  every  case  no  effect  indicative  of 
relative  rnotion  was  ever  observed. 

Trouton  had  meantime  (in  1902)  come  to  London 
as  Quain  Professor  of  Physics  at  University  College. 
Together  with  his  pupils  he  there  carried  out  various 
researches,  chiefly  in  connection  with  the  general 
properties  of  matter.  Subjects  such  as  \iscosity  in 
solids  and  in  quasi-solids  like  pitch  and  cobbler's  wax 
engaged  his  attention.  He  devised  various  ingenious 
methods  of  tackling  such  problems.  In  the  later  active 
years  of  his  life  he  made  a  very  large  number  of  measure- 
ments (many  of  which  are  still  unpublished),  conducted 
with  the  most  scrupulous  care,  on  the  phenomena  of 
absorption  and  adsorption  ;  for  example,  the  adsorption 
of  vapour  by  glass  or  by  flannel,  and  still  later  adsorption 
from  solutions  by  silica. 

These  experiments  were  being  prosecuted  when  in 
1912  he  was  seized  by  a  serious  illness  from  wliich  he 
never  recovered.  He  lived  in  a  state  of  partial  paralysis, 
though  retaining  his  mental  faculties,  until  the  21st 
September,  1922,  when  he  passed  painlessly  away  at 
the  age  of  58  years  at  his  house  at  Downe  in  Kent. 

As  a  scientific  man  Trouton  was  characterized,  not 
by  great  knowledge,  but  bv  great  instinct.  He  was  a 
born  experimentalist  and  had  some  amused  contempt 
for  the  validity  clainaed  for  scientific  theories.  It  must 
be  remembered  that  the  theories  of  physics  had  not  yet 
gone  into  the  melting-pot  ;  to-day  his  attitude  would 
not  have  caused  so  much  surprise.  He  is  most  widely 
known  for  a  numerical  relation  in  connection  with 
molecular  latent  heats  and  discovered  by  him  when  a 
student,  which  is  known  universally  as  Trouton's  law. 
Those  who  came  into  personal  contact  with  him  knew 
that  they  had  to  deal  with  a  man  of  sterling  integrity 
in  all  his '  dealings.  He  was  of  a'  kindly  disposition. 
Although  too  serious  intellectually  to  be  regarded  as 
gay,  yet  his  conversation  flashing  with  Irish  wit  and 
whimsicality  could  keep  a  room  alive  with  laughter. 
He  was  fond  of  an  outdoor  life  ;  he  delighted  in  garden- 
ing, cycling,  tennis  and  golf,  and  took  a  great  interest 
in  the  atliletic  life  of  University  College.  He  married 
Annie,  the  daughter  of  George  Fowler  of  Liverpool, 
who  survives  him.  He  lost  two  sons  in  the  war  :  two 
sons  and  three  daughters  remain.  He  was  elected  a 
Member  of  the  Institution  in   1900.  A.  W.  P. 

ROBERT  THORBURN  TURNBULL  was  born  in 
Wellington,  New  Zealand,  in  1865  and  was  educated  at 
Wellington  College,  Berkshire,  England,  and  at  Cr\'stal 
Palace  Engineering  School.  He  became  a  pupil  with 
Messrs.  Woodhouse  and  Rawson  in  1883  and  commenced 
business  as  a  partner  in  Tliompson,  Ritcliie  &  Co.  In 
1891  he  went  out  to  Wellington,  New  Zealand,  for  the 
Gulcher  Electric  Light  Co.  and  was  in  charge  of  the 
station  plant  for  about  12  months.  The  firm  of 
Turnbull  and  Jones,  Ltd.,  electrical  engineers  and  con- 
tractors, was  fomaed  in  1899,  and  he  was  connected  ^Wth 
the  firm  until  his  death,  which  occurred  as  the  result  of 
a  motor  accident  on  the  12th  July,  1923.  He  was 
elected  a  Member  of  the  Institution  in  1898. 

JOHN  WILLIAM  ULLETT  was  born  in  1859  at 
Higney  Grange,  Huntingdonshire,  and  was  educated  at 
the  Merchant  Tavlors'  School,  London,  and  the  School 


of  Telegraphy,  Hanover-square,  W.  His  engineering 
career  began  in  1879  when  he  joined  the  Telephone 
Co.,  Ltd.,  London.  He  was  thus  closely  associated 
■\\^th  the  telephone  industry'  from  the  start  and  was 
responsible  for  the  design  of  many  of  the  earliest  types 
of  apparatus.  Not  a  little  credit  is  due  to  liim  for  his 
pioneer  work  in  this  direction.  He  took  a  prominent 
part  in  designing  the  various  systems  of  working  the 
telephone  service,  notably  in  connection  with  the 
development  in  this  country  of  the  multiple  switchboard, 
and  devoted  much  time  to  original  research.  During 
the  period  1889-93,  when  the  majority  of  subscribers' 
lines  were  single  wires  with  earth  return,  Mr.  Ullett, 
associated  with  other  engineers  of  the  telephone  com- 
panies, carried  out  a  great  deal  of  investigation  work 
with  the  object  of  perfecting  the  de.sign  of  a  telephone 
transformer  which  could  be  used  for  the  purpose  of 
connecting  these  single  lines  to  metalUc  circuit  junctions 
and  trunks.  He  also  took  an  active  part  in  the  develop- 
ment of  the  differential  transformer  which  made  phantom 
working  practicable  and  enabled  the  National  Telephone 
Co.  to  adopt  it  on  many  junction  and  trunk  lines.  His 
energies,  however,  were  not  confined  to  the  apparatus 
side  only  ;  he  was  engaged  in  the  early  eighties  in 
erecting  junction  lines  in  London,  and  a  few  years 
later  the  first  trunk  circuits  between  the  metropolis 
and  the  north  of  England.  In  1893  he  planned  and 
took  charge  of  the  National  Telephone  Co.'s  factory 
at  Nottingham,  and  in  1901,  in  order  to  cope  with  the 
largely  increased  demand,  additional  works  were  estab- 
lished under  his  direction  at  Beeston  for  the  manufacture 
of  new  apparatus,  only  repair  work  remaining  at  the 
Nottingham  factory.  Both  establishments  were  con- 
trolled by  Mr.  Ullett  until  1903,  when  the  British 
L.M.  Ericsson  Manufacturing  Co.,  Ltd.,  took  over  the 
Beeston  works.  Mr.  Ullett  was  then  transferred  to 
this  company  as  works  manager,  which  position  he 
held  until  1918,  and  under  his  management  these  works 
were  considerabljr  extended  and  improved.  During  the 
war  Mr.  Ullett  was  a  member  of  the  Ad\dsory  Committee 
which  equipped  and  controlled  the  Nottingham  National 
Shell  Factory.  His  intimate  knowledge  of  factory 
costings  was  of  the  greatest  value  and  the  factor>^  soon 
became  noted  as  one  in  which  the  production  costs 
were  kept  extremely  low.  In  1919  Mr.  Ullett  was 
engaged  bv  Mr.  J.  G.  Small,  ex-Mayor  of  Nottingham, 
as  engineering  adviser  for  several  industrial  concerns 
under  the  latter's  control,  and  was  appointed  managing 
director  of  the  Amos  Tatham  Needle  Co.,  Ltd.,  Ilkeston  ; 
under  his  charge  this  business  was  extended  considerably 
overseas.  He  was  also  consulting  engineer  to  the 
Jacoby  Bleacliing  Co.,  Ltd.,  Daybrook,  Nottingham. 
He  was  elected  an  Associate  of  the  Institution  in  1884 
and  became  a  ISIember  in  1891.  He  was  elected  Chair- 
man of  the  East  Midland  Sub-Centre  for  the  session 
1923-24,  but  owing  to  his  tragic  death  at  Bournemouth 
station  on  the  24th  September  he  never  actually  occupied 
the  chair.  A  man  of  sterling  character,  keen  in  his  pro- 
fession, kind  and  unassuming  in  disposition,  his  sudden 
death  has  created  a  deep  sense  of  loss  in  a  wide  circle. 

GEORGE  RICHARD  WEBB,  who  died  in  London  on 
the  30th  November,  1922,  after  an  operation,  was  the 
eldest  son  of  the  late  Francis  Hughes  ^^'ebb,  for  many 
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years  Secretary  of  the  Institution.  He  received  his 
early  training  in  electrical  matters  at  the  old  G.P.O. 
instrument  factory  in  Gloucester-road,  where  he  acquired 
a  sound  knowledge  of  the  telegraph  apparatus  in  use 
40  years  ago.  In  1888,  at  the  age  of  24,  he  was  ap- 
pointed assistant  telegraph  superintendent  to  the  Great 
Indian  Peninsula  Railway  Company  and  went  to 
Bombay,  where  he  resided  until  shortly  before  his 
untimely  death.  He  was  promoted  to  be  stores  super- 
intendent of  the  G.I. P.  system  some  years  ago,  and  in 
this  post  rendered  admirable  service,  his  uprightness 
of  character  and  long  experience  of  the  technical  side 
of  railway  work,  together  with  his  imperturbable  good 
humour — which  the  climate  of  India  never  quenched — 
forming  most  valuable  qualifications  for  the  delicate 
work  which  falls  to  the  lot  of  the  stores  manager  of 
a  great  railway  system.  During  the  European  war 
Mr.  Webb  served  on  the  Indian  Munitions  Committee, 
and  his  strenuous  work  in  organizing  the  local  supplies 
for  the  Mesopotamian  campaigns  was  rewarded  by  his 
appointment  to  the  Order  of  the  British  Empire. 
Throughout  his  life  he  was  an  active  Volunteer,  having 
been  a  member  of  the  Artists'  Rifle  Corps  since  1880, 
and  serving  during  the  whole  of  his  residence  in  India 
in  the  Volunteer  regiment  of  the  G.I. P.  Railway  Com- 
pany, in  which  he  attained  the  rank  of  Lieutenant- 
Colonel.  His  was  a  most  lovable  character  ;  and  his 
sterling  honesty,  his  unfailuig  good  humour,  his  kind 
and  generous  disposition,  and  his  single-minded  devotion 
to  whatever  he  might  be  engaged  in  at  the  time — 
work  or  play — endeared  him  to  all  with  whom  he  came 
in  contact.  His  death,  at  the  comparatively  early  age 
of  58,  was  a  severe  blow  to  his  many  friends  and  to  his 
relatives.  He  was  twice  married  and  left  a  widow  and 
two  children,  a  son  and  a  daughter.  He  was  elected  an 
Associate  of  the  Institution  in  1889,  and  a  Member  in 
1891.  H.  L.  W. 

HERBERT  TATLOCK  WILKINSON,  whose  death 
occurred  on  board  ship  on  his  trip  homeward  from  India 


on  the  7th  May,  1922,  was  45  years  of  age.  He  had  been 
managing  director  of  the  Wardle  Engineering  Co.  since 
its  formation  in  1909.  He  completed  his  apprenticeship 
with  Messrs.  Royce  in  1895  and  afterwards  took  up  an 
appointment  with  the  Howard  Asphalte  Troughing  Co., 
for  whom  he  carried  out  several  large  contracts.  He 
was  successful  in  introducing  this  system  into  numerous 
municipalities.  His  next  appointment  was  with  the 
Lancashire  Electric  Power  Co.,  leaving  this  company 
to  take  up  a  post  with  the  Chloride  Electrical  Storage  Co. 
In  1909  he  acquired  the  business  of  Cutler,  Wardle  and 
Co.,  in  conjunction  with  Mr.  C.  H.  K.  Chamen,  who  is 
now  the  chief  electrical  engineer  of  the  Jammu  and 
Kashmir  State,  India.  Shortly  afterwards  the  business 
was  registered  as  a  limited  liability  company  under  the 
title  of  the  Wardle  Engineering  Co.  From  small  begin- 
nings the  business  rapidly  progressed  under  his  guidance. 
Mr.  Wilkinson  never  spared  himself  in  whatever  he 
undertook,  and  to  liis  endeavours  to  further  the  interests 
of  the  company  his  death  is,  no  doubt,  to  some  degree 
attributable.  Some  10  years  ago  he  took  a  very  promi- 
nent part  in  the  formation  of  the  Engineers'  Club, 
Manchester,  being  appointed  on  the  general  committee. 
In  this  connection  he  performed  his  duties  in  a  whole- 
hearted fashion,  and  upon  the  resignation  of  Mr.  Edmund 
L.  Hill  in  1917  from  the  honorary  secretaryship,  Mr. 
Wilkinson  was  unanimously  elected  to  fill  the  post, 
which  he  ultimately  had  to  resign  on  account  of  pressure 
of  business.  Subsequently  Mr.  Wilkinson  removed  to 
London,  and,  recognizing  the  advantages  of  the  Man- 
chester Club  to  the  engineers  of  the  district,  he  was 
one  of  the  first  to  agitate  for  a  similar  club  in  London. 
The  result  of  this  agitation  was  the  formation  of  the 
Engineers'  Club,  London,  which  was  opened  in  August 
1921.  Mr.  Wilkinson  was  a  man  with  a  charming 
personality  and  had  a  large  circle  of  friends,  by  whom 
he  was  held  in  the  highest  esteem.  He  left  a  widow  and 
three  sons.  He  was  elected  an  Associate  of  the  Insti- 
tution in  1901,  an  Associate  Member  in  1904,  and  a 
Member  in   1916.  H.  R. 
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Honorary  Member. 

At  the  Ordinary  Meeting  of  the  Institution  on 
the  16th  November  the  President  announced  that 
the  Council  had  elected  Professor  J.  A.  Fleming, 
M.A.,  D.Sc,  F.R.S.,  an  Honorary  Member  of  the 
Institution.  . 

Anti-Aircraft  Battalion,   Royal  Engineers 

(T.A.). 
The      Secretary    of    the     Institution     has    been 
requested  to  give  publicity  to  the  followirg  : 

Members  of  the  Institution  are  invited  to  make  applica- 
tion to  join  the  recently  formed  (11th)  A. A.  Battalion, 
Royal  Engineers  (Territorial  Army),  whose  duties  will 
include  the  manning  of  searchlights,  sound  locaters  and 
observer  sections  connected  with  the  air  defences  of 
London.  This  unit,  which  is  under  the  command  of 
Lieut. -Colonel  K.  Edgcumbe,  late  of  the  London  Elec- 
trical Engineers,  is  closely  identified  with  that  Corps 
and  has  taken  over  its  former  headquarters  in  Regency- 
street,  Westminster.  The  Battalion  comprises  four 
companies  and  about  800  of  all  ranks.  Practically  all 
the  officers,  and  a  very  large  proportion  of  other  ranks, 
were  members  of  the  Corps  of  London  Electrical 
Engineers. 

In  view  of  the  fact  that  the  Corps  of  London  Electrical 
Engineers  was  founded  by  tlie  late  Dr.  John  Hopkinson, 
then  President,  under  the  patronage  of  the  Institution, 
the  Officer  Commanding  hopes  that  every  member  of 
the  Institution  will  do  his  utmost  to  encourage  the 
younger  members  to  join  the  new  Battalion,  and  thus, 
in  the  words  of  Lord  Kelvin,  the  first  Hon.  Colonel  of 
the  London  Electrical  Engineers,  "  promote  the  utiliza- 
tion of  the  patriotism  and  abilities  of  electrical  engi- 
neers for  national  defence." 

Full  particulars  can  be  obtained  from  the  headquarters 
of  the  Battalion,  46  Regency-street,  Westminster, 
S.W.  I. 

Associate   Membership    Examination 
Results  (October,  1922). 

Passed. 

Lye,  D.  H.  C. 
McClean,  T. 
Morrish,  H.  E. 


Atkins,  R.  E. 
Austm,  C. 
Bleach,  C.  C. 
Cameron-Kirby,  C. 
Debley,  W.  J.  F. 
Gorton,  E.  J. 
Gresswell,  W.  F. 
Herbert,  E.  D.  A. 
Hine,  F.  W. 
Jones,  I.  L. 


Pennell.  E.   R. 
Smith,  C.  H. 
Taylor,  E.   H. 
Teller,  F.  P.  G. 
Waizbom,  H. 
Wilkins,  C. 
Williams,  T. 


Passed  in  Part  II. 

Badhni-Valla,   J.  N.  Randall,  A.  J. 

Braendle,   E.  W.  West,   F.  W.  J. 

Wright,  R. 


Bee,  O.   K. 


Passed  in  Part  I. 

Weston,  N.  C. 


[The  results  relating  to  candidates  who  sat  for  the 
E.xamination  abroad  will  be  published  later.] 

Officers  of  Corps  of  Roval  Engineers. 


Passed. 


Abraham,  2nd  Lieut.  T.  E. 
Bader,  Lieut.  E. 
Baker,  2nd  Lieut.  G.  L. 
Benner,  2nd  Lieut.  P.  K. 
Bej-ts,  2nd  Lieut.  W.  D.  H. 
Bourne,  2nd  Lieut.  H.  J. 
Garden,  2nd  Lieut.  P.  B.  H. 
Cavendish,  2nd  Lieut.  H.  P. 
Chase,  Lieut.  J.  L.  H. 
Chevis,  Lieut.  W.  J.  C. 
Churchill,  Lieut.  A.  R. 
Clark,  2nd  Lieut.  G.  C. 
Clarke,  2nd  Lieut.  G.  G.  S. 
Cleeve,  2nd  Lieut.  D.  W.  A. 
Cole,  2nd  Lieut.  W.  S. 
Colvin,  2nd  Lieut.  E. 
Cook,  2nd  Lieut.  E.F.B. 
Davidson-Houston,        2nd 

Lieut.  J.  V. 
Doelberg,  2nd  Lieut.  J.  F. 
Drake-Brockman,  2nd 

Lieut.  A.  G. 
Eraser,  2nd  Lieut.  D.  G. 
Freeman,  2nd  Lieut.  R.  C. 
Gayer,  Lieut.  E.  H.  T. 
Hancock,  2nd  Lieut.  L.  F. 
Havers,  2nd  Lieut.  R.  H. 
Healing,  2nd  Lieut.  W.  R. 
Hext,  2nd  Lieut.  F.  M. 
Holloway,  2nd  Lieut.  R.  E. 
Hudson,  2nd  Lieut.  S.  G. 
Jennings,        2nd        Lieut. 

G.  W.  D. 
Kay,  2nd  Lieut.  H.  S. 
Laurence,  2nd  Lieut.  E.  R. 
Laurence,  2nd  Lieut.  R.  A. 
Leese,  2nd  Lieut.  J.  F.  M. 
Logan,  2nd  Lieut.  A.  R. 


Lowe,  2nd  Lieut.  J.  H.  B. 
Lucas,  2nd  Lieut.  A.  R.  S. 
McCandhsh,   2nd  Lieut. 

J.  E.  C. 
Macdonald,  2nd  Lieut. 

D.  G.  G. 
McDonald,  2nd  Lieut.    E. 
Mackay,  2nd  Lieut.  K. 
IMcMullen,  2nd  Lieut.  D. 
jNIacTier,  2nd  Lieut.  K.  F. 
Martin,  2nd  Lieut.  C.  J.  M. 
Millar,  2nd  Lieut.  R.  K. 
Moscardi,  2nd  Lieut.  H.  L. 
Moss,  2nd  Lieut.  G.  H.  B. 
Oborne,  2nd  Lieut.  T.  D. 
O'Donnell,  2nd  Lieut.  H.  M. 
Palmer,  2nd  Lieut.  G.  A. 
Pliilbrick,     2nd    Lieut.    G. 

E.  H. 

Prentice,    2nd    Lieut.    M. 

R.  R. 
Ransford,  Capt.  A.  J. 
Rycroft,  2nd  Lieut.  D.  M. 
Saegert,  2nd  Lieut.  J.  M. 
Scullard,  2nd  Lieut.  H.  R. 
Smith,  2nd  Lieut.  W.  A.  R. 
Steel,  2nd  Lieut.  C.  D. 
Stowell,  2nd  Lieut.  E.  C.  S. 
Stowell,  2nd  Lieut.  L.  H. 
Swettenham,  2nd  Lieut. 

N.  A.  M. 
Tuck,  2nd  Lieut.  G,  N. 
Veitch,  2nd  Lieut.  W.  L.  D. 
Walker,  2nd  Lieut.  A.  A.  C. 
Wliitehorn,      2nd      Lieut. 

E.  W.  L. 
Wilkinson,  2nd  Lieut.  P.  L. 
Wright,  2nd  Lieut.  H.  W. 
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Committees,  1922-1923. 

Among  the  Committees  appointed  by  the  Council  for 
1922-23  are  the  following  : — 

INFORMAL   MEETINGS. 


The  President. 

Mr.  A.  F.  Harmer. 
Mr.  E.  F.  Hetherington. 
Mr.  E.  W.  Moss. 
Mr.  F.  Pooley. 
E.  Warrilow. 
And 
The  Chairman  of  the  Papers  Committee. 
The  Chairman  of  the  London  Students'  Section. 

LIBRARY  AND   MUSEUM. 


Mr.  J.  F.  Avila. 
Mr.  J.  R.  Bedford. 
Mr.  A.  B.  Eason. 
Mr.  R.  Grierson. 

Mr.  W 


The  President 

Colonel   R.   E.   Crompton, 

C.B. 
Mr.  P.  V.  Hunter,  C.B.E. 
Prof.     E.   W.     Marchant, 

D.Sc. 


Mr.  W.  M.  IVIordey. 

Sir  A.  M.   Ogdvie,   K.B.E. 

C.B. 
Mr.  C.  C.  Paterson,  O.B.E. 


LOCAL   CENTRES. 

The  President. 


Mr.  F.  G.  C,   Baldwin. 
Mr.  A.  S.  Barnard. 
Prof.  W.  Cramp,  D.Sc. 
Sir  J.   Devonsliire,  K.B.E. 
Mr.  A.  S.  Hampton. 
Mr.  E.  C.  Handcock. 
Mr.  J.  S.  Highfield. 


Mr.  P.  V.  Hunter,  C.B.E. 
Prof.     E.     W.     Marchant, 

D.Sc. 
Sir  W.  Noble. 
Mr.  A.  Page. 
Mr.  F.  Tremain. 
Mr.    C.    H.    Wordingham, 

C.B.E. 


"SCIENCE   ABSTRACTS." 

The  President. 
Mr.  LI.  B.  Atkinson.  Mr.  C.  C.  Paterson,  O.B.E. 

Mr.  W.  M.  Mordey.  Dr.  A.  Russell. 

And  Representing 

Dr.  D.  Owen 
Mr.  T.  Smith 


} 


The  Physical  Society  of  London. 


SHIP    ELECTRICAL   EQUIPMENT. 

The  President. 


Mr.  J.  H.  CoHie. 
Mr.  B.  M.  Drake. 
Mr.  A.  Henderson. 
Mr.  J.  W.  Kempster. 
Mr.  J.  F.  Nielson. 

And 
Sir     W.     S.     Abel,  1 

K.B.E 

Mr.  J.  T.  Milton    . . 


Mr.  N.  W.  Prangnell. 
IMajor  A.  P.  Pyne. 
Mr.  S.  G.  C.  Russell. 
Mr.  T.  A.  Sedgwick. 
Mr.    C.     H.    Wordingham, 

C.B.E. 

Representing 

Lloyd's  Register  of  Slipping. 


/British      Electrical     and     Alhed 
\     Manufacturers'  Association. 
Board  of  Trade. 

Electrical    Contractors'     Associa- 
tion. 
Mr.  J.  Foster  King     British  Corporation  for  the  Survey 
and  Registry  of  Shipping. 


Two  representatives  ■ 

Mr.  T.  Carlton 
Mr.  W.  Cross 


SHIP   ELECTRICAL   EQUIPMENT— fo»/niua/. 

{Institution      of     Engineers     and 
Shipbuilders  in  Scotland. 
Electrical     Contractors'    Associa- 
tion of  Scotland. 
Mr.  A.  W.  Stewart     Institution  of  Naval  Architects. 
Mr.     H.    Walker,       fN.E.   Coast   Institution   of   Engi- 
.  .  \     neers  and  Shipbuilders. 


Mr.   J.  Lowson 


O.B.E. 


WIRELESS   SECTION. 

Professor  G.  W.   O.   Howe,  D.Sc.   {Chairman). 

The  President. 

Mr.  B.  Binyon,  O.B.E.  Capt.  H.   J    Round,  M.C. 


Mr.  L. 


Mr.  S.  Brydon,  D.Sc. 
Mr.  R.  C.  Chnker. 
Dr.  W.  H.  Eccles.  F.R.S. 
Prof.      C.      L.     Fortescue, 

O.B.E. 
Mr.  G.  H.  Nash,  C.B.E. 
Mr.  C.  C.  Paterson,  O.B.E. 
Mr.  J.  St.  Vincent  Pletts. 

And 
Capt.  C.  E.  Kennedy-Purvis,  R.N.     . 
Lt.-Col.  H.  Clementi  Smith,  D.S.O.  . 
Major  H.  P.  T.  Lefroy,  D.S.O.,  M.C. 
Mr.  E.  H.  Shaughnessy,  O.B.E. 

WIRING    RULES. 

The  President. 


Dr.  A.  Russell. 

Capt.  H.  R.  Sankev,  C.B., 

C.B.E,,  R.E. 
:\Ir.   R.  L.  Smith-Rose. 
Mr.     A.     A.     C.     Swinton, 

F.R.S. 

B.  Turner. 


Representing 
Admiralty. 
War  Office. 
Air  Ministry. 
Post  Office. 


Mr.  LI.  B.  Atkinson. 

Mr.  J.  W    Beauchamp. 

Mr.  H.   J.  Cash. 

Mr.   J.  R.  Cowie. 

Mr.  W.  Cross. 

Mr.  J.  Frith. 

Dr.  C.  C.  Garrard. 


And 
Mr.  E.  G.  Batt     .  , 
Mr.  H.  H.  Berry.  , 
Mr.  J.  R.  Dick"  . 
Mr.  A.  R.  Everest 
Mr.  C.  Rodgers     . 
Mr.  W.  F.  Bishop 


Mr.  P.  V.  Hunter,  C.B.E 

Mr.  S.  W.  Melsom. 

Mr.  J.  F.  Nielson. 

Major  A.  P.  Pyne. 

Mr.  E.  Ridley. 

Mr.  C.  P.  Sparks,  C.B.E. 

Mr.    C.    H.    Wordingham, 

C.B.E. 

Representing 


British  Electrical  and  AUied  Manu- 
facturers'   Association. 

Cable  Makers'  Association. 


Sir  T.  O.   CaUender\_  .  ,    n,  ,         ,       ai  ■  ^^   \ 
,,.,.„  „,   --  >-Cable  Makers  (unofficially) . 

Mr.  J.  F.  W.  Hooper  J  ^  ^ 

Mr.  W.  R.  Rawhngs  "^Electrical    Contractors'     Associa- 

Mr.  S.  H.  Webb      .  .  J      tion. 

, .     T^    T   T,  T        ,        rElectrical    Contractors'     Associa- 
Mr.  E.  T.  B.  Lowdon  J       ,.  r  c     ^i      j 

■'  \     tion  of  Scotland. 

Mr.  B.  M.  Drake  .  .      Contractors  (unofficially). 

Mr.  A.   C.  Cockburn  1 

Mr.  S.  G.  C.  Russell  ^Fire  Offices  (unofficially). 

Mr.  A.  L.  Taylor     .  .  J 

Mr.  J.  Christie       .  .  ^Incorporated  Municipal  Electrical 

Mr.  F.  W.  Purse   .  .  /     Association. 

Mr.  E.   T.    Ruthven  \Incorporated  Association  of  Elec- 

Murray     .  .  .  .  /     trie  Power  Companies. 

{Conference  of  Chief  Officials  of 
the  London  Electric  Supply 
Companies. 

-.     T   AC   ^         ,  /Association  of   Supervising    Elec- 

Mr.  J.  M.  Crowdv  ■  ■  ■{      ^  ■  ■ 

•'  '         I.     tncians. 
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SECTIONAL  COMMIITEES. 
Lighting  and  Power. 

The  President. 


Mr.  J.  W.  Beauchamp. 
Mr.  J.  R.  Bedford. 
Mr.  R.  A.  Chattock. 
Mr.  R.  Grierson. 
Mr.  A.  F.  Harmer. 


Mr.  E.  T.  Ruthven  Murray. 
Mr.  A.  Page. 
Mr.  G.  W.  Partridge. 
Mr.  C.  P.  Sparks,  C.B.E. 
Mr.  W.  B.  Woodhouse. 


Electricity  in  Mines. 
The  President. 


Mr.  W.  A.  Chamen. 
Dr.  C.  C.  Garrard. 
Mr.  J.  A.  B.  Horsley. 
Mr.  W.  C.  Mountain. 
Mr.  VV.  H.  Patchell. 


Mr.  W.  M.  Selvey. 

Mr.  C.  P.  Sparks,  C.B.E. 

Prof.      W.     M.     Thornton, 

D.Sc,  O.B.E. 
Mr.  W.  B.  Woodhouse. 


Traction. 

The  President. 

Sir  J.  Devonsliire,   K.B.E.     Mr.  A.  H.  W.  Marshall. 
Mr.  H.  W.  Firth.  Mr.  G.  W.  Partridge. 

Lt.-Col.  F.  A.  Cortez  Leigh.     Mr.  J.  Sayers. 
Mr.  F.  Lydall.  Mr.  R.  T.  Smith. 

Mr.  B.  Welbourn. 

Electro-Chemistry  and  Electro-Metallurgy. 

The  President. 


Mr.  W.  A.  Chamen. 
Mr.  W.  R.  Cooper. 
Prof.  W.  Cramp,  D.Sc. 
Mr.  S.  E.  Fedden. 
Mr.  W.  M.  Mordey. 


Mr.  W.  M.  Morrison. 
Mr.  J.  Swinburne,    F.R.S., 
and     2     members    to    be 
co-opted    by    the    Com- 
mittee. 


Telegraphs  and  Telephones. 

The  President. 

Sir  Charles  Bright,  F.R.S.E.  Sir  W.  Noble. 

Mr.  H.  G.  Brown.  Mr.  T.  F.  Purves. 

Dr.  W.  H.  Eccles,  F.R.S.  Mr.  F.   Ryan. 

Mr.  S.  Evershed.  Mr.   J.  Sayers. 

Mr.  H.  H.  Harrison.  Mr.  F.  Tremain. 


Representatives  of  The   Institution  on 
Other  Bodies. 

The  following  is  a  list  of  representatives  of  the 
Institution  on  other  bodies  and  the  dates  on  which 
they  were  appointed. 

Birmingham  Chamber  of  Commerce : 

Mr.  S.  T.  Allen   (27  March,   1919). 

Bradford  Public  Libraries  Committee: 
Mr.  T.  Roles  (27  Feb.,   1919). 

Bristol  University: 

Mr.  H.  F.  Proctor  (6  Dec,   1917). 


British  Electrical  and  Allied  Industries  Research  Associa- 
tion : 

Mr.  LI.  B.  Atkinson  (2  April,   1919). 

Dr.  C.  C.  Garrard  (30  Oct.,   1919). 

Mr.  F.  Gill,  O.B.E.   (2  Nov.,   1922). 

Mr.  C.  C.  Paterson,  O.B.E.   (4  Oct.,   1917). 

Mr.  R.  T.  Smith  (30  Oct.,   1919). 

Mr.  C.  P.  Sparks,  C.B.E.   (4  Oct.,    1917). 

Mr.  C.  H.  Wordingham,  C.B.E.   (4  Oct.,   1917). 

Sectional    Committee    on    Electric    Control    Apparatus 
Research  : 
Mr.  C.  H.  Wordingham,  C.B.E.   (22  Nov.,   1920). 
Major  H.  C.  Gunton   (2  Feb.,   1921). 

British  Electrical  Development  Association: 

Mr.  R.  Hardie  (27  Jan.,   1921). 

Mr.  H.  J.  Cash  (19  Jan.,   1922). 

Mr.  C.  H.  Wordmgham,  C.B.E.   (18  Sept.,   1919). 

British    Empire    Exhibition,    1924    (Electrical    and    Allied 
Engineering  Committee) : 

Sir  A.  M.  Ogilvie,   K.B.E. ,  C.B.   (23  June.   1922). 

British  Engineering  Standards  Association: 

Main  Committee  : 

Col.  R.  E.  Crompton,  C.B.   (2  April,   1914). 

Sir  Jolin  Snell   (2  April,   1914). 

Mr.  C.  H.  Wordingham,  C.B.E.   (26  Feb.,   1920). 

Sectional  Electrical  Committee  : 

Mr.  F.  Gill,  O.B.E.   (21  May,   1914). 

Mr.  J.  S.  Highfield  (21  Mav,   1914). 

Mr.  R.  T.  Smith  (21  May, 'l914). 

Mr.  W.  B.  Woodhouse  (19  Dec,    1918). 

Mr.  C.  H.  Wordingham,  C.B.E.   (18  Nov.,   1915). 

Sectional  Committee  on  British  Standards  in  Colonial 
and  Foreign  Trade  : 
Mr.  C.  P.  Sparks,  C.B.E.   (26  Oct.,   1916). 

Sectional    Committee    on    Machine    Parts    and     their 
Gauging  and  Nomenclature  : 

Mr.  J.  H.  Rider  (8  Feb.,   1917). 
Electrical  Nomenclature  and  Symbols  Sub-Committee  : 

Mr.  C.  C.  Paterson,  O.B.E.   (8  Jan.,   1920). 
Overhead  Transmission  Lines  Material  Sub-Committee  : 

Mr.  C.  H.  Wordingham,  C.B.E.   (30  Oct.,   1919). 

Pipe  Flanges  Sub-Committee  : 

Mr.  W.  U.  Selvey  (14  April,   1921). 
Panel  on  Steel  Conduits  for  Electric  Wiring  : 

Mr.  H.  J.  Cash  (28  Sept..   1922). 

Mr.  J.  M.  Crowdy  (28  Sept.,   1922). 
Conference   on   Standardization    of    Ball    and    Roller 
Bearings  : 

Mr.  W.  M.  Selvey  (26  July,  1921). 

Corrosion  Research  Committee,  Institute  of  Metals : 

Mr.  W.  M.  Selvey  (18  May,   1922). 

Darlington  Board  of  Invention  and  Research : 

Mr.   R.   M.   Longman   (]r,  ^hly,    1919). 
Mr.   J.  R.   P.  Lunn   (15  May,   1919). 
Mr.  H   G.  A.  Stcdman  (15  May,  1919). 


(     4     ) 


Fuel  Economy  Committee,  British  Association : 

Mr.  C.  H.  Wordingham,  C.B.E.   (9  Jan.,   1919). 

Imperial  College    of   Science    and   Technology,   Governing 
Body: 

Mr.  \V.  M.  Mordey  (30  Oct.,   1919). 

Imperial  Mineral  Resources  Bureau  Conference: 

Mr.   J.  H.  Rider  (23  Jan.,   1919). 
Mr.  W.  B.  Woodhouse  (23  Jan.,   1919). 
Copper  Committee  : 

Mr.  B.  Welbourn   (18  Sept.,   1919). 

Miscellaneous  Minerals  Committee  : 
Prof.  E.  Wilson   (18  March,   1920). 

Institution  of  CiYil  Engineers,  Engine  and   Boiler  Testing 
Committee: 

Mr.  R.  A.  Chattock  (19  Oct.,    1922). 

Mr.  C.  P.  Sparks,  C.B.E.   (19  Oct.,   1922). 

International    Illumination    Commission,    British  National 
Illumination  Committee: 

Prof.  W.  C.  Clinton   (13  Dec,   1917). 

Mr.  K.  Edgcumbe  (27  Nov.,    1913). 

Mr.  Percy  Good  (18  Sept.,    1919). 

Mr.  H.  T.  Harrison  (27  Nov.,   1913). 

Prof.  J.  T.  MacGregor-Morris  (27  Nov.,  1913). 

International   Navigation  Congress,  1923,  General   Organi- 
zation Committee : 

Mr.  F.  Gill,   O.B.E.   (2  Feb.,   1922). 

International  Scientific  Unions: 

Committee  on  International  Union  in  Physics  : 
Dr.  A.  Russell  (18  March,   1920). 

Committee      on      I  ntcrnational      Union      in      Radio- 
Telegraphy  : 
Dr.  W.  H.  Eccles,  F.R.S.   (18  March,   1920). 
Prof.  G.  W.  O.  Howe,  D.Sc.   (18  March,   1920). 
Prof.  E.  W.  Marchant,  D.Sc.   (18  March,   1920). 

International  Smoke  Abatement  Exhibition,  1922  : 

Mr.  J.  W.  Beauchamp  (26  July,    1921). 
Mr.  J.  S.  HigMeld   (26  July,   1921). 

Leeds  Civic  Society : 

Mr.  E.   C.  Walhs  (27  March,   1919). 
Leeds  Municipal  Technical  Library  Committee : 

Mr.  W.   B.  Woodhouse  (19  Dec,    1918). 

Metalliferous  Mining  (Cornwall)  School,  Governing  Body : 

Mr.   J.  S.  Highfield  (18  Sept.,   1919). 

Munitions     Inventions     Department,     Nitrogen     Products 
Committee : 

Sir  John  Snell  (12  Oct.,   1916). 

Munitions,   Ministry  of,  Disposal   of    Surplus  Government 
Property : 

Mr.  J.  S.  Highfield  (13  Feb.,    1919). 


National  Committee  for  Physics  (Royal  Society) : 

Dr.  A.  Russell  (16  Dec,   1920). 

National  Committee  in  Radio-Telegraphy  (Royal  Society) : 

Dr.  W.  H.   Eccles,  F.R.S.   (4  Aug.,   1920). 
Prof.  E.  W.  Marchant,  D.Sc.   (4  Aug.,   1920). 

National  Physical  Laboratory,  General  Board : 

Mr.  LI.  B.  Atkinson  (21  Oct.,    1920). 

Mr.  C.  H.  Wordingham,  C.B.E.   (22  Nov.,   1917). 

Paris  Conference  on  E.H.T.  Lines: 

Mr.  P.  V.  Hunter,  C.B.E.   (26  July,   1921). 
Mr.  E.  B.  Wedmore  (26  July,   1921). 
Mr.  W.  B.  Woodhouse  (26  July,   1921). 

Paris  Conference  on  Weights  and  Measures: 

Sir     R.     T.     Glazebrook,     K.C.B.,     D.Sc,     F.R.S. 

(14  April,    1921). 
Dr.  A.  Russell  (14  April,   1921). 

Professional  Classes  Aid  Council : 

Mr.  W.  B.  Esson   (26  July,   1921). 

Rontgen    Society  Advisory  Committee    for    British   X-ray 
Industry  : 

Dr.  W.  H.  Eccles,  F.R.S.   (21  Feb.,   1918). 
Mr.   J.  E.  Taylor   (21  Feb.,  1918). 

Royal  Engineer  Board  : 

Mr.  C.  H.  Wordingham,  C.B.E.   (7  April,   1921). 

Scientific  and  Industrial  Research  Advisory  Council,  Engi- 
neering Committee  : 

Mr.   J.  S.  Highfield   (9  March,    1916). 

Scientific  Societies,  Conjoint  Board  of: 

Mr.  C.  C.  Paterson,  O.B.E.   (9  Dec,   1920). 
Dr.  A.  Russell   (9  Dec,   1920). 

Education  Committee  : 

Dr.  A.  Russell  (12  Oct.,   1916). 

Society  of  Radiographers: 

Dr.  A.   Russell  (25  May,   1922). 

Transport  Ministry,  Advisory  Panel  and  Committees : 

Mr.  LI.  B.  Atkinson   (30  Oct.,   1919). 

Sir  J.  Devonshire,  K.B.E.   (30  Oct.,   1919). 

Mr.  J.  S.  Highfield  (30  Oct.,   1919). 

Mr.  R.  T.  Smith  (30  Oct.,   1919). 

Sir  John  Snell  (30  Oct.,   1919). 

Mr.  C.  P.  Sparks,  C.B.E.   (30  Oct..   1919). 

Mr.  C.  H.  Wordingham,  C.B.E.   (30  Oct.,   1919). 

War  Office  Committee  on  Engineer  Organization: 

Mr.  C.  H.  Wordingham,  C.B.E.   (10  April,  1919). 

Women's  Engineering  Society: 

Mr.  A.  P.  M.  Fleming,  C.B.E.   (14  April,   1921). 
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Local  Honorary  Secretaries  Abroad. 
The  Council  have  appointed  Mr.   Gano  Dunn   to 
be    Local    Honorary    Secretary    of     the    Institution 
for  the  United  States  of  America,  and  Mr.   M.   L. 
Kristiansen  for  Norway. 

Summer  Meeting-,  1923. 
The  Council  have  accepted  an  invitation  from  the 
Committee  of  the  North-Western  Centre  to  hold  a 
Summer  Meeting  of  the  Institution  in  Manchester, 
Liverpool  and  North  Wales  from  5th  to  8th  June, 
1923.     Full  particulars  will  be  circulated  later. 

Members  Visiting  the  U.S.A. 

The  attention  of  members  is  drawn  to  an  arrange- 
ment between  the  Institution  and  the  American 
Institute  of  Electrical  Engineers  for  the  mutual 
granting  of  facilities  and  privileges  as  Visiting 
Members  to  members  of  the  two  societies  visiting 
each  other's  country. 

Members  who  intend  to  visit  the  United  States 
of  America  and  wish  to  avail  themselves  of  this 
arrangement  should  apply  to  the  Secretary  of  the 
Institution  for  a  letter  of  introduction  to  the 
American  Institute  of  Electrical  Engineers,  stating 
in  what  branch  of  the  profession  they  are  engaged 
and  giving  the  name  of  the  firm  or  company  (if  any) 
with  which  they  are  connected. 

International  Conference  on  E.H.T.  Power 
Transmission. 

The  Proceedings  of  the  above  Conference,  which 
was  held  at  Paris  in  November,  1921,  and  at  which 
12  countries  were  represented,  have  recently  been 
published  by  the  Union  des  Syndicats  de  I'Elec- 
tricite. 

The  Proceedings  comprise  1 200  pages  and  350 
illustrations,  and  contain  :  (1)  an  introductory  note 
in  regard  to  the  aims  and  work  of  the  Conference  ; 
(2)  a  general  account  of  the  proceedings  by  M. 
Boucherot  ;  (3)  the  full  text  of  the  68  Reports 
presented  to  the  Conference  ;  and  (4)  revised  reports 
of  the  discussions. 

The  Proceedings  will  not  be  reprinted,  and  only 
a  limited  number  of  copies  will  be  available  for 
non-subscribers  to  the  Conference.  Any  member  of 
the  Institution  desirous  of  obtaining  a  copy  should 
therefore  make  early  application  to  the  Union  des 
Syndicats  de  I'Electricite,  25,  Boulevard  Malesherbes, 
Paris.      The  price  is  100  francs  per  cnpv. 

( 


Informal  Meetings. 

The  following  Informal  Meetings  have  been  held  : — 
33rd  Informal  Meeting  (6th  November,  1922). 

Chairman  :    Mr.  F.  Gill,  O.B.E. 

Subject  of  Discussion  :  "  The  Importance  of  Com- 
mercial Knowledge  to  the  Engineer  "  (introduced  by 
Mr.  F.  Gill,  President). 

Speakers  :  Messrs.  F.  Pooley,  W.  E.  Rogers,  F.  H. 
Masters,  L.  W.  Phillips,  W.  H.  Lawes,  R.  W.  Hughman, 
A.  Wright,  A.  F.  Harmer,  P.  Rosling,  G.  V.  Twiss, 
P.  Dunsheath,  E.  F.  Hetherington,  R.  C.  Andersen, 
F.  A.  Sclater,  R.  Grierson,  and  A.  Rosen. 

34th  Informal  Meeting  {20th  November,  1922). 

Chairman  :    Mr.  W.  E.  Warrilow. 

Subject  of  Discussion  :  "  Electric  Light  Wiring  " 
(introduced  by  Mr.  F.  J.  Pearce). 

Speakers  :  Messrs.  F.  Peake  Sexton,  A.  F.  Harmer, 
W.  E.  Rogers,  W.  L.  Wreford,  W.  F.  Bishop,  P.  Rosling, 
W.  Fanghanel,  E.  H.  Freeman,  L.  M.  Jockel,  A.  G. 
Hilling,  A.  T.  Smee,  E.  Turle,  C.  J.  Banster,  P.  Duns- 
heath,  F.  E.  Phillips,  P.  D.  Dale,  M.  Whitgift,  C.  T. 
Walrond,  J.  R.  Bedford,  G.  J.  D.  Scott,  and  W.  E. 
Warrilow. 

35th  Informal  Meeting  (4th  December,   1922). 

Chairman  :    Mr.  J.  F.  Avila. 

Subject  of  Discussion  :  "An  Electrical  Installation 
at  a  Model  Farm  "  (introduced  by  Mr.  F.  A.  Sclater). 

Speakers  :  Messrs.  R.  Borlase  Matthews,  W.  E. 
Rogers,  H.  F.  Young,  J.  Coxon,  C.  A.  Edwards,  W.  J. 
Minton,  A.  H.  Dixon,  W.  E.  Warrilow,  C.  T.  Walrond, 
A.  G.  Hilling,  P.  Dunsheath,  J.  F.  Caine,  F.  Pooley, 
W.  L.  Wreford,  J.  R.  Bedford,  B.  Shallis,  E.  B.  Rook, 
and  H.  W.  Richardson. 

36th  Informal  Meeting  (18th  December,   1922). 

Chairman  :    Mr.   J.  R.  Bedford. 

Subject  of  Discussion  :  "  Time  Switches  "  (intro- 
duced by  Mr.  E.  E.  Sharp). 

Speakers  :  Messrs.  F.  B.  Nathan,  W.  L.  Wreford, 
C.  T.  Walrond,  F.  Pooley,  J.  R.  Bedford,  W.  E.  Rogers, 
A.  G.  Hilling,  G.  D.  Malcolm,  A.  Kirk,  R.  V.  Hook, 
H.  H.  Long,  F.  R.  C.  Rouse,  J.  F.  Avila,  and  G.  J.  D. 
Scott. 

37th  Informal  Meeting  (8th  Jancakv,   1923). 

Chairman  :    Mr.  R.  Grierson. 

Subject  of  Discussion  :  "  The  Protection  of  Inventions 
by  Letters  Patent"   (introduced  by  Mr.  E.  W.  Moss). 

Speakers  :  Messrs.  W.  E.  Rogers,  A.  F.  Harmer, 
E.  1".  Hetherington,  J.  R.  Bedford,  P.  G.  A.  H.  Voigt, 
A.  G.  Evans,  \V.  L.  Wreford,  C.  S.  Parsons,  J.  L. 
Girling,  M.  Whitgift,  A.  S.Carnegie,  F.  W.  Foster,  R.  V. 
Hook,  C.  L.  Arnold,  G.  J.  D.  Scott,  and  R.  Grierson. 
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"Les  Annales  des  Postes,  Telegraphes  et 
Telephones." 

The  Secretary  is  informed  that  the  above  publi- 
cation, which  for  several  years  past  has  been  issued 
every  two  months  by  the  French  Post,  Telegraph 
and  Telephone  Department,  will  become  from  the 
1st  January,  1923,  a  monthly  publication.  The 
price  will  continue  to  be  24  francs  for  subscribers 
in  France,  and  27  francs  for  subscribers  abroad. 
The  publishers  are  La  Libraire  de  I'Enseignment 
Technique,  3,  Rue  Thenard,  Paris,  to  whom  sub- 
scriptions should  be  sent. 

The  British  Electrical  and  Allied  Indus- 
tries Research  Association. 

HALF-YEARLY    REVIEW   OF    PROGRESS 
(JANUARY,    1923K 

Section  A  :  Fibrous  Insulating  M.^terials. 

Classification  and  nomenclature. — The  classification  of 
materials,  uses  and  requirements  has  now  been  com- 
pleted for  all  the  fibrous  materials  and  materials  with 
a  fibrous  base  dealt  with  hitherto  by  this  Association, 
thus  furnishing  a  firm  foundation  for  future  study. 
The  detailed  study  of  varnishes  has  only  been  com- 
menced recently  and  the  classification  is  incomplete. 

Methods  of  testing. — Methods  of  testing  have  now 
been  developed  for  all  the  materials  dealt  with  and 
have  been  fully  described  in  the  publications  of  the 
Association,  the  work  on  varnished  fabrics  being,  how- 
ever, not  quite  complete. 

Purchasing  specifications. — Based  on  the  above  and 
the  results  of  the  numerous  investigations  which  have 
been  made,  the  Association  is  now  drafting  simplified 
recommendations  applicable  to  the  preparation  of 
British  Standard  Purchasing  Specifications  in  connec- 
tion with  all  the  materials  in  the  fibrous  group  ripe  for 
standardization. 

Improvement  of  materials. — As  a  direct  result  of  the 
attention  given  to  certain  features,  improvements  can 
already  be  recorded  in  the  quality  of  materials  manu- 
factured. Attention  is  now  being  directed  to  the  study 
of  specific  sources  of  weakness  which  have  been  traced 
through  the  work  already  done,  and  to  the  development 
of  new  materials  having  better  characteristics. 

Attention  is  being  given  to  shellac,  amongst  other 
materials,  with  a  view  to  obtaining  better  adhesiveness 
and  temperature  characteristics,  and  comparison  is 
being  made  with  alternative  materials. 

Section  B  :  Composite  Insulating  Materials. 

The  experimental  tests  on  heat-resisting  properties 
are  now  practically  completed,  which  will  furnish  the 
necessary  data  for  the  completion  of  a  specification  on 
these  properties.  A  provisional  classification  has  been 
made  of  moulding  properties  of  composite  insulating 
materials,  and  some  attention  has  been  given  also  to 
the  effect  of  immersion  in  insulating  oils  or  contact 
with  lubricating  oils. 


Section  C  ;  Porcelain. 

The  Association  is  awaiting  a  full  report  from  the 
investigators,  but  the  following  may  be  noted  mean- 
while : — 

Electric  strength. — A  series  of  investigations  of  electric 
strength  under  momentary  stresses  has  been  practically 
completed,  covering  a  temperature  range  from  normal 
to  300°  C,  and  some  progress  made  with  tests  under 
prolonged  stress. 

Resistivity. — A  large  variety  of  samples  varying  in 
composition  and  mode  of  manufacture  has  been  tested 
for  resistivity  at  temperatures  from  70°  C.  up  to  1  200°  C. 
Samples  suitable  for  furnace  work  have  not  yet  been 
tested. 

Porosity  and  vitrification. — Some  progress  has  been 
made  in  the  study  of  porosity  by  electrical  methods, 
and  uniformity  of  vitrification  by  immersion  in  water 
under  high  pressure. 

Surface  deposits. — The  study  of  surface  deposits  from 
the  atmosphere  has  presented  unexpected  difficulties, 
but  further  tests  are  being  made  in  co-operation  with 
the  G.P.O. 

Thermal  expansion. — Tests  on  thermal  expansion 
have  been  arranged  in  co-operation  with  an  interested 
Government  Department. 

Mechanical  properties. — Samples  are  being  obtained 
for  tests  on  mechanical  properties. 

Section  D  :  Mica  and  Micanite. 

IMicas. — Further  tests  have  brought  out  important 
features  in  the  study  of  mechanical  properties  of  mica, 
especially  flexibility,  and  a  survey  of  these  properties 
is  now  being  made  on  a  small  scale. 

Micanites. — Methods  of  studying  the  properties  of 
micanite  have  been  developed  with  a  view  to  the  pro- 
duction of  a  purchasing  specification,  and  the  elimina- 
tion of  undesirable  material.  Work  is  nearly  completed 
on  the  following  :  Uniformity  and  limits  of  thickness  ; 
percentage  of  moisture,  adhesive,  mica  and  reinforce- 
ment ;  quality  of  splittings  ;  softening  temperature  ; 
moulding  temperature  ;  electric  strength  ;  permittivity  ; 
surface  resistance  ;    tensile  strength. 

A  report  on  the  classification  of  micanites,  with  notes 
on  their  manufacture,  uses  and  characteristics,  is  about 
to  be  issued. 

Section  E  :  Insulating  Oils. 

Electric  strength  and  resistivity. — The  detailed  inves- 
tigation into  the  relative  merits  of  the  horizontal  and 
vertical  placing  of  the  spherical  electrodes  used  in 
electric  strength  tests  has  now  been  completed  and  has 
shown  that  the  horizontal  arrangement  is  the  better 
for  the  purpose. 

An  attempt  is  being  made  to  develop  a  method  of 
testing  electric  strength  eliminating  the  expensive  high- 
voltage  transformer  equipment  now  necessary. 

Past  research  on  the  effect  of  the  presence  of  different 
kinds  of  impurity  on  electric  strength  and  resistivity 
has  been  reviewed  in  detail  and  a  new  series  of  researches 
commenced. 

Centrifugal  separation. — Further  tests  have  been 
made  and  arranged  for  the  investigation  of  the  merits 


(     7     ) 


of  centrifugal  separators  for  oil  purification  with  a  view 
to  discovering  the  technical  and  commercial  limitations 
of  apparatus  now  available,  and  assisting  in  the  develop- 
ment of  this  promising  method. 

Sludging  tests. — Opportunit}-  has  been  taken  of  the 
presence  in  this  country  of  experts  from  the  U.S.A.  and 
the  Continent  to  discuss  the  methods  of  sludge  testing 
in  use  and  under  development  in  those  countries. 
Attempts  are  being  made  to  develop  a  simpler  test  than 
now  in  use. 

Physical  constants. — Reports  have  been  received  on 
latent  heat,  vapour  pressure,  thermal  conductivity  and 
specific  heat,  and  are  under  consideration. 

Tlierinal  transference. — A  report  has  been  received  on 
thermal  transference  and  is  under  consideration. 

Section  F  :  Conductors. 

Heating  of  buried  cables. — Good  progress  has  been 
made  in  the  preparation  of  the  Report  on  "  Permissible 
Current  Loading  of  British  Standard  Paper  Insulated 
Electric  Cables,"  being  the  second  report  on  the 
research  on  the  heating  of  buried  cables,  and  it  is 
hoped  to  present  the  report  to  the  Institution  of  Elec- 
trical Engineers  in  a  few  weeks'  time. 

Wood  poles  for  overhead  lines. — A  report  on  the  tests 
made  on  single  A  and  H  poles  has  been  issued  to  inter- 
ested members  of  the  Association.  Progress  has  been 
made  towards  clearing  up  the  numerous  important 
questions  raised  by  that  report,  and  a  further  pro- 
gramme of  tests  will  be  put  in  hand  shortly. 

Overhead  line  materials. — Reports  have  been  com- 
pleted on  the  tests  made  under  working  conditions  on 
the  mechanical  properties  of  copper  and  aluminium 
wires  and  cables,  and  galvanized  steel  and  steel-cored 
aluminium  cables,  and  it  is  expected  that  these  will  be 
published  shortly. 

Section  G  :  Electric  Control  Apparatus. 

Phenomena  of  switching  and  arcing. — The  researches 
on  oil  circuit  breakers  are  now  in  full  activity,  a  unique 
installation  of  testing  apparatus  having  been  developed 
and  erected  at  the  Carville  power  station  of  the  New- 
castle-upon-Tyne Electric  Supply  Co.,  at  a  cost  of 
several  thousand  pounds.  The  larger  part  of  the 
original  programme  of  experimental  work  has  already 
been  completed,  and  in  view  of  the  importance  of  this 
research  to  the  whole  industr)',  and  especially  to  large 
users  and  suppliers  of  electricity,  the  Association  is 
appealing  for  their  co-operation  so  that  full  advantage 
may  be  taken  of  the  exceptional  opportunity  at  present 
available  for  further  experimental  resetirch  and  develop- 
ment. 

Mining  switchgear. — The  researches  on  the  develop- 
ment and  relief  of  pressure  in  mining  switchgear  are 
being  continued  under  the  auspices  of  the  Technical 
AppUances  Committee  of  the  Safety  in  Mines  Research 
Board,  and  a  further  report  is  expected  shortly. 

Fusible  cut-outs. — A  comprehensive  survey  of  pub- 
lished information  on  fusible  cut-outs  has  been  com- 
pleted and  a  critical  resume  prepared,  which  will  form 
a  firm  foundation  for  building  up  future  research 
programmes.  A  report  is  in  preparation  on  the  tests' 
made  on  ordinary-duty  fusible  cut-outs. 


Air-break  circuit  breakers. — The  continuation  of  re- 
searches on  air-break  circuit  breakers  awaits  the 
provision  of  the  necessary  facilities. 

Resistivity  of  joints  and  contacts. — Further  tests  have 
been  made  on  joints  in  large  installations  of  switchgear 
and  a  report  is  expected  shortly.  Arrangements  have 
been  made  for  continuation  of  the  experimental 
researches  at  the  National  Physical  Laboratory. 

Research  on  contactors. — A  programme  of  endurance 
tests  on  contactors  has  been  prepared  and  the  work 
awaits  the  provision   of  the  necessary  funds. 

Section  H  :  Corrosion  Researches. 
The  Association  continues  to  co-operate  with  the 
Institute  of  IMetals,  and  the  researches  on  corrosion  of 
steam  condensers  are  maintained  in  full  activity.  The 
sixth  report  of  the  Corrosion  Research  Committee  has 
been  received,  deaUng  with  the  nature  of  corrosive 
action,  the  function  of  colloids  in  corrosion  and  the 
corrosion  of  copper. 

Section  J  :  Turbine  Researches. 

Nozzles  research. — A  further  report  of  the  work  in 
which  the  Association  shares  is  about  to  be  published 
by  the  Institution  of  Mechanical  Engineers. 

Blading  research. — The  tests  arranged  on  blading 
material  have  been  practically  completed  and  a  report 
is  awaited. 

Properties  of  steam. — The  researches  on  the  properties 
of  steam  at  high  temperatures  and  pressures  are  in  full 
activity,  and  other  work  bearing  on  the  behaviour  of 
steam  in  turbines. 

Section  K  :   Synthetic  Resins. 

Varnish-paper  boards  and  tubes. — A  series  of  tests 
carried  out  on  samples  from  a  variety  of  sources  has 
shown  very  wide  divergences  of  quality.  Further  tests 
are  now  being  carried  out  on  the  more  promising 
materials,  especial  attention  being  given  to  the  elec- 
trical characteristics  at  radio  frequencies  and  to  the 
mechanical  properties.  As  the  result  of  these  tests 
manufacturers  are  giving  close  attention  to  features 
which  have  been  shown  capable  of  marked  improvement. 

Moulded  materials. — A  representative  collection  of 
samples  from  British  and  foreign  sources  has  now  been 
made  and  an  experimental  investigation  put  in  hand, 
in  which  the  Royal  Aircraft  Estabhshment  is  co- 
operating. 

Section  L  :  Dielectrics  in  General. 

Dielectric  losses. — The  investigation  on  dielectric 
losses  has  now  been  extended  to  radio  frequencies, 
especial  attention  being  given  to  the  synthetic  resin 
products.  Work  on  micas  has  been  practically  com- 
pleted, and  a  report  is  expected  shortly  on  varnished 
fabrics. 

Good  progrefss  has  been  made  in  the  development 
and  application  of  cathode  ray  tubes. 

Thermal  resistivity. — A  considerable  number  of  further 
measurements  of  thermal  resistivity  Iiave  been  made 
showing  the  effect  of  different  methods  of  construction 
of  the  finished  product.     Shortage  of  funds  will  neces- 
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sitate  this  important  investigation  being  brought  to 
a  close  at  an  early  date. 

Effect  of  heat  on  electrical  insulating  materials. — 
Recommendations  for  the  classification  and  nomen- 
clature of  the  heat-resisting  properties  of  dielectrics 
have  been  prepared  and  transmitted  to  the  interested 
Committees  of  the  British  Engineering  Standards 
Association  and  the  Institution  of  Electrical  Engineers. 
Methods  of  test  are  being  developed  and  made  applic- 
able to  the  whole  range  of  materials  in  question.  The 
same  procedure  is  being  extended  to  cover  the  effect  of 
temperature  on  the  electrical  and  mechanical  properties. 

Electric  strength. — A  preliminary  report  has  been 
received  on  the  tests  made  to  show  the  relative  accuracy 
of  certain  laboratory  and  workshop  methods  of  testing 
electric  strength,  and  bringing  out  some  quite  im- 
expected  and  important  features  which  are  receiving 
further  attention. 

Comprehensive  recommendations  are  in  preparation 
covering  methods  of  testing  the  electric  strength  of  all 
kinds  of  insulating  materials. 

Section  M  :  Wave-form. 

The  preparation  of  a  programme  of  experimental 
work  awaits  the  results  of  further  study  of  what  has 
been  done  elsewhere. 

Section  Z  :   Unci.assified. 

Die  castings. — The  Association  is  co-operating  with 
others  in  preparing  a  scheme  of  research  for  improve- 
ments in  the  manufacture  and  use  of  die  castings. 

Flicker  in  electric  lamps. — An  investigation  has  been 
made  into  the  limiting  conditions  under  which  objec- 
tionable fhcker  is  produced  in  electric  lamps  by  cyclic 
variations  of  supply  voltage. 

Accessions  to  the  Lending"  Library. 

Avery,  A.  H.     Dynamo  design  and  construction. 

8vo.     263  pp.     London,  n.d. 
Broughton,  H.  H.    The  electric  handling  of  materials, 
vol.  3,  Electric  cranes. 

4to.     352  pp.     London,   1922 

Carslaw,    H.    S.     Introduction    to    the    mathematical 

theory  of  the  conduction  of  heat  in  solids.     2nd  ed. 

8vo.     280  pp.     London,   1921 

Carter,  F.  W.     Railway  electric  traction. 

8vo.     420  pp.     London,   1922 
CusHiNG,  H.  C,  jr.     The  electric  vehicle  hand-book. 

sm.   8vo.     388  pp.     New   York,  [1918] 

Ff.w,    H.    p.     Elementary    determinants   for    electrical 

engineers.       sm.   8vo.     98  pp.     London,  [1922] 


GouDiE,  W.  J.,  D.Sc.     Steam  turbines.     2nd  ed. 

8vo.     822  pp.     London,   1922 
Ke.\rtgn,  W.   J.     Steam  turbine  theory  and  practice. 
8vo.     472  pp.     London,   1922 
Keen,  R.     Direction  and  position  finding  by  wireless. 
8vo.     376  pp.     London,   1922 
Kemp,    P.     Alternating   current   electrical   engineering. 
[2nd  ed.]  8vo.     526  pp.     London,   1922 

Lawrence,   R.    R.     Principles  of  alternating  currents. 
8vo.     446  pp.     New  York,   1922 
Main,  F.  W.     Electric  cables  :    a  practical  treatise  on 
the  construction,  properties,  installation,  and  main- 
tenance of  electric   cables.     For   junior   engineers, 
students,  and  those  in  charge  of  works  and  factories, 
sm.  8vo.     Ill  pp.     London,   1922 
Matxhis,     a.     R.     Insulating     varnishes     in     electro- 
technics.     Preface  by  E.   Pierard.     Transl.   by  A. 
Russell.  8vo.     283  pp.     Manchester,  [1922] 

Meares,   J.  W.,   CLE.     The  law  relating  to  electrical 
energy  in  India.     2nd  ed.,  revised. 

8vo.     403  pp.     Calcutta,   1922 
MiTTiCLL,    B.    E.    G.     Continuous    wave    wireless    tele- 
graphy, sm.  8vo.     129  pp.     London,   1922 
Poole,  H.  E.     Switching  and  switchgear. 

sm.   8vo.      127  pp.     London,   1922 
Price,   H.  W.,  and  Duff,   C.   K.     Papers  on  current 
transformers.     (University    of   Toronto,    School    of 
Engineering  Research,  Bulletin  No.  2,  1921.) 

8vo.     65  pp.     Toronto,   1921 
Rasch,    E.     Electric   arc   phenomena.     Transl.    by    K. 
Tornberg.  8vo.     210  pp.     New  York,   1913 

Robinson,  S.  M.,  U.S.N.     Electric  ship  propulsion. 

8vo.     280  pp.     New  York,   [1922] 
Scott-Taggart,  J.     Elementarj-  text-book  on  wireless 
vacuum  tubes.     4th  ed. 

8vo.     262  pp.     London,   [1922] 
Smith,    C.    F.     The  testing  of  transformers  and  alter- 
nating current  machines. 

sm.   8vo.      102  pp.     London,   1922 

Tattersall,   a.   E.     Modern  developments  in  railway 

signaUing.     A  treatise  dealing  with  the  theory  and 

application    of — (1)    Track-circuiting;      (2)    Power 

signalling,  and  (3)  Automatic  train  control. 

8vo.     299  pp.     London,   1921 
Taylor,  W.  T.     Electric  power  systems. 

sm.   8vo.     119  pp.     London,   1922 
Van   der   Bijl,    H.    J.     The  thermionic  vacuum  tube 
and  its  applications. 

8vo.     410  pp.     New  York,  [1920] 

Wanamaker,    E.,    and   Pennington,    H.    R.     Electric 

arc  welding.  8vo.     265  pp.     New  York,   [1921] 
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Faraday  Medal. 

At  the  Council  Meeting  held  on  the  15th  February 
the  second  award  of  the  above  Medal  was  made  to 
the  Hon.  Sir  Charles  Algernon  Parsons,  K.C.B., 
F.R.S.,  Honorary  Member  of  the  Institution. 

War  Thanksg-iving-  Education  and  Research 
Fund  (No.  1). 

The  Council  have  made  a  grant  for  1923  in  con- 
nection with  the  above  Fund  to  Mr.  R.  H.  Holmes, 
a  student  at  the  Armstrong  College,  Newcastle-upon- 
Tyne. 

War  Memorial  Fund  Scholarships. 

Out  of  the  balance  of  the  above  Fund  it  has  been 
decided  to  establish  two  scholarships,  each  of  the 
value  of  £50  per  annum  and  tenable  for  three  years, 
to  provide  for  the  education  of  children  of  members 
of  the  Institution  who  were  killed  or  permanently 
disabled  in  the  late  War. 

Applications,  giving  full  particulars  as  to  general 
and  financial  circumstances,  should  be  addressed  to 
the  Secretary  of  the  Institution,  Savoy-place,  Vic- 
toria-embankment, W.C.  2. 

Annual  Conversazione. 

The  Annual  Conversazione  wLU  be  held  at  the 
Natural  History  Museum,  South  Kensington,  by 
permission  of  the  Trustees  of  the  Museum,  on  Thurs- 
day, 28th  June,  192.3. 

Ordinary  Meeting,  12  April,  1923. 

At  the  Ordinary  Meeting  on  the  12th  April,  when 
a  lecture  will  be  given  by  Mr.  A.  G.  Warren  on 
"  X-rays  in  Theory  and  Practice,"  Mr.  E.  E. 
Brooks  will  show  at  the  conclusion  of  the  lecture 
a  few  slides  illustrating  lines  of  electric  force. 

Associate    Membership    Examination 
Results  (October,  1922). 

Supplementary  List.* 

Passed  : 

Jenkin,  R.  M.  ■      (New  Zealand). 

Williams,  V.  E.        .      (South  Africa). 
Witt,  S.  H.        .        ■      (Melbourne,  Australia). 
•  See  Iiistitutinn  Note?,  No.  3.'5,  page  1,  Ueceiiiber,  1922. 


Specification  of  British  Plant  and 
Material. 


At  a  meeting 
February,  1923, 
passed : — 


of    the    CouncU 
the     following 


held  on    the    1st 
Resolution    was 


"  That  in  view  of  the  present  state  of  trade  and 
employment  the  Council  request  members  who 
place  or  who  advise  upon  the  placing  of  orders 
to  specify  as  far  as  practicable  that  the  plant 
and  material  ordered  shall  be  of  British  manu- 
facture." 

International  Conference  on  E.H.T.  Lines. . 

The  Council  have  appointed  the  following  to  be 
the  representatives  of  the  Institution  at  the  above 
Conference,  which  will  be  held  in  Paris  next  October  : — 

Mr.  W.  B.  Woodhouse  (Senior  Delegate), 
Mr.  P.  V.  Hunter,  C.B.E., 
Mr.  E.  B.  Wedmore. 

In  addition  to  the  official  Delegates,  it  is  under- 
stood that  the  Conference  will  welcome  the  attend- 
ance of  other  representatives  from  each  country 
taking  part.  Such  vmofficial  representatives  will  be 
eligible  to  take  part  in  the  discussions.  Those  wishing 
to  attend  should  send  their  names  to  M.  Tribot- 
Laspiere,  25  Boulevard  Malesherbes,  Paris. 

Electrical  Appointments  Board. 

The  CouncU  again  desire  to  call  attention  to  the 
Electrical  Appointments  Board  the  object  of  which 
is  to  find  positions  for  unemployed  members. 

During  the  past  year  there  has  been  a  gradual 
increase  in  the  number  of  applicants  for  posts, 
particularly  Students  who  have  completed  their 
college  courses. 

A  classified  Register  of  such  members,  containing 
particulars  of  their  training  and  experience,  is  avail- 
able for  inspection  at  the  Institution  offices  and  the 
Secretary  of  the  Board  will  gladly  put  employers 
into  touch  with  highly  qualified  electrical  engineers 
in  practically  all  branches  of  the  profession. 

The  Council  earnestly  hope  that  members  who 
are  in  a  position  to  assist  will  not  fail  to  make  use 
of  the  Register.  Vacancies  may  also  be  reported  to 
the  Honorary  Secretaries  of  Local  Centres  and  Sub- 
Centres  who  will  at  once  report  such  vacancies  to 
the  Secretarj-  of  the  Board  at  the  Institution  Offices.. 
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Economics  of  Eng-ineering  Design. 

The  Secretary  will  be  glad  to  receive  from  members, 
for  use  in  the  Institution  Library',  references  to  books 
or  articles  dealing  with  or  referring  to  the  economics 
of  engineering  design. 

Royal  Engineers  Old  Comrades' 
Association. 

Major-General  Sir  G.  K.  Scott-Moncrieff,  K.C.B., 
K.C.M.G.,  CLE.,  President  of  the  Central  Committee 
of  the  Royal  Engineers  Old  Comrades'  Association, 
desires  to  ask  members  of  the  Institution,  particu- 
larly ex-Royal  Engineers,  to  assist  the  Association 
in  finding  emplovTuent  for  a  large  number  of  skiUed 
men  who  have  served  with  the  R.E.  Corps  and  whose 
names  are  now  on  the  Employment  Register  of  the 
Association. 

The  requirements  of  finns  seeking  reUable  men 
will  receive  the  prompt  attention  of  the  Association, 
and  every  effort  will  be  made  to  provide  trustworthy 
men  to  fiU  any  positions  offered.  Jlen  skilled  in 
various  branches  of  the  engineering  industry  (in- 
cluding foremen  of  works,  mechanists,  electricians, 
store  and  ledger  keepers,  clerks,  draughtsmen, 
instructors  in  field  engineering,  surveyors,  etc.)  are 
available  and  the  Secretary  of  the  Association, 
Mr.  J.  McB.  Robbins,  Army  and  Navy  Mansions, 
109  Victoria-street,  London,  S.W.  1,  will  be  glad 
to  receive  particulars  of  vacancies. 

Members  from  the  Dominions  and  Colonies 
Visiting  the  United  Kingdom. 

Members  from  the  Dominions  and  Colonies  visiting 
the  United  Kingdom  who  wish  to  be  put  into  touch 
with  members  of  the  Institution  at  home  are  invited 
to  communicate  with  the  Secretary,  stating  in  what 
branch  of  the  profession  they  are  engaged  and  giving 
the  name  of  the  firm  or  company  (if  any)  with  which 
they  are  associated. 

In  this  connection  the  Council  have  set  up  an 
"  Enghsh-Speaking  Nations  Committee "  whose 
principal  duty  is  to  take  an  interest  in  such  members 
and  \-isiting  members  from  the  American  Institute 
of  Electrical  Engineers, 

Removal  from  Institution  Register. 
At  a  meeting  held  on  the  1st  March,   1923,  the 
Council   ordered   the   name    of   Mr.    Walter   Talbot 
Kerr   to   be   removed   from   the    Register    of    the 
Institution  in  pursuance  of  Bye-Law  41  (a). 

Accessions  to  Reference  Library. 

Ad.\ms,  H.     Structural  design  in  theory  and  practice. 

2nd  ed.  8vo.     265  pp.      London,  1923 

Admiralty,    The.     Admiralty    handbook    of    wireless 

telegraphy.  8vo.     485  pp.    London,  1920 


Ai.vsLEY,  F.  J.  JIast  and  aerial  construction  for 
amateurs,  together  with  the  method  of  erection 
and  other  useful  information. 

sm.  8vo.     86  pp.     London,   1922 

Allen,  A.  H.     Electricity  in  agriculture. 

sm.'Svo.     127  pp.     London,   1922 

American  Rolling  Mill  Comp.^ny.  Research  and 
methods  of  analysis  of  iron  and  steel  at  Armco. 
2nd  ed.        8vo.     220  pp.     Middletown,  Ohio,   1920 

Andrews,  E.  S.  Alignment  charts.  Their  principle 
and  application  to  engineering  formulae. 

sm.  8vo.     32  pp.     London,  [1915] 

B.\gnall-Wild,  Brig.-Gen.  R.  K.,  Aitchison,  L., 
Remington,  A.  A.,  Rowledge,  A.  J.,  and  Thain, 
W.  A.  Aircraft  steels  and  material.  With  an 
introduction  hy  Prof.  W.  Ripper. 

8vo.     216  pp.     London,   1922 

Behrend,  B.  a.  The  induction  motor  and  other  alter- 
nating current  motors.  Their  theor\'  and  principles 
of  design.     2nded.     8vo.     295  pp.    New  York,  \92\ 

British  Columbia  :  Bure.\u  of  Mines.  Annual 
report  of  the  Minister  of  Mines  for  the  year  ending 
31st  December,  1921,  being  an  account  of  mining 
operations   for   gold,    coal,    etc.,    in   the   Province. 

la.  8vo.  365  pp.,  plates,  maps,  1921.   Victoria,  B.C.,  1922 

British  Electrical  and  Allied  M.anuf.\cturers' 
Associ.ATiON,  The.  Terms  of  educational  scholar- 
ships in  electrical  and  mechanical  engineering. 

8vo.     8  pp.     London,   1922 

Brownlie,  D.     Boiler  plant  testing. 

8vo.     179  pp.     London,   1922 

Carter,  F.  W.     Railway  electric  traction. 

"  8vo.     420  pp.     London,   1922 

Chalkley,  a.  p.  Diesel  engines  for  land  and  marine 
work.  With  an  introductory  chapter  by  Dr.  R. 
Diesel.     5th  ed.  8vo.     347  pp.     London,   1922 

Conjoint  Board  of  Scientific  Societies,  The. 
Water-power  in  the  British  Empire  :  The  Reports 
of  the  Water-Power  Committee  of  the  C.B.  of  S.S. 
Sir  Dugald  Clerk,  K.B.E.,  F.R.S.  (Chairman)  ; 
Prof.  A.  H.  Gibson,  D.Sc.   (Secretary). 

sm.   8vo.     63  pp.     London,   1922 

CoNSTANTiNESCO,  G.  Theory  of  wave  transmission.  A 
treatise  on  transmission  of  power  by  vibrations. 
2nd  ed.  8vo.     213  pp.     London,   1922 

CoURSEY,  P.  R.  The  wireless  telephone,  ^^^lat  it  is, 
and  how  it  works,     sm.  8vo.     112  pp.    London,  1922 

Davidge,  H.  T.,  and  Hutchinson,  R.  W.  Technical 
electricity.     4th  ed.    8vo.     526  pp.     London,   1922 

Dep,\rtmext  of  Scientific  .\nd  Industrial  Rese.\rch. 
Report  of  the  Fuel  Research  Board  for  the  years 
1920,  1921.  Second  section  :  Low  temperature 
carbonisation.     8vo.     73  pp.     8  pi.     London,   1922 

Dover,  A.  T.  Industrial  motor  control.  Direct 
current.  sm.  8vo.     128  pp.     London,   1922 

East  Africa  Protectorate.  An  Ordinance  to  make 
provision  for  the  generation,  transmission,  delivery, 
sale,  purchase,  and  use  of  electrical  energy  ;  and 
for  the  making  and  enforcing  of  regulations  apper- 
taining to  and  governing  such  purposes  ;  and  for 
the  provision  and  enforcing  of  penalties  for  anj' 
contravention  of  this  Ordinance  or  of  the  regula- 
tions made  under  it.       folio.    94  pp.    Nairobi,  1920 
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Electrical  Power  Engineers'  Association.  Report 
on  the  training  of  electrical  power  engineers. 

8vo.     18  pp.     London,  1922 

FiNDLAY,  A.     The  treasures  of  coal  tar. 

sm.   8vo.     151  pp.     London,   1917 

Flight,  W.  S,  Phenol-formaldehyde  products  in  the 
electrical  industry.  The  effect  of  heat  on  the 
electric  strength  of  some  commercial  insulating 
materials.  Machining  ebonite,  fibre,  and  other 
insulating  materials  [anonymous]. 

8vo.     72    pp.     Preston,  n.d. 

Garcke,  E.,  and  Fells,  J.  M.  Factory  accounts,  in 
principle  and  practice.  7th  ed.,  revised,  with  a  fore- 
word by  J.  M.  Fells.     8vo.     310  pp.     Lo7tdon,  1923 

Gibson,  A.  H.,  D.Sc,  editor.  H3'dro-electric  engineer- 
ing, vol.  2,  Electrical.  Contributors  :  W.  A. 
Coates,  F.   E.  Hill,  S.  Neville,  and  the  editor. 

la.   8vo.     321  pp.     London,   192-2 

Glazebrook,  Sir  R.,  K.C.B.,  D.Sc.  A  dictionary  of 
applied  physics.       vol.   1,   2.     8vo.     London,   1922 

1 ,  Mechanics — Engineering — Heat. 

2,  Electricity. 

Goudie,  W.  J.,   D.Sc.     Steam  turbines.     2nd  ed. 

8vo.     822  pp.     London,   1922 
Haler,  p.  J.,  and  Stuart,  A.  H.     A  second  course  in 
engineering  science. 

sm.  8vo.     257  pp.     London,   1922 
Hawkins,  C.  C.     The  dynamo  :    its  theory,  design  and 
manufacture.     6th  ed.     vol.   1. 

8vo.  638  pp.  London,  1922 
The  earlier  editions  of  this  work  are  by  C.  C.  Hawkins 
and  F.  Wallis. 
India  :  Punjab  Public  Works  Department.  The 
Sutlej  River  Hydro-Electric  Scheme.  By  Bt. 
Lieut. -Col.  B.  C.  "Battye. 

vol.  A,  5-8.     foHo.     Lahore,   1921-22 

Keen,  R.     Direction  and  position  finding  by  wireless. 

8vo.     376  pp.     London,   1922 

Keinath,  G.     Die  Technik  der  elektrischen  Messgerate. 

8vo.     455  pp.     Miinchen,   1921 

Kemp,    P.     Alternating   current   electrical   engineering. 

[2nd  ed.]  8vo.     526  pp.     London,   1922 

Langman,   H.  R.,  and   Ball,    A.     Electrical  horology. 

A    practical    manual    on    the    application    of    the 

principles  and  practice  of  electricity  to  horological 

instruments    and    machines    for   the    measurement 

and    transmission    of    time  ;     with    an    account   of 

the  earliest  electrically-driven  clock  mechanism. 

sm.  8vo.     175  pp.     London,  1923 
London    County    Council.     Reports    on    the    manu- 
facture  of   gauges   and   the    training   of   munition 
workers   in   certain    London   technical   institutions 
during  the  war.  8vo.     90  pp.     London,   1921 

Main,  F.  W.     Electric  cables. 

sm.  8vo.     Ill  pp.     London,   1922 
Marsh,   C.   F.,   and   Dunn,   W.     Manual  of  reinforced 
concrete.  sm.  8vo.     620  pp.     London,   1922 

Marshall,  C.  W.     Modern  central  stations. 

sm.  8vo.     125  pp.     London,  1921 
Meares,  J.  W.,  CLE.     The  law  relating  to  electrical 
energy  in  India.     2nd  ed.,  revised. 

8vo.     403  pp.     Calcutta,   1922 


Molesworth,  Sir  G.  L.  Life  of  Sir  G.  L.  Molesworth, 
K.C.I.E.  "  The  Nestor  of  the  engineering 
profession."     Edited  by  W.   J.  Molesworth. 

8vo.  224  pp.  London,  1922 
MoTTELAY,  P.  F.,  Ph.D.  Bibliographical  history  of 
electricity  and  magnetism,  chronologically  arranged. 
Researches  into  the  domain  of  the  early  sciences, 
especially  from  the  period  of  the  revival  of 
scholasticism,  with  biographical  and  other  accounts 
of  the  most  distinguished  natural  philosophers 
throughout  the  middle  ages.  With  an  introduc- 
tion by  the  late  Prof.  S.  P.  Thompson,  D.Sc, 
F.R.S.,  and  a  foreword  by  Sir  R.  T.  Glazebrook, 
K.C.B.,  D.Sc,  F.R.S. 

la.  8vo.  693  pp.  London,  1922 
Murray,  River.  Harnessing  Austraha's  greatest  river  : 
being  an  account  of  the  great  scheme  undertaken 
by  the  governments  of  the  Commonwealth  of 
Australia,  and  of  the  States  of  New  South  Wales, 
Victoria,  and  South  Australia,  with  a  view  to  the 
more  profitable  use  of  the  waters  of  the  River 
Murray,  etc.  [Supplement  to  "  The  Industrial 
Australian  and  Mining  Standard,"  17th  June, 
1920.] 

folio.     51  pp.     Melbourne,   1920 
OuLTON,   L.,   and  Wilson,   N.   J.     Practical  testing  of 
electrical  machines.     [2nd  ed.] 

sm.  8vo.     258  pp.     London,   1921 

Parr,    G.    D.    A.     Electrical    engineering    testing.     A 

practical    work    on    continuous     and     alternating 

currents  for  second  and   third  year  students  and 

engineers.     4th  ed.     8vo.     703  pp.     London,   1922 

PooLE,  H.  E.     Switching  and  switchgear. 

sm.  8vo.     127  pp.     London,   1922 

Practical    Engineer,    The,    electrical    pocket    book 

and  diary  for  1923  (with  buyers'  guide  and  technical 

dictionaries    in    French,    Spanish,    and    Russian). 

24th  year  of  issue.     Edited  by  C.  Arnold. 

sm.  8vo.     760  pp.     London,  [1922] 
Price,   H.   W.,   and   Duff,   C.    K.     Papers  on  current 
transformers.     [University    of   Toronto,    School    of 
Engineering  Research,  Bulletin  No.  2,   1921.] 

8vo.     65  pp.     Toronto,    1921 
Radio     Instruments,     Ltd.     Working     diagrams     of 
valve  receiving  circuits. 

sm.  obi.  8vo.     21  diagrams.     London,  [1922] 
Roget,  S.  R.     A  first  book  of  applied  electricity. 

sm.  8vo.     150  pp.     London,   1921 
Smith,   C.   F.     The  testing  of  transformers  and  alter- 
nating current  machines. 

sm.  8vo.     102  pp.     London,   1922 
Spiegelhat.ter,    E.    K.     Wireless    valve    receiver    set. 
How  to  make  it. 

sm.  8vo.     79  pp.     London,   1922 
Summers,    A.    L.    Anthracite  and    the  anthracite   in- 
dustry, sm.  8vo.     135  pp.     London,  [1922] 
Taylor,  W.  T.     Electric  power  systems. 

sm.  8vo.     119  pp.     London,  1922 

High  voltage  power  transformers. 

sm.  8vo.     127  pp.     London,  1922 

Thomas,  H.     Traitc  de   t616graphie  electrique.     2"  ed. 
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United  States.  Army  :  Signal  Corps.  The  principles 
underl}-ing  radio  communication.  2nd  ed.  Radio 
communication  pamphlet  no.  40.  Revised  to 
May  24,    1921. 

sm.  8vo.     619  pp.     Washington,   1922 

Victoria,  State.  "  Power  "  for  Victorian  industries 
A  complete  account  of  the  great  electric  power 
and  fuel  supply  scheme  authorised  by  the  Premier 
(Mr.  H.  S.  Lawson)  and  State  Government  of 
Victoria,  and  now  being  carried  into  effect  by 
the  Victorian  Electricity  Commissioners  ;  etc. 
[Supplement  to  "  The  Industrial  Australian  and 
Mining  Standard,"  17th  March,  1921.] 

folio.     79  pp.     Melbourne,   1921 

Waddell,  J.  A.  L.  Specifications  and  contracts.  A 
series  of  lectures  ;  including  examples  for  practice 
in  specification  and  contract  writing,  together  \\'ith 
notes  on  the  Law  of  Contracts. 

8vo.     169  pp.     Nfw  York,   1922 

Two  addresses  to    the    engineering  students   of 

the  University  of  Barcelona.     Delivered  April  19th 
and  21st,   1922. 
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\\'.\LMSLEY,  R.  M.,  D.Sc.     Electricity  in  the  service  of 

man.     vol.  2,  section  iii,     Technology  of  electricity. 

8vo.     863  pp.     London,   1921 


War  Office.  Signals  Experimental  Establishment. 
Technical  report.     September,  1922.     [In  MS.'] 

fol.     [Woolwich.   1922] 
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W.A.,   1922.     Compiled  by  A.  F.  Williamson. 

obi.  folio  sheet.     Perth,   1922 
White,    H.    G.     Telephone  erection   and   maintenance. 
3rd  ed.  sm.  Svo.     151  pp.     London,  [1922] 
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magnetism  and  electricity  during  the  years  1907- 
1921.     Solutions  by  W.  j.  W.     [2nd  e'd.l 

sm.  Svo.     107  pp.     Londoji  [1921] 
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Annual  General  Meeting. 
The  51st  Annual  General  Meeting  of  the  Institu- 
tion  (Corporate  Members  and  Associates  only)  will 
be  held  on  Thursday,  31st  May,   1923,  at  6  p.m. 

Annual  Conversazione. 

The  Annual  Conversazione  will  be  held  at  the 
Natural  History  Museum,  South  Kensington,  by 
permission  of  the  Trustees  of  the  Museum,  on 
Thursday,  28th  June,   1923. 

The  Institution  of  Engineers  (India). 
The  l.E.E.  Premium,  value  £20  (see  Institution 
Notes,  No.  16,  page  2,  December  1919),  has  been 
awarded  by  the  Council  of  the  above  Institution 
for  the  year  ended  31st  August,  1922,  to  Mr.  A. 
Lennox  Stanton  for  his  paper  on  "  Railway  Electri- 
fication, with  special  reference  to  Indian  Conditions." 

Associate    Membership    Examination 

Results. 

October  1922,  Supplementary  List.* 


Passed. 


Plowman,  A.  S. 


(Sydney,   Australia) . 


February  1923,  Royal  Corps  of  Signals. 
Passed. 
Bennett,  M.  C,  Lieutenant  (Indian  Army). 
Boyd,  L.  C,  Lieutenant  (Royal  Ulster  Rifles). 
Boyt,  W.  D.,  Lieutenant  (Royal  Garrison  Artillery). 
Crouch,  C.  H.,  Lieutenant  (Royal  Garrison  Artillery). 
Halliday,  G.  R.,  Lieutenant  (Royal  Garrison  Artillery). 
Hannah,  A.  J.,  Captain  (Indian  Army). 
Helps,    R.    P.    A.,  O.B.E.,    M.C.,    Captain    (Lancashire 

Fusiliers). 
Hemming,    W.    E.     G.,    Lieutenant    (Royal    Garrison 

Artillery). 
Holland,  V.  C,  Lieutenant  (Royal  Artillery). 
Howard-Smith,  M.  H.,  Captain   (Indian  Army). 
Instrall,  R.   C,  Lieutenant   (Royal  Garrison   Artillery). 
Neale,  R.  H.,  Captain  (Lincolnshire  Regiment). 
Plummer,  G.  H.,  Lieutenant  (Cameronians). 
Stoddart,  E.,  Lieutenant  (Royal  Garrison  Artillery). 
Thomas,    W.    F.    P.,    Lieutenant    (South    Staffordshire 

Regiment). 
Watkins,  B.  S.,  Lieutenant  (Indian  Army). 

•  See  Institution   Notes,  No.    35,   page    1,  December    1922,  and 
No.   37,  page  9,  March   1923. 


International   Consulting*    Committee    for 
International  Telephone  Communication. 

As  a  result  of  the  suggestions  made  in  the  President's 
Inaugural  Address  delivered  before  the  Institution  on 
the  2nd  November  last,  M.  Paul  Laffont,  Sous-Secretair 
de  I'Administration  des  Postes  et  des  Telegraphes  for 
France,  called  a  preliminary  technical  international 
conference  to  study  and  recommend  what  steps  should 
be  taken  by  the  European  Administrations  to  improve 
and  consolidate  international  telephone  traffic  in 
Europe. 

The  meeting  was  held  in  Paris  commencing  on 
12th  March,  1923,  and  was  presided  over  by  Monsieur 
Dennery,  Inspecteur-General  des  Postes  et  des  Tele- 
graphes, and  was  attended  by  representatives  from 
France,  Belgium,  Great  Britain,  Italy,  Spain,  and 
Switzerland.  The  deputation  for  Great  Britain  was 
headed  by  Major  T.  F.  Purves,  O.B.E.,  Engineer-in- 
Chief  to  the  British  Post  Office,  and  the  other  nations 
were  similarly  strongly  represented. 

At  this  conference  certain  recommendations  were 
decided  upon  and  these  will,  in  due  course,  be  sub- 
mitted to  the  various  Administrations  in  Europe. 
In  the  meantime,  it  may  be  stated  that  the  committee 
has  emphasized,  as  of  primary  importance,  the  neces- 
sity of  complete  unity  as  regards  principles  and  prac- 
tical realization — under  present  conditions  of  the  tele- 
phone art — as  well  as  in  all  matters  concerning 
material  and  technical  and  commercial  operation. 

Consequently  the  committee  has  recognized  the 
necessity  for  forming  a  permanent  international  con- 
sulting commission  for  international  telephone  com- 
munications. The  different  countries  of  Europe  will 
be  represented  en  this  Commission,  the  official  title  of 
which  will  be  Comite  Consultatif  International  des 
Communications  Telephoniques  Internationales. 

The  continuity  of  the  work  of  this  Commission  will 
be  secured  by  the  establishment  of  a  permanent  Secre- 
tariat in  Paris,  which  will  also  be  a  centre  for  inter- 
national technical  information.  Pending  the  consti- 
tution of  the  Comite  Consultatif  International,  the 
preliminary  technical  Committee  has  decided  that  its 
President,  M.  Dennery,  and  its  General  Secretary, 
M.  Valensi,  shall  fill  provisionally  the  offices  of  Presi- 
dent and  of  permanent  Secretary  of  the  Comit6 
Consultatif  International. 

The  preliminary  technical  Committee  has  indicated 
the  guiding  principles,  from  now  onwards,  for  the 
construction  of  international  lines,  their  maintenance 
and  development. 

The  collaboration    between   nations  created   by   this 
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preliminary  Committee  has  permitted,  moreover,  the 
formulation  of  a  programme  for  new  routes  of  com- 
munication both  by  aerial  lines  and  by  cables  which 
are  immediately  required  and  which  should  be  com- 
pleted in  1923  and  1924.  Finally  the  Committee  will 
prepare  a  decennial  programme  for  European  tele- 
phone trunk  hnes.  The  main  outhnes  of  the  scheme 
have  already  been  determined  and  it  will  be  com- 
pleted during  the  course  of  the  year. 


Informal  Meeting's. 

The  following  Informal  INIeetings  have  been  held  : — 
38th  Informal  Meeting  (22nd  January,   1923). 

Chairman  :  Mr.  A.  B.  Eason. 

Subject  of  Discussion  :  "  Insulators  and  Insulating 
Materials"   (introduced  by  Mr.  A.  G.  Warren). 

Speakers  :  Messrs.  E.  W.  Moss,  C.  C.  Paterson, 
O.B.E.,   H.   M.   Sayers,   W.   E.   Rogers,   A.   C.  Warren, 

E.  H.  Rayner,  W".  S.  Flight,  A.  Monkhouse,  A.  Rosen, 
A.  CoUins  and  P.  Dunsheath. 

39th  Informal  Meeting   (Sth  February,    1923). 

Chairman  :  Mr.  F.  Poolev. 

Subject  of  Discussion  :  "  The  Supply  of  Steady 
D.C.  for  Telephonic  and  other  Purposes  "  (introduced 
by  Mr.  J.  Coxon). 

Speakers  :  Messrs.  F.  Reid,  A.  F.  Harmer,  W.  E. 
Rogers,    C.    J.    Ashton,    R.    J.    Hines,    H.    J.    Gregory, 

F.  W.  Adcock,  H.  Kingsbury,  A.  B.  Eason,  W.  L. 
Wreford,  J.  R.  Bedford,  R.  V.  Hook,  G.  H.  Elsden 
and  F.  Poolev. 

40th   Informal  Meeting   (19th  February,    1923). 

Chairman  :  Mr.  E.  F.  Hetherington. 

Subject  of  Discussion  :  "  Esprit  de  Corps  "  (intro- 
duced by  Mr.  F.  Peake  Sexton). 

Speakers  :  Major  G.  H.  Spittle,  D.S.O.,  Messrs. 
W.  E.  Rogers,  J.  R.  Bedford,  F.  Pooley,  W.  Lunn, 
E.  F.  Hetherington,  A.  G.  Hilling,  H.  H.  Long,  j'. 
Coxon,  M.  Whitgift  and  W.  L.  Wreford. 

41st    Informal   Meeting    (5th   :\Iarch,    1923). 

Chairman  :  Mr.  A.  F.  Harmer. 

Subject  of  Discussion  :  "  Control  in  Industry  " 
(introduced  by  Mr.  J.  H.  Parker). 

Speakers  :  Messrs.  W.  Day,  N.  Wylde,  H.  W. 
Healey,  W.  E.  Warrilow,  W.  E.  Rogers,  F.  C. 
Knowles,  W.  J.  Oswald,  —  Bing,  G.  J.  D.  Scott,  A.  G. 
Whyte  and  A.  H.  Bennett. 

42nd   Informal  Meeting   (19th  March,    1923). 

Chairman  :  Mr.  W.  E.  WarrUow. 

Subject  of  Discussion  :  "  The  Need  for  Co-operation 
between  Electrical  Manufacturers  and  Contractors " 
(introduced  by  Messrs.  H.  T.  Young  and  J.  F.  Caine). 

Speakers  :  Messrs.  E.  E.  Sharp,  W.  R.  Rawhngs, 
A.  G.  Beaver,  W.  Day.  A.  F.  Harmer,  W^  E.  Rogers, 
C.    Peel,    A.    Windibank,    E.   C.    Wansbrough,   F.    Gill, 


,.   E.  H.  Marrj^at.   A.  Wise,   G.   J.    D.    Scott    and   Major 
H.  Brown. 


43rd   Informal  Meeting   (23rd   April,    1923). 

Chairman  :  Mr.  E.  W.  Moss. 

Subject  of  Discussion  :  "  Practical  Broadcasting  " 
(introduced  by  Mr.  E.  H.  Shaughnessy,  O.B.E.). 

Speakers  :  Captain  P.  P.  Eckersley,  Messrs.  J.  Scott- 
Taggart,  J.  R.  Bedford,  W.  L.  W'reford,  R.  Grierson, 
G.  D.  Dewar,  W.  E.  Rogers,  P.  R.  Coursey,  W.  Day, 
E.  G.  Bedford,  A.  C.  Warren,  A.  G.  Lee,  H.  S.  Pocock, 
E.  F.  Hetherington,  W.  E.  Warrilow,  W.  H.  Lawes, 
E.  W'.  Moss  and  J.  C.  W.  Reith. 


National  Illumination  Committee  of 
Great  Britain.* 

REPORT   OF   CHAIRMAN    FOR   YEAR    1922. 

In  February  last  (1922)  the  provisional  Definitions  of 
Photometric  Terms  and  Units  proposed  by  the  British 
National  Committee  were  published  together  with  a 
prefatory  note  and  have  been  officially  adopted  by 
the  tliree  constituent  Societies.  They  also  form  the 
basis  of  a  set  of  Photometric  Definitions  shortly  to 
be  issued  by  the  British  Enginsering  Standards  Asso- 
ciation as  part  of  a  comprehensive  set  of  Electrical 
Engineering  terms. 

The  Definitions  in  question,  whilst  agreeing  with 
the  decisions  of  the  International  Commission  on 
Illumination  held  in  Paris  in  1921,  go  considerably 
further  and  are  in  some  respects  at  variance  with  a 
set  of  Definitions  approved  in  July,  1922,  by  the 
American  Engineering  Standards  Committee.  The 
occasion  of  a  visit  by  Dr.  Clayton  Sharp  to  this 
country  in  December  last  was  seized  upon  to  discuss 
these  Definitions  with  one  so  largely  instrumental  in 
the  drafting  of  the  American  Definitions.  Dr.  Sharp 
kindly  consented  to  attend  a  Meeting  of  the  Nomen- 
clature Sub-Committee,  and  as  a  result  of  this  inter- 
change of  views,  the  Sub-Committee  are  now  con- 
sidering how  the  proposed  Definitions  can  be  amended 
so  as  to  minimize  the  points  of  difference  between 
this  country  and  the  United  States. 

A  preliminary  list  of  Symbols  has  also  been  pre- 
pared by  the  Nomenclature  Sub-Committee  and, 
after  submission  to  the  British  Committee,  these  have 
been  communicated  to  a  number  of  interested  Societies, 
publication  being  deferred  until  their  criticisms,  if 
any,  have  been  considered. 

Dr.  Mailloux  (U.S.A.)  and  Mr.  K.  Edgcumbe  (Gt. 
Britain)  were  asked  by  the  central  office  of  the 
National  Illumination  Commission  to  prepare  an 
EngUsh  translation  of  the  French  official  text  of 
Terms  and  Definitions  adopted  in  Paris  in  1921.  A 
Meeting  was  held  in  this  country  and  the  translation 
agreed  upon.  The  text  forms  an  Appendix  to  this 
Report. 

At  the  1921  Paris  Meeting  of  the  Commission  an 
International    Committee    on    Automobile    Headlights 

•  See  Institutioti  Notes,  No.  30,  page  11,  January  1922. 
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was  appointed  and  Mr.  K.  Edgcumbe  was  subse- 
quently nominated  by  the  British  National  Committee 
as  their  Representative  thereon.  A  fairly  complete 
set  of  recommendations  having  been  drawn  up  in 
the  United  States  by  a  Committee  under  the  Chair- 
manship of  Dr.  Clayton  Sharp,  the  subject  was  dis- 
cussed with  that  gentleman  on  the  occasion  of  his 
visit  to  this  country,  and  at  a  subsequent  interview 
with  Mr.  Perrin  of  the  Ministry  of  Transport  the 
question  was  raised  of  how  the  British  National  Com- 
mittee could  best  serve  the  interests  of  this  country 
in  connection  with  Automobile  Headlights.  It  appeared 
that  the  most  useful  course  would  be  to  appoint 
a  Sub-Committee  to  consider  the  recommendations 
which  had  already  been  pubhshed  in  other  countries, 
with  a  view,  if  possible,  of  arriving  at  common  agree- 
ment through  the  medium  of  the  International  Head- 
lights Committee. 

In  view  of  the  fact  that  a  large  and  increasing  part 
of  the  work  of  the  British  National  Committee  relates 
to  standardization,  it  was  decided,  with  the  approval 
of  the  three  constituent  Societies,  to  ask  the  British 
Engineering  Standards  Association  to  form  a  sectional 
Committee  on  Illumination  to  which  such  matters 
could  be  referred.  It  is  proposed  that  this  Committee 
should  deal  solelv  with  standardization  or  similar 
questions  referred  to  it  by  the  British  National  Com- 
mittee, all  international  matters  being  dealt  with  by 
the  National  Committee  as  heretofore. 

K.  Edgcumbe. 

Chairman . 
January,   192;5. 


PHOTOMETRIC   DEFINITIONS. 
Official    Traxsl.\tion    of    the    French    Text. 

Luminous  flux. — Is  the  rate  of  passage  of  radiant 
energy  evaluated  by  reference  to  the  luminous  sensa- 
tion produced  by  it. 

Although  luminous  flux  should  be  regarded,  strictly, 
as  the  rate  of  passage  of  radiant  energy  as  just  defined, 
it  can,  nevertheless,  be  accepted  as  an  entity  for  the 
purposes  of  practical  photonTjtrj^,  since  the  velocity 
may  be  regarded  as  being  constant  under  those 
conditions. 

The  unit  of  luminous  flux  is  the  himen. — It  is  equal 
to  the  flux  emitted  in  unit  solid  angle  by  a  uniform 
point  source  of  one  international  candle. 

Illumination. — The  illumination  at  a  point  of  a  sur- 
face is  the  density  of  the  luminous  flux  at  that  point, 
or  the  quotient  of  the  flux  by  tlie  area  of  the  surface 
when  the  latter  is  uniformly  illuminated. 

The  practical  unit  of  illumination  is  the  lux. — It 
is  the  illumination  of  a  surface  one  square  metre  in 
area,  receiving  a  uniformly  distributed  flux  of  one 
lumen,  or  the  illumination  produced  at  the  surface  of 
a  sphere  having  a  radius  of  one  metre  by  a  uniform 
point  source  of  one  international  candle  situated  at 
its  centre. 


In  view  of  certain  recognized  usages,  illumination 
may  also  be  expressed  in  terms  of  the  following  units  : — 
j  Taking  the  centimetre  as  the  unit  of  length,  the 
:  unit  of  illumination  is  the  lumen  per  square  centi- 
metre ;  it  is  known  as  the  "  phot."  Taking  the  foot 
as  the  unit  of  length,  the  unit  of  illumination  is  the 
lumen  per  square  foot;  it  is  known  as  the  "foot- 
candle." 

1  foot-candle  =  10-764  lux 

=     1-0764  milli-phot 

Luminous  intensity  [candle-power). — The  luminous 
intensity  (candle-power)  of  a  point  source  in  an)'  direc- 
tion is  the  luminous  flux  per  unit  solid  angle  emitted 
by  that  source  in  that  direction.  (The  flux  emanating 
from  a  source  whose  dimensions  are  negligible  in  com- 
parison with  the  distance  from  which  it  is  observed 
may  be  considered  as  coming  from  a  point.) 

The  unit  of  luminous  intensity  (candle-power)  is  the 
International  Candle,  such  as  resulted  from  agree- 
ments effected  between  the  three  National  Standardiz- 
ing Laboratories  of  France,  Great  Britain  and  the 
United  States,  in  1909.* 

This  unit  has  been  maintained  since  then  by  means 
of  incandescent  electric  lamps  in  these  laboratories 
which  continue  to  be  entrusted  with  its  maintenance. 

Accessions  to  tlie  Lending  Library. 

BowKER,  W.  R.  Electrical  circuits  and  connections. 
A  technical,  practical,  and  operative  treatise  on 
direct,  alternating,  polyphase,  and  hydro-electrical 
engineering  circuits.  Being  the  3rd  enlarged  edi- 
tion of  "  Dynamo,  motor  and  switchboard  cir- 
cuits." 8vo.     223  pp.     London,   1922 

Chilton,  F.  E.     Electric  cranes  and  hauling  machines, 
sm.  8vo.     124  pp.     London,   1923 

Collins,  A.  F.     The  radio  amateur's  handbook. 

8vo.     348  pp.     London,   1922 

CouRSEV,  P.  R.  The  radio  experimenter's  handbook, 
pt.  2,  Data  and  design. 

8vo.     78  pp.     London,  1923 

Cross,  H.  H.  U.  Electric  lighting  and  starting  for 
motor  cars.  8vo.     340  pp.     London,   1923 

Eason,  a.  B.     The  prevention  of  -vibration  and  noise. 
8vo.     175  pp.     London,  [1923] 

Fleming,  J.  A.,  D.Sc,  F.R.S.  Electrons,  electric 
waves  and  wireless  telephonv.  Being  a  reproduc- 
tion with  some  amplification  of  the  Christmas 
Lectures  delivered  at  the  Royal  Institution  of 
Great  Britain,  December,    1921,   January,   1922. 

sna  8vo.     334  pp.     London,   [1923] 

Harrison,  H.  H.  Printing  telegraph  systems  and 
mechanisms.  8vo.     447  pp.     London,  1923 

Hawkhead,  J.  C.  Handbook  of  technical  instruction 
for  wireless  telegraphists.  2nd  ed.,  extensively 
revised  and  enlarged  by  H.  M.  Dowsett. 

8vo.     325  pp.     London,   1915 

Hawkins,  C.  C.  The  dynamo  :  its  theory,  design  and 
manufacture.  6th  ed.  vol.  2  (Continuous-current 
dynamos).  8vo.     338  pp.     London,   1923 

•  Tliese  Laboratories  are:  the  Laboratoire  Central  d'Electricitc 
in  Paris ;  the  National  Physical  [.aboratory  in  Tediiington,  and  the 
Bureau  of  Standards  in  Washington. 
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HoBART,  H.  M.  Electric  motors ;  their  theory  and 
construction.  3rd  ed.  vol.  1,  Chiefly  concerning 
direct  current.  8vo.     428  pp.     London,   1923 

Kaye,  G.  W.  C,  O.B.E.,  D.Sc.  The  practical  appU- 
cations  of  x-rays.        8vo.     143  pp.     London,   1922 

Lamme,  B.  G.     Electrical  engineering  papers. 

8vo.     773  pp.     East  Pittsburgh,  Pa.,   1919 

Langman,  H.  R.,  and  Ball,  A.  Electrical  horology. 
A  practical  manual  on  the  application  of  the 
principles  and  practice  of  electricity  to  horological 
instruments  and  machines  for  the  measurement 
and  transmission  of  time.  With  an  account  of 
the  earliest  electrically-driven  clock  mechanism. 

sm.  8vo.      175  pp.     London,   1923 

Low,  D.  A.  Heat  engines,  embracing  the  theory,  con- 
struction, and  performance  of  steam  boilers, 
reciprocating  steam  engines,  steam  turbines  and 
internal  combustion  engines.  A  text-book  for  engi- 
neering students.         8vo.     599  pp.     London.,  1922 

Parr,  G.  D.  A.  Electrical  engineering  testing ;  a 
practical  work  on  continuous  and  alternating 
currents  for  second  and  third  year  students  and 
engineers.     4th  gd.     8vo.     703  pp.     London,  1922 

Rose,  W.  N.     Line  charts  for  engines. 

8vo.     107  pp.     London,   1923 

Stanley,  R.  Text-book  on  wireless  telegraphy. 
vol.  2,  Valves  and  valve  apparatus.      2nd  ed. 

8vo.     405  pp.     London,   1923 

Taylor-Jones,  E.,  D.Sc.  The  theory  of  the  induction 
coil.  8vo.     228  pp.     London,  1921 

Thompson,  \V.  P.  Handbook  of  patent  law  of  all 
countries.     18th  ed.   8vo.     164  pp.     London,  1920 

Yates,  R.  F.,  and  Pacent,  L.  G.     The  complete  radio 

book.     Preface  by  A.  A.  Campbell  Swinton,  F.R.S. 

8vo.     343  pp.     London,   1922 

Accessions  to  tlie  Reference  Library. 

Allsop,     F.     C.      Practical     electric-Ught    fitting.      A 

treatise  on  the  wiring  and  fitting-up  of  buildings 

deriving  current  from   central  station  mains,   and 

thi  laying  down  of  private  installations.     9th  ed. 

sm.  8vo.     295  pp.     London,  1923 

Beauchamp,   J.  W.     Industrial  electric  heating. 

sm.   8vo.     128  pp.     London,   1923 

Blattner,  E.  Lehrbuch  der  Elektrotechnik.  4«  Aufl. 
Teil  1.  8vo.     432  pp.     Bern,   1922 

California  :  Railroad  Commission  of  the  State  of 
California.  Inductive  interference  between  elec- 
tric power  and  communication  circuits.  Selected 
technical  reports  with  preliminary  and  final  reports 
of  the  Joint  Committee  on  Inductive  Interference 
and  Commission's  General  order  for  prevention  or 
mitigation  of  such  interference.     April  1,   1919. 

8vo.      1  160  pp.     Sacramento,    1919 


Chilton,  F.  E.     Electric  cranes  and  hauling  machines, 
sm.  8vo.     124  pp.     London,  1923 

Erskine-Murray,  J.  Wireless  telephones,  and  how 
they  work.     3rd  ed.  84  pp.     London,   1923 

Fleming,  J.  A.,  D.Sc,  F.R.S.  Electrons,  electric 
waves  and  wireless  telephony.  Being  a  reproduc- 
tion with  some  amplification  of  the  Christmas 
Lectures  delivered  at  The  Royal  Institution  of 
Gt.  Britain,  Dec,   1921,  Jan.,   1922. 

sm.  8vo.     334  pp.     London,  [1923] 

The  principles  of    electric  wave  telegraphy  and 

telephony.     4th  ed. 

8vo.     722  pp.     London,   1919 

Glazebrook,  Sir  R.,  K.C.B.,  D.Sc.  A  dictionary  of 
applied  physics.        vol.   3,  4.     8vo.     London,   1923 

3,  Meteorology — Metrology  and  Measuring  apparatus. 

4,  Light — Sound — Radiology. 

Gordon,  J.  W.  Generalised  linear  perspective,  treated 
with  special  reference  to  photographic  land  sur- 
veying and  military  reconnaissance. 

8vo.     200  pp.     London,   1922 

Harrison,  H.  H.  Printing  telegraph  systems  and 
mechanisms.  8vo.     447  pp.     London,   1923 

Haynes,  F.  H.  The  amateurs'  book  of  wireless 
circuits.  obi.  8vo.     107  pp.     London,   1923 

Institution  of  Engineers,  The,  Australia.  Trans- 
actions, vol.  1,  1920.    8vo.     480  pp.     Sydney,  1921 

Johnson,  B.  K.  Practical  optics  for  the  laboratory 
and  workshop.  With  a  foreword  by  Prof.  [F.  J.] 
Cheshire,  C.B.E.  8vo.     189  pp.     London,   1922 

Lertes,  p.     Die  drahtlose  Telegraphic  und  Telephonic. 
8vo.     163  pp.     Dresden,   1922 

Marec,  E.  La  force  motrice  electrique  dans  I'industrie. 
Avec  une  preface  de  P.  Janet. 

8vo.     621  pp.     Paris,   1922 

Pender,  H.  Direct-current  machinery.  A  text-book 
on  the  theory  and  performance  of  generators 
and  motors.  8vo.     324  pp.     New   York,   1922 

Scott-Maxwell,  J.  M.  Costing  and  price-fixing. 
With  a  foreword  by  Lord  Weir. 

8vo.     223  pp.     London,   1923 

Standard  handbook  for  electrical  engineers.  Pre- 
pared by  a  staff  of  specialists.  F.  F.  Fowle, 
editor-in-chief.     5th  ed. 

sm.  8vo.     2  155  pp.     New   York,   1922 

Union  des  Syndicats  de  l'Electricit:^.  Construc- 
tion &  exploitation  des  grands  reseaux  de 
transport  d'energie  electrique  a  tres  haute  tension. 
Compte-rendu  des  travaux  de  la  Conference  Inter- 
nationale tenue  a  Paris  du  21  au  26  novembre, 
1921.     Etabli  par  J.  Tribot  Laspiere. 

8vo.     1  176  pp.     Paris,   1922 

YoRKE,  J.  P.     Magnetism  &  electricity,     new  sd. 

8vo.     256  pp.     London,   1922 
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Council  for  the  Year  1923  24. 

The  scrutineers  appointed  at  tlie  Ordinary  Meeting 
on  the.  iOth  May,  1923,  in  connection  with  the 
ballot  to  fill  the  vacancies  which  will  occur  in  the 
Council  on  the  30th  September  ne.xt,  have  reported 
to  the  President  the  result  of  the  ballot  as  follows  : — 

President  :  Dr.  A.  Russell. 

Vice-President  :  Sir  James  Devonshire,  K.B.E. 

Hon.  Treasurer  :  Mr.  P.  D.  Tuckett. 

Ordinary  Members  of  Council  :  (Members)  Captain 
J.  M.  Donaldson,  M.C.,  Mr.  G.  W.  Partridge,  Colonel 
T.  F.  Purves,  O.B.E.,  Mr.  P.  Rosling  and  Professor 
W.  M.  Thornton,  O.B.E.,  D.Sc.  ;  (Associate  Member) 
Mr.  S.  \V.  Melsom. 

The  Council  for  the  year  1923-24  will  therefore 
be  constituted  as  follows  : — 

president. 
A.  Russell,  M.A.,  D.Sc. 

Zbe  Ipast=iprc6i6cnt6. 

lDicc=lprc6tDciit6. 
Sir      James      Devonshire,      C.  C.  Paterson,  O.B.E. 

K.B.E.  A.  A.  C.  Swinton,  F.R.S. 

Prof.    E.     W.     Marchant, 

D.Sc. 

IbonoiavB  ^Treasurer. 
P.   D.  Tuckett. 

©cCiiiiarK  /Iftembcr^  of  Council. 

J.  W.  Beauchamp.  S.  W.  Melsom. 

R.  A.  Chattock.  Sir    Andiew    M.     Ogilvie, 
F.  W.  Crawter.  K.B.E.,  C.B. 

Captain  J.   M.  Donaldson,  A.  Page. 

M.C.  G.  W.  Partridge. 

D.  N.  Dunlop.  Col.  T.  F.  Purves,  O.B.E. 

K.  Edgcumbe.  W.  R.  Rawlings. 

S.  Evershed.  T.  Roles. 

A.  F.  Harmer.  P.  Rosling. 

Lt.-Col.      F.      A.     Cortez  Prof.     W.     M.    Thornton, 

Leigh,  T.D.,  R.E.  O.B.E.,  D.Sc. 

and 

The  Chairman  and  immediate   Past-Chairman  of   each 

Local  Centre. 
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List  of  Members. 
A  new  List  of  Members  is  in  preparation  and  will 
be  ready  in  the  autumn.     Members  wishing  to  receive 
a  copy  are  requested  to  make  early  application  to 
the  Secretary. 

Ten-Year  Index. 
A  Ten- Year  Index  to  Vohunes  48  to  59  (years 
1912-1921)  of  the  Jourral  will  shortly  be  ready. 
The  published  price  is  lOs.  6d.  per  copy,  but  members 
(of  any  class)  of  the  Institution  who  have  not  already 
filled  in  an  order  form  may  obtain  copies  at  the 
reduced  rate  of  2s.  6d.  each  post  free  by  ordering 
copies  without  delay.  Orders  should  be  sent  to 
the  Secretary  of  the  Institution,  Savoy  Place,  Victoria 
Embankment,  London,  W.C.  2. 

Annual  Subscriptions. 
At  the  recent  Annual  General  Meeting  the  President 
announced  that  the  Council  had,  under  the  provisions 
of  Bye-Law  27,  reduced  the  subscriptions  of  Cor- 
porate Members  by  10s.  and  those  of  Graduates  by 
5s.  as  from  the  1st  January,  1924.  From  that  date 
the  subscriptions  will  accordingly  be  as  follows  : — 

In  Great  Biitain,  Ireland, 
the  Isle  of  Man  and 
the  Channel  Islands.         .\brcad. 

£    s.    d.  £   s.    d. 

Members 4   1.5     0  .3   15     0 

Associate  Members  . .  ..350  2150 

Associates  ..  ..  ..  ..450  3150 

Graduates  ..  ..  ..  ..250  250 

Students,    until    the   end    of   the 

calendar  year  in  which  the  age 

of  21  is  attained  .  .  ..110  110 

Students,  after  the  calendar  year 

in  which  the  age  of  21  is  attained     111     ti  111     6 

The  subscription  to  Science  Abstracts  is  as  foUows  : — 

s.  d. 

Section  A  (Physics)       ..          ..          ..12  6  per  annum 

Section  B  (Electrical  Engineering)     .  .    12  6  per  annum 

Both  Sections                 .  .          . .          .  .    20  0  per  annum 

The  above  are  specially  reduced  rates  for  members 
of  the  Institution,  the  subscription  payable  by  the 
general  public  being  30s.  for  either  Section  alone, 
or  50s.  for  the  two. 

A   prospectus   of   the   publication,   with  specimen 
abstracts,  can  be  obtained  from  the  Secretarj'. 
7     ) 
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Short  Papers  for  Journal. 

The  Papers  Committee  would  like  it  generally 
known  that  short  papers  and  notes  on  novel  features 
in  electrical  engineering  or  in  science  applied  thereto 
are  acceptable  for  publication  in  the  Journal.  Con- 
tributions need  not  be  confined  to  the  handling 
of  complete  subjects  by  means  of  long  papers.  Recent 
advances  or  disco\'eries  for  which  members  are 
responsible,  even  though  of  limited  scope  or  applica- 
tion, are  often  worthy  of  publication  in  the  form 
of  concisely  written  articles. 

Premiums. 

At  the  Annual  General  Meeting  held  on  31st  May, 
1923,  the  President  announced  that  the  Council 
had  awarded  the  following  premiums  for  papers  : — 

The  Institution  Premium  [value  £25). 
The  late  Dr.  G.  K.\pp.     "  The    Improvement   of   Power 
Factor." 

The  Ayrton  Premium  {value  £10). 

F.  Creedy.  "  Variable-Speed      Alternating- 

Current  Motors  without  Com- 
mutators." 

The  Fahie  Premium  [value  £10). 

Dr.  H.  W.  Nichols.       "  Transoceanic    Wireless    Tele- 
phony." 

The  John  Hopkinson  Premium  (value  £10). 

J.   Rosen.  "  Some  Problems  in  High-Speed 

Alternators,  and  their  Solu- 
tion." 

The  Kelvin  Premium  [value  £10). 

S.    W.    Melsom    and     "  The  Efficiency  of  Overlapping 
H.  C.  Booth.  Joints    in    Copper    and    Alu- 

minium Busbar  Conductors  " 
and 

"  The  Rating  of  Cables  for 
Intermittent  or  Fluctuating 
Loads." 

The  Paris  Premium  [value  £10). 

J.  Caldwell.  "  Electric  Arc  Welding  Appara- 

tus and  Equipment." 
Extra  Premiums  [value  £5  each). 
L.    Bre.^ch   and    H. 

MiDGLEY. 

F.  T.  Ch.\pm.\n,  D.Sc. 


A.  T.  Dover. 


P.  J.  Robinson. 


'  The  Drive  of  Power  Station 
Auxiliaries." 

'  The  Production  of  Noise  and 
Vibration  by  Certain  Squirrel- 
Cage  Induction  Motors." 

'  A  Universal  '  Chart  '  Method 
of  Calculating  Starting  Rheo- 
stats for  Direct  -  Current 
Motors." 

'  The  Maintenance  of  Voltage 
on  a  D.C.  Distribution  System 
by  Means  of  a  FuUy  Auto- 
matic Substation." 


Wireless  Section  Premiums. 

A  Premium  [value  £10). 

N.  W.  McL.^cHLAN,  "  The  Application  of  a  Re- 
D.Sc.  volving    Magnetic    Drum    to 

Electric  Relavs,  Siphon  Re- 
corders and  Radio  Trans- 
mitting Keys." 


A   Premium  [value  £10). 
E.  B.  :Moullin,  M.A.     ' 


A  Direct-reading  Thermionic 
Voltmeter,  and  its  Applica- 
tions." 


Extra  Premium  [value  £5) . 

Prof.  C.  L.  Fortescue.  "  The    Design    of    Inductances 
for  High-Frequency  Circuits." 

Extra  Premium  [value  £5). 

J.      Hollixgworth,       "  The  Measurement  of  the  Elec- 
M.A.,   B.Sc.  trie     Intensity    of    Received 

Radio   Signals." 

The  Premiums  for  papers  read  before  the  Students' 
Sections  will  be  announced  later. 

Portrait  of  Sir  Francis  Ronalds. 

Mrs.  Ortmans,  a  great-niece  of  Sir  Francis  Ronalds, 
has  presented  to  the  Institution  a  painting  of  Sir 
Francis  at  work  on  the  catalogue  of  the  Ronalds 
Librar}',  of  which  the  Institution  has  the  custody. 

National  Certificates  and  Diplomas  in 
Electrical  Engineering. 

The  following  Schools  and  Colleges  have  recently 
been  approved  under  the  scheme  drawn  up  jointly 
by  the  Board  of  Education  and  the  Institution  for 
the  purpose  of  awarding  the  above  Certificates  and 
Diplomas  to  students  who  successfully  complete 
approved  courses  and  pass  the  prescribed  examina- 
tions. 

Further  lists  of  approved  Schools  will  be  published 
from  time  to  time. 

Approved  for  Ordinary  Grade  Certificates.     [Senior  Part- 
Time  Courses.) 

Blackburn  Municipal  Technical  College. 

Blackpool  Technical  College. 

Bolton  Municipal  Technical  School. 

Lancrster — Storey  Institute. 

Leigh  (Lanes)  Technical  School. 

London — The  Pol)-technic,  Regent  Street. 

Loughborough  CoUege. 

Rugby  Technical  School. 

St.  Helens  Municipal  Technical  School. 

Stafford  Technical  School. 

Widnes  Municipal  Technical  School. 


Approved    for     Higher     Grade     Certificates. 
Part-Time  Courses.) 

Rugby  Technical  School. 


[Advanced 
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Associate  Membership  Examination 
Results. 

April  1923. 


Passed. 


Aylott,  H.  J. 
Ball,  E.  T.  R. 
Banks,  W.  Q. 
Base,  G.  C. 
Bearman,  C.  W.  G 
Beaumont,  F,  N. 
Currah,  L.  E. 
Daniel,  C.  R. 
Dean,  A.  R. 
Dennian,  R.  P.  G. 
Dunn,  E.  E. 
Edwards,  L. 
Fa  veil,  F. 
Featherstone,  H. 
Harris,  C.  E. 
Hinds,  G.  A.  R. 
Hollis,  A.  C. 
Hulcoop,  F,  A. 
Johnson,  C.  V. 
Johnson,  C.  W. 
Kearley,  N.  E. 


Kingaby,  G.  W. 
McCulloch,  R.  A. 
Mendelson,  J. 
Minton,  W.  J. 
Morris,  C.  I. 
Pilgrim,  W.  H. 
Pollard,  A.  H. 
Reed,  F.  R. 
Ross,  E.  G. 
Rowland,  F.  E. 
Sadler,  E.  H. 
Sennett,  H.  H. 
Sims,  R.  J. 
Thompson,  H.  E. 
Tucker,  J.  P. 
Wade-Cooper,  F. 
Waggott,  H.  C. 
Watton,  E.  B. 
Watts,  D. 
Weare,  HO. 
woman,  C.  W. 


Passed  Part  I  onlv. 


Bellamy-Law,  J.  W. 
Dell,  R. 


Kitto,  F.  M. 
Rayner,  F.  J. 


Passed  Pari  II  only. 


Bailey,  G.  S. 
Bleasdale,  J.  W. 
Bradford,  P.  J. 
France,  W.  G. 
Galliard,  J.  D. 


Harris,  G.  S. 
Irwin,  A.  E. 
Price,  S.  C. 
Rea,  J.  R. 
Stinchcomb,  E.  A, 


Officers  of  the  Corps  of  Royal  Engineers. 


Passed. 


Ahern,  Lieut.  P.  J. 
Bagnall-Wild,    2nd    Lieut. 

R.  E. 
Bishop,  2nd  Lieut.  R.  A. 
Blenkinsop,      2nd     Lieut. 

R.   L  C. 
Blundell,  2nd  Lieut.  J.  H. 
Blunt,  2nd  Lieut.  D.  S. 
Boulden,  2nd  Lieut.  C.  B. 
Bradshaw,       2nd       Lieut. 

F.  C.  C. 
Bryan,  2nd  Lieut.  G.  J. 
Burn.  2nd  Lieut.  D.  M. 
Cadell,  2nd  Lieut.  L  M. 
Cam,  Captain  G. 
Cran,  2nd  Lieut.  F.  K. 
Deane,  2nd  Lieut.  D.  V. 
de  Brett,  2nd  Lieut.  E.  S. 
Dove,  2nd  Lieut.  A.  J.  H. 


Fenwick,  2nd  Lieut.  D.  H. 
Gordon,  2nd  Lieut.  G.  A. 
Green,  2nd  Lieut.  F.  M. 
Highway,  Lieut.  F.  T.  G. 
Howe,  2nd  Lieut.  J.  S. 
Hutchins,        2nd        Lieut. 

H.   R.   P. 
Landor,  2nd  Lieut.  J.  W.  N. 
Lendrum,  2nd  Lieut.  H.  L. 
Loftus-Tottenhani,         2nd 

Lieut,  H.  T.  L. 
Maconochie,  2nd  Lieut.  D. 
May,  2nd  Lieut.  N.  E. 
Michelli,  Captain  P.  F.  M. 
Micklam,  2nd  Lieut.  G.  V. 
Owen,  2nd  Lieut.  J.  R.  L. 
Parker,  2nd  Lieut.  C.  G.  W. 
Pritchard,        2nd       Lieut. 

G.  A.  T. 


Reilly,  2nd  Lieut.  J.  F.  C.    Swales,   2nd  Lieut.  N.  R. 
Richardson,      2nd      Lieut.    Vaughan-Lee,  Lieut.  G.  H. 


G.  N. 

Scratchley,  2nd  Lieut.  P.  J. 
Seagrim,  2nd  Lieut.  C.  V. 
Stileman,        2nd        Lieut. 

E.  C.  R. 


Waring,  2nd  Lieut.  W.  H. 
Warren,   2nd  Lieut.   C. 
Whyte,  2nd  Lieut.  A.  J.  L. 
Yolland,  2nd  Lieut.  N.  de 
C. 


[The  results  relating  to  candidates  who  sat  for  the 
Examination  abroad  will  be  published  later.] 


Accessions  to  the  Reference  Library. 

Avery,   A.   H.     Dynamo  design  and  construction. 

8vo.     264  pp.     London,  [1922] 
BiGELOW,  F.  H.     Atmospheric  radiation  electricity  and 
magnetism.     [Supplement   no.    4   to   the   Treatises 
on  the  atmospheres  of  the  sun  and  the  earth]. 

8vo.     97  pp.      Vienna,    1922 
British    Engine,    Boiler   &   Electrical   Insurance 
Company,  Ltd.     Technical  report  for  1922. 

sm.  4to.     184  pp.     [Manchester,   1923] 
Cooper,  W.  R.     Electro-chemistry  related  to  engineer- 
ing. 8vo.     150  pp.     London,   1923 
CouRSEY,  P.  R.     How  to  build  amateur  valve  stations, 
sm.   8vo.     70  pp.     Lo7idon,   1923 

The    radio    experimenter's    handbook.     Part    ii. 

Data  and  design.  8vo.     78  pp.     London,   1923 

Department  of  Scientific  and  Industrial  Research. 
Report  of  the  Fuel  Research  Board  for  the  years 
1922,   1923.     First  section  :    The  production  of  air- 
dried  peat.  8vo.      153  pp.     London,   1923 
Dover,  A.  T.     Traction  motor  control  (Direct  current), 
sm.  8vo.     124  pp.     London,  1923 
ESMARCH,  W.     iJber  die    Elektrizitatsleitung  in  metal- 
lischen  Aggregaten.      [Aus  :     Jahrbuch  der  Radio- 
aktivitat  und  Elektronik,   19.  Band,  Heft  2]. 

8vo.     21  pp.     [Leipzig,   1922] 

Flight,  W.  S.  Electrical  insulation.  The  functions 
and  characteristics  of  electrical  insulating  materials 
(solid,  liquid,  and  gaseous)  ;  the  testing  of  these 
materials  ;  and  their  use  in  the  insulation  of  elec- 
trical machinery  and  apparatus. 

sm.  8vo.     118  pp.     London,  1923 

Gill,  J.  F.,  and  Teago,  F.  J.  E.xamples  in  electrical 
engineering.     2nd  ed. 

sm.  8vo.      173  pp.     London,   1923 

Grierson,  R.  Electric  lift  equipment  for  modern 
buildings.  A  practical  guide  to  its  .selection,  in- 
stallation, operation  and  maintenance. 

8vo.     191  pp.     London,   1923 
GuiLBERT,  C.  F.     Essais  des  machines  electriques. 

8vo.     565  pp.     Paris,   1922 

Harris,  P.  W.     Practical  wireless  sets  for  all. 

sm.   8vo.     77  pp.     London,   1923 

Hawkins,  C.  C.  The  dynamo.  Its  theory,  design  and 
manufacture.  6th  ed.  vol.  2  (Continuous-current 
dynamos).  8vo.     338  pp.     London,   1923- 
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Henderson,  J.,  and  Marshall,  C.  W.  A.C.  protective 
systems  and  gear.  A  practical  introduction  to 
the  methods  and  equipment  used  to  protect  high- 
tension  alternating-current  systems  from  the  effects 
of  faults,  with  notes  on  the  latter,  the  determination 
of  short-circuit  current,  and  the  testing  of  pro- 
tective devices,      sm.   8vo.     120  pp.     London,  1923 

HUYGHENS,  C.     Traite  de  la  lumiere. 

sm.  8vo.     165  pp.     Paris,   1920 

Hyde,  W.  H.  Telephone  troubles  and  how  to  find  them. 
19th  ed.  sm.   8vo.     56  pp.     London  [1922] 

Institution  of  Petroleum  Technologists,  The. 
The  petroleum  industry.  A  brief  survey  of  the 
technology  of  petroleum  based  upon  a  course  of 
lectures  given  by  members  of  the  Institution  of 
Petroleum  Technologists,  Petroleum  Exhibition, 
Crystal  Palace,   1920. 

8vo.     346  pp.     London,   [1922] 

John  Fritz  JMedal,  The,  [Biographical  notices  of  the 
Jolin  Fritz  medallists,   1905-22]. 

8vo.     127  pp.     [New  York,  1922] 

Karapetoff,    V.     Experimental   electrical    engineering 

and  manual  for  electrical  testing.     3rd  ed.     vol.  i. 

8vo.     827  pp.     New  York,   1922 


Kennelly,  a.  E.  Dissjinmetrical  electrical  conduct- 
ing networks.  [Midwinter  Convention,  A.I.E.E., 
New  York,  Feb.   14-17,   1923]. 

4to.     11  pp.     n.p.,  [1923] 

Lemeray,  E.  M.  L'ether  actuel  et  ses  precurseurs 
(simple  recit).     Preface  de  L.  Lecomu. 

sm.   8vo.     150  pp.     Paris,   1922 

Maccall,  W.  T.  Alternating  current  electrical  engineer- 
ing. 8vo.     499  pp.     London,   1923 

Moureu,  C.  Notions  fondamentales  de  chimie  orga- 
nique.     6^  ed.  8vo.     558  pp.     Paris,   1919 

Perrin,  J.  Atoms.  Authorized  translation  by  D.  LI. 
Hammick.     2nd  English  ed. 

8vo.     245  pp.     London,   1923 

Practical,  The,  electrician's  pocket  book  for  1923. 
25th  annual  issue.     Edited  by  H.  T.  Crewe. 

sm.   8vo.     662  pp.     London,  [1923] 

RiJDENBERG,  R.  Elcktrische  Schaltvorgange  und  ver- 
wandte  Storungserscheinungen  in  Starkstroman- 
lagen.  8vo.     512  pp.     Berlin,   1923 

Steinmetz,  C.  p.  Four  lectures  on  relativity  and 
space.  8vo.     136  pp.     New  York,   1923 

Workman,  E.  \V.  Costing  organization  for  engineers. 
With  a  foreword  by  A.  P.  M.  Fleming. 

8vo.     96  pp.     London,   1923 
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Ordinary  Meetings,  1923-1924. 

The  recent  postcard  vote  among  members  having 
addresses  in  the  London  district  has  resulted  in  a 
majority  being  in  favour  of  the  hour  of  6  p.m., 
which  will  accordingly  be  continued,  except  on 
29th  November,  when  the  Meeting  will  be  in  two 
sessions,  viz.  5.30  to  7  p.m.  and  8  to  9.30  p.m. 

The  details  of  the  voting  are  as  follows : — 

Voting  cards  were  issued  to  2  750  members  of  all 
classes,  and  replies  were  received  from  : 

Corporate  Members  .  .  . .      400 

Graduates    . .  . .  .  .  . .        39 

Students 138 

Associates    . .  .  .  .  .  .  .        19 


Total 


596 


Totals    of 

Preference 

Marks    (divided    by    10) 

ALLOTTED         TO 

THE 

Various      Alternative 

Meeting  Times. 

6  p.m. 

6.30  p.m.     7  p.m.     7.30  p.m.    8  p.m. 

Corporate  Members . . 

2  368 

1  596      1  374      1  106      1  155 

Graduates     . . 

128 

219         266         191           85 

Students 

404 

656         829         646         345 

Associates     . . 

100     p 

132 

65            47            43            32 

3  032 

2  536      2  516      1986      1617 

Totals     of 

ER     CENT     Preference     Marks 

(divided 

BY     10 

AND 

EXCLUDING    Percentages 

LESS    THAN    100). 

6  p.m. 

6.30  ^m.     7  p.m.     7.30  p.m.  S  p.m. 

Corporate  Mem 

bers . . 

201 

46           59           33         61 

Graduates     . . 

8 

8           12             9           2 

Students 

27 

27            43            27          14 

Associates     . . 

11 

2             2             2           2 

247 

83         116           71         79 

Ten- Year  Index. 

The  Ten-Year  Index  to  Volumes  48  to  59 
(years  1912-1921)  of  the  Journal  is  now  ready. 
The  price  to  the  public  is  lOs.  6d.  per  copy,  but 
members  can  obtain  copies  at  5s.  3d.  each  on 
application  to  the  Secretary. 

Copies  are  still  available  of  the  Ten-Year  Indexes 
to  Volumes  1-10  (years  1872-1882),  11  to  20 
(years  1882-1891),  21  to  30  (years  1892-1901),  and 
31-47  (years  1901-1911),  price  2s.  6d.  each. 

( 


Students'  Premiums. 

The  following  premiums,  each  of  the  value  of 
;£10,  have  been  awarded  by  the  Council  for  papers 
read  before  the  Students'  Sections  during  last 
session. 

Author  Title  of  Paper  Where  read 

F.   A.    Adcock,  "  Temperature        Measure-    Birmingham 
Ph.D.,        and  ment      with     the     Ein- 

E.  H.  Wells,  thoven       Galvano- 
Ph.D.  meter  " 

W.T.J.  Atkins,    "Electric      Line      Calcula-  Bradford 

B.Sc.  (Eng.)  tions  " 

H.  E.  Dance         "  The       Electric       Battery  Liverpool 

Vehicle  " 

J.  C.  Read  "  Steam  Turbine   Blading  "  London 

W. -Stirling  "  Wind-driven  Generators  "  Glasgow 

Scholarsliips. 

The  following  Scholarships  have  been  awarded 
by  the  Council  for  1923-24:— 

Salomons  Scholarships  {value  £50  each)  : 

F.  J.  Lane,  (The  University,  Leeds). 

James  Linton  (Heriot  Watt  College,  Edinburgh). 

David  Hughes  Scholarships  [value  £50  each)  : 
R.  MacWhirter  (Royal  Technical  College,  Glasgow). 
R.  E.  Banks  (The  University,  Birmingham). 

Coopers  Hill  War  Memorial  Medal  and 
Premium. 
Intending  competitors  are  reminded  that  the 
latest  date  for  receiving  the  MS.  of  papers  sub- 
mitted in  connection  with  the  above  is  the 
31st  December,  1923.  Full  particulars  can  be 
obtained  from  the  Secretary  of  the  Institution, 
Savoy  Place,  Victoria  Embankment,  London,  W.C.  2. 


Electrical  Research  Association. 
The  issue  of  periodical  Progress  Reports  has  been 
discontinued  by  the  British  Electrical  and  Allied 
Industries  Research  Association.  Members  desiring 
information  in  regard  to  the  work  which  is  being 
carried  on  by  the  Association  should  apply  to  the 
Director  of  the  Association,  19  Tothill-street,  West- 
minster, S.W.  1. 
21     ) 
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Accftssions  to  the  Lending:  Library. 

AiTKEN,  W.  Automatic  telephone  systems,  vol.  ,  2, 
Auxiliary  services  and  private  and  branch  ex- 
changes. 4to.  240  pp.  London,  1923 
Bolton,  D.  J.  Electrical  measuring  instruments  and 
supply  meters.  8vo.  344  pp.  London,  1923 
Broughton,  H.  H.  The  electric  handling  of  materials. 
vol.  4,  Machinery  and  methods. 

4to.     354  pp.     London,   1923 
CoNSTANTiNESco,  G.     Theory  of  wave  transmission  ;    a 
treatise   on   transmission   of   power  by  vibrations. 
2nd  ed.  8vo.     213  pp.     London,   1922 

Cooper,    W.    R.     Electro  chemistry    related    to    engi- 
neering. 8>'o.     150  pp.     London,   1923 
D41.BY,   W.   E.,  F.R.S.     Steam  power.     2nd  ed. 

8vo.     779  pp.     London,   1920 
Elwell,  C.  F.     The  Poulsen  arc  generator. 

8vo.     192  pp.     London,   1923 

Erskine-Murr.^y,   J.,  D.Sc.     Wireless  telephones,  and 

how  they,  work.     sm.   8vo.     84  pp.     London,   1923 

Fleming,   A.   P.   M.,  and  Pearce,  J.   G.     Research  in 

industry  :    the  basis  of  economic  progress. 

8vo.  259  pp.  London,  1922 
Flight,  W.  S.  Electrical  insulation.  The  functions 
and  characteristics  of  electrical  insulating  materials 
(solid,  liquid,  and  gaseous)  ;  the  testing  of  these 
materials  ;  and  their  use  in  the  insulation  of 
electrical  machinery'  and  apparatus. 

sm.   8vo.      118  pp.     London,    1923 
Grierson,    R.     Electric    lift    equipment     for    modern 
buildings  ;      a    practical    guide    to    its    selection, 
installation,  operation  and  maintenance. 

8vo.     190  pp.     London,   1923 
Herbert,   T.   E.     Telephony.     An   elementary  exposi- 
tion of  the  telephone  system  of  the  British  Post 
Office.  sm.   8vo.     883  pp.     London,  1923 

HoBART,    H.    M.     Electric    motors  ;     their   theory   and 
construction.     3rd    ed.     vol.   2,    chiefly  concerning 
polyphase  current.       8vo.     399  pp.     London,   1923 
Klingenberg,  G.     a   130  000  kilowatt  power  station: 
third  volume  of  "  Large  electric  power  stations." 
4to.     154  pp.     London,   1922 
Maccall,   W.   T.     Alternating   current   electrical   engi- 
neering. 8vo.     499  pp.     London,   1923 
McKay,  R.  F.     The  theory  of  machines.     2nd  ed. 

8vo.     448  pp.     London,   1922 
Pender,   H.     Direct-current  machinery- ;     a   text-book 
on  the  theory  and  performance  of  generators  and 
motors.  8vo.     324  pp.     New  York,   1922 

Scott-Maxwell,     J.   M.,     B.Sc.      Costing    and    price- 
fixing.  8vo.      223  pp.     London,    1923 
Smith,    A.    B.,     and    Campbell,    W.    L.      Automatic 
telephony.     2nd  ed. 

8vo.     441  pp.     New  York,   1921 

Steinmetz,    C.    p.     Four    lectures    on    relativity    and 

space.  8vo.     136  pp.     New  York,   1923 

'.■ Theory    and    calculation   of  alternating   current 

phenomena.     5th  ed.     3rd  impr. 

8vo.     501  pp.     New  York,   1916 
Workman,  E.  W.     Costing  organization   for  engineers. 
With  foreword  by  A.  P.  M.  Fleming. 

8vo.     96  pp.     London,   1923 


Accessions  to  the  Reference  Library. 

Adler,  L.     Die  Feldschwachung  bei  Bahnmotoren. 

8vo.     44  pp.     Berlin,   1919 
Aitken,    W.     Automatic    telephone    systems,     vol.    2, 
Auxiliary    services    and    private    and    branch    ex- 
changes. 4to.     240  pp.     London,    1923 
Benischke,  G.     Die  asynchronen  Wechselfeldmotoren. 
Kommutator-  und  Induktionsmotoren. 

Svo.      114  pp.     Berlin,    1920 

Die  Porzellan-lsolatoren.       94  pp.     Berlin,   1921 

Die  wissenschaftlichen  Grun('lagen  der  Elektro- 
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Ayrton  Premium.     Awarded  to  F.  Creedy.     (18). 

Banks,  R.  E.     David  Hughes  Scholarship  awarded  to.     (21). 
Booth,  H.  C,  and  Melsom,  S.  W.     Kelvin  Premium  awarded 

to.     (18). 
Breach,  L.,  and  Midgley,  H.     Premium  awarded  to.     (18). 
British  plant,  specification  of.  Council's  resolution  on.     (9). 

Caldwell,   J.     Paris  Premium  awarded  to.      (18). 

Certificates  and  diplomas,  national,  in  electrical  engineer- 
ing.    (18). 

Chapman,  F.  T.     Premium  awarded  to.     (18). 

Colleges  approved  for  national  diplomas  in  electrical  engi- 
neering.     (18). 

Committees,  constitution  of,   1922-23.     (2). 

Conversazione,   Annual,  announcement  of  date  of.      (9),  (13). 

Cooper's  Hill  War  Memorial  Medal  and  Premium.      (21). 

Council  for   1923-24  :   result  of  ballot.      (17). 

Creedy,   F.     Ayrton  Premium  awarded  to.      (18). 

Dance,   H.  E.     Students'   Premium  awarded  to.      (21). 
Definitions,      photometric,      of     International      Illumination 

Commission.      (14). 
Devonshire,  Sir  James.     Elected  Vice-President.     (17). 
Diplomas  and  certificates,  national,  in  electrical  engineering. 

(18). 
Donaldson,   J.  M.     Elected  Member  of  Council.     (17). 
Dover,   A.  T.     Premium  awarded  to.      (18). 
Dunn,  G.     Appointed  Local  Hon.  Secretary  for  U.S.A.     (5). 


grant    to     R.     H. 


Economics  of  engineering  design.      (10). 
Education    Fund,    War    Thanksgiving  : 

Holmes.     (9). 
Engineering  design,  economics  of.     (10). 
Engineers,  Royal  (T.A.),  Anti-Aircraft  Battalion.     (1). 

,   Royal,  examination  results.      (1),   (19). 

,  Royal,  Old  Comrades'  Association.     (10). 

English-speaking  Nations  Committee  and  visiting  members. 

(10). 
Examination  results,  Associate  Membership.     October  1922  : 

(1),  (9),  (13)  ;    February  1923  :    (13)  ;    April  1923  :    (19). 

Fahie  Premium.     Awarded  to  H.  W.  Nichols.     (18). 
Faraday  Medal.     Awarded  to  Sir  C.  A.  Parsons.     (9). 
Fleming,  J.  A.     Elected  Honorary  Member.     (1). 
Fortescue,  C.   L.     Wireless  Premium  awarded  to.      (18). 

HoLLiNGWORTH,  J.     Wireless  Premium  awarded  to.     (18). 
Holmes,  R.  H.     Grant  from  War  Thanksgiving  Fund.      (9). 
Honorary  Member.     J.  .•\.  Fleming  elected.     (1). 


Hopkinson  (John)  Premium,     .\warded  to  J.   Rosen.      (18). 
Hughes    (David)    Scholarships    awarded    to    R.    E.     Banks 
and  R.  MacWhirter.     (21). 

Illumination    Committee    of    Great    Britain,    report    of,    for 

1922.      (U). 
Index,   Ten-Year,   publication  of.      (17),   (21). 
India,    Institution    of    Engineers  :      award    of    premium    to 

A.  L.  Stanton.     (13). 
Informal  Meetings,   proceedings  of.      (5).    (14). 
Institution    of    Engineers    (India)  :     award    of    premium    to 

A.  L.  Stanton.     (13). 

Premium.     Awarded  to  G.   Kapp.      (18). 

register,  removal  from.      (10). 

representatives  on  other  bodies.      (3). 

International     Conference     on     e.h.t.     power     transmission 

(5),    (9). 

Consulting    Committee    for    telephone    communication 

(13). 

Jo'.o'tial,  short  papers  for.      (18). 

Kapp,  G.     Institution  Premium  awarded  to.     (18). 
Kelvin  Premium.     Awarded  to  S.   W.  Melsom  and   H.   C. 

Booth.     (18). 
Kerr,  W.  T.     Name  removed  from  Institution  register.      (10). 
Kristiansen,   M.   L.     Appointed   Local   Hon.   Secretary  for 

Norway.     (5). 

Lane,  J.  F.     Salomons  Scholarship  awarded  to.     (21). 
Library,   Lendin-g,   accessions  to.      (8),    (15),   (22). 

,   Reference,  accessions  to.      (10).   (IG),   (19),    (22). 

Lines,  overhead.      (See  Transmission). 

Linton,  J.     Salomons  Scholarship  awarded  to.     (21). 

List  of  members,   1923.     (17). 

Local  Hon.  Secretaries  abroad,  new,  appointed.     (5). 

McLachlan,  N.  W.     Wireless  Premium  awarded  to.       (18). 
MacWhirter,  R.  David  Hughes  Scholarship  awarded  to.  (21). 
Medal.  Cooper's  Hill  War  Memorial.     (21). 
. — — ,  Faraday.     Awarded  to  Sir  C.  A.  Parsons.     (9). 
Meeting,  Annual  General,  announcement  of.     (13). 

,   Ordinary,   12th  April,   1923,  announcement  of.      (9). 

,   Summer,    1923,  announcement  of.      (5). 

Meetings,   Informal,  proceedings  of.      (5),   (14). 

,   Ordinary,  time  of.      (21). 

Melsom,  S.  W.     Elected  Member  of  Council.     (17). 
Melsom,    S.    W.,    and    Booth,     H.    C.     Kelvin    Premium 

awarded  to.      (18). 
Member,  Honorary.  J.  A.  Fleming  elected.     (1). 
Members,  list  of.      (17). 
,  visiting,  from  Dominions  and  Colonics.     (10). 

visiting  U.S.A.,  privileges  for.     (5). 

Memorial  (War),  Cooper's  Hill,  Medal  and  Premium.     (21). 

(War)   Fund   Scholarships  established.      (9). 

Midgley,  H.,  and  Breach,  L.     Premium  awarded  to.     (18). 
MoULLiN,  E.  B.     Wireless  Premium  awarded  to.     (18).  _ 
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National  diplomas  in  electrical  engineering.      (18). 
Nichols,  H.  W.     Fahie  Premium  awarded  to.     (18). 
Norway,  M.  L.  Krist:ansen  appointed  Local  Hon  Secretary 
for.     (6). 


Papers,  short,  for  Journal.     (18). 

Paris  Premium.     Awarded  to  J.  Caldwell.     (18). 

Parsons,  Sir  C.  A.     Faraday  Medal  awarded  to.     (9). 

Partridge,  G.  W.     Elected  Member  of  CouncU.     (17). 

Photometric  definitions  of  International  Illumination  Com- 
mission.     (15). 

Plant,  British,  specification  of.  Council's  resolution  on.      (9). 

Portrait  of  Sir  Francis  Ronalds,  presentation  of.      (18). 

Power  transmission,  e.h.t.,  I.E.E.  representatives  at  Inter- 
national Conference  on.      (9). 

transmission,     e.h.t.,     proceedings     of     International 

Conference  on.     (5). 

Premium,   Cooper's  Hill  War  Memorial.      (21). 

Premiums,  award  of,   for   1922-23.      (18),    (21). 

PuRVES,  T.  F.     Elected  Member  of  Council.     (17). 


Read,  J.  C.     Students'  Premium  awarded  to.     (21). 
Register,  Institution,  removal  from.     (10). 
Representatives  of  Institution  on  other  bodies.     (3). 
Research  Association,  British  Electrical,  progress  reports  of. 

(6),   (21). 
— —  Fund,  War  Thankgiving  :    grant  to  R.   H.   Holmes. 

(9). 
Robinson,  P.  J.     Premium  awarded  to.     (18). 
Ronalds,   Sir  Francis,  presentation  of  portrait  of.      (18). 
Rosen.   J.     John  Hopkinson  Premium  awarded  to.     (18). 
RosLiNG,   P.     Elected  Member  of  Council.      (17). 
Russell,  A.     Elected  President.     (17). 


Salomons     Scholarships    awarded    to    F.    J.    Lane    and     J. 

Linton.     (21). 
Scholarships,   award  of.  for  1923.     (21). 

,  War  Memorial  Fund,  established.     (9). 

Secretaries,  Local  Hon.     {See  Local  Hon.  Secretaries). 
Signals,  Royal  Corps  of  :  e.xamination  results.     (13). 
Specification  of  British  plant.  Council  resolution  on.      (9). 
Stanton,  A.  L.     Institution  of  Engineers  (India)  premium 

awarded  to.      (13). 
Stirling,  W.     Students'  Premium  awarded  to.     (21). 
Students'  Premiums,  award  of,  for  1922-23.     (21). 
Subscriptions,   annual,   from   1st  January',    1924.      (17). 

Telegraphes  et  Telephones,  .\nnales  des  Postes.     (6). 

Telephone  communication.  International  Consulting  Com- 
mittee for.     (13). 

Ten-Year  Index,  publication  of.      (17). 

Thornton,  W.  M.     Elected  Member  of  Council.     (17). 

Transmission,  e.h.t.,  I.E.E.  representatives  at  International 
Conference  on.     (9). 

,  e.h.t.,  proceedings  of  International  Conference  on.      (5). 

Tuckett,  p.  D.     Elected  Honorary  Treasurer.     (17). 

United  States,  G.  Dunn  appointed  Local  Hon.  Secretary 
for.     (5). 

States,  members  visiting,  privileges  for.     (5). 

Visiting  members.     {See  Members). 

War  Memorial,  Cooper's  Hill,  Medal  and  Premium.      (21). 

Memorial  Fund  Scholarships  established.      (9). 

■ Thanksgmng  Fund  ;  grant  to  R.  H.  HoLMts.     (9). 

Wells,    E.    H.,    and    Adcock,    F.    A.     Students'    Premium 

awarded  to.     (21). 
Wireless  Section  Premmms,  award  of.  for  1922-23.     (18). 


Printed  in  Great  Britain  by 
U.S'WIN    BROTHER.';,    LIMITED,    THE  GRESHAM   PRESS,    LONDON    AND  WOKING 


{   i  ) 


LEE.  Journal  Advertisements. 


Overhead 
Transmission 

SOMETIMES  the  line  is  a  short  one  running 
across  a  yard,  sometimes  it  covers  miles 
of  rough,  hilly  countiy.  ■  Sometimes  the 
conditions  are  abnormal,  often  they  are  un- 
precedented. Whatever  type  it  is,  whether 
short  or  long,  wood  pole,  tubular  steel  pole, 
lattice  steel  towers,  or  concrete  poles  or  towers, 
we  can  probably  help  you. 

We  do  not  offer  help  in  any  arbitrary  spirit,  but 
having  great  experience  in  the  erection  of  overhead 
lines  of  every  type,  our  engineers  are  in  a 
position  to  suggest  the  best  method  of  pro- 
cedure— the  best  type  of  line. 

We  offer  their  experience  to  you  without 
obligation.  A  Henley  engineer  will  call  to  see 
you  if  you  will  fix  your  own  time  and  date. 

This  is  part  of  the  service  Henleys    offer!  you. 

"  Experto  Crede."  Trust  one  who  has 
had  experience. 

HENLEV 

W.  T.    HENLEY'S   TELEGRAPH   WORKS 

CO.,  LTD., 

BLOMFIELD  STREET,  LONDON,  E.C.2. 
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lO.OOO  H.P.  Walter.  Driven  Alternator 


The 


High  Grade 
Electrical  Machinery 

THE  illustrations 
presented  afford 
excellent  examples  of 
the  hi^h  grade  products 
of  our  Works,  and 
indicate  the  capacity 
of  the  Company  to 
manufacture  plant  of 
the  largest  magnitude. 
The  picture  shows 
a  group  of  10,000  HP. 
Water  Driven  Alternators 
under  construction  in 
our  Preston  Works,  while 
in  the  foreground  is  a 
completed  machine.  These 
alternators  are  bein^ 
supplied  to  the  Midi 
Railway  of  France 
in  connection  with 
their  electrification 
scheme . 


English  Electric 


Company    Limited. 

ORD,  COVENTRY,  PRESTON,  RUC 

HEAD     office:- 

Queen's  House,  Kingsw^ay,  London,W.C.2. 


WORKS:-   BRADFORD, COVENTRY,  PRESTON,  RUGBY,  STAFFORD. 

HEAD     office:- 
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FERRANTI 

TRANSFORMERS 


A   4,000    K.V.A.    TRANSFORMER 
TO    WORK    ON     110,000   VOLTS. 


FERRANTI   LIMITED, 


HOLLINWOOD,  LANCASHIRE. 
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Eluott  BRomcKb 
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OPTICAL  PYROMETER 

Fop   temperatures    above    600;o    Cent. 

PATENT  No.  17927/13. 


This  pyrometer  has  been  specially  designed  for  measuring  very  high  temperatures,  particularly  in 
cases  where  it  is  impracticable  to  employ  thermo-electncal  pyrometers. 

PRINCIPLE  OF  THE  INSTRUMENT —The  heated  object  whose  temperature  is  to  be  measured 
is  observed  through  a  telescope  and  its  brightness  is  compared  with  that  of  a  standardised  electric 
lamp,  fitted  inside  the  telescope.  The  temperature  of  the  lamp  varies  with  the  current  passed  through 
it.  This  is  measured  by  an  ammeter  and  the  corresponding  temperature  is  read  on  a  speciallv 
calibrated  scale. 

The  brightness  of  the  lamp  is  controlled  by  two  variable  resistances  mounted  on  the  telescope.  These 
are  circular  in  form  and  are  adjusted  by  means  of  the  two  milled  rings  which  can  be  seen  in  the 
illustration.  On  viewing  the  heated  object  through  the  telescope,  the  image  of  the  lamp  filament  is  seen 
superimposed  on  it.  By  adjustin.;;  the  variable  resistances  the  brightness  of  the  filament  is  increased 
until  it  equals  that  of  the  heated  object,  and  the  filament  will  then  appear  to  melt  into  the  background. 
If  the  current  is  further  increased,  the  filament  will  appe.ir  bright  on  a  comparatively  dull  background. 
The  human  eye  is  very  sensitive  to  changes  in  light  intensity,  and  the  point  at  which  the  filament 
disappears  is  quite  definite  and  will  be  found  to  be  the  same  (within  very  small  limits  of  personal 
error)  by  different  observers. 

Dexriplive  pamphlet  on  application 
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BROTHERS 

&  C9   LIMITED, 
WOOLWICH,  LONDON.  m& 

KSTABLJSHEO   IS58. 


ASSOCIATION 
^    WITH 


BROTHERS 

(LONDON)  LIMITED. 
Century  W^RK5.Ii:wl5HAM.505. 

ESTABUSHED    I800. 
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Manufacturers  of  D.C. 

DYNAMOS  &  MOTORS 

Up  to  150  B.H.P. 

Built  in  accordance  with  the  new 
B.E.S.A.  Specification  No.  168/1923 
with  its  conservative  rating  and 
heavy  overload  capacity. 


SUPPLIERS  TO: 

H.M.  Admiralty,  War  Office, 
Air  Board,  India  Office, 

Crown  Agents,  ::   H.M.O.W. 
G.P.O.,  Royal  Mint,  and  other 
Government  Departments 
at  home  and  abroad. 


"  Macnet."  Manchester.     741  Opeiuhaw 
"  Orders,"  CanDOn,  Loadon.    5370  City. 


Open  SHAW  •• 

Manchester,   England 

London.    49  Queen  Vicfona  Street.  E.C 


IRONCUD  SWITCHGEAR 
nPE  H 

Direct    or    Remote     Mechanically     Operated 
Electrically     Operated     by     Simple     Solenoid 

LSOOAmps.,    6,600  Volts.     1,500  Amps.,  12,000  Volts. 
600  Amps.,  22,000  Volts.       300  Amps.,  44,000  Volts. 

Three-Phase  Rupturing  Capacity  500,000  K.V.A. 


VERMIN, 

OIL  VAPOUR, 

DUST   AND 

MOISTURE 

PROOF 

Send  for 
List  3\Co. 
174,  A I 


SHOWING    DIRECT    OPERATION 
OF     THE     CIRCUIT     BREAKER. 

All  Instrument  and  Protective  Tranaformtra  Oil-Immerae  d 
Automatic  tripping  with  any  type  of  ditcrimina- 
tive  protective  gear  without  the  uae  of  relay*, 
auxiliary    supply    circuits     or    auxiliary    iwitche*. 


SHOWING  THE  COMPLETE  ACCESSIBILITY 
OF   THE   TRANSFORMERS 
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FERGUSON,    PAILIN    LTD. 

THE  SWITCHGEAR  SPECIALISTS 

MANCHESTER 

Grams 


HIGHER  OPENSHAW 

Phone        Openshavhr   329 


Tenuon    Mancheatar 
DRK53 
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Mullard 

Radio  ValvG  CbXtd 

45    Nightingale    Lane,    Balham,    S.W.12 


Telephone : 

Battersea 

1068 


Telegrams : 

Radiovalve,  Wandscom, 

London 


Codes  :  A.B.C.  (6th  Edition),  Bentley's. 

CONTOACTORS     TO      H.M.     ADMIRALTY,     WaB 

Office.  Royal  Air  Force,  and  Post  Office. 


WIRELESS  VALVES. 

A  complete  range  of  British-made  Valves  and  Accessories. 

All  receiving  valves  supplied  vv'ith  British  Standard    4-pin 

bases  or  American  Shaw  bases  as  required. 

Types    "Ora"    and    "R"    Valves.     General  purpose 

valves  for  good  reception,  using  4-volt  batteries. 

Type  "L.F."  Valves.      Special   low    filament    current 

consumption  valves  for  reception,  using  2-volt  accumuktors 

or  suitable  primary  batteries. 

Type  "P.A."  Valves.      Specially  designed  valves  for  use 

with  loud  speakers,  giving  good  volume  without  distortion. 

Type    "  O  "    and    "  U "  Valves.     Power  rectifying  and 

transmitting    valves    in    glass   or    silica   for   outputs   from 

5   watts  to  kilowatts. 

Grid  Leaks  and  Anode  Resistances.  Mullard  Patent, 

ensuring  constant  value  under  all  climatic  conditions. 

Vcdve   Bases   and   Accessories.    Made  in  best  moulded 

material  for  use  with  Mullard  Valves. 


Write  to-day  for  fully  Illustrated  Catalogues. 
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RUBBER  INSULATED  WIRES 
AND  CABLES 

SILK,     COTTON     and     ENAMEL 
INSULATED    WIRES    &    STRIPS 


HIGH   RESISTANCE   WIRES  and 
STRIPS 


FLEXIBLE   LIGHTING   and 
TELEPHONE   CORDS 


BELL  WIRES 


MaDDfactnrol  by 


The  London  Electric  Wire  Co.  &  Smiths  Ltd. 

Playhouse  Yard,  Golden  Lane,  London,   E.C.I 


Tolegramf 
Electric,  London. 


Telephones 
Clerkenwell  1388,   1389,  1390 


THE 


FOUNDATION 


Co.  Ltd. 


WIND.SOR 
HOUSE 


KINGSWAY 
LONDON,  W.C.  2 


CONTRACTORS 

FOR  AND 

SPECIALISTS 

IN 

POWER  SCHEMES 

TRAMWAYS 

RAILWAYS 

Etc. 
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Mica,    Leatheroid,    Vulcanized    Fibre 


>  EMPIRE  CLOTH   AND  TAPE 


■         Bakelite  Sheets,  Tubes,   Spools,  etc.        ^ 

(^  for  Oil-immersed  Apparatus  and  Transformers.  Q 

^      BAKELITE  RESIN,  VARNISH  &  MOULDING  POWDER.      ^ 


I70rf^T\Tf'T'C'        AND    ALL     INSULATING    MATERIAL 
Ej^V-rl^l  1  JLi        FOR  ELECTRICAL  MANUFACTURERS 


ATTWATER  AND  SONS, 

ESTABLISHED   1868,  J 

PRESTON,  ENGLAND.  I 

Contractors  to  the  British,  American,  French  and  Italian  War  Offices  and  Admiralties.        V 

(? 


Converters 


PATENT 
SELF-SYNCHRONIZING 


THE    ELECTRIC    CONSTRUCTION    CO.    L^d 

Head  Office 
INGERSOLL  HOUSE,  9  KINGSWAY,  LONDON,  W.C.  2 

WORKS 

WOLVERHAMPTON 

TeleCrams:—  Telerrams:— 

"Concordance"  Estrand  London.  "Elec«rlc"  Wolverhampton. 
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;i20  T.R.W.  8 
CELLS. 

CAPACITY 
1200  a.h. 


120H.R.G.  5 
CELLS. 

CAPACITY 

300  a.h. 


TWO  STORAGE  BATTERIES  RECENTLY  COMPLETED  AT 


BARTON    POWER    STATION,    MANCHESTER. 


CLIFTON  JUNCTION, 
Nr.  Manchester. 


^^ChW^ 


ELECTMCAL  SIOEAGE 
COMPANY  LIMITED. 


57  Victoria  Street, 
London,  S.W.I 


VX/aTER  POWEB 

BRITISH  DESIGN.  BRITISH  MANUFACTURE   \ 
TESTED  TURBINES. 

SLUICE  GEAR.    PELTON 
WHEELS.  TURBINES. 

SLUICE    VALVES.      PIPE 
LINES.      OIL    PRESSURE 
GOVERNORS. 

Catalogue  and  Prices  on  application  to 

ndYMdCyONSCb 

w/aieo   Po«(/EQ   encinEEQS   ano     conraacroas 

t4   BRIDE    L^ME.    LOrNDOn.    E.  C  4. 

Worktt  HAY  MARYON  WORKS 

(STROUD)     LTD.,    STROUD, 

GLOS* 

Telephone:    Cent     1814. 

Tele  Kr  a  mi  : 
Hamabrila.  Fleet.  Lond." 


Inspection    and   Insurance 
of   Electrical    Plant     ^— 

=       REAL  SERVICE.         BREAKDOWNS  MINIMISED. 
=  REPAIR  COSTS   STABILISED. 

S  FIRST-CLASS   REPAIRS  ENSURED. 


PLANT  also  examined  and  tested  for  purchasers 

by  our  own  Engineer-Surveyors,  and 

reports  supplied. 


MAKERS'  GUARANTEE  RISKS  COVERED. 


Over     140    Engineer-Surveyors     resident     in 
principal  towns. 


I  British  Engine,  Boiler 

I  &  Electrical  Insurance  Co.,  ltd. 

Z  Manchester,    24    Fennel    Street 

^  London,  56    Kingsway,  W.C.  2 

~  Glasgow,  40  St.  Vincent  Place 

~  and  numerous  other  towns  in  the  United  Kingdom 
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Rotary 
Converters 


Rotaries  supplied  to  or  on  order  for  : — 

Manchester  Corporation. 
Liverpool  Corporation. 
Cardiff  Corporation. 
Bath   Corporation. 
Barnes  U.D.C. 

North    Metropolitan    Electric    Power 
Supply  Co. 

&-C.,    &-C. 

riafliersPME 

Electrical  &  Hydraulic  Engineers 

Park  Works,  MANCHESTER. 
14  Great  Smith    Street,  London,  S.W.  1 

Branch  officei.  Agents  or  Representatives  in  most  countries. 
Special  features  : — 

High  efficiency  at  all  loads. 

High  power  factor  at  all  loads. 

Patent  Self  Synchronizing  System. 

Long  Life. 

Simplicity  of  operation. 

Low  starting   current- 


•REgRD- 


ELECTRICAL  MEASURING  INSTRUMENTS 

OF  THE  HIGHEST  QUALITY 

Comprising  various  types  of  Ammeters  and 
Voltmeters  for  A.C.  and    D.C. 

The  "  Record "  Ohmmeter  and  Generator 
for  insulation  testing. 

"  Cirscale  "  Switchboard  instruments. 
Miniature  "  Cirscale  "  Multi-range  Test  Set 
RECORD  OHMMETER    ioT  "  Wircless  "  mcasuremcuts. 


■CIRSCALE- 


The  Record  Electrical  Co.,  Ltd. 

BROADHEATH,     MANCHESTER. 


Telephone  :    Altrincham    1 64. 


Telegrams:   "Infusion  Altrincham.' 
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BURT,    BOULTON  &  HAYWOOD    L^.? 

SALISBURY    HOUSE,     LONDON    WALL,    LONDON,   E.C.2 

Pole  Yards  at  :     SOUTHAMPTON  (Totton),  NEWPORT  (Mon  I.  LONDON  (Silverlown) 

TELBPHONE  :     LONDON     WALL      7569  —  72. 


CONTRACTORS  TO 
GENERAL  POST  OFICE 

Etc. 


BELLING  ELECTRIC    FIRES 


FOR 

OFFICES  AND  FACTORIES. 
HOTELS  AND  RESTAURANTS, 
CHURCHES  AND  HOSPITALS. 
SHIPS  AND  RAILWAY  WORK, 
SHOPS  AND  DOMESTIC  USE,  etc. 

Over   3,000   Electrical    Engineers    regularly    buy   "Belling"    Fires, 
Cookers  and  other  Domestic  Electrical  Appliances. 

We  hive  just  introduced  several  new  and  interesting  designs  or  Fires 


Send  for  our  1923/4  Illustrated  Catalogue. 


BELLING     &     Co.,     EUctric  Heating  Specialists, 

Derby    Road   Works,    Edmonton,    London,    N.18. 
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MEDAL  AWARDED  ST.  LOUIS,  1904 
When     Re-charging 
ACCUMULATORS 

it      is     impor tan  t     to 
have     the     right     acid. 


BAA. 

REC- 


is  specially  prepared  and  tested. 
Being  made  from  the  Best 
Brimstone  and  Distilled  Water, 

PUREST    &    BEST    ACID 
for     ACCUMULATORS 


Sole  Mamffadurert ; 

F.    W.    BERK    &    CO.     LTD. 
1   Fenchurch  Ave.,  London,  E.C. 

Telephone :  AVENUE  2403  Telegrarai :  "  BERK.  LONEXtN ' 

(5  lines)  iy„y  . 

Abbey  MiUs  Cbemical  Works,  STRATFORD.  E. 
Pentrepoth  Cbemical  Works,  MORRISTON,  SWANSEA 


Associate 

TUDOR  BAHERIES 

with   your  electrical   storage  in 

1.  Central    Station    and    Power 

Installations. 

2.  Private  House  Lighting. 

3.  Train  and  Ship  Lighting. 

4.  Electric  Vehicles. 

5.  Wireless  Requirements. 

IVrite  and  consult  us 

The  TUDOR  ACCUMULATOR 
Co.  Ltd. 

2   Norfolk    Street,    Strand,   London,   W.C.  2 


TeUphone 
Telegrams 

Works 


Central  3308. 

Subconical,  EstranJ,  London. 

Dukinfield,  near  Manchester. 


CCnclt/ouunZe 
att    lit! 

f  ""pHE  sample  of  "  ARNOCO  "  Oil  you 
I  receive  and  try  to-day  is  exactly  the 
same — in  every  particular — as  the  oil  of 
the  same  grade  you  will  order  in  twelve 
months  or  two  years  time.  Never  is  any 
variation  from  sample  permitted.  This  is  a 
feature  buyers  of  oil  for  use  on  electrical  plant 
very  much  appreciate. 

We  are  Specialists  in  the  preparation  of  oils  suitable  for 
Turbines.  Transformers  and  Switches,  Gas  Engines 
and  all  Electrical   Plant. 

We  are  regular  suppliers  to  various  important  Elec- 
trical  undertakings  in  every  part  of  the  country. 

Write  for  prices  and  samples  of  oils  suitable  for  your 
particular  work.  On  receipt  of  details  of  the  kind  of 
service  for  which  the  lubricant  is  intended,  we  shall  be 
glad  to  suggest  the  most  efficient    and   economical  oil. 


RECP 


LUBRICANTS 


Write  :- 

JAMES  ARNOTT  &  SONS  Ltd. 

Head  Office  : 

47  Pilgrim  St.,Newcastle-on-Tyne 
Uniform    Quality    Always 
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THE  BEST  INSTRUMENTS 


AMMETERS 

and 
VOLTMETERS 


MOVING  COIL 

and 

MOVING  IRON 

TYPES 


PARK  ROYAL  ENGINEERING  WORKS  LTD. 


WILLESDEN   2223.   2224. 


PARK   ROYAL,   LONDON.  N.W.  10. 


Alternating  to 

Direct  Current 

Mercury    Vapour 

Rectifiers 

Simple  &  Reliable 
of   all    Capacities 

Call  and  see  the  Rectifiers  in  our  Showrooms 

HEWITTIC   ELECTRIC 
COMPANY,    LTD. 

80  York  Road,  KING'S  CROSS,  LONDON,  N.  1. 

Telephone  :  North  624  &  6ZS.  Telegrams  :  "  Hewittic,  Kincrosi,  London." 
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BRITISH  INSULATED  and 
HELSBY     CABLES,     LTD. 

C  able  makers     and 
Electrical  Engineers 

Head    Office  :    PRESCOT,    Lancashire. 

Works :     PRESCOT,     Lancashire,    and 
HELSBY,    near    Warrington, 
England. 
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Mawdsley's  Limited, 

MANUFACTURING  ELECTRICAL  ENGINEERS, 

DURSLEY,  GLOS. 


Telegrams:     •  ZONE.  DURSLEY." 
Telephone:     DURSLEY   6. 


SPECIALISTS 

IN 

DIRECT-CURRENT 
DYNAMOS 

AND 

MOTORS 


TAYLOR&eHALLEN 


New  presses  at  woi4k  t-  on  view  in  our 

SHOWROOMS -FOR  IMMEDIATE  DELIVERY. 


PRESSES 

BLANKING  £,-NOTGHING  ARMATURE^ 
PL-ATES  e- SEGMENTS     - 

AND  PRODUCTION  OF 

SWITCHBOARD  £- 


METER  CASES. 
TRANSFORMER  PLATES. 
SEAMLESS  MOTOR- 
COVERS.CABLE  ENDS, 
SEAMLESS  LAMP 
REFLECTORS  fc- 
LAMP  FITTINGS. 


TELEPHONE  PARTS. 
MAGNET  CUTTING 

AND  BENDING. 
PRESS  MOULDED 

INSULATORS. 
ETC. ETC. 


Presses  of  all  sizes  forSmeetMetalWor 
Seamless  Hollowar£&alldie pressed  ware 


^COMPLETE  PLANTS  FOR      — ' 

eOlNING.  MINTING  e ART R I DGEr-Er 
CUNPOWDER  MANUFACTURE. 


TAYLOR&CMALIENEIWSS 

Derwent  Foundry  .Works  feSHOWROOMS 


LOA4DOA4  •       ST    STEPHENS      HOUSE.      "™^««i«-T«S!*S.'^«^ 
OFFICE  '     VICTORIA  EWBANKAAENT.S.W  I.  TEUPH0llt.VIClO«l»3S13. 


DiELECTRIMETER 

for  testing  the  B.D.  V.  of  Insulating  Oils. 

portable, 

Inexpensive 

&  Reliable. 


Sole  Manufacturers : 

Empson  Electrical  Engineering  Co.  Ltd. 

Albany  Buildings,  47  Victoria  St.,  London,  S.  W.  I 
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ALFRED  HERBERT  LTD.,  COVENTRY 


View  of  Atritor  supplying  Pulverised  Fuel  for  heating  Babcock  &  Wilcox  Boiler. 

SMOKELESS    CHIMNEYS 

THE  smoke  nuisdnce  of  industrial  areas  can  be  abolished.  Coal  properly  pulverised  burns  with  just  a 
ihin  while  haze  coming  from  the  chimney. 

No  elaborate  plant   is  necessary. 

The  Atritor,  a  seH-contained  machine,  separates,  dries,  granulates,  pulverises,  aerates  and  blows 
the  fuel  into  the  furnace  in  such  a  form  that  after  it  has  burned  no  combustible  matter  remains  in  the  ash. 

There  is  little  noise  and  no  dust   with  the  Atritor  system. 

The  machine  is  automatic  ;     the  operator  has  only   to  regulate  the  feed  and  speed  lever. 

The  Atritor  eliminates  the  necessity  of  storing  pulverised  coal.  A  Babcock  &  Wilcox  Boiler  at 
our  Edgwick  Works  is  in  regular  use  fired  by  the  Atritor.  The  fuel  is  smudge  containing  moisture 
up  to  25%,  which  is  the  cheapest  variety  of  colliery  slack  with  a  thermal  content  as  delivered  of 
about  9,000  B.T.U.  per  pound.  The  evaporative  efficiency  with  this  low  grade  of  fuel,  which  is 
used  without  preliminary  drying,  is 

67«/o 

without  an  economiser  and  without  a  superheater. 

THERE    IS    NO    BLACK    SMOKE. 

Demonstrations  by  Appointment. 


Sole  Concessionaires  for  metBlIurgical  furnace  installations. 

THE  WELLMAN  SMITH  OWEN  ENG'G 
CORPORATION  LTD. 

36/38  Kingsway,  London,  W.C.  2 
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SEND      YOUR      ORDER      TO-DAY 

The   British    Thomson-Houston    Co.   Ltd. 

OJIce  :  Crown  Hou8c»  Aldwych.  W.C.t.     Sf»r/j ;  Mazda  House,  77  Upper  Thames 

Street,  E.C.4,  and  5-7  Wsnlock  Road,  N. I.     IVtrks:  Rugby,  Willeiden,  Coveniry, 

Birmingham,   Bramhti !  Belfast,  Birmingham,  Cardiff,   Dublin,  Glasgow,  Leeds, 

Liverpool,  Uiddletborough,  Mancheaier,  Nevcaitle,  Swanaea,  Sheffield. 


THE    SALESMAN 
AND    E.D.A. 

Selling  Electriciy 

involves  work,  goodwill,  patience, 
endurance,  knowledge  and  ex- 
perience on  the  part  of  the 
representatives  of  Suppliers, 
Manufacturers,  Contractors  and 
all  those  engaged  in  the  Industry. 

E.D.A.  believes  that  a  free  and 
frank  interchange  of  opinions  in 
the  Conference  room  will  lead 
to  the  more  rapid  achievement 
of  the  Salesman  s  object  to 
his  own  immediate  benefit  and 
ultimately  to  the  benefit  of  the 
whole    Industry. 


E.D.A.  SALESMANSHIP  CONFERENCES 
(London  area)  are  held  monthly  at  St. 
Bride's  Institute,  E.C.  Programmes  and 
season  tickets  will  be  provided  on  applica- 
tion  to    E.D.A.,  IS  Savoy  Street,   W.C.2. 


METERS 


Chaml>erlain& 
Hookham,  Ltd., 
posseo  unique 

(acilitiei  for  the 
manufacture  and 
supply  of  Elec- 
tricity Meters  of 
every  description, 
including  D.  C. 
Amp.Hour  Meters, 
Tram  Car  Meters, 
Polyphase  Meters, 
Single-phase 
Meters.D.C.  Watt- 
hour  Meters,  Elec- 
tricVehicle  Meters. 

Enquiria       InMed 


Id 


ELECTRICITY      METER      M  AWUFACTURE  R  S. 
SOLAR  WORKS.  BIRMINGHAM 


Ttl9ph»ru  :  Central  2161. 


Telegratts  :  "  Solar,  Birmtnghuxu" 


London   Office   &   Test   Room— MAGNET   HOUSE, 
KINOSWAY,  W.C.  2 

Tthpffnti  R«f«nt  7050  (Ext.  9).     Telegrams:  "  SoIarique.Westcent,  London." 
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BABCOCK   &   WILCOX  LIMITED 


ENGINEERS     AND     CONTRACTORS 


Patent    Water-tube    Steam    Boilers 

Over     1 6,000,000    horse-power 

Installed  or  on  Order  for  Land  Work  alone 

Over  5,500,000  h.p. 
installed  or  on  order  for 
Electrical  Undertakings. 

ALSO      MAKERS     OF      EXPRESS 
TifPE    LIGHT-WEIGHT    BOILERS 


CONVEYORS,  ELECTRIC  CRANES, 
AND   COMPLETE 
BOILER-HOUSE   EQUIPMENT 

BABCOCK    &    WILCOX    BOILERS    SUPPLIED    TO 
THE    ROTHERHAM    CORPORATION.        «•" 


Telegram,  :  "  Babcock.  Cenl.  London."  HEAD     OFFICES:  Trlc/ihonc  Aoj.  ;  6470  City  (8  Una). 

BABCOCK   HOUSE,   FARRINGDON  STREET,   LONDON,   E.C.  4 

PrinciptJ  Work»  :    RENFREW,   SCOTLAND.  Branch  Works  :   Dumbarlon.  Scotland ;   Oldbuty.  England  ;  and  in  Italy.  Australia  and  Japjn 
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LIST    OF  ADVERTISERS  IN   THIS  ISSUE 


Arnott  (James)  and  Sons,  Ltd xi 

Attwater  and  Sons     vii 

Babcock  and  Wilcox,  Ltd.     xvii 

Belling  and  Co. x 

Berk  (F.  W.)  and  Co.,  Ltd xi 

British  Electrical  Development  Association  •  •  xvi 
British   Engine,  Boiler  and  Electrical    Insur- 
ance Co.,  Ltd.      viii 

British   Insulated  and  Hels!:y  Cables,  Ltd...  xiii 

British  Thomson-Houston  Co.,  Ltd xvi 

Burt,  Boulton  and  Hayvkfood,  Ltd x 

Chamberlain  and  Hookham,  Ltd.     xvi 

Chloride  Electrical  Storage  Co.,  Ltd.   viii 


Electric  Construction  Co.,  Ltd 

Electromotors,  Ltd 

Empson  Electrical  Engineering  Co.,  Ltd. 
English  Electric  Co.,  Ltd.     


VI 1 
V 


P»GE 

Ferguson,  Pailin,  Ltd.       v 

Ferranti,  Ltd iii 

Foundation  Co.,  Ltd vi 

General   Electric  Co.,  Ltd xviii 

Hay,  Maryon  and  Co.,  Ltd viii 

Henley's  (W.T.)  Telegraph  Works  Co.,  Ltd.  .  i 

Herbert  (Alfred),  Ltd xv 

Hewittic  Electric  Co.,  Ltd xii 

London  Electric  Wire  Co.  and  Smiths,  Ltd.  vi 

Mather  and  Piatt,   Ltd. ix 

Mawdsley's,  Ltd xiv 

Mullard  Radio  Valve  Co.,  Ltd.     vi 

Park  Royal  Engineering  Works,  Ltd.      •  •  ■  •  xii 

Record  Electrical  Co.,  Ltd.       ix 

Siemens  Bros,  and  Co.,  Ltd.    iv 

Taylor  and  Challen,  Ltd xiv 

Tudor  Accumulator  Co.,  Ltd.      xi 
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TURBO 


PLANT 


6.UUU  K..V.A..  G.E.C.— Fraser   &   Chalmers  Turbo-  \ 
This  Power  Hi> 


:n    .    London   Municipal   Power  House.     b.UUU/o.bUU  volts,  !>U  cycles.  3,UUU  r.p.m. 
uain.^  two    1.500  KW.  G.E.C.  Rotary  Converters. 


The  associatioa  of  Fraser  &  Chalmers  Eosineerinc  Works 
with  the  G.E.C.  places  this  Compaoy  in  the  position  of 
manufactorinK  completo  Tnrbo-Powor  Plant  Units  within  its 
own  orsaoization. 

TURBO-ALTERNATORS 

ranging  from  the  smallest  to  the  largest  units. 

TURBO-GEARED  D.C.  GENERATORS. 

TURBINE  or  ELECTRIC  DRIVE 

for  Mills  in  every  industry. 

High,  Low,  Mixed-Pressure  &  Pass-out  Types, 

STEAM  TURBINES. 


The  products  of  the  G£.C.  and  its  associated  factories 
embrace  the  entire  mechanical  and  electrical  equipmenl  of 
power  plant  in  practically  every  sphere,  tnclading  : 

POWDERED    FUEL    FIRED    BOILERS. 

COAL  &  ASH  HANDLING  PLANT. 

A.C.  and  D.C.  GENERATORS. 

ROTARY  CONVERTERS. 

MOTOR  GENERATORS. 

SWrrCHBOARDS  &  SWrrCHGEAR. 

STEAM  &  ELECTRIC  WINDING  ENGINES. 

ELECTRIC  HAULAGE  GEAR. 


THE  GENERAL  ELECTRIC  CO.,  LTD. 

Head  Office  :  MAGNET  HOUSE,  KINGSWAY,  LONDON,  W.C.2. 


Engineering  Works  : 


WITTON   WORKS,  BIRMINGHAM. 

Fraser    &    Chalmers   Engineering   Works,   ERITH,   KENT. 


Institution  Of  Electrical 
Engineers,  London 
■Proceedings 


PLEASE  DO  NOT  REMOVE 
CARDS  OR  SLIPS  FROM  TH/S  POCKET 
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